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1 Introduction

The main subject of this work is the operation and data analysis of the space science
experiment “Mars Dust Counter”, abbreviated as MDC (or in some cases, MDC-NOZOMI to
avoid confusion of names, since the predecessors are named “Munich Dust Counter”, MDC)
in the following. The MDC was designed and developed by the Lehrstuhl fiir
Raumfahrttechnik (LRT) at the Technische Universitdt Miinchen (TUM) from 1995 to 1998.
Its deep space mission began on July 4, 1998, when it was launched by a Japanese M-V
launcher from Kagoshima/Japan onboard Japan’s first interplanetary mission NOZOMI
(formerly PLANET-B), and was completed by the turn of the year 2003/2004 when the
NOZOMI space probe was lost due to technical failure. An overview about the whole mission
is given in paragraph 2.3.

The MDC’s primary scientific mission was the detection of interplanetary, interstellar and
circumplanetary cosmic dust particles. A brief overview on origin and properties of cosmic
dust particles is given in paragraph 2.1. Although the MDC could not fulfill its main mission
goal, which was the detection of theoretically predicted dust rings around Mars, the
experiment was able to collect valuable scientific data about cosmic dust in the Earth-Moon
system and in the interplanetary space between the orbits of Earth and Mars. These scientific
results are described in chapter 6.

Despite its name, which can be translated as “hope”, the satellite NOZOMI was a quite
unlucky guy. Several technical problems that occurred one after the other since mission
launch in 1998 not only challenged the operators at the Japanese Institute of Space and
Astronautical Science (ISAS), but also the operators of the MDC who had to think about
workarounds that were supposed to secure the MDC operation and data transmission despite
the aggravated environmental conditions. These considerations and solutions are described in
chapters 4 and 5.

The technical properties of the MDC, its onboard computing and data processing capabilities
and the final data analysis process, all which set the boundaries to the upgrades and
workarounds mentioned above, are described in chapter 3. The actual data analysis software
and the MDC data formats are based on proprietary single user software solutions and local
data storage, which can cause problematic redundancies in data storage, software version
conflicts and even incompatibilities in a worldwide-distributed scientific community. A
solution of this problem that is also a proposal for future projects, based on a database system
with worldwide access via standard software and XML-based data formats, is presented in
chapter 7.

Finally, the results of this work are summarized and discussed in chapter 8.

The Mars Dust Counter Project was supported by the Bundesministerium fiir Bildung und
Forschung (BMBF) and the Deutsches Zentrum fiir Luft- und Raumfahrt (DLR) under the
grants S0QM9501 (1995 to 1998) and S0QM9801 (1998 to 2004). The author of this work
was in charge of the MDC operations and data analysis from July 2001 until December 2004.






2 Exploration of cosmic dust

The existence of cosmic dust particles was known long before the scientific exploration could
take place, due to phenomena that can be viewed without technical utilities like meteors and
the zodiacal light, a phenomenon that is caused by the scattering of sunlight on small particles
in space. It was first described and correctly interpreted in 1683 by Giovanni Domenico
Cassini [Cas1699] (Cassini also proposed that the zodiacal light may have been be the biblical
phenomenon known as the “Star of Bethlehem™). The scientific exploration of cosmic dust
began in the early 1950s with the beginning of human space exploration, when the first
acoustic dust detection devices were flown onboard A-4 launchers. Main intention of these
first dust detection devices and later devices in the low Earth orbit was to determine the
danger that future spacecrafts are exposed to due to the existence of micrometeoroides. Today,
spacecrafts in the low Earth orbit (LEO) and also in geostationary Earth orbit (GEO) are
exposed to another, man-made hazard caused by waste products of the exploration of space
itself, the so-called space debris. The properties of cosmic dust and space debris are discussed
in paragraph 2.1.

Figure 2-1: The zodiacal light

Photograph of the zodiacal light, taken facing east just before the beginning
of the morning twilight.

The MDC-NOZOMI and its predecessors were flown on three missions until now. While the
BremSat mission was only a short term mission in the low Earth orbit and suffered from a
troublesome data analysis due to massive interferences, the two missions on the satellites
HITEN and NOZOMI were a great success for the MDC and the Lehrstuhl fiir
Raumfahrttechnik. The first mission HITEN was launched in 1990 and was cruising in the
vicinity of Earth and Moon for about three years. The actual mission NOZOMI was launched
in 1998 and was cruising between Earth orbit and Mars orbit for nearly 4 years. In both
missions, the MDC was working properly and yielded valuable data from the beginning to the
end of the missions. The missions HITEN and NOZOMI are described in paragraph 2.2 and
2.3, respectively.



2.1 Dust in the solar system

Within the scope of this work, only a brief introduction on the actual knowledge about cosmic
dust can be given. Cosmic dust research covers a wide field of topics related to each other,
including e.g. solar and planetary formation and evolution, formation of comets and asteroids,
interstellar dust clouds, and exobiology. In the following, the known properties of cosmic dust
derived from observations and theoretical considerations in the solar system as it is today are
discussed. The term interplanetary dust (or interplanetary dust particles, IDPs) is used for dust
grains that are orbiting on heliocentric trajectories and are either gravitationally bound to the
heliosphere or originate directly from solar system objects. In paragraph 2.1.1, a short and
only qualitative introduction into the physical properties and the complex orbital dynamics of
dust particles in the heliosphere is given. Interplanetary dust (also named zodiacal dust) and
interstellar dust are discussed in paragraph 2.1.2. The term interstellar dust (ISD) is used for
particles that do not originate from the solar system, but are part of the interstellar medium
(ISM) or, more precisely, of the local interstellar cloud (LIC) that surrounds the sun. As the
properties of the ISM are not discussed in this work, the term interstellar dust is limited to
interstellar dust particles that penetrate into the solar system due to the relative motion of the
sun through the LIC. Dust surrounding the planets (circumplanetary dust), with a special
respect to the proposed dust rings around Mars, is discussed in paragraph 2.1.3. For the sake
of completeness, a special, man-made population of particles from macroscopic to
microscopic sizes orbiting the Earth and known as space debris is discussed in paragraph
2.1.4. In paragraph 2.1.5, a short description of recent missions of dust experiments is given.

Figure 2-2: A micrometer sized dust particle

Photograph of a micrometer sized dust particle like it can be detected by
the MDC experiment. The shown particle is 0.01 mm in size, and has a
mass of 107 g.




2.1.1 Physical properties and orbital dynamics

Most information about structure, chemical composition and optical properties of cosmic dust
particles is gained from collected samples. Sample collection is not limited to in-situ
collection with sample return space experiments like LDEF or on the STARDUST mission,
but was carried out even before space flight became possible by collection of micrograins in
suitable environments on Earth, e.g. from the antarctic peninsula (see e.g. Schmidt [Sch1964])
or the ground sediments of the oceans (see e.g. Grjebine [Grj1964]). Microparticles were also
collected from the stratosphere by experiments on high altitude aeroplanes, see Melton
[Mel1964]. Typically, dust particles have chondritic elemental composition, dark surface and
are porous or fluffy. Densities vary between 1 and 3 g/cm® for most investigated particles,
with a mean value of 2.0 g/cm3 , see Love et al. [Lov1994].

Unlike the largest celestial bodies, the planets, the orbital dynamics of small bodies and dust
are not only subject to the gravitational force, but are also affected or even dominated by a
variety of minor forces that originate from solar radiation, solar wind, and interplanetary and
planetary magnetic fields. In the following, the various forces acting on cosmic dust particles
and their basic influences on the orbital evolution of the particles are discussed.

Gravitation itself exploits different perturbations on a dust particle’s orbit. Particles orbiting
the sun on a typical low inclination orbit may encounter one of the inner planets and
experience significant changes of the orbital elements inclination i, eccentricity e and
longitude of the ascending node €2, as Gustafson & Misconi [Gus1986] have demonstrated by
model calculations of the trajectories of sample particles between 10 um and 100 pm in size
encountering Earth and Venus during a = 6000 year journey from 1.1 AU down to 0.3 AU.
Particles may even be trapped in mean-motion-resonances (MMRs) of the Sun-Planet system
(which means, that the particle’s evolution in orbital elements is then primarily controlled by
the trapping planet, while it is still in heliocentric orbit), and (with consideration of further
disturbances caused by radiation pressure and the planets magnetosphere) finally form a
circumsolar dust ring, see Liou et al. [Lio1995a], [Li01997]. In a similar study on trapping of
dust in the Earth’s 1/1 resonance, Marzari & Vanzani [Mar1994] found long-lasting, up to 10’
years trapping of particles in Trojan-type orbits. Retrograde dust particles originating from
retrograde sources nearly always get trapped in MMRs mainly with Jupiter, and even can
evolve to prograde orbits when trapped in long-lasting resonances until they are ejected from
the resonance, as Liou et al. [Li01999] showed by theroretical modeling. Circumplanetary
dust particles orbiting planets are even exposed to further gravitational disturbances caused by
the oblateness of the specific planet, or a possibly irregular shape of the planet’s moons, see
Davis et al. [Dav1981] for a discussion of the gravitational environment in the Mars-Phobos-
Deimos system.

The radiation of the Sun has strong effect on the orbital evolution of smaller bodies in the
solar system. Macroscopic bodies in a size range of meters to some 100 meters like asteroids
are affected by the Yarkovski drag that was discovered by 1.0. Yarkovski in 1900, a force that
results as a consequence of the time a rotating bodies surface needs to warm up when exposed
to sunlight and cool down subsequently. The radiation pressure resulting from the thermal
emission of the heated surface that has rotated away from direct sunlight produces a drag that
leads to an increase or decrease of the semi-major axis a of a prograde or retrograde rotating
body, respectively. The Yarkovski effect can be observed directly by radar observation of



asteroids, see Chesley et al. [Che2003]. In contrary, microscopic bodies are always in thermal
equilibrium, and the therefore isotropic thermal emission does not produce a net radiation
force. For particles lighter than 107'° g, the radial pressure originating from the Sun’s radiation
becomes evident. The resulting force is strongly dependent on the particle’s albedo and
density and is usually described by the ratio £ of the radiation force to the gravitational force,
which is independent from the heliocentric distance and defined as 8= Fu4/Fgrav, se€ Burns et
al. [Bur1979]. Typical values of  were obtained by Gustafson [Gus1994] by Mie-theory for
homogenous spheres with optical constants of the astronomical silicate model by Draine &
Lee [Dral984], and show that radiation pressure is negligible (£ = 0) for particles with mass
greater than 10™° g, has a maximum for particles with mass 107" g (8= 1.5) and decreases for
smaller particles when particle size falls below the wavelengths of the solar radiation. Wilck
& Mann [Will1996] also calculated f-values from Mie-theory but used models of “typical”
dust grains (asteroidal, young cometary, old cometary and interstellar) instead of solid spheres
that represent the known albedo and density values of the grains. For all dust particle models,
except the fluffy young cometary particles, the calculated f-values had a maximum of around
0.9 at m = 10" g. Particles with B> 1 will spiral outwards from the Sun due to the Sun’s
radiation pressure. Particles that show this behavior are called fmeteoroids. Another weak,
but highly important effect of radiation on a particle’s orbit was first described (and
misinterpreted) by Poynting [Poy1903] and discussed later by Robertson [Rob1937], named
the Poynting-Robertson effect after its discoverers. The Poynting-Robertson drag causes a
loss in orbital angular momentum of particles orbiting the Sun, therefore the particles spiral
inwards into the Sun in 400 /%/8 years (r given in astronomical units) with decreasing
eccentricity. A descriptive explanation of the effect is that the radial traveling photons of the
Sun’s radiation hit a particle on a circular orbit in an angle lower than 90° to its motion vector
as seen from the particle’s own inertia system, and thus produce a small braking force. An
exact physical interpretation of the Poynting-Robertson effect requires covariant calculations
and is given by Srikanth [Sri1999]. Although the Poynting-Robertson drag force is very low,
it has significant effect on dust particles’ orbital evolution. Further, non-radial drag forces
caused by solar radiation that may originate from irregular particle shape are discussed but not
well established. Ion impact drag force and the plasma Poynting-Robertson effect caused by
solar wind particles are very low (around 10* times weaker than the radiation pressure), but
due to the non-isotropic nature of the mass flow (decrease by about 50% from the ecliptic
plane to the poles) the plasma PR drag effects orbital elements and increases orbital lifetime
of particles on high inclined orbits by 5-10% (Banaszkiewicz et al. [Ban1994]). Unlike this,
planetary perturbations on a particle’s eccentricity can reduce the orbital lifetime by a few
percent up to 50% due to altered PR drag on high eccentric orbits, see Gustafson et al.
[Gus1987a].

Particles inside the heliosphere are exposed to ultraviolet radiation and a flow of electrons and
ions known as solar wind. In laboratory simulation experiments, Cermak et al. [Cer1995]
demonstrated that the equilibrium electrostatic potential of dust particles bombarded by ion
and electron streams is around +5 V. Several theoretical studies about charging of dust grains
inside plasmas of planetary magnetospheres (reviewed by Hordnyi [Hor1996b]) showed that
the effective equilibrium potential of dust grains depends strongly on the individual
characteristics of the plasma and varies between -30 V and +10 V. Due to this usually non-
zero electrostatic potential of dust grains, they couple to the interplanetary magnetic field
(IMF) or planetary magnetic fields. In the heliosphere, the electrostatic potential of dust
grains is around a few volts positive due to the dominating effect of photo-ionization by UV
radiation. The IMF is mainly dominated by the solar magnetic field that is carried outside
from the Sun by the solar wind plasma. Theoretical considerations by Consolmagno



[Con1980] showed that the altering polarity of the field can have a random scattering effect
on the orbital elements of small dust grains (< 3 um) in the order of the Poynting-Robertson
effect. Hamilton [Ham1994] showed by theoretical modeling that Lorentz forces acting on a
particle within a planet’s magnetosphere can induce orbital resonances similar to those of the
gravitational force.

2.1.2 Interplanetary and interstellar dust in the heliosphere

Dust in the solar system is mainly produced by mutual collisions of larger objects. Most
important sources of interplanetary dust particles are asteroids and comets (see e.g. Mann et al.
[Man1996a], Liou & Zook [Lio1996b], Liou et al. [Lio1995b]). Also, Kuiper-belt objects
contribute to the zodiacal cloud in the inner solar system, as it was shown by Liou et al.
[Lio1996a] and Landgraf et al. [Lan2002], although most of the dust produced in the Kuiper-
belt is ejected from the solar system by the giant planets.

For the determination of the overall flux of interplanetary dust, several sources of information
are available and were used for developing models. Besides specialized in-situ dust detection
experiments that are discussed in paragraph 2.1.5, lunar microcraters were an important
source of information about spatial density and mass distribution of cosmic dust particles, see
Hartung [Har1976]. Also, the surfaces of returned spacecraft, e.g. periscopic lenses of the
early Mercury missions (see Hemenway et al. [Hem1964]) or the replaced and returned
Hubble Space Telescope solar arrays (see Moussi et al. [Mou2005]) give information about
flux and mass distribution of micrometeoroids.

The dust population in the solar system is not static, but undergoes a permanent dynamical
evolution that is discussed by Griin et al. [Grii1985]. For particle masses > 10~ g, many more
particles are destroyed by collisions than are generated, while for particle masses < 10° g
more new particles are generated than lost. Average lifetime until destruction by collision for
particles with mass between 10* g to 1 g is about 10* years at 1 AU, which is short in
comparison to the age of the solar system. It was estimated that about 9 tons/sec of particles
with masses > 10 g are lost inside 1 AU due to collisions. For particle mass between 10~ g
and 10" g, production rate is 16 times larger than the net loss by Poynting-Robertson drag,
which is estimated to 0.26 tons/sec. The main loss mechanism of cosmic dust in the solar
system is caused by solar radiation pressure, as discussed above. Particles with mass < 10" g
are affected by this force due to their small size, are largely injected into hyperbolic orbits and
leave the solar system as so called /~meteoroides.

Most information about the three-dimensional shape of the interplanetary dust cloud is
obtained by remote observation of the intensity of the zodiacal light. Polarization of the
scattered sunlight also gives information about the surface structure of the scattering particles.
Observation of the thermal emission of the dust particles can also be used to determine the
three-dimensional structure of the dust cloud, see e.g. Levasseur-Regourd & Dumont
[Lev1990]. At 1 AU, temperatures of 130 to 190 K and 380 to 390 K for particle sizes of 10™
and 10° m in size were obtained by Staubach et al. [Stal993]. Observations by the IRAS
spacecraft (“Infrared Astronomical Satellite”, see Neugebauer et al. [Neul984]) revealed even
local dust bands that were soon assigned to cometary dust trails, see Sykes & Walker
[Syk1992] for a survey.



To gather information about the orbital dynamics of interplanetary dust particles, in-situ
measurements of the particles’ trajectory are required. Impact-ionization dust detectors
provide the most efficient facilities for the measurement of dust particles’ orbital speed and
flight direction. Most in-situ detectors were on low inclined orbits. The observed isotropic
distribution of the solar F-corona gives evidence to a small population of dust on isotropic
inclined orbits. Although it is possible to determine the dust distribution outside the ecliptic
plane from in-ecliptic measurements, since all possible orbits cross the ecliptic plane (Mann
& Kneillel [Man1991]), this is limited due to the low detection rates of high inclined particles,
which is caused by the short ecliptic encounter of these particles. The dust detector on the
ULYSSES spacecraft is the first experiment on a high inclined orbit.

Several models of the distribution of cosmic dust in the solar system were developed from
experimental data obtained by optical observations and in-situ measurements. One of the most
popular is that of Divine [Div1993]. Five populations of dust particles were described, namely
asteroidal, core, halo, inclined and eccentric that are distinguished by their distribution in size
and orbital characteristics. Based on the model of Divine, a new model of the interplanetary
dust flux which includes new in-situ measurements by the dust detectors on ULYSSES and
GALILEO at orbital distances from 0.7 to 5.4 AU, and also incorporates radiation pressure
forces acting on small dust particles as described in paragraph 2.1.1., was developed
(Staubach & Griin [Stal995], Griin et. al. [Grii1997]). While the asteroidal and core
populations of Divine’s model are left unaltered since the mass ranges of the particles in these
populations are not covered by the ULYSSES and GALILEO dust experiments, the
populations of the lighter particles (m < 107 g) were altered to fit the new dust data, and to
include the new population of interstellar dust grains detected by ULYSSES and GALILEO.
Three new populations A, B and C of dust grains on bound orbits were defined with different
dominant, but overlapping mass range of 10"’ g to 10™* g, 10"'g to 10™* g, and 10™* g to
107" g, respectively. Each of the three new populations shows individual characteristics in the
distribution of orbital elements eccentricity e and inclination i of its appropriate particles.
While population A mainly consists of low inclination, low eccentricity particles, populations
B and C show a wider distribution of eccentricity and inclination with higher mean values in
inclination. All three populations have a peak at low eccentricities, but also a significant
component at high eccentricities. In chapter 6, this model is used to validate the MDC dust
data.
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Figure 2-3: Dust flux at 1 AU as derived by Griin et al.

Cumulative flux of cosmic dust particles at 1 AU far away from the Earth
as derived by Griin et al. [Grii1985].

Main points of criticism at the models described above are that they do not include any
theoretical models of particle dynamics, and that there is no known fundament based on
particle dynamics or dust source distribution (e.g. comets) for the empirical definition of the
different particle populations. The development of models that include even newer data
derived from in-situ measurements (e.g. again GALILEO, ULYSSES, CASSINI) and optical
observations (e.g. the DIRBE instrument on COBE), and involve theoretical models of the
long-term particle dynamics, are discussed by Dikarev et al. [Dik2002], [Dik2005].

While moving through the interstellar medium, the solar system encounters the interstellar gas
and dust cloud, whose existence is known from optical and ultraviolet observations. Currently,
the solar system is surrounded by a substructure called the Local Interstellar Cloud (LIC),
relative speed of the solar system to the LIC was determined to 26 km/sec. Dust particles that
belong to the interstellar medium penetrate into the inner solar system and contribute to the
interplanetary dust flux, although small particles are deflected by the hot plasma in the
heliopause, see Linde et al. [Lin2000]. ISD particles that penetrate into the heliosphere
interact with the interplanetary magnetic field and are deflected away from the Sun, see Griin
et al. [Gri2001]. Interstellar dust particles were detected by the dust detectors on the
GALILEO, CASSINI and HELIOS missions in the inner solar system at orbital radii <1 AU,
see Altobelli et al. [Alt2005], [Alt2003], [Alt2006], and by the GALILEO and ULYSSES
missions outside 1 AU, see Baguhl et al. [Bag1995], [Bag1996]. ISD grains were separated
from the interplanetary dust flux by their speed and flight direction. ULYSSES measurements
showed that the flight direction of the interstellar dust flux is well aligned with the direction
of the interstellar gas flow, which arrives from longitude 252° and latitude 2°, and never
deviates more than 30° from this direction, see Griin et al. [Grii1997]. ISD grains show a



constant flux that is independent from orbital radius and ecliptic latitude. Mean mass of the
ISD grains detected by ULYSSES at an orbital radius of 5 AU was 107" g. See also Griin et al.
[Grii1994] for a discussion. The in-situ measurements also showed a dependence of the flux
of ISD grains from the solar activity due to the filtering effects caused by the interplanetary
magnetic field. As Griin et al. [Grii1997] showed, ISD particles with fvalues > 1.5 will never
reach 1 AU. It was shown by theoretical considerations that ISD grains may be captured by
the sun by electromagnetic forces (see Kocifaj & Klacka [Koc2003]), by the Lorentz force
(see Kocifa] & Klacka [Koc2004]) and by Poynting-Robertson drag (see Jackson [Jac2001]).
ISD grains are supposed to consist of old matter that originated directly from supernovae
explosions, but it is suggested that they undergo significant changes when entering the
heliosphere due to solar radiation, see Strazulla [Str1986].

2.1.3 Circumplanetary dust

Dust rings around Mars were predicted first by Soter [Sot1971] based on MARINER 6 and
MARINER 7 photographs of the Mars surface. They are supposed to reside around the orbits
of the two Martian moons Phobos and Deimos. The theoretical considerations are based on
the assumption that the two satellites are exposed to the same flux of meteoroides as the
crater-covered Mars itself; impacts of these particles should eject material from the surfaces
into circum-Martian orbit at velocities of 5 to 15 km/sec. Since the inner moon Phobos resides
inside the Roche limit, particle ejection becomes even easier (see Dobrovolskis et al.
[Dob1980]). This material is supposed to form dynamic tori that are probably self-sustained
by collisions between 20-50 pm ring particles and the moons Phobos and Deimos.

Unlike the Saturnian ring system, which consists of large bodies and shows a high grade of
symmetry (except of the faint E-ring that consists of small dust particles and is currently
investigated with the CASSINI dust experiment), the Martian dust rings are subject to a wide
range of perturbations and show complex dynamics that lead to spatial and temporal
asymmetries. Most significant disturbances of the dust particles besides the strong
gravitational forces by the Sun and the moons themselves originate from the solar radiation
pressure, electromagnetic forces and the oblate shape of Mars. All these forces show local
variations and thus the faint rings show a wide variety of structure over time and space.

Many studies were carried out on the formation and modeling of dust rings around Mars and
their supplement by dust grains that originate from impacts on the two moons’ surfaces, see
Ishimoto & Mukai [Ish1994], Ishimoto [Ish1996], Banaszkiewicz & Ip [Banl1991],
Kholshevnikov et al. [Khol1993], Krivov & Hamilton [Kri1997], Krivov & Jurewicz
[Kri1999], Nazzario & Hyde [Naz1997], and their interaction with the Martian magnetic field
and the solar wind, see Dubinin et al. [Dub1991] and Krymskii et al. [Kry1992]. A detailed
analysis and numerical simulation of the dynamics and structure of the rings was performed
by Hamilton [Ham1996]. The principle spatial distribution calculated by this model is
summarized in Figure 2-4 as seen perpendicular to the Mars system. Although this picture
gives only a simplified view, it shows one of the most interesting results; the dust ring around
the orbit of the inner moon Phobos is shifted towards the Sun, while the ring around the orbit
of the outer moon Deimos is shifted away from the Sun. Not visible in this picture is that the
inner ring is even tilted out of the equatorial plane when viewed from the Martian vernal
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equinox (the intersection of the Martian equatorial and orbital planes). A seasonal dependence
of the dust rings’ spatial distribution is obvious.
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Figure 2-4: Theoretically predicted dust rings
The dust rings around the Martian moons Phobos (inner moon) and Deimos
(outer moon) show a complex structure that was determined by Hamilton.
The positive x-axis is pointing towards the sun.

Very little experimental data is available to validate the theoretical predictions and models.
An analysis of images taken by the Viking spacecraft gave that the optical depth of the rings
must be supposed to be lower than 3-10”. Solar wind disturbances in plasma and magnetic
field observations observed by the Phobos-2 mission’s instruments in the orbit of Phobos may
correspond to a ring of dust or gas and give a first experimental but indirect evidence of the
existence of the predicted dust rings, see Baumgirtel et al. [Baul996]. The Mars Dust
Counter would have been the first dust science experiment in Mars orbit. Although it was
determined by Ishimoto et al. [Ish1997a] from the present models that during the two year
stay in Mars orbit only a few ten dust ring particles would be detected by the MDC, a direct
prove of the existence would have been possible. Observation from Earth comes out to be
very difficult due to the very low optical depth of the rings, however, the brightness of the
rings varies with the viewing geometry and thus some constellations are conceivable where
they may be visible with terrestrial telescopes in future.
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2.1.4 Space debris

Since the beginning of human space exploration, a large and still increasing part of particles
of all sizes that populate the vicinity of Earth are not of natural origin, but man-made so called
“space debris”. One can say that a large number of meteors that can be observed in clear
nights are of artificial origin. Apart from = 0.1 mm particles, space debris today dominates in
all particle sizes in low Earth orbits, see ESA [ESA1999]. These artificial objects are
classified into two groups, so called “primary objects” that were brought directly into orbit
like burnt out rocket stages, disused satellites etc., and “secondary objects” that originate from
the primary objects by collisions and explosions, or are generated by high velocity impacts of
small particles on heavier objects as so called ejecta.

Sample return experiments like LDEF have shown further sources of sub-millimeter particles,
like residues of solid rocket boosters that mainly consist of Al,O; particles on high elliptic
orbits, see Schobert [Sch1996], small particles that erode from the surfaces of spacecrafts by
radiation effects or contact with atomic oxygen, see Stark et al. [Stal997], and fluid metal
beads that leaked from Russian RORSAT satellites, see Grinberg et al. [Gri1997]. Solid
rocket boosters may even contribute to the debris population in the centimeter range, see
Jackson et al. [Jac1997].

Most of the secondary objects are generated on high elliptic or even hyperbolic orbits and
either re-enter the Earth’s atmosphere or leave Earth orbit. Atmospheric friction and thus
caused re-entering of the atmosphere is also a natural drain for particles on stable orbits.

The known population of particles in less than 2000 km height and in stable orbits or orbits
having not negligible half-life periods is composed in the ESA-MASTER-Model, see
Klinkrad et al. [K1i1997]. Main purpose of the compilation of space debris catalogs and
models 1is to get reliable information about the exposure of future spacecrafts.
Micrometeoroids and sub-millimeter particles, that are the main objects of interest in dust
science, do not bring out serious hazards for spacecrafts and are therefore accounted only
secondarily. Nevertheless, especially the dynamics of aluminum-oxide particles generated by
solid rocket boosters on their way to GEO is of interest, since the achieved results not only
can be used for the validation of space debris models, but also the generation of high mass
particles in the range of centimeters was noticed by radar observations and engine test bench
experiments.

The long-term application of dust detectors like those of the MDC type series in LEO is
therefore an interesting research field, and is a precondition to provide future spacecrafts and
space stations with some kind of “space weather forecast”. The mission of the MDC-BremSat
showed that a sophisticated screening of signals will be necessary for future MDC missions in
LEO due to presumably massive atmospheric interferences that occurred in the MDC-
BremSat data stream.
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2.1.5 Exemplary instruments and missions

Several past and recent interplanetary missions carried dust experiments, which were
designed to detect cosmic dust of different magnitudes. A short list of these missions is shown
in Table 2-1 (content taken from [Grii1992a] and supplemented by CASSINI and
STARDUST), the list also includes Earth orbiting missions outside LEO.

Table 2-1: Interplanetary missions carrying in situ dust experiments

Spacecraft Heliocen. dist. [AU] Detector type Spin- or 3-Ax. stab.
Pioneer 8 0.97-1.09 impact ionization in-ecl. spinning
Pioneer 9 0.75-0.99 impact ionization in-ecl. spinning
HEOS 2 1 impact ionization 3-axis
Pioneer 10 1-18 penetration out-of-ecl. spinning
Pioneer 11 1-10 penetration out-of-ecl. spinning
Helios 1, 2 0.3-1 impact ionization in-ecl. spinning
VEGA 1,2 0.73-1.1 PVDF 3-axis
Galileo 0.7-5.2 impact ionization out-of-ecl. spinning
Ulysses 1-5.4 impact ionization out-of-ecl. Spinning
Cassini 0.7-9.5 impact ionization 3-axis
Stardust 1-2.6 various 3-axis

In the following, the four missions GALILEO, ULYSSES, CASSINI and STARDUST are
described briefly. These are not only the actual missions, but also the dust experiments
onboard the GALILEO and ULYSSES spacecrafts (see Griin et al. [Grii1992a], [Grii1992b],
[Grii1995a]) are in some aspects similar to the MDC, while the CASSINI dust experiment
(see Srama et al. [Sra2004], Auer et al. [Aue2002]) is an advanced version of these
experiments . The LRT is project partner for the CASSINI dust experiment. In contrary to
GALILEO, ULYSSES and CASSINI, that also carry a number of scientific instruments of
other purpose, the STARDUST spacecraft is specially designed for dust measurements, see
McDonnell et al. [McD2000] for a description of the STARDUST flux monitor, Brownlee at
al. [Bro1996] for a description of the STARDUST mission.

Results of the dust experiments on the missions GALILEO and ULYSSES were published
regularly. See Griin et al. [Griil995b], Kriiger et al. [Kriil1999b] and Kriiger et al. [Krii2001a]
for GALILEO results, Griin et al. [Griil995¢], Kriiger et al. [Krii1999c] and Kriiger et al.
[Krii2001b] for ULYSSES results. The results of these four missions are discussed regularly
at the annual GUCS (GALILEO, ULYSSES, CASSINI, STARDUST) meetings, also status
and results of the MDC-HITEN and MDC-NOZOMI missions were presented there.
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GALILEO 1989-2003
NASA mission to Jupiter

Galileo Dust Detector

Figure 2-5: The GALILEO spacecraft

The GALILEO mission was launched on October 18, 1989. After a six-
year journey, it arrived at Jupiter in September 1995. On September 21,
2003 it crashed onto Jupiter’s surface. Besides a number of other
experiments, it carried the Galileo Dust Detector, a descendant from the
HEOS detector that was nearly identical to the ULYSSES dust experiment.

ULYSSES 1990-

NASA/ESA mission to polar
solar orbit

Ulysses Dust Experiment

Figure 2-6: The ULYSSES spacecraft

Launched on October 6, 1990, the ULYSSES spacecraft encountered
Jupiter on February 8, 1992. After a swing-by at Jupiter, it travels on a high
inclined orbit around the Sun. Like GALILEO, its dust detector is a
descendant from the HEOS dust detector. See Wenzel et al. [Wen1989] for
a description of the ULYSSES mission.




CASSINI 1997-
NASA mission to Saturn

Cosmic Dust Analyzer

Figure 2-7: The CASSINI spacecraft

Launched on October 15, 1997, CASSINI reached Saturn orbit on July 1,
2004 after fly-bys at Venus, Earth and Jupiter. It carries the CASSINI
Cosmic Dust Analyzer, a descendant from the ULYSSES and GALILEO
dust detectors with enhanced measuring capabilities.

STARDUST 1999-2006
NASA mission to comet Wild-2

Several dust experiments

Figure 2-8: The STARDUST spacecraft

Unlike most other missions, the STARDUST spacecraft was designed
especially for dust science and carries a number of dust related experiments
including a sample return experiment. It was launched on February 7, 1999,
and flew by the comet Wild-2 to collect cometary dust particles. On
January 15, 2006, a capsule containing these cometary dust particles was
delivered back to the Earth.
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Figure 2-9: The CASSINI Cosmic Dust Analyzer

The instrument consists of two independent experiments, the Dust Analyzer
DA (cylindrical box on the left) and the High Rate Detection system HRD
attached to the cylinder, which itself consists of two polyvinylidene fluorid
(PVDF) sensors. The HRD is designed for measurements during Saturnian
ring plane crossings.

Figure 2-9 shows the CASSINI Cosmic Dust Analyzer CDA, which was designed and
developed by the Max Planck Institut fiir Kernphysik, Heidelberg (MPI-K), see Srama et al.
[Sral997], [Sra2004]. It is a descendant from the GALILEO and ULYSSES dust experiments,
but with extended measuring capabilities. Like its predecessors, the CDA is primarily an
impact ionization detector with a cylindrical shaped sensor box. Additionally, the CDA
carries a time-of-flight mass spectrometer inside the sensor box that enables determination of
the chemical composition of the impacting particles. A similar experiment setup based on the
much smaller, lighter and cheaper MDC experiment is intended by the LRT, this is discussed
in chapter 8. Calibration of the CDA was carried out in the dust accelerator facility at the
MPI-K using various projectile materials; see Goller [G611988], Goller & Griin [G611989]
and Goldsworthy et al. [Gol2002].
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2.2 The MDC mission HITEN, (formerly MUSES-A)

HITEN, formerly named MUSES-A, was Japan’s first mission outside the low Earth orbit. It
was designed and developed by ISAS from 1985 to 1990. Main objective of the mission was
the demonstration and testing of Japan’s ability to navigate a spacecraft in the Earth-Moon
system on complex trajectories, including orbit control, insertion of a sub satellite into lunar
orbit, optical navigation experiments and cis-lunar aero brake demonstrations. Several
maneuvers were conducted, including Moon swing-by and maneuvering of the spacecraft into
the Lagrange points L4 and L5. HITEN carried a small piggyback Moon orbiter named
HAGAROMO that was separated from the spacecraft during the mission. The MDC-HITEN
was the only scientific experiment onboard. A description of the HITEN mission is given by
Uesugi et al. [Ues1991].

Figure 2-10: The HITEN spacecraft

Photograph of the fully integrated HITEN spacecraft. Mounted on top of
the cylindrical body, the small octagonal Moon orbiter HAGAROMO can
be seen. The MDC is mounted into the wall of the cylindrical body, the
rectangular MDC sensor box and its gold plated inner walls can be seen
here.

2.2.1 Spacecraft properties

The spacecraft HITEN was spin stabilized with a rotation period of 20 rpm. Its shape was
cylindrical with a diameter of 1.4 m and a height of 0.8 m. The top of the spacecraft was
coated with a special thermal blanket to cope with the heat that was generated during aero
brake maneuvers when HITEN passes the upper limits of the Earth’s atmosphere at a speed of
about 11 km/sec. Also on top of the spacecraft, the polyhedral shaped small lunar orbiter
HAGAROMO was fixed. Around the cylindrical body, solar cells were mounted that
produced a power of about 110 W. HITEN’s communication system consisted of two low-
gain antenna (LGA) at the top and the bottom of the cylinder, respectively, and one medium-
gain antenna (MGA) at the bottom. Both X-band and S-band downlink were available; up-
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link was carried out on S-band. The propulsion system employs eight 23 N and four 3 N
thrusters that are used for orbital control. Total weight of the spacecraft was 197 kg, where
12 kg account for the lunar orbiter HAGAROMO and 42 kg on hydrazine fuel. The MDC-
HITEN was mounted into the side panels of the satellite, 25 mm counter-sunk. No other
instruments did obscure the field of view of the MDC-HITEN; the aperture angle was
145 degrees.

2.2.2 Mission

On January 24, 1990, the spacecraft HITEN was launched by a Japanese Mu-3SII-5 rocket
from Kagoshima Space Center, Japan, and was injected directly into a high eccentric trans-
lunar orbit. After four orbits around Earth, the first lunar swing-by was conducted on March
18, 1990, when the orbiter HAGAROMO was released and injected into a lunar orbit. The
following orbits no. 5 to 7 had a much higher apogee and the orbit describes a precession
around Earth until the apogee was on night side. Several Moon swing-by’s were conducted
during the orbits no. 9 to 14 to keep the spacecrafts apogee on the Earth’s night side, which
was an essential requirement for the planned ISAS mission GEOTAIL and was demonstrated
successfully by the HITEN mission. Aero brake experiments were conducted during the
perigee of orbits no. 16 to 19 and were completed successfully. After the 10" lunar swing-by
on October 2, 1992, the spacecraft was injected into a trajectory that brought it to two of the
Lagrange points of the Earth-Moon system, L4 in October 1992 and LS5 in January 1993. The
MDC-HITEN was the first dust experiment that could conduct measurements of dust particles
that may reside in the vicinity of these stable points. On February 15, 1993, the spacecraft was
injected into a polar lunar orbit where it stayed for about one month. On March 10, 1993, it
finally crashed onto the lunar surface. The overall results of the HITEN mission are
summarized by Uesugi [Ues1996].
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Figure 2-11: HITEN orbit

The complex trajectory of the HITEN spacecraft originated from the main
purpose of the mission, which was to demonstrate the ability of the
Japanese space organization ISAS to maneuver an interplanetary
spacecraft. During the mission, HITEN performed several maneuvers
including aero braking, several Moon swing-by’s and orbits around the
Lagrange points L4 and L5. a) Orbits 1-4 (initial), 5 to 8 (apogee to night
side), b) Orbits 9 to 14 (keep apogee at night side), ¢) Orbits No. 15 to 19
(aero-brake experiments and transfer orbit), d) Orbits 20 to 24 (transfer),
Lagrange points, Moon orbit. Note: Kinks in the HITEN orbit shown in this
figure are caused by incomplete orbital data or small resolution (one data

per day).
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Figure 2-12: HITEN distance from earth

A more intuitive view on the complex HITEN trajectory. Orbit numbers are
given for selected orbits, see text for details.

2.2.3 Results of the MDC-HITEN dust measurements

Calibration measurements for the MDC-HITEN were carried out at the Max-Planck Institut
fiir Kernphysik in Heidelberg, Germany. Around 1000 particles were shot on locations inside
the sensor box, and around 700 on locations outside the sensor box. The MDC-HITEN
calibration is described by Miinzenmayer et al. [Miin1997].

The MDC-HITEN operation started 38 days after launch. During the first two years of
operation, the MDC-HITEN detected an average of slightly more than 0.5 particles per day,
which corresponds to a dust flux of 2.2 to 5.5-10™ particles/(m*s). Mass range of the detected
particles was 107° to 107 g. The particles detected by the MDC-HITEN can be separated into
two populations, apex-particles with low speed around 30 km/sec, and f-meteoroides with
high speed > 45 km/sec and radial flight direction, see Iglseder et al. [Igl1993a]. A later look
at the MDC-HITEN data gave evidence that interstellar dust particles were detected by the
instrument, see Griin et al. [Grii2001b].

During the following 14 months in Moon orbit, the MDC-HITEN detected around 150
particles with a mass range of 10'® to 107 g, which corresponds to a dust flux of 1.3 to
4.1-10™ particles/(m*s). The particles observed in lunar orbit have the same properties in
flight direction as during the first two years of the mission, see Iglseder et al. [Igl1996].
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2.3 The MDC mission NOZOMI, (formerly PLANET-B)

NOZOMI, formerly named PLANET-B, was Japan’s first interplanetary mission. It was
designed and developed from 1992 to 1998 by the Institute of Space and Astronautic Science
(ISAS), a department of the University of Tokyo. The objectives of the project are twofold, in
addition to the scientific objective, that is the study of the structure and dynamics of the upper
Martian atmosphere and its interaction with the solar wind, the engineering objective is to
develop basic key technologies for future ISAS missions. The scientific objectives of the
NOZOMI mission are described by Nakatani et al. [Nak1995], the engineering objectives by
Tsuruda et al. [Tsul996]. Since the launch capabilities of the designated launcher, the new
M-V vehicle also developed by ISAS, are moderate, special emphasis was put on extremely
lightweight construction of the satellite. NOZOMI was the second mission launched with the
M-V.

Figure 2-13: The NOZOMI spacecraft

Photograph of the fully integrated NOZOMI spacecraft. The MDC is
mounted into the small side panel left of the folded solar panel. Its light
grey outer wall and a small part of the gold plated inner wall can be seen
here.

2.3.1 Spacecraft properties and operations

The NOZOMI spacecraft properties are described in the NOZOMI Prelaunch Report by ISAS
[ISA1998]. The dry mass of the satellite without propulsion system is only 186 kg, whereof
35 kg account for the 14 scientific instruments; the complete wet mass was 580 kg. NOZOMI
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was equipped with two high efficiency solar panels that produce more than 200 W of power
through the mission period. The satellite is spin stabilized with a rotation period of = 6 to
10 rpm. The telemetry system consists of a 1.6 m parabolic mesh X-band high gain antenna
that requires pointing of the antennas bore sight direction and thus the satellites spin axis to
Earth, and two omni directional S-band low gain antennas. Both the solar panels and the HGA
are fixed to the body, neither Earth-pointing gimbals for the HGA nor a Sun-tracking
mechanism for the solar panels were necessary because the angle between Earth and Sun seen
from NOZOMI’s orbit is within £45°, which secures power generation by the solar panels.
The X-band downlink has bit rates from 2048 bps to 32768 bps, the S-band downlink from
64 bps to 1024 bps. Uplink is established via S-band at bit rates of 125 bps or 15625 bps. The
design lifetime of the satellite was two years (one Martian year), and mainly limited by the
amount of fuel that is needed to maneuver the spacecrafts attitude to direct the HGA dish to
Earth for data transmission. Fuel became a critical factor after a problem during the first Earth
fly-by occurred.

All data that are created by the scientific instruments can be stored by the data handling
system in the onboard data recorder during periods when no telemetry via X-band downlink is
possible or the instruments data stream exceeds the telemetry capacity. Main tracking of the
spacecraft is carried out at Usuda Deep Space Center (UDSC) and Kagoshima Space Center
(J-KSC), primary data processing, orbit and attitude determination and control is carried out
at the Sagamihara Spacecraft Operation Center (SSOC). At the SSOC, the data acquired from
NOZOMI is archived and distributed to the experimenters of the different scientific
instruments. All MDC data was uploaded to the LRT via internet right after download from
NOZOMI and extraction from the raw telemetry data stream.

2.3.2 Mission

Mission launch was scheduled to early July 1998. On July 4, 1998, the mission PLANET-B
was launched at Kagoshima Space Center and renamed to NOZOMI following a Japanese
tradition. The design of the NOZOMI orbit is described by Kawaguchi et al. [Kaw1995]. Five
minutes after launch the spacecraft was inserted into a nearly circular orbit, another 13
minutes later it was kicked to a highly elliptic orbit with periapsis beyond the Moon orbit.
Soon after launch, the MDC was set into operation and provided its first data. As the available
energy was not sufficient for a direct injection into a Mars transfer orbit, some gravitational
maneuvers were necessary. After 6 % elliptic orbits, the first Moon swing-by took place on
September 24, 1998, and brought NOZOMI to a maximum distance of 1.7 million km from
Earth. It returned on a retrograde orbit, and after a second Moon swing-by, a powered Earth
swing-by should bring the spacecraft to the final Mars transfer trajectory.

During this powered swing by which took place in 1000 km height above the South Pacific
Ocean, no orbital control was possible. Unfortunately, one of the oxidator vents of the
propulsion system was not fully opened and the spacecraft’s speed after the swing-by was
100 m/sec too low, the missing Av increased to 350 m/sec until connection could be
established again. Although it would have been possible to correct the trajectory by orbital
maneuvers, this would consume too much fuel, endanger the later injection into Mars orbit
and prohibit the maneuvers necessary during the mission time in Mars orbit. Hence, the
operators at ISAS designed a new orbit strategy that enabled the spacecraft to reach Mars and

22



save the fuel needed for orbital operations around Mars, see Kawaguchi et al. [Kaw2003].
Initially the spacecraft remained on the orbit it reached after the Earth swing-by, an elliptic
orbit around the Sun that crosses both Mars and Earth orbit. After three orbits around the Sun,
NOZOMI reached the Earth again and a swing by maneuver was conducted on December 20,
2002, that brought NOZOMI to a high inclination Earth synchronic orbit. On June 19, 2003,
NOZOMI approached Earth again and after a second Earth swing-by, it was brought on the
final transfer trajectory to Mars. The Mars orbit insertion was scheduled to December 31,
2003, and required a Av of 840 m/sec instead of 1257 m/sec with the original transfer strategy,
which secures that enough fuel is left for future orbital maneuvers.

to Mars

— NOZOMTI orbit
Moon orbit

earth equatorial plane

y
Figure 2-14: NOZOMI orbit in the Earth-Moon system

a) First Moon swing-by, September 24, 1998 b) Second Moon swing-by,
December 18, 1998 c¢) Earth swing-by, December 20, 1998.

The prolonged transfer to Mars gave the MDC the possibility to measure dust in the
interplanetary space for long period and thus need not to be seen as a drawback for the MDC
project. Since the MDC-HITEN proved to work stable and reliable on a long-term mission, it
was expected that the MDC-NOZOMI would do a good job as well. Data acquisition and data
transfer during the interplanetary cruising phase were possible and were conducted regularly.
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Figure 2-15: NOZOMI orbit in the interplanetary space
a) Insertion into Sun centered orbit January 1998 b) System failure, April 26,
2002 c) First Earth swing-by, December 21, 2002 d) Second Earth swing-by,
June 19, 2003 e) Mars fly-by, December 14, 2003.

Insertion into Mars orbit was scheduled in December 2003. The planned orbit was highly
elliptic with periapsis at 150 km and apoapsis at 15 Mars radii, inclination was 170°, which
defines a retrograde orbit. The orbit crosses the orbits of the Martian satellites Phobos and
Deimos, which both are subject of scientific interest as well. The MDC was expected to detect
dust rings around Mars in the orbits of the two moons as they were predicted by theoretical
considerations earlier (see paragraph 2.1.3).

On April 24, 2002, a system failure onboard NOZOMI happened that was probably caused by
a solar eruption which occurred a few days earlier. The damage onboard NOZOMI was soon
identified as a failure of the CI-PSU (Common Interface Power Supply Unit), a power supply
unit that was responsible for a couple of satellite subcomponents including the data recorder,
thermal control and a control unit that handles the telemetry modes. This failure severely
endangered the continuation of the mission. E.g., the satellites telemetry system remained in
ranging mode after the failure occurred which made it impossible to transfer MDC data or
other data back to Earth. However, the most severe problem was the failure of the thermal
control system, since without the heaters the fuel for the main propulsion system gets frozen
at larger distances from the Sun. As a first workaround, all satellite systems including the
scientific instruments were powered on to produce as much heat as possible, but this could not
provide enough energy to heat the fuel. Without the main propulsion system, Mars orbit
insertion was not possible.

Detailed analyses of the problem at ISAS lead to the assumption that a short circuit prevents
the CI-PSU from working properly. As a solution strategy, a series of “CI-PSU power on”
commands sent to the spacecraft was thought to eliminate the short circuit. During the first try
in September 2002, the link to NOZOMI was completely lost and could be re-established a
couple of weeks later. Because of this incident, further tries to solve the problem and re-
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establish NOZOMTI’s full functionality were postponed for safety reasons until the last Earth
swing by has happened.

These last tries to correct the problem were carried out from September 2003. A series of
10000 “CI-PSU power on” commands were sent to the spacecraft in a high frequency,
telemetry was lost again like during the first try, but the failure of the CI-PSU could not be
corrected. After re-establishing the telemetry link, a series of small orbital corrections were
conducted using the small maneuvering thrusters to conduct NOZOMI on a secure trajectory
that minimized the chance that NOZOMI crashes onto Mars’ surface. Unlike landing devices,
NOZOMI as an orbiter was not biologically clean and could possibly pollute the Mars surface
with biological materials from Earth.

On December 12, 2003, NOZOMI passed Mars on the shadow side in a presumed height of
850 km. After the fly-by, ISAS tried to re-establish the telemetry link to NOZOMI. As the
exact position and speed of NOZOMI after the fly-by were unknown, it was necessary to scan
the potential space segment where it should reside as well as the frequency band due to the
Doppler shift. After a couple of days, these tries were given up without any result and on
January 10, 2004, the mission was finally declared as lost.
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Figure 2-16: NOZOMI end of mission
On December 14, 2003, NOZOMI passed Mars in 894 km height above the

surface. After the fly-by, the telemetry link to NOZOMI could not be re-
established. (Image: ISAS, no English version available)
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2.3.3 The scientific mission of the MDC

While the scientific missions of most other experiments onboard NOZOMI are limited to the
Mars orbiting phase, the mission of the MDC can be separated into three mission phases with
different scientific intentions. These MDC mission phases correspond to the different cruising
phases of the spacecraft NOZOMI as follows:

1. The Earth-Moon phase: In this phase, dust particles in the Earth-Moon system were
detected.

2. The interplanetary cruising phase: During this transfer phase to Mars, interplanetary
and interstellar dust particles were detected. The results of these measurements are
compared to the actual models of the interplanetary dust distribution.

3. The mission phase in Mars orbit: The main mission goal of the MDC was the
detection of dust rings around Mars. These dust rings were predicted earlier as dust
tori that should reside in the orbits of the two Martian moons Phobos and Deimos.

While the regions 1. and 2. were already explored by other experiments, the MDC would have
been the first dust experiment in Mars orbit. The dust rings that first were theoretically
predicted by Soter [Sot1971] are considered to consist of ejecta that are thrown from the
surface of the moons after impacts of heavier particles. The basic assumption is that the two
moons are exposed to the same stream of heavier asteroids as the Mars itself, whose surface is
covered with impact craters. Those of these ejecta whose throw-out speed is sufficient to
leave the gravitational field of the moon but not sufficient to leave Mars orbit are supposed to
build a spatial distribution that at best can be described by a torus in the orbit of the particular
moon. While the particle density of these dust rings is too low to be viewed from Earth with
the available instruments, some disturbances of the Martian magnetic field recorded by the
Phobos-2 spacecraft while passing the Phobos orbit (see Baumgirtel et al. [Baul996]) give
evidence of the existence of the predicted dust rings. The measurements of the MDC in Mars
orbit would have been of great scientific interest, see Ishimoto et al. [Ish1997a], Sasaki
[Sas1999] and Krivov & Hamilton [Kri1999]. The moons Phobos and Deimos themselves
were also subjects of the NOZOMI scientific objectives, see Inada et al. [[nal999] for a
description of the planned observations by the Mars Imaging Camera (MIC).
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3 The Mars Dust Counter

The Mars Dust Counter (MDC or MDC-NOZOMI) is the third in a series of dust experiments
designed and developed by the Lehrstuhl fiir Raumfahrttechnik (LRT) at the Technische
Universitdt Miinchen (TUM). In this chapter, the properties of the MDC-NOZOMI are
described (see Igenbergs et al. [Ige1998] and ISAS [ISA1998]) since its predecessors, the
Munich Dust Counters MDC-HITEN and MDC-BremSat are designed nearly identical and
the basic properties and the functionality of the three experiments differ only in some details
like size of the sensor box and the number of channels that are recorded by the electronics box.

Figure 3-1: The MDC

Photograph of the MDC experiment. Below the sensor box with its gold-
plated inner walls, the black electronics box is attached.

Paragraph 3.1 gives an overview of the physical principles that are used by the MDC for the
detection of cosmic dust particles; paragraph 3.2 describes the technical properties of the
MDC. Finally, paragraph 3.3 describes the calibration process of the MDC experiment.
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3.1 The MDC measuring principle

The MDC measuring principle is based on the physical effects that are caused by impacts of
dust particles on the solid target inside the sensor box. Impacts of particles at velocities
greater than 1 km/sec cause rather complex phenomena. In principle, the kinetic energy of the
impacting particle is transformed into heat that is high enough not only to break the molecular
and atomic bindings but also to ionize the melted constituents of the particle and the target.
Parts of this ionized matter are thrown out from the impact site at high velocity as so-called
ejecta. The characteristics of the hypervelocity impacts, the ejecta and the charge generation
process are described in the following paragraphs.

3.1.1 Physical background of the impact ionization process

The comprehensive stress that occurs during the first moments of a hypervelocity impact
exceeds the rigidity of the solid materials of both the impacting particle and the target
material by far, and the matter behaves like a compressible, in-viscid fluid. The shockwaves
that run through the projectile and the target compress the material locally to more than
10 Mbar, and lead to a fast expanding crater in the surface of the target. Due to complex
processes of interference of the shockwaves with their reflections from surfaces, the
temperature rises up to 10° K in the immediate vicinity of the contact zone of projectile and
target, while pressure falls. Either gaseous, fluid, or even solid material is then ejected from
the impact site. The solid constituencies of these ejecta can reach as high velocities that are
sufficient to cause subsequent hypervelocity impacts when these ejecta hit the target again.

The most important effect for the investigation of cosmic dust particles that occurs during this
process is that the ejecta are ionized at least partially due to the high temperatures. This was
first proven experimentally by Friichtenicht and Slattery [Fri1l963]. Different theoretical
models of the process of charge generation, depending on the particle’s impact speed, were
developed. As a basic assumption, the degree of ionization of the material is dependent on the
specific intrinsic energy of the material, which can be described as (see Drapatz & Michel
[Dral974])

2
1 \

AE=—| —— |, (3-1)
2[\/pp/pT +1}

whereas v is the impact speed of the projectile, pr the particle’s density and pr the target’s
density. According to this equation, a maximum specific intrinsic energy and therefore charge
gain can be achieved by the use of high-density target materials, for this reason, the MDC
target area was gold plated. Experimental measurements of the temperature of the plasma
gave that the temperature is strongly affected by a wide range of environmental and local
material conditions rather than showing a causal and reproducible relation to the total kinetic
impact energy.

Although many studies on ion formation and plasma production during the hypervelocity
impact process were made (see e.g. Hornung & Drapatz [Hor1981], Hornung et al.
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[Hor1996a], Kissel & Kriiger [Kis1987], Ratcliff et al. [Rat1996], [Rat1997], Dalmann et al.
[Dal1977], Drapatz & Michel [Dral974]), the complex process and all its different aspects
cannot be explained satisfactory by one single model, not to mention a quantitative
determination of the charge gain. For this reason, high effort must be put on experimental
calibration of each individual sensor device with respect to its characteristics and operational
area in order to allow reliable measurements of mass and impact speed of dust particles. For
reliable measurements of particle mass and impact speed, the materials used in the laboratory
as substitutes for natural cosmic dust particles must reproduce the properties of the natural
particles as good as possible. New materials are developed and tested until today, see e.g.
Burchell et al. [Bur2002] and Stiibig et al. [Stii2001]. MD