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Abstract

Background: The study of airborne dust and water vapor properties at the Martian surface level is
an important task for the achievement of some of the primary scientific goals of Mars exploration: to
study the water cycle and present / past habitability, climate history and hazardous conditions.

Method: The MEDUSA instrument has been designed for the direct in situ measurement of dust and
water vapor properties, such as dust size distribution, number density, deposition rate and
electrification, and water vapor abundance.

Conclusion: The MEDUSA instrument reached a Technical Readiness Level > 5 within the ESA
ExoMars mission development and it is well suited to be accommodated on landers and rovers for
Mars exploration.

vapor abundance and the following dust properties: size
distribution, number density vs. size, cumulative mass flux,
deposition rate, electrification. All these properties can be
monitored as a function of time, allowing the study of their
evolution during local events and diurnal / seasonal cycles.

Introduction

Dust and water vapor are fundamental components of the
Martian atmosphere. In view of tracing the past Mars
environmental conditions, that possibly favored the
appearing of life forms, it is important to study the present
climate and its evolution. Of major scientific interest are the
abundance and physical, chemical and electrical properties of
dust, the abundance of water vapor dispersed in the
atmosphere and its exchange with the surface. Moreover, in
view of the future exploration of the planet, it is of primary
importance to analyze the hazards linked to environmental
factors. The Martian Environmental Dust Systematic
Analyzer (MEDUSA) experiment has been developed for

Scientific rationale

Studying dust close to the surface of Mars

Dust is permanently present in the atmosphere of Mars. Its
amount varies with seasons and with the presence of local
and global dust storms. Airborne dust contributes to
determine the dynamic and thermodynamic evolution of the

the characterization of airborne dust and water vapor close to
the surface of Mars and is suitable to be accommodated on
Martian landers or rovers. MEDUSA implements a suite of
optical and piezoelectric sensors aimed to measure, for the
first time, in-situ and quantitatively, the atmospheric water

atmosphere (Zurek et al. 1992), including large scale
circulation processes, on diurnal, seasonal and annual time-
scales (Smith 2008). It plays a key role in determining the
current climate of Mars and probably influenced the past
climatic conditions and surface evolution. Dust grains absorb
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and scatter thermal and solar radiation and act as
condensation nuclei for H,O and CO,, so influencing the
atmospheric thermal structure, balance and circulation
(James et al 1992; Jakosky and Haberle 1992; Kahn et al
1992; Ryan and Henry 1979; Forget et al. 2006; Martin and
Kieffer 1979; Martin 1981; Jakosky and Martin 1987). Main
parameters influencing the atmospheric heating are size
distribution, albedo, single scattering phase function and
imaginary part of the refractive index. Moreover, wind and
windblown dust represent nowadays the most active
processes having long term effects on Martian geology and
morphological evolution (Greeley et al. 1992). Aeolian
erosion, dust redistribution on surface and weathering are
mechanisms coupling surface and atmospheric evolution and
are driven by wind intensity and grain properties. Wind
mobilized particles on Mars range in size from less than 1
um, for suspended dust, to perhaps as large as 1 cm in
diameter. The mechanisms for dust entrainment in the
atmosphere are not completely understood as the data
available so far do not allow us to identify the efficiency of
proposed processes. Wind tunnel experiments show that
sand-size particles are easier to entrain than dust (Greeley
and lIversen 1985). So, a first model for dust injection
required sandblasting (lversen and White 1982), where
saltating sand-size particles are responsible for dust
entrainment via impacts. Anyway, despite large evidences of
sand-size grains on the Martian surface, recent observations
show that sand movements are rare nowadays with respect to
dust lifting (Zurek and Martin 1993; Cantor et al. 2002;
Zimbelman 2000; Malin and Edgett 2001; Fenton 2006;
Bourke et al. 2008; Chojnacki et al. 2010; Silvestro et al.
2010). MER Microscopic Imager observations have shown
that surface dust occurs as fragile, low-density, sand-sized
aggregates (Sullivan et al. 2008). Supposing these dust
aggregates are widespread on Martian dusty regions,
Sullivan et al. tried to resolve the paradox proposing that
they could be the primary source of airborne dust as they are
entrained and disrupted more easily than clay-sized
(generally < 4 mm) air fall particles. In this case (sand-sized
diameters and very low densities), the classic lversen &
White relationships (lversen and White 1982) predict much
lower thresholds for wind speed to mobilize dust. The
creation dynamics of such dust aggregates are intimately
related to grain electrification and show that grain size is a
dynamic and highly variable parameter (Merrison et al.
2004; Merrison et al. 2007). The transport of dust can be
quantitatively understood only through direct study from the
Martian surface.

Information about the size distribution of atmospheric dust
on Mars has been mainly retrieved from remote optical
measurements (e.g., Toon et al. 1977; Drossart et al. 1991,
Pollack et al. 1995; Tomasko et al. 1999 — see Figure 1). It is
still not known what the primary airborne dust (e.g., the
recently lifted dust) is made of, size-wise.

The number density of particles close to the Martian surface
isn=1-2cm” in constant haze (Moroz et al. 1993).
Metzger et al. (1999) quoted a dust mass density of 1.8 ~ 10”
kg m* in standard conditions and 7 ~ 10° kg m during a
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dust devil. This density corresponds to n = 2 cm® and n =
1500 cm, respectively, for particles with r = 1.6 mmand r =
2.6gcm™.

Beside its scientific interest, the study of atmospheric
Martian dust is relevant in the context of analyzing hazard
connected to the contamination/failure of payloads in space
missions (e.g., solar panels, mechanisms, optical systems)
and to the environmental risks for human exploration, due to
dust deposition, impacts and electrification.

The measurement in situ of the amount, mass/size
distribution, deposition rate, dynamical properties and
electrification of solid particles in the Martian atmosphere, as
a function of time, is a fundamental step. It may shade light
on climatic processes, and in particular on the airborne dust
evolution, and will help to prepare for future missions to
Mars.

Tomasko et al., 1999 (v = 0.2)
Tomasko et al., 1999 (v = 0.5)
Toon etal., 1977
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Figure 1. Comparison of dust size distributions in the
Mars atmosphere as derived by various authors. Curves
are scaled for N = 0.1 at grain radius r = 1.6 mm.
Dashed lines indicate the MEDUSA size measurement
ranges: the range a), from 0.05 to 0.2 mm, is covered by
cumulative measurements, the range b), from 0.2 to 10
mm, is covered by single grain detections.

Studying water vapor close to the surface of
Mars

Although water vapor is a minor constituent of the Martian
atmosphere it plays a fundamental role. It is a primary
indicator of seasonal climatic behavior, linked to the
exchange with surface natural reservoirs (polar caps,
regolith) and to atmospheric transport mechanisms.

The information on abundance and distribution of water
vapor available so far is based on ground and remote

http://marsjournal.org
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observations. Viking, Mars Global Surveyor (MGS), Mars
Express and Mars Reconnaissance Orbiter (MRO) missions
collected global information on atmospheric water-cycle
(Jakosky and Farmer 1982; Smith 2002; Fedorova et al.
2006; Fedorova et al. 2009; Melchiorri et al. 2007; Smith et
al. 2009), while the Mars Pathfinder (Titov et al. 1999), the
Mars Exploration Rovers (Smith et al. 2004) and Phoenix
(Whiteway et al. 2009) gave local measurements at the
Martian surface. The distribution of water vapor varies with
latitude and seasons. The annual average is 17 pr-um in the
latitude band 10° S - 40° N, and 12 pr-um elsewhere, as
computed from MGS Thermal Emission Spectrometer (TES)
data, referencing the water vapor abundance to a 6.1 mbar
pressure at surface (Smith 2002). Measurements from orbit
show a maximum concentration at high latitudes during
northern hemisphere summer. This is due to sublimation of
water ice present in the polar region. After Ly = 120 the
concentration is observed to decrease rapidly at high
northern latitudes and to increase at low northern latitudes.
This implies an equator-ward transport of water vapor. In the
southern hemisphere, a high latitude summertime maximum
is observed, about half of that observed in the north.

Polar regions are not the only source of water vapor. Another
important natural reservoir is the regolith. Generally, a
positive correlation has been observed between water vapor
abundance and surface albedo, while a negative trend is
observed with thermal inertia (Smith et al. 2009; Jakosky and
Farmer 1982; Rosengvist et al. 1992; Smith 2002).
Moreover, recent results from the Mars Express Planetary
Fourier Spectrometer (Fouchet et al. 2007; Tschimmel et al.
2008) show high concentration of water vapor over the
regions of Arabia Terra and Tharsis, implying a possible
local exchange of water between surface and atmosphere.
Measurements performed in situ by instruments on-board
rovers and/or landers give local detailed information about
water vapor diurnal cycle. They show constant interaction
between soil, water ice and vapor (e.g., Smith et al. 2009).
These elements suggest the importance of studying in situ
water vapor content close to the surface and its atmosphere-
surface exchanges. Further local monitoring and modeling
(Saruya et al. 2010) are needed in order to shed light on the
exchange mechanisms.

The MEDUSA instrument

The MEDUSA instrument is a suite of sensors for the
characterization of atmospheric dust and water vapor at
surface level. The goals of the MEDUSA experiment are to
study in situ, directly and quantitatively the cumulative dust
mass flux and dust deposition rate, the physical and
electrification properties, the size distribution and number
density of sampled particles and the water vapor abundance
versus time, a goal that has never been achieved so far.

The information that can be obtained by in situ
measurements over different time spans (days, seasons,
years) represents a key input in different areas of interest.

In Mars science:
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 To determine present climatic conditions at Mars surface
 To derive information about past history of Mars climate
* To search for water reservoirs

» To determine physical parameters impacting on life
presence on Mars

e To provide ground-truth for validation of data coming
from orbiter observations

In Mars operations:

e To evaluate hazardous conditions due to Martian
environment

 To place constraints on operative conditions at Mars

» To support the definition of future Mars exploration
missions

The MEDUSA experiment is based on the coupling of
different techniques using optical detection and cumulative
mass deposition. It consists in a dust collector (Main Body —
envelope: 130 mm @ ~ 187 mm h), and two separate stages
for water vapor monitoring (MBwv - envelope: 30 mm ~ 50
mm &) and for dust deposition and electrification
measurement (DDES - envelope: 120 mm @ ~ 45 mm h), as
shown in Figure 2. The Main Body, the MBwv and the
DDES subsystems have to be individually accommodated on
the rover/lander, with dedicated mechanical interfaces.

MAIN BODY

DUST
SAMPLING
HEAD

OPTICAL
DETECTION STAGE

CUMULATIVE
MASS DETECTION
STAGE

Martian

- PUMP
atmosphere

-

‘WATER VAPOUR

Martian DETECTION STAGE
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DUST DEPOSITION

\ MAIN ELECTRONICS
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electrical
interfaces

LANDER/ROVER COMPUTER
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Figure 2. MEDUSA functional block diagram.

MEDUSA returns directly physical parameters of dust and
water vapor in the Mars atmosphere as reported in Figure 3.

Starting from the quantities directly measured by MEDUSA,
important information is derived about dust and water vapor,
as illustrated below.

Atmospheric dust particle size distribution. MEDUSA is able
to measure the size of atmospheric dust in a wide size range
(from 0.01 to 10 um); complementary techniques covering
different size ranges are coupled. MEDUSA is able to detect
optically single particles > 0.2 pum in radius and to measure

http://marsjournal.org
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Figure 3. MEDUSA sensors output and derived
physical quantities.

the cumulative mass of smaller grains (see Figure 1).

Number density of particles vs. size. This measurement is
related to the previous result through the sampling
operations. Once particle counting and/or mass
measurements have been performed, dust number density
can be derived, since the volume sampled by the system is
known. Due to the poor knowledge of the actual dust size
distribution and number densities in Martian atmosphere, the
instrument design considers sufficient margins to cope with a
wide range of dust properties.

Water vapor abundance in the atmosphere. This
measurement is basically independent from the previous
ones. The cumulative mass measurement of the water vapor
condensed on the sensing device in a defined interval and
environment conditions (p, T) provides the water abundance
monitoring.

Dust deposition, removal, suspension and electrification.
The dust deposition rate on the sensor surface is measured by
detecting scattered light. Similarly, dust removal can also be
quantified, thus giving the opportunity to study granular
entrainment mechanisms. By applying electric fields to the
dust accumulation surface the electrification level of the
suspended dust can be determined. Using patterned laser
beams suspended dust velocities (speed and angle) can be
determined, which quantifies the wind velocity (and the
surface wind shear stress). From the measured wind speed
and the suspended dust detection rate, the concentration of
dust grains in the atmosphere can be obtained directly.

Long-term and short-term time evolution due to local events.
This feature implies mainly operation requirements. The
system shall repeat the sampling and analysis of variable
amounts of atmosphere. Different environment conditions
could result in different dust number densities by orders of
magnitude.
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Atmospheric  dust sampling for other analytical
measurements. Atmospheric dust could be sampled and
delivered to other analytical experiments for characterization
of chemical and physical dust properties, complementary to
MEDUSA results.

Working principle

Optical detection. The Optical System is a single optical
particle counter (OPC) that counts and measures size of
grains passing through a small sensing zone illuminated by a
laser. The system is dimensioned to minimize multiple
detection (probability < 5%). The passing particle generates a
pulse of scattered light, whose distribution vs. scattering
angle g is function of particle physical properties, such as
size, shape, orientation, size parameter a (for a sphere
a=2pr, | I, where r, is the particle radius and / is the
wavelength of the incident light), complex refractive index
(m = n - ik) of the particle material, I and polarization of the
incident wave (Rader and O’Hern 2001). The scattered light
is collected by 2 mirrors, in the forward (+ 33°) and
backward (+ 47°) scattering directions, focusing it on two
photodiodes. Particle counts and sizes are derived by means
of calibration curves obtained for particles of known size.
The choice of collecting scattering angles involves a trade-
off of many factors. The forward direction has been chosen
as, in this direction, the signal intensity mainly depends on
scattering angle g and size parameter @ and is less dependent
on particle material (i.e., m), so that particle size can be
derived more easily. In turn, backward scattering intensity
depends also on grain material. Therefore, an optimal
scattering light detection system shall include simultaneous
forward and backward detection to combine different
information on the analyzed grain.

Cumulative mass detection. Cumulative dust mass detection
is performed by a microbalance device (MBd). Micro-
balances are thermally stable piezoelectric transducers,
whose frequency is proportional to the mass deposited on the
sensor. The measured physical quantity is the shift of the
resonant frequency f of a quartz oscillator (Stockbridge
1966). The use for dust collection requires a careful analysis
of performances vs. dust physical and dynamical
characteristics (Palomba et al. 2001; Palomba et al. 2002).

Water vapor measurement. Microbalances are also
appropriate to measure quantitatively the mass of volatiles,
e.g., water vapor condensed onto the sensing crystal
(Battaglia et al. 2004). The detection is achieved by cooling
the crystal sensor under frost point by a Peltier device and by
monitoring the deposition curve. Frosting signal associated
to a certain crystal temperature allows obtaining the value of
the atmospheric vapor partial pressure and the relative
humidity at the time of measurement. The sensor
temperature is measured with a platinum resistance element
included in the MBwv at a frequency of about 20 Hz.

Dust accumulation and electrification measurements. By
measuring the light scattered by the dust accumulated on a
transparent surface, the dust deposition rate can be
quantified. By applying an electric field to this surface the

http://marsjournal.org
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enhancement/reduction of dust deposition allows studying
the electrification of the suspended dust. By measuring light
scattered by suspended grains velocity and, therefore, wind
speed/direction can be quantified. Refer to Merrison et al.
2006 for a more detailed description.

Instrument architecture

MEDUSA is composed of the following subsystems (see
Figure 4):

« The Main Body, including the dust sampling head (inlet),
the optical detection system, the cumulative (dust) mass
detection stage and the pump. The Optical System (OS) is
placed below the inlet nozzle, followed by the cumulative
(dust) mass detection stage (MBd). The pump is placed at
the end of this chain to guarantee gas and dust flux
through the system. This configuration allows the best
sensitivity coverage, ranging over more than three orders
of magnitude in grain size. The light source for the OS is a
laser diode, located in a Laser Diode Assembly (LDA), to
be accommodated outside the Main Body in a temperature
benign environment. The light is transported to the OS via
an optical fibre.

» The water vapor microbalance (MBwv), equipped with a
Peltier device for cooling and thermal stabilization, is
exposed to condense atmospheric water vapor, but
protected in a case suitable to avoid dust deposition on the
sensing crystal.

» The Dust Deposition and Electrification Stage (DDES)
includes six lasers and deposition chargeable surfaces for
dust deposition and electrification measurements.

 The instrument Main Electronics (ME).

Main Body. The Main Body is devoted to the sampling and
measurements of dust in the atmosphere. The flux of gas and
dust inside it is regulated by a pump. Gas and dust particles
entering the sampling head (inlet) are conveyed to a
cylindrical duct. An OS is located along the duct and allows
the measurement of single dust grain size. The duct ends
with a nozzle, in front of a cumulative dust mass detection
stage (MBd), which measures the mass of accumulated dust.
The sensing area of OS and MBd are similar so that the
measurements performed with the two subsystems can be
correlated.

The inlet is designed with cylindrical symmetry (Figure 4). It
shall guarantee unbiased dust sampling from the atmosphere
with the same efficiency on 360° horizontal angle,
minimizing biases from wind direction. It shall minimize gas
pressure variations on the path. The upper surface of
MEDUSA inlet is a radiative sink to the sky temperature and
a thermal flux interface. It acts also as a cap, avoiding the
entrance of particles when the pump is off. The gas inlet is
mechanically mounted on the upper part of the OS.

Optical System. A 3D model of the OS is shown in Figure 5.
All components are accommodated inside a cylindrical
envelope, with diameter of 130 mm, including also the
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Watervapor
monitormg(MBwv)

Figure 4. MEDUSA breadboard.

support and mechanical interfaces of the OS to the inlet
(upper side) and to the proximity electronics (bottom side).
The light source is a laser diode (1 = 808 nm, optical power
= 1 W). The anamorphic objective is constituted by a
collimating lens and by cylindrical optics to provide the
required beam shaping, in particular within the sampling
volume. The sampling volume has been sized according to
the expected particle density range (Metzger et al. 1999), to
achieve meaningful sampling of Martian atmosphere. It is 8
“ 37 02 mm’ and has been designed according to the
following requirements: a) a large enough number of
particles (~ 10%) shall be detected in a short observation time
(~1005s), b) to have a single particle counter the sampling
volume shall be chosen in order to have small fraction F of
coincidence events: F < 0.05, ¢) to cope with a large range
for the dust grain number density.

The OS optics collecting the scattered beams are reflective
elements, allowing better performances with lower masses
with respect to refractive optics. Two collecting mirrors are
used, dedicated to collect the forward scattered and the
backward scattered light, respectively. Both mirrors have a
central hole to allow the accommodation of the anamorphic
optics and the transit of the light beam, in the case of
backward mirror, and the transit of the exiting “direct” light
beam and the accommaodation of a light trap, in the case of
forward mirror. The trap collects the light power and
dissipates it as heat, by conduction to the OS mechanical
box. As an undesired phenomenon, a very small quantity of
light power exits the light trap, and part of it reaches the
detectors. This fractional power, referred to as stray-light, is

http://marsjournal.org
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Gas entry

Forward
detector
Gas duct

Forward
collecting mirror
Light trap

Figure 5. 3-D model of the optical sensor.

constant, being directly dependent on the laser diode
emission, and generates a constant photocurrent in the
detectors. For the detectors, silicon PIN photodiodes have
been chosen. These devices exhibit low noise and good
responsivity in the IR region selected for the MEDUSA
source. Taking into account the expected dust grain size, the
photodiodes of the two channels of the optical system
provide output currents with a lower bound of few nA. Such
low signals need to be amplified before being sent to the
Main Electronics so to avoid that environmental noise added
along the wires make them undistinguishable. As a
consequence, the Proximity Electronics stage has been
placed below the optical system, minimizing the length of
the connections to the detectors.

Cumulative dust mass detection stage (MBd). The
cumulative dust collection stage uses one microbalance
device. MBd is located at the end of the gas duct. The
baseline choice for the MBd is a 15 MHz MB (model MK21
by QCM Research) with 1.97 ~ 10 g/Hz sensitivity and 3
10 g dynamic range. This ensures more than 6000 runs
(duration ~ 100 s) in standard conditions (constant haze).
During a dust storm, the duration of each run can be tuned in
order to guarantee a large number of measurements before
saturation.

Figure 6: MBd inside the Dust Collector stage in the
Main Body.

6

http://marsjournal.org

Laser beam

Laser beam entry and
anamorphic optics

Backward
collecting mirror

Backward
detector

QCM Research sensors are space qualified. The
accommodation of the MBd inside the Main Body is shown
in Figure 6. The device is composed of two quartz crystal
oscillators. One of them is exposed to the dust environment.

Water vapor detection stage (MBwv). The MBwv is a
separate microbalance, equipped with a Peltier device, for
cooling and thermal stabilization. It is exposed to the Martian
atmosphere to condense atmospheric water vapor. An
external case (see Figure 7) is foreseen in order to protect the
sensor from dust contamination and solar radiation. The
configuration of the aperture is designed to prevent
contamination by dust settling onto the sensor sensitive
surface, while allowing free access to the environmental
water vapor to be measured.

Recent measurements of water vapor abundance (Smith et al.
2009) show an annual variability of water vapor abundance
ranging around 5~ 10* - 5~ 10 mbar. This corresponds to
a frost temperature in the range from about -65 to -80 °C. So,
a temperature controlled microbalance, operating with AT = -
90 °C, allows the detection of water vapor in each condition
(if the MBwv crystal temperature is equal to the atmospheric
one). In fact, with such AT, the frost temperature is reached
under almost all temperature and abundance conditions
starting from the maximum expected atmospheric
temperature T = 0 °C. The baseline choice for the MBwv is
the MK20-4 model by QCM Research, including 3 Peltier

Figure 7. 3D model of the MBwv unit.
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stages, matching the required DT requirement. This sensor is
space qualified.

Dust Deposition and Electrification stage (DDES). The
DDES (Dust Deposition and Electrification Stage) is
another separate stage and includes 6 lasers and
transparent electrodes for dust deposition/removal and
dust electrification measurements. In addition, this sensor
can detect individual suspended dust grains and quantify
the wind speed and dust concentration. A full description
of DDES is reported in Merrison et al. (2006).

The present mass of the instrument is about 1990 g, with a
maximum power consumption of 19.6 W and a total energy
consumption per sol of 18.7 Wh.

All the sensing subsystems forming MEDUSA have been or
are being tested at MEDUSA team’s laboratories; some of
them (OS, MBd) are identical to or directly derived from
sensor already in use for space missions (Colangeli et al.
2007).

Performance and status

A breadboard of the MEDUSA instrument was built and
tested under ESA and Italian Space Agency (ASI) contracts.
Here we report some of the most interesting results.

Tests on the microbalance for dust (MBd) detection. Tests
have been performed on a custom microbalance.
Technical characteristics are reported in Table 1.

Table 1. Datasheet of the MB for dust measurements.

Storage Temperature -65 to 100 °C
Operating Temperature Range -40 to 100°C
Temperature Sensor NTC Thermistor
10KW @ 25 °C
Crystal Resonance Frequency 15 MHz
Nominal Mass Sensitivity 1.96 x 10° g Hz*
cm™
Nominal Frequency Saturation Limit 150 KHz
Weight 7.5¢
Power Supply 5Vto 18V

The sensor dependence on the temperature has been
evaluated. By varying the temperature, it has been observed
a variation in the resonance frequency. The MB has been
placed in a clean chamber, in which a high vacuum, down to
10°° mbar, has been produced. MB has been passively cooled
and heated through its heat sink in a temperature range from
-85 to +58 °C. Hence, the test has been performed in order to
obtain a close thermal cycle. In this way it has been possible
to evaluate the “hysteresis” effect in the calibration curve.
Different close thermal cycles have been applied, to check
for repeatability. The calibration curve presents some
reproducible hysteresis values (Figure 8).

Moreover, the MBd has been calibrated versus the mass of
deposited particles. This performance test is based on the
measurement of the output frequency of MBd for known
concentrations of deposited dust. Sample used is the JSC-
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Figure 8. Frequency vs. temperature of the MB for dust
measuremements. Example of applied thermal cycles.

Mars-1, as a good analogue of the dust expected in the
Martian environment. Sensitivity, linearity response and
saturation point have been evaluated. The sample material
has been ground and sieved in order to obtain grain sizes
similar to those expected in the Martian lower atmosphere (<
20 mm). Then, grains have been suspended in pure water in
known concentration. Calibrated volumes of suspension
have been deposited on the active area of the MBd crystal
sensor. Suspension concentration has been set in order to
obtain a shift in MB resonant frequency of 1 kHz per ml of
deposited suspension. Measurements have been performed
after water complete evaporation. Deposition of suspension
has been repeated up to the saturation of the MBd sensor.

The measured sensitivity is (1.29 + 0.39) ~ 10° Hz g, that is
about 25% of the nominal value. This is due to the presence
of dust grains with diameter larger than 10 um. Particles with
dimensions larger than a few pum are generally badly coupled
with the surface of the sensor (Daley and Lundgren 1975;
Palomba et al. 2002). MBd response results are linear with
R®=0.9952 (Figure 9).

Tests on the microbalance for water vapor (MBwv)
detection. Tests on MBwv are based on the measurement of
the vibration frequency of the MBwv for known
concentrations of water vapor, by fixing the water vapor
partial pressure at know values and by varying the sensor
temperature. These tests have been performed under Martian
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y=1.31.109 x + 88

20000 4 R2 = 0.9952

15000 | 4

10000 — ) —

frequency (Hz)
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Figure 9. Mass vs. frequency plot. The values have
been scaled to zero-frequency in clean electrode
conditions. The sensitivity behavior, until saturation, is
well fitted by a straight line.
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water vapor partial pressure simulated conditions. The results
are shown in Table 2 and show a good agreement between
the measured and the expected frost temperature.

Table 2. Results of the water vapor condensation test
for the MK20-2 QCM at three different vapor pressures
and for different temperature rates.

Water Temperature Measured Nominal

vapour rate temperature frost

pressure (K/min) () point

(mbar) (K)

2.6 x 107 10 203.06 203.15
5 202.02

5.5x 10 10 192.18 193.15
5 192.47

1.4 x 10" 10 184.61 185.15
5 184.14

Tests on the Optical System (OS). OS performances were
evaluated by measuring the output voltage generated by
spherical mono-dispersed particles injected in the system.
Measurements have been repeated for four different sets of
grains with radii: 0.5 mm, 25 mm, 5 mm and 20 mm,
respectively. The former two sets are melamine resin
particles (MF-R-1450 and MF-R-2750, respectively) from
Micro particles GmbH. The 20 mm (radius) set contains glass
microspheres (Soda Lime) by Duke Scientific Corporation.

Particles were injected into the instrument by using a custom
device with compressed gas to disperse small amount of
particles with a proper dilution.

The light source used during the test campaign is a laser
diode series 2350 by JDSU. It works at a wavelength of 800-
812 nm with an optical power of 0.5 W (against the nominal
power of 1 W). Its far field energy distribution has a FWHM
of 32° in the perpendicular plane and 12° in the parallel
plane, respectively. A stray light optimization was achieved
by using diaphragms and by implementing a stray light
compensation mode on the OS proximity electronics
(Molfese et al. 2010).

The optical power acquired by the two photodiodes were
obtained from the measured voltage signals, through the
photodiode conversion factor and then compared to
theoretical values, predicted by Mie’s theory. Results are
plotted in Figure 10. Data fit with the Mie prediction
considering a power density D = 0.2 W/mm? in the sampling
volume.

Test campaign showed how critical is the coupling of the
laser source and optics with respect to both stray light
generation and reduction of laser source power density;
nevertheless the performance tests demonstrated that this
sub-system was able to detect single particles with radii < 0.5
mm. This is very close to the OS nominal performance
(detection limit: 0.2 mm). In the case the nominal power
density is reached, this limit corresponds to the detection of
0.2 mm particles.

The design of OS has been further improved by using a laser
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Figure 10. Power predicted by the Mie’s theory. Red
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Figure 11. OS detector current intensity for forward
and backward scattering. Detector dark current limit
(5 nA) is shown for reference.

diode equipped with optic fiber; this approach allowed us to
minimize stray light and maximize the optical power density.
Moreover this new configuration offers the flexibility to
place the laser source far from the instrument body, in an
environment warmer than the Martian open atmosphere.
With this new design the stray light was highly reduced (the
measured voltage at the PE low gain output due to stray light
is ~250 mV for FW channel and ~520 mV for BW channel)
and the power density in the sampling volume maximized
(~7500 mwW/mm?).

Starting from the measured optical power in the sampling
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volume and the Mie’s theory it can be shown that the
minimum detectable particle radius is below 0.1 pm both in
forward (FW) and in backward (BW) scattering (Figure 11).

Test campaign has been conducted by injecting spherical
particles with different sizes into the MEDUSA OS to verify
the performances. Measurements will be repeated using also
non-spherical particles. We expect a deviation with respect to
the Mie predictions mostly for particles with radii r in the
range 0.1 — 1 mm. For r > 1 mm the scattered intensity is
proportional to the particle cross-sectional area (I 1 d?) and
not strongly dependent on shape or composition for aspect
ratios close to one (in particular for the FW scattering)
(Rader and O’Hern 2001). A calibration curve will be
derived starting from these results.

Tests on the Dust Deposition, Suspension and Electrification
Sensor (DDES). This laser based opto-electronic device has
been developed at the University of Aarhus. It constitutes an
integration of three prototype sensors: a dust
deposition/removal sensor, a dust electrification sensor and a
laser anemometer. The DDES has been tested extensively
under Mars Simulation conditions using Mars analogue dust
(grain diameter around 2 mm) in the Aarhus Mars simulation
wind tunnel, specifically low pressures (around 10 mbar) and
varying wind speeds (0.2 - 15 m/s), dust concentrations (1 to
1000 particulates/cm®) and instrument orientation (relative
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Figure 12. (Top) The integrated number of suspended
dust grains counted by the LDA. (Bottom) The
accumulated dust deposition, in fractional area
coverage, measured by the DDES prototype
instrument following Mars analogue dust injection into
the Aarhus Wind Tunnel Simulator (AWTS).
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wind angle). During the test campaign the following
parameters have been measured:

» Dust deposition rate (depending on the dust suspension
conditions)

« Dust grain electrification (positive and negative)
» Suspended dust concentration
» Wind flow (speed and wind angle)

The measured values agree with previous determination
made under the same simulation conditions and using direct
optical analysis and/or Laser Doppler Anemometer (LDA)
techniques.

Dust deposition is accurately quantified at six places on the
instrument by detecting laser light scattered into photo-
detectors. Some results are reported in Figure 12.

Electric fields are applied to the dust accumulator surface
using a variable high voltage source and transparent
electrodes made by vapor deposition of indium oxide. Both
positive and negative electrodes are used in order to
determine the fraction and degree of electrification of the
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Figure 13. The upper plot shows the dust deposition
measured by DDES and converted into percentage
coverage for positive, negative (300 V) and an
unbiased electrode again showing the large difference
in dust accumulation rate. The lower plot shows a
normalized set of deposition rates measured by DDES
at different electrode voltages. Measurement of the
gradient of these curves is the quantity used to
determine the grain charge.

http://marsjournal.org


http://marsjournal.org/�

Esposito et al: Mars 6, 1-12, 2011

Measured velocity m/s

e
(=) [ = N (-] (=] [ = (=Y
'l 'l 'l 'l 'l 'l 1 J

4 6 8 10 12 14 16
Wind Tunnel Wind Speed m/s

=
[ 1]

Figure 14. Wind velocity as measured by the DDES
operated in the Mars simulation chamber vs. wind
tunnel wind speed.
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Figure 15. Wind angle measured by the DDES at
different instrument orientations with respect to the
wind.

Table 2. Performances of MEDUSA subsystems.

Subsystem Measured Sensitivity  Saturation
quantity
oS Single particle 0.2 ~ 100
size (mm)
oS Particle number <<1 ~ 500
density (cm™)
MBd Cumulative 2x 101 2x10°
mass of dust
(kg)
MBwv Water vapor 1 Saturation
abundance in
(ppb) atmosphere
DDES* Dust deposition 1 100
(%)
DDES Dust 10° 10°
electrification
(e)
DDES Wind speed 2 20

(ms™)

*100% dust deposition corresponds to the signal
obtained after the deposition of an optically opaque
(several mm thick) layer of dust.
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dust (Figure 13).

Patterned laser beams are created using holographically
generated interference gratings. Dust grains crossing the
pattern (three lines in this case) generate a time varying light
scattered signal which is collected using a Fresnel lens and
detected using a photodiode. This time of flight system
quantifies the wind velocity and the detection rate measures
the suspended dust concentration (Figure 14). The wind
angle (0 - 180°) can be determined from three of the velocity
sensor measurements (U1, U2 gnd U3) oriented at 60°
gach other, i.e., Angle = arctan?{b 3% -U2?)/ YSZXUFST
(see Figure 15). The wind speed can now be determined by
U =U1/cos(Angle) .

Performances of MEDUSA subsystems are summarized in
Table 2.

Conclusions

Airborne dust and water vapor monitoring at the surface of
Mars has a key role in the study of the climate and the
physics of the atmospheric boundary layer of Mars, in
searching for water surface reservoirs and in the hazard
evaluation related to future robotic and/or manned space
missions. The MEDUSA instrument is a suite of sensors for
the direct and in situ measurements of dust size distribution,
number density, deposition rate and electrification, and water
vapor abundance at the surface level. It has actually reached
a Technical Readiness Level > 5 within the European
ExoMars mission development and is well suited to be
accommodated on Martian landers and/or rovers.
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