ICES-2015-334

Lunar Dust In-situ Experiment and Operational Considerations for
the Potential CABLE Canadian American British Lunar Explorer

Roman V. Kruzelecky!, Vincent Latendresse, Brahim Aissa, Jonathan Lavoie, Alireza Nakhaei and
Wes Jamroz
MPB Communications, 151 Hymus Blvd, Pointe Claire, Québec, Canada

Edward Cloutis®
University of Winnipeg, 515 Portage Ave., Winnipeg, Manitoba, Canada

Vaios Lappas®, Craig Underwood*, Yang Gao® and Sir Martin Sweeting®
Surrey Space Centre of the University of Surrey, Guildford, Surrey, UK

Trevor Sorensen’ and Pete Mouginis-Mark®
University of Hawaii at Manoa, Honolulu, Hawaii (sorensen@hsfl.hawaii.edu and pmm@hawaii.edu)

l. Nomenclature/Acronyms

CABLE = Canadian American British Lunar Explorer
CNT = Carbon Nano Tube

COSMOS = Comprehensive Open-architecture Solution for Mission Operations Systems
CSA = Canadian Space Agency

EDX = Energy Dispersive X-ray spectroscopy
GTO = Geosynchronous Transfer Orbit

HDA = Hazard Descent Avoidance

HSFL = Hawaii Space Flight Laboratory

IR = Infrared

ISAS = Inter-Stage Adapter Satellite

LLO = Low Lunar Orbit

MEC = Magneto-Electrostatic

MIDS = Multilayer Integrated Dust Shield

npFe = Single domain globules of metallic iron, 3 — 30 nm in diameter
PSD = particle size distribution

SEM = Scanning Electron Microscopy

SMA = Shape Memory Alloy

TEM = Transmission Electron Microscopy

TLI = Trans Lunar Insertion

TLO = Trans Lunar Orbit

VUV = Vacuum Ultraviolet

!Senior Research Scientist, Space Photonics, roman.kruzelecky@mpbc.ca

2 Professor, Dept. of Geography, ecloutis@uwinnipeg.ca

® Professor, Surrey Space Centre, v.lappas@surrey.ac.uk

* Professor, Surrey Space Centre, c.underwood@surrey.ac.uk

® Professor, Surrey Space Centre, yang.gao@surrey.ac.uk

® Director, Surrey Space Centre, m.sweeting@sstl.co.uk

" Specialist Professor, Hawaii Space Flight Laboratory, sorensen@hsfl.hawaii.edu
® Professor, Hawaii Institute of Geophysics and Planetology, pmm@hawaii.edu




1. Abstract

The Canadian American British Lunar Explorer (CABLE) is a low-cost lunar lander/microRover
mission concept based on international collaboration of niche technologies. CABLE includes
collaborations with the University of Surrey/Surrey Space Centre on the soft lander, planetary surface
autonomy and communications technologies and the University of Hawaii at Manoa and Hawaii Space
Flight Laboratory on the required Earth-Moon transfer stage and mission operations based on their
COSMOS mission operations and flight system software, as well as the prior experience gained in the
Clementine lunar mission. CABLE also leverages relevant Canadian technologies in high-performance
microRovers, robotics and optical sensors to extend the achievable planetary exploration and science per
unit payload mass.

The baseline science mission is to investigate the near-surface characteristics of a near-side region of
the Moon, the Aristarchus Plateau, that has never been explored in-situ to address for the first time a
fundamental lunar geologic process, namely large-scale explosive volcanism that can provide information
on the origins of the Moon and the evolution of the Earth-Moon system. The mission drivers include
minimizing the mission risks and costs while providing innovative relevant science and data on the lunar
near-surface environment and operations. This mission will address key international interests, including
mapping lunar surface geology to determine the extent, particle size distribution, and composition of
pyroclastic deposits on the plateau. The mission will also explore the availability and distribution of near-
surface volatiles from prior impacts and in-situ resources, such as ilmenite, using robotic trenching
capability.

The lunar surface radiation and dust environments would also be investigated through a set of in-situ
experiments using the CABLE lander and rover to provide data both of scientific interest and to assist
future potential manned missions. Key data are missing on the levitated lunar dust fluxes to assist
validation of various mitigation efforts that could be provided by CABLE.

This paper discusses the lunar dust operational considerations for CABLE, as well as the potential in-
situ experiments to characterize the levitated lunar dust and its effects on optical measurements and
robotic operations.

1. Introduction

ABLE" is a landed lunar mission concept, as summarized in Figure 1, encompassing a low-cost

PSLV launcher, Hawaii Inter-Stage Adapter Satellite (ISAS) transfer stage, a 130 kg soft
British/Canadian soft lander with hazard avoidance capability, and a highly-capable 30 kg microRover
based on the Canadian Kapvik prototype with an integral 6 degree of freedom robotic mast.
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Figure 1: Summary of the CABLE landed lunar mission concept.
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The planned baseline science mission is to investigate the near-surface characteristics of a region of
the Moon that has never been explored in situ and would address fundamental geologic and lunar resource
issues for the first time; the Aristarchus Plateau Constellation site 2 on the lunar near side. The supporting
CABLE mission concept is summarized in Figure 1, from launch using the proven PSLV launcher as
offered by ISRO, India (1), to the Earth-moon transit using the ISAS Inter-Stage Adapter Satellite (2-3)
with associated course corrections, followed by the low lunar orbit (LLO) injection (4). The soft landing
(5) will be initiated to land just at the lunar dawn to facilitate almost a full lunar day of exploration, at a
minimum. The ISAS will remain in cis-lunar orbit to provide relevant radiation measurements. Imaging
and variable thrusting will be used to provide hazard avoidance during the descent. Some measurements
will be performed during the descent for added data on the lunar near-surface environment, such as the
levitated dust. After the soft landing, a health check will be performed on the lander and integral
microRover subsystems (6). The microRover will then disembark using a deployable ramp (7).

The mission technical risks and costs are moderated through international collaborations with Britain
(University of Surrey and Surrey Space Centre) and the US (University of Hawaii, Hawaii Space Flight
Laboratory (HSFL)). As the former mission manager of the successful Clementine lunar orbiter mission?,
Prof. Sorensen brings valuable relevant experience to minimize the CABLE mission risks.

The Moon, our nearest neighbor, has tremendous science significance as a repository of four billion
years of our Earth-Moon impact history and resultant transportation of volatiles. Water/ice and various
organic materials may be transported within our solar system via impacts by meteorites and comets. The
lunar subsurface stratigraphy could hold a "frozen-in" history of the impacts that helped to shape the
Earth-Moon system, similar to ice core samples taken on the Earth.

The Moon can also act as an intermediate base from which to explore our outer solar system and
hopefully, far beyond. This requires improving our knowledge of the lunar radiation and dust
environments that can impact on surface activities and astronaut health, as well as mapping usable in-situ
resources (oxygen, water, propellant and building materials) and validating their processing to reduce the
cost of maintaining a lunar base. It also provides a test-bed under relatively extreme environmental
conditions to validate technologies and methodologies to assist the exploration of more distant asteroids
and planets.

The exploration of the lunar surface by spacecraft began in 1959 when the Luna 2 mission® crash-
landed on the lunar surface. It carried radiation sensors to study the interplanetary radiation environment
and a magnetometer to probe for the presence of any lunar magnetic fields.

Manned exploration of the lunar surface began in 1968 when the Apollo 8 spacecraft® orbited the
Moon with three astronauts on board. This provided the first direct view of the far side. The following
year, the Apollo 11 lunar module landed two astronauts on the Moon, proving the ability of humans to
travel to the Moon, perform scientific research work and bring back samples.

One of the most restricting facets of lunar surface exploration, as experienced by the prior Apollo
landed-lunar missions between 1969 and 1972, is the fine lunar dust, its adherence to everything and its
restrictive friction-like action. The prior Apollo landed missions found that the lunar dust exhibited high
adherence to exposed surfaces and caused premature wear of the EVA suits® and degradation of surface
instruments. The greatest source of dust for landed assets on the Moon will be dust that is electrostatically
levitated. Moreover, the lunar dust particle size distribution extends into the submicron range where it can
have toxic effects on the respiratory systems of exposed astronauts within living quarters.

In addition, the presence and distribution of trapped lunar ice °, solar-wind implanted H ’ and metal-
oxides such as ilmenite (FeTiO3), an energetically favourable source of O, and building materials®, are
important potential in-situ resources that could assist an economically-viable future manned lunar base,
both as an observation platform and as an intermediate transport station to the outer solar system,
asteroids and beyond.

Prior orbital and landed lunar missions have provided us with a broad overview of lunar surface
geology. The lunar surface is composed of variable amounts of ilmenite (FeTiO3z) and related oxide
minerals (e.g., ulvospinel: Fe,TiO,4), the more abundant silicate minerals - plagioclase feldspar, pyroxene,
and olivine-, and modified materials such as agglutinates (fused soil aggregates), and nanophase iron
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(npFe) (e.g., Taylor ). On the other hand, lunar regolith, or soil, is produced when micrometeorites
impact into lunar rocks, and coarser grains at high-impact velocities, fragmenting them, and melting them
to create glass material. Due to a myriad of such meteorite impacts (with velocities in the range of 20
km/s), the lunar surface is covered with comminuted material including abundant fine dust.

The lunar regolith offers a potential record of the Earth-Moon impact history. While the combination
of vacuum and incident solar UV will tend to dissociate most volatile species in solar-exposed lunar
regions, it is speculated that a fraction of the volatiles deposited by prior impacts, including H,O, may still
be present, trapped in metastable sites in lunar minerals, or in permanent cold traps as evidenced by the
LCROSS lunar impactor data. ®

In addition, the Moon seems to contain considerably more H,O in its interior than originally
anticipated based on the prior theories of lunar evolution. ** An analysis of volcanic products brought
back by the Apollo 17 mission has shown that the Moon's interior holds far more water than previously
thought. It is hypothesized that the current surface water on the Earth was transported here by prior
impacts. The Moon may hold vital clues to clarify this impact history and the associated transportation of
volatiles and biochemicals within the lunar subsurface.

Operations on the lunar surface need to consider the levitated fine lunar dust. The main factors that
affect different properties of the lunar soil and/or the dust include: (i) the large lunar temperature
differentials (+120° C to below —170° C), (ii) the combination of high vacuum atmosphere, and (iii) the
unfiltered intense UV solar radiation. Moreover, the absence of a significant lunar natural magnetic field
consequently allows charged solar wind particles to continuously bombard the exposed lunar surface.
There are still considerable unknowns regarding the lunar levitated dust fluences and their diurnal
variation.

The international lunar future exploration is intimately tied to the search for exploitable in-situ
resources and volatiles on the Moon that could be used to assist the presence of a permanent base on the
Moon and to provide fuel reserves to assist future exploration of more distant worlds such as Mars and
the moons of Jupiter and Saturn. In-situ production of mission critical consumables (propellants, life
support consumables, and fuel cell reactants) can significantly reduce the required delivered mass to a
planetary surface. This has been further spurred by the results of the prior LCROSS lunar impactor
mission® that provided evidence of volatiles in the permanently shaded polar craters on the moon based on
the spectral signatures detected in the subsequent ejecta. These lunar regions of permanent shadow, as
suggested by the LCROSS lunar impactor results, may harbor useful amounts of water ice and other
resources. However, the extreme associated environmental conditions at the polar cold traps add
additional risk to such a mission.

V. Cable Mission Element Overview
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PSLV Upper Stage
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Figure 2: Preliminary Schematic of the CABLE Spacecraft.
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The CABLE spacecraft (see Figure 2) consists of the Hawaii ISAS transfer stage, the
British/Canadian 130 kg soft lander and the CABLE Canadian 30 kg microRover, for a net mass of about
1000 kg at the launch pad. The Inter-Stage Adapter Satellite (ISAS) transfer stage will be used to adapt
the standard PSLV separation mechanism to the CABLE lander and to carry additional propellant for the
lander propulsion to provide the required trans-lunar insertion (TLI) delta-V.

The baseline selection for the launch vehicle is the proven PSLV from SHAR India for a GTO orbit
injection, with a preliminary launch date in 2018. The selected PSLV launcher meets the mission
requirements for the CABLE spacecraft insertion into GTO and has an extended record of successful
launches including the Chandrayaan-1 lunar orbiter.

The GTO to Trans Lunar Orbit (TLO) injection will be accomplished using the lander liquid-fuel
propulsion system, as supplied by additional propellant carried by the ISAS transfer stage. The ISAS
propellant tanks will then be decoupled and the interface stage will be ejected to act as a cis-lunar orbiter
for added science. For safety, H,O,/PMMA or H,O,/kerosene propellant is being considered.

Although the ISAS is discarded after the completion of the burn, the MPB team proposes to use the
ISAS as a spacecraft to measure the space environment in cis-lunar space and through the radiation belts
at a very small cost and mass penalty. The ISAS will then perform vital radiation measurements in the
Earth-Moon interorbit space environment using its own communications back to Earth.

The lander/microRover will remain in the 100 km lunar orbit for about 12 days. This period will be
used for orbit tracking to help refine the descent parameters. As well, the lander imager cameras (colour
and UV/Vis multispectral) will be used to provide stand-off high-resolution images of the lunar surface
for additional science data. A final lander and microRover systems checkout will be performed.

The lander lunar de-orbit will be timed with lunar sunrise over Aristarchus Plateau to maximize the
available mission time on the lunar surface during the lunar day. The lunar deorbit will be performed in a
controlled series of maneuvers using the lander liquid-fuel propellant. The autonomous hazard descent
avoidance (HDA) will be performed using the lander imager for slope and boulder/crater detection. This
HDA phase will start at approximately 800 m altitude. The lander will also automatically record and send
images at several points during descent, as well as lander parameters, for added mission data. There is
also the option of an added dual-use Lidar on a pan-and-tilt-stage on the lander to assist the HDA and
then to provide added science after landing to probe the lofted lunar dust. There is a relevant heritage
based on the METS meteorological payload on the Phoenix Mars lander. ** A contact sensor will be used
to adjust the final thruster burn for a relatively safe 1 m/s vertical speed at touchdown.
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Figure 3: Preliminary schematic of the CABLE lunar lander.
The CABLE lander, as shown in Figure 3, has been designed to meet the specific mission
requirements while using a low cost, high TRL, low risk philosophy based on the small satellite design
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paradigm. The advent of microelectronics combined with the in-orbit demonstration of an array of small
satellite subsystems can lead to a low cost, high TRL/low risk selection of spacecraft subsystems with
significant heritage. For example the CABLE lander power and OBDH subsystems are derivatives of the
SSTL Galileo MEO constellation design.

After the touch-down, timed just after the Aristarchus sunrise, the CABLE lander and microRover
commissioning phase will begin. This will include the communications, power, temperatures and key
controllers. The lander will then deploy its side panels. One of these will act as the deployment ramp for
the microRover. The lander cameras will be used to image the microRover activities to provide visual
verification of the microRover operations.

The CABLE microRover, as shown in Figure 4, is based on an adaptation of the existing Kapvik
microRover prototype that was built and tested as part of CSA's Exploration Surface Mobility (ESM)
program. This provides a relatively direct path to space through the use of miniaturized subsystems as
previously developed and flight qualified for microsats, as well as a mobility subsystem based on the
Spirit and Opportunity Mars rover Maxon drive assemblies.

Relevant ground validation of the Kapvik microRover (see Figure 4a) remote operations, autonomous
navigation and sensors was performed at the Norbestos open pit mine in 2012 as part of the Mars
Methane analogue mission field deployment #2. ** During this field deployment, the Kapvik microRover
was subjected to considerable background dust, various rugged terrains and temperatures to 40°C.

(a) (b)

Hawaii Spectral
Imager

PointSWIR&
Point RAMAN

Figure 4: (a) Kapvik at the Norbestos open pit mine during the Mars Methane mission analogue
field deployment in 2012 and (b) Schematic of the Kapvik microRover as configured for the
CABLE mission requirements.

Figure 4b shows a preliminary configuration of the CABLE microRover. The associated CABLE
microRover requirements include:

+ about 30 kg net mass with science payloads,

* 70 W solar power,

* robotic mast with trenching tool,

+ autonomous navigation to selected target points,

» six-wheel rocker-bogie mobility chassis based on proven Maxon motors,
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» distributed microprocessor architecture for high ‘on board" intelligence,

* 8 Gbytes data storage,

* WilLan communications to the lander,

« accommodation for the selected science payload (See Table 1),

» dust protection for mechanical rotary joints on the robotic Mast and six-wheel drive

* dust protection for the solar panels and instrument optical apertures (imagers,
spectrometers).

The CABLE mission operations system proposed by Prof. Trevor Sorensen and HSFL is based on the
relevant 1994 Clementine lunar mission experience. It is designed to be relatively easy and inexpensive to
develop and implement, yet provide full mission capability and ease of use. The basis of this is the
Comprehensive Open-architecture Solution for Mission Operations Systems (COSMOQS) initially
developed by the Hawaii Space Flight Laboratory (HSFL) under a NASA EPSCoR grant in collaboration
with the NASA Ames Research Center. COSMOS (see Figure 5) is a suite of software and hardware tools
that enables the Mission Operations Team (MOT) to interface with the spacecraft, ground control
network, payload and other customers in order to perform the mission operations function. =
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Figure 5: Example of preliminary Mission Status Screen (CABLE Lander).

COSMOS will monitor the ISAS spacecraft, lander (see Figure 5) and microRover mission telemetry,
mission timeline, and also do real-time commanding. Separate workstations will be employed for the
ISAS, lander, microRover, robotic mast and instruments. The landed lunar operations will be performed
in three overlapping shifts to take full advantage of the available solar-illuminated lunar day,
corresponding to 14 Earth days.
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V. CABLE Science

CABLE would investigate the near-surface characteristics of a region of the Moon that has never been
explored in-situ and would address fundamental geologic and lunar resources issues for the first time; the
Avristarchus Plateau Constellation site 2 on the lunar near side (see Figure 6). This is a geologically
diverse terrain that encompasses a large area of lunar explosive volcanism and therefore provides insight
into lunar volcanic processes and composition of the lunar interior. This site has also been identified by
the international science community as a potential human outpost because of its resource exploitation
potential. Therefore, the CABLE data can be a guide to further missions and future lunar outpost
development.

An analysis of the selected site surface inclinations and boulder size distributions by HSFL indicate
that this is a relative safe landing zone to minimize the mission risks.

Figure 6: Lunar Reconnaissance Orbiter (LRO) image showing a vast pyroclastic deposit near a
Constellation Program Region of Interest located on the Aristarchus plateau is visible in this
image. View is 537 m across. (NAC frame M111945148R) Credit: NASA/Goddard/Arizona State
University.

As shown in Figure 6, sections of the Aristarchus Plateau, such as the Constellation 2 site, are rich in
pyroclastics deposits. The pyroclastic glass beads are of great interest both scientifically and economically
as they can contain volatile and metallic elements including trapped solar wind hydrogen, helium-3, and
enrichments of volatile elements such as sulfur, lead, fluorine and zinc. Pyroclastic deposits are typically
rich in iron oxides and also have widely varying amounts of titanium oxide, commonly present as the
mineral ilmenite.
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Science Ohjectives
at the Aristarchus Plateau

o First ever detailed characterization of
lunar pyroclastic glasses

e Understanding lunar volcanic processes

® Improved knowledge of near-surface,
non-polar lunar volatiles

® Knowledge of prospective lunar resources

Figure 7: Summary of CABLE science innovations.

The CABLE science-focused innovative elements, as summarized in Figure 7, include:

Longer-term (detailed) characterization of lunar regolith and pyroclastic glass.

Impact and depositional history of the Aristarchus region.

Improved understanding of pyroclastic glass deposits for information on lunar volcanic
processes.

Improved knowledge of how to prospect for lunar resources such as ilmenite.

Improved knowledge of lunar maturation processes.

Lunar near-surface stratigraphy and nonpolar volatiles (to 10 cm depth).

Lunar thermal-mass (lander/microRover), levitated dust (lander) and radiation (lander)
experiments.

The CABLE mission will include a variety of science instruments as summarized in the strawman
payload presented in Table 1. The various imagers and optical spectrometers will measure radiance values
for the targets that they interrogate. These will be processed to provide radiance-at-sensor values. The
point spectrometer data will be accompanied by panchromatic and multispectral imagery that will be used
to provide context for the spectral measurements. CABLE may be configured with a variety of active and
passive calibration sources to ensure that the returned data are radiometrically correct, including
calibration lamps, PTFE, and rare earth-doped PTFE standards. Deep space and direct solar imaging will
also be implemented as additional calibrators.

The preliminary selected science payload for the microRover is summarized in Table 1. This
provides substantial science and exploration capability despite the limited overall mass. The SWIR and
Raman point spectrometers will share one controller to minimize the net mass.
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Table 1: Summary of the proposed microRover baseline instruments.

Candidate Data Products TRL Mass Power
Instrument (kg) (W)
Stereovision Camera DGO, IRTRIE O 5+ 0.7 7
and Geology
VIV 6 [Eelne Morphology, in-situ resource
multispectral Imager ma pin 9y, 4 0.8 8
(Kapvik prototype) ppIng,
Hawaii ISI Infrared Geology, regolith thermal 6+ 15 6.5
Spectral Imager inertia, plagiclase (TES) ' '
Mast-mounted
microlmager/ Particle size, Grain structure 4 0.3 1
Probe
900 to 3400 nm SWIR | Mineralogy, H,Olice, 4 15 5
Point Spectrometer ° | Volatiles '
Raman Point Mlneralogy, 3.4 0.8 75
Spectrometer some volatiles

The derived CABLE strawman instrument suite, as summarized in Table 1, includes:

1.

An ultraviolet-visible-near infrared (UV-VIS-NIR) multispectral imager with wavelength
coverage from ~300 nm to ~900 nm in 6 spectral bands, 0.3 mrad IFOV (TBC), for in-situ metal-
oxide resource mapping. Prior work using telescopic data and results using spacecraft
spectroscopy (Spectral Profiler'* on JAXA's Kaguya, M3" on India's Chandrayaan-1
demonstrates that NIR spectroscopy can determine the glass content, FeO and TiO, concentration
of pyroclastic materials.

The ISI Infrared Spectral Imager, based on the Mars Reconnaissance Orbiter TES flight heritage,
with wavelength coverage from ~8 to ~14 microns; spectral resolution on the order of 100 nm;
0.3 mrad IFOV (TBC). Thermal IR spectroscopy is extremely sensitive to the glass and
plagioclase content and composition in mixtures with silicates and provides complementary
confirmation of NIR results.

A SWIR point spectrometer based on the MPBC patented IOSPEC technologies for miniature
guided-wave high-performance spectrometers'®, operating in the spectral range from about 900 to
3400 nm with a spectral resolution on the order of 8 nm or better. Prior relevant lunar
measurements include Earth-based telescopic data and results using spacecraft spectroscopy
(Kaguya, M3™).

A Raman point spectrometer with a 532 or 785 nm (TBD) stabilized laser excitation source;
Raman wavelength coverage from ~3400 to 200 cm™ at about 10 cm™ spectral resolution. Raman
spectroscopy is a powerful technique for determining the mineralogy of lunar materials.

A trenching tool capable of excavating a trench in unconsolidated materials to a depth of 10 cm
(TBC) for near-surface investigations.

The first phase of landed science operations will involve the acquisition of panoramic (360°) imagery
by the rover-mounted imager and the lander imagers. This information will be used for navigation hazard
avoidance, as well as identification of targets of interest (in conjunction with the descent imagery).
Because the Lander and microRover UV/Vis imagers are six band multispectral systems, we will be able
to conduct some very basic identification of targets of interest based on both texture and spectroscopy.
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As one of the goals of the mission is to acquire information on levitated dust, we will likely conduct
some deep sky measurements of the lunar exosphere prior to rover deployment. Such measurements will
also be useful for initial calibration of the imagers and spectrometers. Dawn data collection will allow us
to examine the role that solar illumination plays in dust levitation.

VI. CABLE Lunar Environmental Requirements

One of the most restricting facets of lunar surface exploration, as experienced by the prior Apollo
landed-lunar missions between 1969 and 1972, is the fine lunar dust, its adherence to everything and its
restrictive friction-like action. The prior Apollo landed missions found that the lunar dust exhibited high
adherence to exposed surfaces and high abrasion, causing premature wear of the EVA suits. Moreover,
the lunar dust particle size distribution extends into the submicron range where it can migrate through fine
seals. Moreover, lunar dust contains nanophase Fe making it responsive to magnets.

Lunar dust is the fine fraction of the regolith found on the lunar surface with a diameter under about
50 microns that was typically formed through a combination of mechanical space weathering by
continuous meteoric impact and bombardment by interstellar charged atomic particles over long periods
of time, as well as the prior fire fountaining volcanic activities. Typically the upper size range of interest
is that which can be levitated by the lunar surface charging processes.

The lunar surface provides a near infinite source of dust. To facilitate extended and reliable surface
operations for both optical and mechanical systems, the MIDS multilayer dust shield technologies
innovatively combine:

o low-power electrostatic dust deflectors for critical optical apertures.
¢ traveling-wave dust deflection using high-efficiency electrodes for the solar panels;

e proven SMA-actuated protective shutters for optics, as prototyped and field-validated for the
Kapvik microRover sample bin deployable covers;

e cryogenically-rated seals with additional CNT magnetic dust traps to seal and protect mechanical
components;

o self-lubricating, wear-resistant coating on mechanical shafts to minimize the wear effects of any
fine-dust infiltration on mechanical parts.

The selected approach minimizes the added mass and power to landed assets to respect the high planetary
transportation costs while providing significant performance benefits. The selected materials and designs
respect the lunar and Mars environmental operating conditions, particular the lunar diurnal temperature
variation from about 393K during the lunar day to about 120K during the lunar night.

A. Optics Protection

Performance measures for optics protection from lunar dust are informed from the various laboratory

studies that we have conducted. The major findings include:

e The lunar simulants used for this project encompass the range of relevant properties of lunar soils.
Thus, the results from utilizing the various simulants provide results that can be translated to the
lunar case.

e The nanophase iron-bearing phases appear to be the dominant material affecting optical
component performance. Consequently, dust mitigation techniques that focus on this component
will have the greatest impact on ensuring optimum performance of optical components. Given
that nanophase iron is magnetic, dust mitigation based on this property can be effective and will
have the greatest impact.
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Figure 8: Relative transmission of light near 800nm for deposits of the UWH1 highland simulant
on a 25mm O.D. sapphire window.

The transmission spectra of progressively thicker coatings of the UW lunar highland simulant on a
sapphire window were measured between 300 and 2500 nm. *" These did not show any significant
spectral features, mainly a decrease in the net transmittance of the window, as summarized in Figure 8.
Due to the spectral dominance of the nanophase iron, the spectrum of the highland simulant (UWH1)
dust-coated sapphire is similar to that of a mare simulant.

The spectral transmission measurements with various lunar dust simulants at the University of
Winnipeg '’ provide a number of important guidelines for how lunar dust will affect optical components:

1. Even small amounts of dust will cause a decrease in the optical transmission. Thus periodic
monitoring with data collected under similar illumination conditions each time would allow even
small amounts of dust build-up to be detected.

2. Lunar and highland dust appears to be similar in terms of decreasing overall transmission without
adding large spectral features or changing overall slopes (at least for low dust loadings). This is
probably due to the dominance of nanophase iron in affecting transmission, and suggests that the
geology of the landing site would not be a significant complicating factor in dust corrections.

3. The opaque minerals and nanophase iron-bearing phases have the greatest effect on reducing
overall transmission.

Work on lunar dust particle size distributions (PSD) was provided by Greenberg et al.'® and is
summarized in Figure 9. They employed gas-phase dispersal of the lunar dust samples and aerosol
diagnostic techniques. These measurements suggest the presence of some ultrafine lunar particles in the
distribution (Apollo samples 10084 and 70051), with an effective diameter extending below 0.01 pm (10
nm).
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Compositionally, the particle size distribution of the lunar dust has increasing abundances of
agglutinate glasses and nanophase metallic iron content with decreasing size (Gaussian average size was
estimated around 3 um). *°

Dust accumulation on optical windows can significantly decrease the resultant optical transmittance
due to the presence of the nanophase Fe, as shown in Figure 9. The Dust mitigation solution exploits key
characteristics of the lunar dust, the electric charging and ferromagnetism properties. The feasibility of the
dust trap operation in a relevant vacuum environment was experimentally verified using the MoonDust
vacuum simulator chamber. This represents a worst case scenario as the dust deflection needs to operate
against Earth's gravitational attraction. Experimental validation of the approach was provided using the
MoonDust simulator at a vacuum lever below 1 mTorr.
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Figure 10: Evolution of the applied voltage in a parallel plate filter that is required to deflect the
micro/nanoparticles Moondust with respect to their nominal radius. The optical element is
assumed to have a 20 mm-diameter.

Figure 10 shows the evolution of the applied voltage required to deflect the levitated dust
micro/nanoparticles with respect to their nominal radius. The optical element aperture is assumed to have
a 2 cm-diameter. We note that particles of 20 um and less in size require a deflection voltage less than 50
volts. From the PSD of returned lunar dust samples, most of the levitated dust should be under 10 pm in
size.
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Al. Electrostatic and magnetostatic filtration of the dust

Unlike the terrestrial filtration that is usually based on forced air or liquid flow through the filter
medium, the Moon/Mars Dust innovative solution exploits key characteristics of the special dust, namely
the electrostatic charging due to photoemission caused by the intense incident solar UV light, and the
ferromagnetism property that is habitually associated with existence of metallic elements within the dust
(e.g. nanophase Fe in the lunar dust), to facilitate filtration in a vacuum/UV environment.

The combination of magnetic and electrostatic attraction can be used to deflect levitated dust away
from the desired optics or mechanical parts. This can be coupled with a nanofilter receptor to trap the
lunar submicron particles within high-capacity carbonaceous materials like Carbon nanotube or Carbon
fibers. The nanofilter is used to trap the collected lunar fine dust, and render it harmless. Carbon
nanotubes are tiny tubes made exclusively with carbon atoms. When they are properly formed and lined
up, they can provide a considerable electrical and thermal conductivities, and very high mechanical
strength. They can also provide a huge porous volume for trapping micro/nanoparticles. However, on the
lunar/Mars surface there is an almost infinite source of the levitated dust. Therefore, the preferred
approach is to deflect incident levitated dust away from critical apertures and mechanical joints.

It’s worthy to note here that that the most magnetic simulant powder was the most charged ones under
UV radiation (i.e., the most susceptible to ionization effect), as summarized in Figure 11.
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Figure 11. (Upper left): Magnetic susceptibility and magnetic remanance of various Moondust
stimulants. (Upper right): Charging of the Moondust stimulant as a function of applied voltage
under dark and UV illumination. (Lower): Extraction of the charging effect due exclusively to the
UV ionization for three different stimulants.
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A2. Parallel plate electrostatic Deflection/Filtration

A parallel plate architecture made by electrically conductive material such as CNT nanocomposite
could be adopted for the dust electrostatic and/or magnetic deflection. The optical element has to be
placed inside the parallel plate deflector/filter (see Figure 12). The electrostatic forces generated by the
applied electrical field deflect the charged particles.
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Figure 12: (a) Experimental test set-up for CNT nanocomposite dust deflector validation in a
relevant vacuum environment. Schematic of the parallel plate architecture protecting an optical
element and (b) two dimensional mapping of the generated electrical field under applied voltage of
v

As indicated in Figure 10, particles of radius 20 um and less require a deflection voltage less than 50
Volts, and 10 Volts is sufficient to deflect particles of around 10-15 pm.
The same principle could be applied with a ring and/or circular electrodes that are more appropriates
for circular optical elements.
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A3. Approach based on the development of transparent CNT/polymer nanocomposite.

The selected approach uses carbon nanotubes embedded in a second optically transparent polymer
medium (i.e., the host matrix) with a larger pore size, to provide a nanocomposite structure. These can be
fabricated optically opaque or relatively transparent for optical aperture dust protection, depending on the
selected CNT content and matrix.

Here some exceptional characteristics of CNTs %:
Electrical Conductivity ~ 10° S/cm (comparable to Cu)
Semiconducting CNT: carrier mobility ~ 10° cm?Vs (the highest known at RT)
Current density ~ 10° A/lcm®
Young’s modulus E ~10" Pa (highest known)
High thermal conductivity ~[6-10® W/m.K] (comparable to diamond)

The goal is to develop a conductive and transparent material to act as electrostatic filter while
ensuring optical transparency. Carbon nanotubes are tiny tubes made exclusively with carbon atoms.
When they are properly formed and lined up, they can provide a considerable electrical and thermal
conductivities, and very high mechanical strength. They can also provide a huge porous volume for
trapping micro/nanoparticles. Carbon nanotubes can be aligned to provide a filter membrane, with
attainable pore sizes below 20 nm. This is the first main advantage based on their size property.

The second main advantage of using Carbon nanotubes is based on their high electrical
conductivity. In fact, because of their inherently high aspect ratio, the use of dispersed CNTs as
conducting fillers inside a transparent insulating matrix allows the achievement of the electrical
percolation threshold with a very low CNT loading, often below 1% by weight (as compared to other
carbonaceous materials such as carbon black or carbon fibers) to facilitate relatively high optical
transparency.

() Lunar dust simulant trapping on negative (b) Almost no lunar dust trapping on positive
electrode electrode.

Figure 13: Observed dust capture on the negative (a) and positive biased (b) CNT electrodes,
based on the test set-up shown schematically in Figure 12.
Figure 13 shows SEM micrographs of negatively-biased and positively biased CNT electrodes used to
deflect dust away from a 20 cm OD optic in vacuum under 1g. Over 90% of the injected dust was
deflected away from the optic and trapped within the negative electrode.

16
American Institute of Aeronautics and Astronautics



B. Solar Panel Protection

In the 1960's preliminary concepts were developed for a dust electric curtain, based on the Apollo
mission experiences.’ This was furthered in the early 1970s by Prof. Senichi Masuda at the University of
Tokyo®. His work was related to the development of a traveling wave “electric curtain”, as an air-
pollution filter, to deal with charged smog particulates. The electromagnetic wave rapidly travels
horizontally across the surface on which the electrodes lie. Any charged particles lying on the electrodes
surfaces are lifted and moved by that traveling electromagnetic wave.
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Figure 14: Dust removal using “electric curtain” (after Calle. et al., %).

The Electrostatics and Surface Physics Laboratory at the Kennedy Space Center (C.J. Calle et al. %),
as well as H. Kawamoto and his group at Waseda University® are evolving the electric curtain approach
for a “dust shield”. The electric curtain employed a series of parallel electrodes to facilitate the travelling
electric wave to deflect the accumulated dust outwards away from the substrate. Figure 14 shows the
deflection of accumulated dust for 20mm OD windows.
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Figure 15: (a) transmission T, Reflectance R and Absorption A for the ITO films grown at 400°C
and 4 Sccm oxygen flow by reactive magnetron sputtering 24 (b) AMO solar spectrum (2000 ASTM
Standard Extraterrestrial Spectrum Reference E-490-00 %°).
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The required semitransparent electrodes for the dust travelling-wave electrostatic curtain can be
provided using ITO. As shown in Figure 15, the ITO can provide relatively high optical transmission of
the main spectral band for solar illumination from about 300 to above 1600 nm.

C. Motor Protection

One of the important lessons learned, as illustrated by the successful Lunokhod 1 lunar rover that
demonstrated over 1 year of successful lunar traverse,? is that brushless motors drives are not sufficient
for reliable lunar surface operations. The motors need to be hermetically sealed against the lunar dust and
additional dust shields are needed to prevent the build-up of the lunar dust on the rover. The dust can
interlink, thus freezing mechanical motion.

A relevant sealed Maxon motor, as used for the Spirit and Opportunity rovers, was tested at MPBC
with Chenobi lunar dust simulant using the MoonDust lunar dust simulator chamber.'” The motor rotation
was set at a relatively low rate of 60 rpm to prevent overheating in the vacuum environment. The motor
current for the 60 rpm rotation was monitored. The motor seized after the equivalent of 0.7 lunar days
operation in the levitated dust environment, as indicated by the abrupt current increase. SEM diagnosis of
the motor seals (see Figure 15b) and inner bearings indicated significant dust penetration and mechanical
wear.

(@)

Shaft

Dust
Penetration Washer

N

Figure 15: (a) Schematic of the Chenobi dust simulant penetration into the motor interior after 0.7
lunar days equivalent exposure time (b) SEM diagnosis of the motor seals after seizure due to
exposure to a low flux of Chenobi dust simulant in the MPBC MoonDust lunar dust simulator
facility.

For the preliminary testing, the stress conditions included a steady stream of lunar dust impinging (by
gravitational settling) on the motor shaft and vacuum. The motor itself was operated at a relatively low
rotation rate so that the vacuum would not result in undue motor casing temperatures.

The addition of UV radiation should accelerate the motor degradation due to additional solar-induced
heating of the motor via absorption by the accumulated dust on the motor. This will also increase the
adhesion of the dust to the motor.

Additional agitation/vibration of the motor from use in robotics and rover mobility would tend to
enhance the penetration of the incident dust into the motor.

The seized motor was dismantled for Scanning Electrom Microscope (SEM) diagnosis. Despite the
basic seals and minimal agitation of the dust, the dust stimulant was able to penetrate into the inner
bearings. There was visible mechanical wear, as noted in Figure 15b.
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The preliminary experimental test results under relatively low-stress conditions indicate that lunar
dust can have a strong effect on mechanical joints even after only a few days in the lunar environment.

The MIDS multilevel MPBC dust protection is based on the unique properties of nanocomposite
CNTs and employs a combination of:

1. electrostatics deflection of incident levitated dust (need only about 24V for particles under 2 um),

2. spring-loaded PTFE rotary seal with vacuum-grade grease for minimal friction,

3. magnetic trapping of any residual dust magnetically to render it less harmful.

Enclosing these parts is the approach taken to reduce the risk of dust contamination of the Kapvik

rover. Shields on ball bearings offer a convenient way to prevent dust from degrading the function of the
ball bearing itself but also any moving parts that it separates from the outside world. Double shielded ball
bearings have been used on Kapvik joints. The rocker joint’s shielded ball bearing also prevents dust from
entering the geared differential mechanism. Conventional dust mitigation techniques typically make use
of a lubricated elastomer pressing against the rotating part. These materials would be a concern when
porting these methods to space applications.
Table 2: Summary of magnetic attraction testing using a controlled magnetic field. The magnetic
field was measured with a DC gaussmeter, and the amount of soil attracted to the magnet was
visually estimated from repeat observations. The strength of the magnetic field at the point of
contact with the sample was 0.2 Tesla.

Material Grain size Amount of sample attracted
and retained by magnet (%o)

Apollo soil 15041.71 <l mm 80%

Apollo soil 15041.64 <l mm 90%

UWML1 lunar mare simulant <500 um 90%

UWAHL1 lunar highland simulant <500 um 90%

UWH1P lunar highland simulant with no nanophase | <500 um 5%

iron

UWM1P lunar mare simulant with no nanophase iron <500 um 5%

We assessed the magnetic susceptibility of NASA Apollo soil samples received at the University of
Winnipeg as part of the MoonDust initiative. The results are summarized in Table 2. Handling restrictions
prevented us from conducting detailed assessments of their magnetic properties, but our results along with
those from previous studies suggests that >90% of a sample can be easily be manipulated with a hand
magnet. The available and planned dust simulants will allow us to effectively assess techniques, such as
magnetic brushes, for dust removal, as well as mechanical and wear effects.

Rotating
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Inconel self-lubricating
o-ring

spring \ / Tight Seal

—_— CNT
Magnetic
Dust Trap

Mechanics
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Housing

Figure 16: Preliminary smart seal for a motor shaft or other rotary joint.

19
American Institute of Aeronautics and Astronautics



The preliminary motor or rotary joint dust protection uses multiple layers of mitigation, including:

1. Outer teflon seal with spring Inconel o-ring spring for low-friction but tight sealing of the rotary
joint. Typically gap spacing under 10 microns is needed due to the very fine lunar dust. The
Inconel o-ring could be electrostatically biased to also deflect dust away from the seal for added
protection during mechanical motion. The PTFE can deform and the Inconel o-ring spring is used
to provide a tight seal to the mechanical shaft.

2. Inner wear-resistant coating for mechanical parts, such as ion-plated TiN or TiAIN, as used in
aerospace.

3. Outer self-lubricating PTFE coating to minimize friction.

4. Inner high-T vacuum-compatible dry lubricant seal for wear reduction, and prevention from
nanoparticle penetration.

5. CNT nanocomposite magnetic trap to trap any penetrating fine dust.

The fine lunar dust is drawn away from the mechanical spindle and rotary joint by the combination of
electrostatic and magnetic attraction, towards the carbon nanotube filter. This provides the filtration of
both electrically-charged and ferroelectric (Fe-containing) dust. Since the gap spacing at the mechanical
joint can be small, < 0.02 mm, the magnetic field attraction can be very effective.

This can be supplemented by additional electrostatic deflection away from the mechanical spindle,
etc. The required electrostatic field could be generated passively using slight mechanical friction from the
wiping action of the rotary joint during rotation against the outer electrostatic fiber filter. This would
require no additional power or consumables.

VIL. Preliminary in-situ Lunar Environment Study

There are still considerable questions about the diurnal lunar surface dust and radiation environments
in terms of future extended surface exploration, habitation and in-situ resource exploitation. A number of
miniaturized payloads are proposed for CABLE to provide relevant data on the lunar near-surface
environment to assist future manned lunar missions.

The ISAS transfer stage is designed to support the JPL CREAM payload. CREAM is a sensor
package built to perform real time monitoring of the space environment. The sensor suite includes a
dosimeter for ionizing dose, a single event upset (SEU) monitor, surface charging monitor, and fluence
detectors for X-rays and UV. The data gathered from this type of payload would provide new cis-lunar
data to help predict degradation of avionics and materials in future lunar and cis-lunar missions.

The UK potential payload contributions include:

e Lander-based miniature space radiation environment monitor to provide data on dose, dose
rate, particle LET spectra, charging.
e Lander -based reactionless drill technology for sub-regolith samples. This would be used to
position radiation probes at different depths to
o study the shielding effect of lunar regolith for future manned habitats,
o probe lunar subsurface temperature distribution.

There are also many outstanding questions about the levitated lunar dust fluences and their diurnal
variation to assist the design of mitigation technologies. In this respect, CABLE would include a set of
small solar cells on a wheel that would be exposed to lunar dust for various times to obtain an estimate of
the accumulated dust based on the resultant output power under similar controlled illumination
conditions.

The dust accumulation can be based on calibration data using relevant lunar dust simulants with nano-
phase Fe; UW-1M as characteristic of lunar mare regions and UW-1H, as characteristic of lunar highland
regions. Both UW-1M and UW-1H are realistic lunar simulants that provide excellent reproduction of the
spectroscopic, mechanical, magnetic, and physical characteristics of lunar soil and dust to assist terrestrial
based studies associated with lunar dust or operations with a lunar dust environment.
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There is also an option for the CABLE lander to have a dual use lidar on a pan and tilt stage. This
would be used to assist the HDA during the lander descent. After touchdown on the lunar surface, it
would then be reconfigured to provide measurements of the lofted lunar dust based on the optical signal
reflected back by the dust, similar to the CSA METS meteorological payload on the Phoenix Mars lander.

The Kapvik microRover is equipped with load cells on each wheel to facilitate future traction control.
This load-cell data can be recorded during the rover traverses to provide information on the lunar soil
mechanics to assist future lunar surface operations.

VIII. Discussion and Conclusions

The potential CABLE landed lunar mission would investigate the near-surface characteristics of a
region of the Moon that has never been explored in-situ and would address fundamental geologic and
lunar resources issues for the first time; the Aristarchus Plateau Constellation site 2 on the lunar near side.
Based on a detailed study of potential landing sites with the plateau by HSFL, this represents a relatively
low-risk landing in terms of terrain inclination, boulder and crater distributions. Mission risks are further
minimized through the potential collaborations and relevant prior experience of the CABLE international
team members, including the successful Clementine lunar orbiter mission.

The associated geologically diverse terrain encompasses a large area of lunar explosive volcanism
and near-surface pyroclastic glass deposits that can provide insight into lunar volcanic processes and the
composition of the lunar interior. This site has also been identified by the international science
community as a potential human outpost because of its resource exploitation potential. Therefore, the
CABLE data and the associated lessons-learned about the lunar radiation and dust environment , as well
as non-polar volatiles and in-situ resources, can be a guide to further missions and future lunar outpost
development.

An aim of CABLE is to help foster international collaboration in space through the sharing of
relevant expertise and resources to facilitate greater access to planetary exploration by reducing the risks
and costs to the individual team partners. The CABLE overall mission cost, targeted at under $100M US,
is moderated through the use of a highly capable 30kg class microRover based on the existing Kapvik
prototype, multiuse ISAS transfer stage/orbiter and the use of the HSFL COSMOS mission operations
software, to minimize development costs. Together with the associated small soft lander, this minimizes
the CABLE mission fuel requirements and transportation costs.

Canada has a long heritage of robotic contributions to international space exploration, from the
successful robotics aboard the NASA space shuttles and the ISS space station to recent contributions to
international Mars exploration. The development of advanced robotic microRover and autonomous GNC
technologies for landing and surface exploration build directly on this heritage.

The UK has the potential to make significant contributions to the CABLE mission on the mission
propulsion requirements, communications and science instruments. The Surrey Space Centre of the
University of Surrey has been working on precision landing and systems design of micro lunar landers for
over 8 years. Through its industrial base, the UK can bring world-leading industrial partners on low cost
space missions such as SSTL and Astrium UK to leverage their substantial expertise in propulsion
systems and relevant small satellite technologies.

The US potential contributions include the Inter-Stage Adapter Satellite (ISAS) transfer stage the ISI
Infrared Spectral Imager, based on the TES flight heritage, as part of the microRover science payload and
the ISAS transfer stage. The HSFL ISAS transfer stage will be used to adapt the standard PSLV
separation mechanism to the CABLE lander and to carry additional propellant for the lander propulsion to
provide the required trans-lunar insertion (TLI) delta-V.

The lunar surface has abundant fine-grained dust. A multi-layer dust shield is being considered to
firstly deflect incident levitated dust away from critical joints and apertures and to subsequently render
any penetrating dust relatively harmless. In this respect, the lunar dust containing nano-phase Fe would
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have the greatest impact on the optical transmittance of optical sensors. This Fe-bearing dust is responsive
to magnetic deflection for the optics protection and for probe cleaning.

The MoonDust multilevel dust shield methodology is exploiting some of the relevant unique
characteristics of carbon nanotube (CNT) materials. Carbon nanotubes are electrically conductive, can be
embedded with magnetic particles to exploit the electrostatic and magnetic properties of lunar dust.
Moreover, CNTs can provide a relatively large volume for trapping micron to submicron dust particles®’
away from critical mechanical joints and apertures.

Acknowledgments

The authors would like to acknowledge the financial support of the Canadian Space Agency for the initial
mission study and for some of the relevant technology development.

Special acknowledgement is also given to Christian Lange, Tim Haltigin and Wanping Zheng from CSA
for their suggestions and comments.

We would also like to acknowledge the contributions of Prof. Jinjun Shan at York University on the
Earth-Moon transportation simulations, NGC Aerospace on the safe landing with HDA, and MDA Space
Missions to the CABLE mission concept study. The collaboration with Prof. Suong Van Hoa and his
group at Concordia University on the MoonDust mitigation is also gratefully acknowledged.

References

1Kruzelecky, R.V., Haddad, E., Nakhaei, A., Jamroz, W., Cloutis, E., Lappas, V., Sweeting, M., Sorensen, T.,
Mouginis-Mark, P., Shan, Jinjun, Hamel, J-F, de Lafontaine, J., Barnet, M., Teti, F., Ghafoor N., "CABLE Canadian
American British Lunar Explorer,"” GLEX-2012.03.1.5x12366, Global Space Exploration Conference, Washington,
D.C., United States, 2012.

*Nozette, S., and the Clementine Team (1994). The Clementine mission to the Moon: Scientific overview. Science,
266, 1835-1839.

*www. Ipi.usra.edu/lunar/missions/luna.

“www.nasa.gov/topics/history/features/apollo_8.html.

> Gaier, J. R.: The Effects of Lunar Dust on EVA Systems During the Apollo Missions. NASA/TM—2005-213610,
2005. See also Gaier, James R., and Sechkar, Edward A.: Lunar Simulation in the Lunar Dust Adhesion Bell Jar.
AlIAA-2007-0963 (NASA/TM—2007-214704), 2007; http://gltrs.grc.nasa.gov.

Swww.nasa.gov/lcross/.

"Farrell, W.M., D. M. Hurley D.M.,. Zimmerman M.I., "SOLAR WIND IMPLANTATION INTO LUNAR
REGOLITH: HRETENTION IN A SURFACE WITH DEFECTS," paper 209 45th Lunar and Planetary Science
Conference (2014).

8 Hawke, B.R., Clark, B., Coombs, C.R., "Ilmenite-rich pyroclastic deposits - An ideal lunar resource,"
Lunar and Planetary Science Conference; 20th; Mar. 13-17, 1989; Houston, TX; United States.

9Tay|or, L.A., McKay, D.S., Carrier, W.D., Carter J.L. and Wieblen P. “The nature of lunar soil: Considerations for
simulants,” Space Resources Roundtable VI, abstract # 6024, 2004.

1%Saal, A.E., Hauri, E.H., Cascio, M.L., Van Orman, J.A., Rutherford, M.C., and Cooper, R.F.,. “Volatile content of
lunar volcanic glasses and the presence of water in the Moon's interior. Nature 454, 192-195, 2008.
www.jpl.nasa.gov/news/fact_sheets/mars-phoenix.pdf (METS Payload).

2Qadi, A., Cloutis, E., Samson, C., Whyte, L., Ellery, A., Bell 1l J.F., Berard, G., Boivin, A., Haddad. E., Lavoie,
J., Jamroz, W., Kruzelecky, R., Mack, A., Mann, P., Olsen. K., Perrot, M., D. Popa, D., Rhind, T., Sharma, R.,
Stromberg, J., Strong, K., Tremblay, A. Wilhelm, R., Wing, B., Wong, B., " Mars methane analogue mission:
Mission simulation and rover operations at Jeffrey Mine and Norbestos Mine Quebec, Canada," Advances in Space
Research 55, 2414-2426, 2015.

22
American Institute of Aeronautics and Astronautics



3 Sorensen, T.C., Pilger, E.J. , Wood, M.S., Nunes, M.A., Garbeil, H.M., Wessel, E.K., Kruzelecky, R.V. , Jamroz,
W.. "Adapting an Open-Architecure Mission Operations System for a Lunar Rover Mission," IAC-12.A3.2C-7. 63rd
International Astronautical Congress, Naples, Italy, 2012.

Y Matsunaga, T.M., Ohtake, M., Haruyama, J., Ogawal, Y., Yokota, Y., Morota, T. , Honda, C., Torii, M.,
Nakamura, R., Kodama, S., and LISM Working Group. Kaguya (SELENE) / Spectral Profiler: In-flight performance
and future plans. Lunar and Planetary Science XXXIX, abstract #2226.

' pieters, C.M., J.N. Goswami, R.N. Clark, M. Annadurai, J. Boardman, B. Buratti, J.-P. Combes, M.D. Dyar,
Green R., and Head J.W. "Character and spatial distribution of OH/H,0 on the surface of the Moon seen by M3 on
Chandrayaan-1," Science 326, 568-572, 2009.

1® Kruzelecky, R.V., Wong, B., Haddad, E., Jamroz W., Cloutis, E., Ghafoor, N., and Jessen, S., ”In Situ Planetary
Resource Exploration using Miniature Robotic Subsurface Sample Analysis,” 39th International Conference on
Environmental Systems, 2009-09-2528, Savannah (2009).

7 Kruzelecky, R.V., Aissa, B., Lavoie, J., Haddad, E., Jamroz, W., Cloutis, E., Therriault, D., "Lunar Dust
Mitigation for the Potential LORE Science Payload," ICES-2014-281, Tuscon, Arizona, 2014.

18Greenberg, P., Chen, D. and Smith, S. “Aerosol Measurements of the Fine and Ultrafine Particle Content of Lunar
Regolith,” NASA/TM-2007-214956, 2007.

9Stubbs T. J., Vondrak R. R. and Farrell W. M.,“A Dynamic Fountain Model for Lunar Dust,” Lunar and Planetary
Science XXXVI (http://www.lIpi.usra.edu/meetings/Ipsc2005/pdf/1899.pdf), 2005.

23aito, R., Dresselhaus, G., Dresselhaus, M.S., Physical properties of Carbon Nanotubes. Imperial College Press,
1998. ISBN: 1860942237, 9781860942235. 256 pages.

2l Masuda, S., Fujibayashi, K., Ishida, K. and Inaba, H., Electronic Engineering in Japan, 92, 9, 1972.

2 Calle, C.I., McFall, J.L., Buhler, C.R., Snyder, S.J., Arens, E.E., Chen, A,, Ritz, M.L., Clements, J.S., Fortier, C.R.
and Trigwell, S. “Dust Particle Removal by Electrostatic and Dielectrophoteric Forces with Applications to NASA
Exploration Missions,” Proceeding of ESA Annual Meeting on Electrostatics, Paper 01, 2008.

ZKawamoto, H., Uchiyama, M., Cooper, B. L., and McKay, D. S. "Mitigation of Lunar Dust on Solar Panels and
Optical Elements Utilizing Electrostatic Traveling-Wave, J. Electrostatics, 69, pp.370- 379, 2011.

% Askari, H. , Fallah, H., Askari, M., Mohmmadieyh, M.C., “Electrical and optical properties of ITO thin films
prepared by DC magnetron sputtering for low-emitting coatings,”

52000 ASTM Standard Extraterrestrial Spectrum Reference E-490-00.

%en.wikipedia.org/wiki/Lunokhod_1.

23
American Institute of Aeronautics and Astronautics


http://www.lpi.usra.edu/meetings/lpsc2005/pdf/1899.pdf
http://www.lpi.usra.edu/meetings/lpsc2005/pdf/1899.pdf

