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Now completed or in I&T phase for all subsystems apstmact -
Cubesats operating in deep space face challenges Earth-orbiting cubesats do not. 15 deep space cub&sat ‘pmlotyp&'. w:.l.l ar

be launched over the next two years including the two MarCO cubesats, the 2018 des d

system at Mars, and the 13 diverse cubesats being deployed from the SLS EM1 mission within |.|1E mtxi WO years. Thme al

of the EM1 cubesat missions, including the first deep space cubesat 'cluster’. will be hunar orbiters with remote sensing o

instruments for lunar surface/regolith measurements. These include: Lunar Ice Cube, with its 14 micron broadband IR 1©

o a o ) spectrometer. BIRCHES, to defermine volatile distribution as a function of time of day; Lunar Flashlight, to confirm the ©
B I RC H ES n OW u n d e r O I n O t I Ca I d I Ita I a n d presence of surface ice at the lunar poles. ufilizing an active source (laser), and looking for absorption features in the W
) ) returning signal; and LunaH-Map to characterize ice at or below the surface at the poles with a compact neutron 15
spectrometer. In addition, the BIRCHES instrument on Lunar Ice Cube will provide the first demonstration of a -
. . . . . . . microcryocooler (AIM/IRIS) in deep space. Although not originally required to do so. all will be delivering science data
ra d iom et ric ca I | b rat Ion Ih simu I ate d environme nt to the Planetary Data System, the first formal archiving effort for cubesats. 4 of the 20 recently NASA-sponsored (PSDS3)
study groups for deep space cubesat/smallsat mission concepts were hunar mission concepts, most involving 12U cubesats.
NASA SIMPLEX 2/SAIMON 3 AO will create ongoing opportunities for low-cost missions as 'rides' on government
space program or private sector vehicles as these become available.

Keywords: Moon, cubesats, volatiles, Broadband IR, Neutrons, Laser, lunarcubes, lunar orbiters, 6U, EM1

FlatSat with emulators testing all subsystems | L LUNAR COPESATS BEXOND LEO

Unlike their earth-orbiting predecessors, deep space cubesats are required to have the fiall functionality, and active control
systems, of any spacecraft operating in deep space. 15 6U cubesats with diverse payloads entering deep space over the
next two years have been (MarCO) or are being built (EM1 13), effectively 'prototypes’ for deep space cubesats. Three of
them. Lunar Ice Cube, Lunar Flashlight, and LunaH-Map. are science requirements-driven lunar orbiters with the goal of
increasing our knowledge of Tunar volatiles. acting as the first de facto deep space cubesat cluster.

End to End tests scheduled for summer. T o e S oty e o it o

cishunar operation: Lunar Ice Cube, Lunar Flashlight, and LunaH Map. all of which will be described in more detail below.
LunlR is a Lockheed Martin flyby which will perform IR thermography and demonstrate a new propulsion system.
Omotenashi is a JAXA-sponsored semi-hard impactor and radiation environment monitor. NASA CubeQuest challenge
selectees Team Miles (Tampa HackerSpace). CUE3 (U Colorado). and Cishunar Explorers (Cornell) will demonstrate
communication and propulsion technologies in cishinar space. The compact Ton Analyzer and energetic neutral imagers
instruments of the proposed Hydrogen Albedo Lunar Orbiter (HALQ) received further development funds, through the

Ready for Data System testing for Level O data e
production this summer. Level 1 data analysis corp e e D e
software development will begin this summer.



Significance of Water

Relevance to NASA

Growing Evidence for
Global Distribution

HEOMD Strategic Knowledge Gaps:
1) Temporal Variability and Movement Dynamics of Surface-Correlated OH and H20
deposits toward permanently shadowed area retention (Lunar Ice Cube)

2) Composition, Form and Distribution of Polar Volatiles (Lunar Flashlight, LunaH
Map)

3)Quality/quantity/distribution/form of H species and other volatiles in mare and
highlands regolith (Lunar Ice Cube)

SMD Decadal Survey: understanding solar system formation, and evolution of the
lunar surface and atmosphere by further establishing the role of surface volatiles

SMD Scientific Context for Exploration of the Moon: Using the Moon to study
regolith, exosphere (including water vapor) processes on airless bodies

Evidence for surface ice
near both poles (cold
traps).

Evidence for bound water
in volcanic deposits.

Evidence for hydroxyl (OH)
and water varying as
function of of temperature
(local time of day) and
illumination (slope
orientation) in 100's of
PPM range.
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A Lunar Water System

OW/ot + Ve (Wv) =S, + S,
R —R

W water V volatile S source R remove

IC Lunar Ice Cube LM LunaH-Map LF Lunar Flashlight

+S
—-R

impactvapor

infal poles

Rdesorp photodiss =~ Msputter

Solar
Wind (H+)
! Meteoric
H* gy:rggeln Infall (W, OH! V)
ub-Cycle t LH LF
VOH Thermal
W . -
f W Migration
v f IC LM LF
w V4 0O
H
W on

Modified from
Farrell et al,

E, ICTPyroclastics
2017, LEAG

“ (Bound H20)



Technology Goals
Demonstrate Enabling Technologies for Interplanetary Cubesats

e Lunar Ice Cube and LunaH Map Busek BIT 3 - High isp RF lon Engine

e BIRCHES Miniaturized (from OVIRS) broadband IR Spectrometer with
integrated microcryocooler completely capturing the 3 micron region with
several features of interest.

* Space Micro C&DH- Inexpensive Radiation-tolerant Subsystem

* Lunar Ice Cube and LunaH Map: BCT- XACT/-XB1 bus ADCS (Star Tracker,
Reaction Wheels)

* Lunar Ice Cube and LunaH Map: JPL Iris v. 2.1 Ranging Transceiver

 Planetary (PDS) Archiving on a limited budget



Lunar Ice Cube Instrument - BIRCHES IR SPECTROMETER

Detector Readout CryoCooler
Elect{omc)s Box Electronics Box

(mLCCE)

Secondary Mirror

Teledyne H1RG

IR Detector Radiator

A fnga Cryo Cooler BIRCHES compactness
Property Ralph BIRCHES
Mass kg 11 3
Power W 5 #10-20 W
Size cm A9 x40x29 [10x10x 15

H includes 3 W detector electronics, 1.5 W
AFS controller, 5-10 W cryocooler

CDW 2018 Clarketal Lunar Cubesat Cluster



Spectrometer Schematic and Components . »| Radiator
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JDSU linear variable filter leveraging [ : Payload
OSIRIS REx OVIRS. \
{ oy
T Spacecraft Spacecraft-|- : -|rSpacecraft
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~ : ;
Optics :
Radiator 2
Adjustable Iris maintains footprint size (
at 10 km by varying FOV regardless
of altitude \
BIRCHES Analog COTS AFRL developed AIM SX030
Processing Unit (APU) microcryocooler with cold finger to maintain
(top) detector at <115K and iris controller
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BIRCHES Observation Requirements

Requirement 8
A footprint of 10 km from an altitude of 100 km { ‘

Footprint 10 km in along track direction regardless of
altitude, consecutive observations separated by a
couple of kilometers; greater overlap of consecutive
tracks at poles, separted by a couple of kilometers

* FOV of the instrument will be
100 mrad (6°)

* An Adjustable Field Stop
(AFS) shall maintain the FOV
to 10 km in size

* Based on spacecraft velocity

Vavilov Crater:

exposures shall be taken at 100 km in diameter
intervals of 2.7 seconds (TBC) 1°5,138°W

April 2017 IPSS‘€larketal BIRCHES on Lunar Ice Cube 10
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[\ Transfer Trajectory with Low Thrust Lunar Ice Cube Mission Concept
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Planned Luna

r Cubesat Payloads

Mission

Goal

Program

Lunar Ice Cube

Orbit, any form or state of water, as function of time of day

NASA HEOMD, EM1

Lunar Flashlight

Orbit, South Pole surface ice in PSRs

NASA HEOMD, EM1

LunaH-Map Orbit, South Pole, ice on surface to 1 meter depth NASA/SMD, EM1
LunIR flyby, lunar regolith properties NASA HEOMD, EM1
Omotenashi impactor, radiation JAXA (on EM1)
Team Miles CubeQuest, demonstrate propulsion and communication milestones NASA STMD, EM1
CUE3 CubeQuest, demonstrate propulsion and communication milestones NASA STMD, EM1

Cislunar Explorers

CubeQuest , demonstrate propulsion and communication milestones

NASA STMD, EM1

LUMIO

L2 orbit, camera, meteoroids impacting Moon from L2

ESA LUCE

VMMO

Orbit, Shackleton, volatiles, radiation

ESA LUCE

Proposed NASA Lunar Smallsat/Cubesat Payloads

Mission Goal
CLPS Small Payloads for Commercial Lunar Landers, starting in 2020
Polar Mobile NASA instrumented Rover 2024. Rover-mounted Payload opportunities TBD

Human Landing

Return to the Moon 2025. Handheld instrument opportunities TBD




Challenges Summary

Challenges and Mitigations

Payload Requirements Flow down process: Realization of the need for meshing of Maker and Aerospace
Engineering cultures in a way that allows trace back to payload-driven mission goals, has version
controlled design and interface control documentation, and scheduled essential reviews and
deliverables, and yet maintains flexibility. Learning curve for 'first deep space qualification'. Define
'threshold' early and go to threshold as cost cap issues arise.

team membership: Project can work with student team provided 1) experienced leadership with
systems orientation as well as 'fixers', and 2) 'deputies' for major roles to cope with high turn over.

dealing with external management with 'Class A+' orientation or 'out of scope' requests: Be prepared to
leverage collaborations, identify and scramble for sources of additional funding

Thermal design (on-orbit heat removal an issue for 6U, and on-surface heat retention during lunar night
an issue if minimum resource (including cost) solutions sought: Take advantage of High performance
thermal solutions now being developed.

Non-scalable (in cost and schedule) development and operation: Support and utilize design, subsystem
simulation and driver tools, operating systems, operations facilities, and data delivery pipeline tools
already developed or under development for cubesats.

Large uncertainties in available Infrastructure (transportation and communication): More reasonable
options should be evolving now.



Conclusions
Lunar Ice Cube is the most operationally complex cubesat to date.
Lunar Ice Cube will provide measurements for liquid water, ice, OH distribution
across the lunar surface as function of time of day (temperature and illumination)
for three or more lunar cycles for pole to pole swaths of the lunar surface to
provide a basis for understanding global water dynamics.
Some temporal overlap between LunaH-Map and Lunar Ice Cube will be useful in
constraining the water migration process. Spatial overlap between LunaH-Map
and Lunar Flashlight will be useful in constraining cold trap evolutionary
processes.
Regardless of the degree of overlap in space or time, these measurements when
combined will provide far more systematic understanding of the water cycle, and
the accessibility of water as a resource on the Moon.
We are doing what cubesats are supposed to do: creating an innovative and
tailored solution with a standard platform.
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Scaled Reflectance

X

Apparent Reflectance (Lunar Surface) (O

0.9

0.8

L -*-L(al 76.6 sc i
—e—Lat 67.1 /
——Lat 18.0 sc /

IS
,f/\\,,/

m3g20090205t150614
Beta angle ~50 deg

7L ) . . .
1800 2000 2200 2400 2600 2800 3000

Wavelength (nm)

Reflectance

0.100 o

0.095

0.090

2600 2800

3000 3200 3400 3600
Wavelength (nm)

Reflectance spectra showing water and

hydroxyl aborption features (near 3 microns)
depth as a function of latitude. Chandrayaan
M3, Pieters et al 2009

0.0

L
°
Y

°
w

L ) ...
(Ai03e10q€ET) 2OURIOBRY

1.0

!
15 2.0

! L L
25 3.0 35 4.0 45

Wavelength (ym)

o

Continuum Removed Reflectance

28 30 32 34
Wavelength (um)

Reflectance spectra with absorption feature
strength correlated with time of day. Deep
Impact Epoxi. Sunshine et al 2009

36

Evidence for Water

Water and Hydroxyl on Moon. Combined Red (Pyroxene),
Green (Reflectance continuum), Blue (water and hydroxyl
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indicators. Chandrayaan M3, Pieters et al 2009



2.6 Polar Hydrogen with Neutron

Evidence for Water
Spectroscopy

LEND CSEIN (‘collimated’)
Total counts/sec

LPNS Adaptive Smooth
(SNR>100)

Table B.2 IR measured volatile abundance 1n
LCROSS plume (Colaprete et al, 2010)
Compound [Molecules cm™ [Relative to H,O(g)*
H20 5.1(1.4)E19 100%

H2S 8.5(0.9)E18 16.75%

NH3 3.1(1.5)E18 6.03%

SO2 1.6(0.4)E18 3.19%

C2H2 1.6(1.7)E18 3.12%

CO2 1.1(1.0)E18 2.17%

CH20H 7.8(4.2)E17 1.55%

CH4 3.3(3.0)E17 0.65%

OH 1.7(0.4)E16 0.03%

*Abundance as described in text for fit in Fig 3C




