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dbme Message:

: How to meet ambitious exploration goals ar
while expending far fewer resources

d Solution: LunarCube, an extension of the affordaﬁw
approach, to facilitate access to the Moon,,



Why the Moon?
*The Moon is the closest and most accessible extraterrestrial frontier.

*The lunar surface, represents a great portion of the entire range of conditions found
throughout the solar system due to its
* Rugged terrain
* Long diurnal cycle
* Varying extreme thermal/illumination conditions particularly in polar regions
e Space radiation environment

*The lunar surface is thus an ideal ‘test bed’ for
e exploring planetary surface processes and origins

* developing core technologies required for planetary exploration.

* Any sound approach to planetary exploration should prioritize access to the Moon




The Extreme Lunar Environment
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Newly Discovered Processes involving Volatiles on the Moon and by Implication Elsewhere

The presence of volatiles and complexity in their distribution has been confirmed from several
recent sources:

Near IR temperature-dependent diurnally varying surface water and mineral bound water
bands from Chandrayaan M3 and Cassini VMS (A, B)

possible surface water, unidentified volatile bands induced by impact (LCROSS ) (C);
LRO LEND hydrogen-dependent (to 1 meter depth) depressed epithermal neutron flux (D).

Ground based radar confirmed polar ice deposits and MESSENGER XRS confirmed
presence of sulfur on Mercury.
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Lunar “Small” Heritage

SmallSat Smart-1 (A)

LCROSS (B)

Distributed SmallSats Grail (C)
SmallSat Ladee (D)

Proposed Distributed CubeSats Lunar Swirl Impactors
Proposed ColdCube (passive 60K in Earth orbit)
Proposed Coldcube demo HTS radiation shielding
Proposed Solar Occultation Orbiter (LunarSox)
Proposed Astrobotic NanoRack Lunar Lander

MISSION OVERVIEW
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CubeSat: Successful Basis of LunarCube Approach

i

Lad G
CubeSat ‘kit’" approach to increase participation and access to Earth e &‘:~
orbital space through standardization, facilitated implementation, ‘ SR
reduced development costs, risks, time. Four key aspects include: _} N

profile: short duration, low earth orbit;

form factor: 10 cm cubes (1U standard), typically containing " ,
structures with several options for standard overall lengths (from
0.5to 3 U);

technology impact: low, incorporating off the shelf electronics and
software;

risk: Class D, standardization resulting in multiple use ‘heritage’
and decreased impact and probability of failure AND lower cost

Result: Proliferation of participants, evidenced by migration from single
educational to multi-institutional efforts leading to capability for multi-
functional spatially and temporally distributed measurements, greater
scientific impact. Evidence of basis for investment in sustainable
infrastructure in Earth orbit.

- Clarketal NLSFLu



‘

%

Phasing in Enhanced Capabilities for LunarCube

Maintain same standard on risk to keep costs low, create basis for sustainable infrastructure
beyond Earth orbit, provide interesting science and develop core technologies. Extend
CubeSat concept in stages to include additional features directly relevant to survival

1) profile: increase duration from months to years;
2) form factor: grow to at least 6U as needed,;

3) control: active attitude control and propulsion, made sustainable with onboard intelligence |
for routine multi-platform operation;

4) information transfer: more robust communication and C&DH to support onboard
processing, made sustainable with onboard intelligence for routine multi-platform operation,

5) thermal/mechanical design: greater hardness to deep space radiation and ruggedness for
extreme thermal variation, potentially using MilSpec components initially, but ultimately
requiring state of the art cold temperature electronics and power developments for deep cryo
operation.




™
Phasing in Extended Capabilities for LunarCube

Y

O
Stage 1.0 Earth to Earth Orbit or cis-lunar space (Example Communication Station):
Accomplishment of 1, 2, partial accomplishment of 3 (control) and 4 (information transfer).

&
Stage 1.5 Earth to Lunar Surface (Example Environmental Monitor): Partial accomplishment ©
of 5 (environmental design) supporting multiple platform or ‘nanorack’ access, survival and =
operation for at least a limited duty cycle on, the lunar surface. '

Stage 2 Earth to Lunar Surface with full operation anywhere on lunar surface

requires raising the technology impact, enabling incorporation of state of the art or even ©
currently ‘under development’ technologies in several key areas '

Requires fully implementing onboard intelligence (3 and 4) and deep cryo design (5) in
electronics, power systems, mechanisms (moving parts), precision navigation and control,
and advanced payload integration.

Full operation on the lunar surface would be possible Ultimately, LunarCube virtual ‘smart |
phone’ in a ‘NanoRack’ with shared services (power, communication, data handling)
representing a variety of reconfigurable experiments, as open access software applications
as part of master workstation Network fortified with different functions with modularized
‘Cube Cloud Compute’.

| e
~ Clarketal NLSF LunarCube
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Toward Onboard Intelligence

SmartSats Concept: 3 3U Morehead State
University bus leveraging developments for
NASA CXBE with

GSFC patented Synthetic Neural System Nervous
Net Attitude Control and Neural Net Target
Discrimination, Tracking, and Prediction leveraged

from previously supported developments in
support of NASA ST-8 and DARPA F6.

Morehead State University 60GHz RF System with
omni-antennas for distance and direction
determination, inter-spacecraft communication,
and atmospheric sounding

SrmartSats

Honeywell Dependable Multiprocessor (DM), with
GPS determination capability, leveraged from

NASA ST-8 and the DOD SMDC TechSat.

In-Space primary propulsion utilizing Busek
resistojet thrusters leveraged from developments
in support of the Air Force NanoSat Program and
demonstrating sufficient Delta-V and ISP to
support our proximity operations

Clarketal NLSF LunarCube 7/19/2012



Table 1 CubeSat Technology Development —'

-

Time Frame 2000-2005 2005-2010 2010-2015 2015-2020 2020-2025 X
to Lunar Surface and
beyond Earth-Moon |

Target Earth Orbit to Lunar Orbit system [

tens of millions (or Ies"'

depending on numbe

Costs <<1 million millions and type of participan
testing multi-platform with fully implement

monitoring in orbit, small number of platforms identical instrument packages of  formation flying in orbit

in situ providing complementary  known position, allowing temporal and into deep space as

measurements, measurements, somewhat and spatial resolution of 3D basis for sophisticated  survey or 'discovery'
Science incremental more useful Earth Ap science systems, interferometry science science

Core Capabilities

testing active for controlled Earth-Moon, testing for
Advanced GNC innovative passive operation, formation deep space landing



Component

*

g

1 Y 1’?
~ Clarketal NLSF Lut
%‘ RPN S

Type Contribution Status

Ray Region Elemental Abundance, Solid state compact XRS,

(Xray,Gray, Protons, Neutrons, GRS and NS components

Neutrons, Radiation Background potentially modularizable

protons

Visible/ Photo Interpretation, Reasonable resolution Digital

Near Visible mineralogy camera microsizing well

(IR, UV) advanced

LongWave  Physical component and Compact TIR, need work on

(TIR,uwave, surface characterization microsizing components for

radio) rest.

Fields Magnetic and gravity fields, Microsized versions already
interior characterization exist

Energetic Electrons, ions, neutrals, Concepts for microsizing

Particle/ gaseous molecular particle analyzers and mass

Molecular =~ components distirbutions  spectrometers exist, need

Candidate?

Large Cubesat
to ‘nanorack’

Largely CubeSat
ready

Large CubeSat
to ‘nanorack’

Largely CubeSat
ready

‘nanorack’




able 2 Comparison Chart

Spacecraft # Level Total Total
Mass Cost$ Launch
rack Record
1U CubeSat 1 Standard Educational 1kg 55K 15K
1U CubeSat 3 Standard Educational 3 kg 140K 45K
3U CubeSat 1 Standard 3-4kg 110K 45K
3U CubeSat 3 Standard 9-12 kg 290K 135K
3U CubeSat 1 Standard bus, Active, 4kg 4.5M 1M
Tech Demo
3U CubeSat 3 Standard bus, Active, 12kg 11M 3M
Tech Demo
Secondary: LCROSS 1 One of akind/much 1768 kg79M 250K
COTS, Class D
SmallSat: GRAIL 2 One of a kind w/ some 466 kg 496M 51M
reuse GRACE
Discovery:MESSENGER 1 One of a kind, Class A 510kg 450M 45M
New Frontiers: 1 One of akind, ClassA 478 kg 700M 138M
New Horizons
Flagship: MSL 1 One of akind, Class A 3893 kg2.5B 175M
Great Observatory: 1 One of a kind, 950kg 2.2B 50M
Spitzer SpaceTelescope Class A

3U CubeSat/LunarCube 1 bus standard with new 4kg 1.1M 450K
capability

3U CubeSat/LunarCube 3 Bus standard with new 12 kg 2.8M 1.3M
capability

6U CubeSat/LunarCube 1 Bus standard with new 12 kg

capability

Discovery Class 5 One of a kind, Class A ? 25B ?
New Frontiers Class 2 One of aKind, Class A ? 21B ?
Flagship Class 1 One of Kind, ClassA  ? 25B ?

I

Projected Costs when ‘new capability’ needed by LunarCube, and support for active propulsion, become ‘standard’

Projected NASA Planetary Decadal Survey Cumulative Costs for Next Decade

v L

Cost S Notes

Based on Heyman, 2009

Same launch cost (3U volume in PPOD), first model highest cost
Cost more than 1U, but, unlike 3 1U, can share systems u
Need 3 slots, 1 per PPOD

Standard bus, but active propulsion, greater risk mitigation, more
expensive launch, new technologies development costs

Compare 1 and 3 3U costs

LCROSS ‘launch’ cost is the ESPA ring for the Atlas V launching LRO the
primary payload

Estimated
Estimated

Based on NASA Wallops preliminary study

Candidate Field Open (500M/mission)

Select among Comet Sample Return, Lunar Sample Return, Saturn
Probe, Trojan Tour, Venus Explorer, Lunar Geophysical Network, lo
Observer (1.05B/mission)

All candidates above cost cap: Mars Sample Return (3.5B), Jupiter
Europa Orbiter (4.7B), Uranus Orbiter Probe (2.7B)
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CubeSat Systems and their implications for LunarCube i

Sensor System defined by user

Telemetry, Tracking, Control (Communication) and Attitude Determination and Control
(ADC) (Stabilization, Navigation, Propulsion)
CubeSat typically uses GPS and passive stabilization (magnetic (line up with Earth’ s
magnetic field) or gravitation (offset center of mass). LunarCube, to operate in deep
space, must use active stabilization (sun sensors, star trackers, accelerometers, micro-
thrusters or momentum wheels..adding mass and volume).

Power Generation and Distribution (PGD) (Power, Wire Harness)
LunarCube in later phases replace conventional with radiation hard, ultra low power,
ultra low temperature electronics, power systems

Mobility
CubeSat relies on transportation infrastructure to Earth Orbit, as will LunarCube to
points beyond Earth Orbit, and even on lunar surface

Layout Design, Circuit Board Design
Major Subsystems fit within Standard Housing, ‘wired’ to each other as appropriate,

’
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Two Ways to hitch a ride to the Moon I—

1) Lunar Swirls mission mode
Y J
“‘

:
- Hitch a ride on someone else's GEO insertion 5! ,\D
A

- Use ultra-low Delta-V trajectory to Moon Moon's /== \_
- Ship launches LunarCubes in cis-lunar space o [ranstar /D
- 10-20/year GEO launches next decade /e { trajectory_~ Ballistic
- Potential 10+ orbital opportunities next decade iancadl EOpERS
W, Piggyback
to GEO  Low DeltaV

2) Ride along on a lander Trajectory

The Astrobotic lander has several 100 U
worth of space under the lander deck

Launc 5
Cubes
u

Hitch a ride on one of their demonstration
missions or fly standby on future paid missions

Assume 3 Google XPrize teams fly 1-2 missions
Assume 3 national programs fly 1-2 landers
Potential 10+ lander missions in 2015 - 2025

Thus, potential 20+ opportunities for near-zero
launch cost missions in 2015 - 2025.
Clarketal NLSF LunarCube 7/19/2012



wo models CubeSat/Implications for Development, Implementation, and Operation

Conventional Single Cube %

LunarCube requires innovative design of housing for greater thermal and space radiation
protection, active stabilization, with associated mass and volume penalty

LunarCube requires longer duration operation in more extreme environments requiring
greater interconnectivity and complexity in design, flight plan and operation

Advantageous for current applications needing distributed self-similar assets
Payload Cube Rack with Shared Subsystems

Dedicated Instrument Cubes with standardized interfaces to connect to external dedicated and
shared subsystem cubes.

Greater need for Early Phase Planning and greater integration and testing efforts upon cube
delivery before launch

Simpler individual cube design, savings of mass and power in return for greater need for
planning and operational complexity

Appropriate for applications needing current in situ complexity, or future distributed
reconfigurable assets

-
N
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Temperature (K) Based on Zhang and Paige, 2009
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