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•  The Moon is largely anhydrous and its crust is extensively fractured – 
therefore the character of ground motion is different on the Moon 
–  Moonquake attenuation is low (high Q values) 
–  Maximum signal can last up to 10 minutes with a slow tailing off that can 

continue for hours in total duration 
–  Lunar seismic waves deliver more energy in higher frequencies than 

earthquakes 
–  Near-surface scattering prevents coherent reflections and inhibits long-range 

surface wave propagation; artificial seismic signals dampened out within ~ 10 
km  

•  Whether a lunar structure will be endangered by lunar seismic activity 
depends on: 
–  Location, frequency, and strength of moonquakes 
–  Response of ground to moonquakes 



•  If shallow moonquakes are randomly distributed in time and space over the 
entire lunar surface (Oberst and Nakamura 1992): 

•  log N = -1.8 mb + 7.8 
• where N = cumulative 

number of shallow 
moonquakes having body-
wave magnitudes greater 
than mb, occurring within an  
area of 106 km2/yr 

• Estimate that the chances for 
a lunar base at a randomly 
chosen site to experience a 
moonquake with mb > 4.5 
within a range of 100 km are 
1 in 400 years 



•  The absolute vertical displacement 
of the Apollo Passive Seismic 
Experiment (PSE) packages is 
estimated at <1 nm (Mendell 1986) 

•  However! No strong shallow 
moonquakes were recorded with 
epicenters within 100 km of the 
PSE network - signals had been 
extensively damped 

•  Where do strong, shallow 
moonquakes occur? Possibly 
associated with topographic or 
crustal features such as basalt fills 
and impact basins 

•  Siting a lunar base on the margin of South Pole-Aitken basin could put it 
at increased seismic risk, both in frequency and magnitude 



•  Determine the global distribution of shallow moonquakes to understand 
their distribution, trigger mechanisms, strength, and frequency 
–  Predict the seismic environment of lunar landing sites 

•  Determine the intensity, propagation, and attenuation of lunar seismic 
waves 
–  Predict the importance of ground response in the frequencies that carry the most 

lunar energy 
–  Determine and/or design for seismic stability needed for lunar structures 



•  The Moon is an active, differentiated, 
terrestrial body, preserving a record of early 
planetary evolution 

•  A Lunar Geophysical Network has been 
recommended by the Scientific Context for the 
Exploration of the Moon (2007), the Tempe 
meeting (2007), and New Frontiers in the 
Solar System (2008) 

•  The next generation of geophysical 
measurements have to improve on our current 
knowledge 
–  wider geographical placement 
–  more sensitive instrumentation 
–  longer baseline of observations 



•  The International Lunar Network (ILN) is a cooperative effort to coordinate 
individual lunar landers in a geophysical network on the lunar surface 
–  Each ILN station will fly a core set of instruments requiring broad geographical 

distribution on the Moon, plus additional passive, active, ISRU, or engineering 
experiments, as desired by each sponsoring space agency. 

–  24 July 2008: ILN Charter Signing Ceremony – Canada, France, Germany, 
India, Italy, Japan, Korea, United Kingdom 

–  Ongoing: ILN Working Groups: Enabling Technologies, Landing Site, 
Communications, and Core Instrument Definition Working Groups. 

•  NASA is examining the provision of ILN Anchor Nodes around 2015-2018 
–  Anchor Nodes Science Definition Team completed Final Report Jan 2009, 

available on NSLI website 

–  Engineering Pre-Phase A activities 

–  Remanded to the Planetary Science Decadal Survey for prioritization 



Objective Instrument 
1. Understand the current seismic state and 
determine the internal structure of the Moon 

Three axis broadband 
seismometer 

2. Measure heat flow to characterize the 
temperature structure of the lunar interior 

Temperature and thermal 
conductivity measurements 
to depths > 3 m 

3. Use electromagnetic sounding to measure the 
conductivity structure of the lunar interior 

Electromagnetic Sounding 
Experiment 

4. Determine deep lunar structure by installing 
next-generation laser ranging capability 

Laser ranging experiment 

•  Seismometers must simultaneously and continuously operate for 6 years 
(to capture lunar tidal cycle); others may operate for less time 

•  4 nodes minimum to accurately locate a shallow moonquake anywhere on 
the lunar surface; 2 minimum to investigate lunar core only 

•  Strong science desire for far-side placement to investigate global properties 
(heat flow in highlands and SPA terrains, crustal thickness, etc.) 



•  MSFC and APL completed 
and presented eight 
different mission concept 
design studies to HQ/SMD 
–  Detailed concept 

engineering analysis and 
parametric cost estimates 
were provided. 

–  Variations of nuclear 
powered landers on multiple 
launch vehicles 

–  Variations of solar array/
battery powered landers on 
multiple launch vehicles 



•  Power: Solar Arrays vs Radioisotope Power System (RPS) 
–  Alternative concept studies indicate RPS may be required to meet continuous 

operation requirement within target lander size class 
•  Instrument Accommodation 

–  Instruments appear to require soft lander approach 
–  Vibration isolation is challenging but can be solved (Stirling Engine, lander 

structure and lunar surface thermal disturbances) 
•  Launch Vehicle Accommodations 

–  Given RPS then only Atlas V can accommodate (at this time) 
•  Number of Nodes 

–  How many vehicles fit on single launch vehicle 
–  Operations issues 
–  Budget issues 

•  Communications 
–  Far side nodes strongly desired by science 
–  Communications satellite needs to be provided 



•  Two mission concepts developed by MSFC/APL based on SMD direction: 
2-node solar and 4-node ASRG 

•  Independent  PA&E Review is complete: “Project’s costs & schedule 
estimates are reasonable for the mission concepts developed.” 

•  Two ILN nodes is a Discovery-class mission; independent four-node 
network is a New Frontiers-class mission 

4-node ASRG  Mission Concept 2-node 
Solar-Battery  

$625M Cost Estimate without  
launch vehicle (FY10$) $422M 

$836M Cost Estimate with launch 
vehicle (FY10$) $607M 

798/260 kg Wet mass (cruise/lander) 1164/422 kg 
Atlas V 401 Launch Vehicle Falcon 9 B2 

128 W Power – cruise 95 W 

115/115 W Power - surface ops (day/
night) 56/26 W 

6 years continuous ops, including lunar night 
4 instruments: seismometer, heat flow, EM, laser ranging  



•  While the Decadal Survey works, the project office has been renamed the 
Robotic Lunar Lander Development Project 

•  Tasked for FY10-11 to work on risk reduction tests and activities to support 
development of a lunar robotic lander capable of supporting ILN or other 
landed missions 
–  Activities for each subsystem including propulsion thruster testing; thermal 

control testing and demonstration; low power avionics development; composite 
coupon testing and evaluation; landing leg stability and vibration; instrument 
feasibility and accommodation; and demonstration of landing algorithms  

–  MSFC, APL, Ames, JPL, GRC and the local contractor base all providing 
various tasks 

•  The MSFC Robotic Lander Test Bed 
–  Demonstrate ability to perform controlled landings 
–  Closed-loop, autonomous flight 



•  Utilizing extended formulation period to perform value-
added work to reduce risk in the development and 
implementation phases of the project 
–  Propulsion: thruster testing in relevant environment, 

pressure regulator valve 
–  Power: battery testing 
–  Thermal:  WEB analysis 
–  Structures: composite coupon testing, lander leg stability  
–  Avionics: reduced mass and power avionics box with 

LEON3 processor 
–  GN&C: landing algorithms 
–  Science: test subsurface access in lunar regolith simulant, 

synthetic seismograph analysis to inform the requirement 
for the number and location of sites 

–  Lunar Lander Test Bed: Hardware in the Loop (HWIL) 
testing with landing algorithms and thruster positions Composite test panel designed by 

APL; manufactured by MSFC  

3” core honeycomb material 
before and after test 

Li-CoAlO2 alloy battery 



•  Robotic Lunar Lander Thruster Hot-Fire Tests 9/15/2009 
–  Hot-fire thruster testing of MDA DACS thrusters at NASA’s White Sands Test 

Facility in Las Cruces, New Mexico 
–  Completed 12 hot-fire tests to evaluate combustion stability, engine efficiency, 

and extended-duty thruster performance 
–  Mission profile represented a lunar lander duty cycle - spanned 995 seconds 

and included pulses, coasts, and steady-state burns up to 10 times longer than 
typically required for missile defense systems 

(a)  Test Setup in Vacuum 
Chamber at White Sands 
Test Facility 

(b)  DACS Thruster 
compared with 
conventional (LEROS 
2B) Thruster 



•  Can a percussive instrument design penetrate to the required depths (>1m) 
in compacted lunar regolith? Note: this is a concept test only – NOT a 
selection for a specific instrument/provider 

• Conducted Nov. 4-6 at JPL with 
Sue Smrekar (JPL) – heat flow, 
Lutz Richter (DLR) – mole 
instrument, Ray French (MSFC) 
– lander project and lunar 
simulants 

• Mole successfully penetrated 
through simulant to 46 cm, 
instrument compartment ~ ¾ 
submerged, tests still ongoing 



•  Cold Gas Test Article (Operational) 
–  Completed in 9 months 
–  Emulates Robotic Flight Lander design for thruster configuration in 1/6th gravity 
–  Flight time of 10 seconds at 3,000 psi 
–  Demonstrates autonomous controlled descent and attitude control 
–  Utilizes compressed air for safety, simplicity, and multiple tests per day 

•  Warm Gas Test Article (Summer 2010) adds functionality: 
–  Longer flight duration (~1 min) and greater altitude for more complex testing 
–  Utilizes Robotic Flight Lander design sensor suite, software environment, 

avionics components (processors), GN&C algorithms and ground control 
software 

–  Serves as a pathfinder for flight lander design and development  
–  Quick turn around time to allow multiple tests per day  
–  Open to academia and private industry for technology testing 



http://www.nasa.gov/roboticlander/ 



• Robotic lander design 
supports multiple mission 
scenarios 

– Access to lunar poles, mid to 
high latitudes; near and far side 

– Coffee table sized; carries 
multiple science instruments 

– Power system capable of 
operating multiple instruments 
through lunar night for 6+ years 

•  International Lunar Network Anchor Nodes Mission: Determine the composition and structure of the 
moon’s interior 

•  Lunar Polar Volatiles Mission: In situ characterization of volatile species; understand current processes 
•  Human Exploration Precursor Mission: Characterize the lunar surface environment at landing sites: 

lighting, radiation, thermal, and dust; test technologies; demo ISRU 
•  Other Airless Bodies (i.e. Mercury, Europa, Asteroids): Surface science, geophysical networks, sample 

return 



•  A geophysical network is a crucial mission both for science and for 
exploration  

•  The objectives of a geophysical network are to understand the interior 
structure, composition, and activity of the moon 

•  The International Lunar Network accomplishes these objectives by 
coordinating landed stations from multiple space agencies 

•  MSFC/APL Pre-phase A engineering assessments are complete and can 
achieve ILN science requirements 

•  ILN Working Groups are ongoing and will provide guidance to mission 
payload and schedule 

•  MSFC/APL Robotic Lunar Lander Project is mature beyond Pre-Phase A 
and is conducting risk reduction activities that will mature the lander design 
and enable it to achieve multiple mission scenarios for all of NASA 


