Ensuring United States Competitiveness in the
21st Century Global Economy with a Long-Term
Lunar Exploration Program

The Earth as seen from the High Definition Television system on the Japanese Kaguya spacecraft. The
videos produced by this system are an outstanding recruitment tool for young Japanese scientists and
engineers. No equivalent dedicated public outreach tool has flown on any US robotic exploration mission in
the last 30 years.

September 15, 2009
Ian Garrick-Bethell1
Cassandra Runyon2
Carle Pieters1
Michael Wyatt1
Peter Isaacson1
Linda Elkins-Tanton3
1

Department of Geological Sciences, Brown University, Providence, RI
Department of Geology, College of Charleston, Charleston, SC
3
Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of
Technology, Cambridge, MA
2

1

Summary
In 2005 Senators Lamar Alexander and Jeff Bingaman, and Representatives Sherwood
Boehlert and Bart Gordon, asked the National Academies to assess the United States’
leadership in science and technology, and to recommend ways by which it can retain its
strategic and economic strengths. The report generated by the Academies paints a bleak
picture of current trends in education and research in the United States, and its ability to
remain competitive in the future. Unless young people are inspired and energized to
pursue education and careers in science, technology, engineering, and mathematics
(STEM) through a focused federal program, the United States faces a risk of falling
behind the technological workforces of India, China, and European nations. By no
coincidence, all of these nations have initiated lunar exploration programs in the last six
years: the Moon is close, still has much to reveal, and it intrigues young minds.
Here we describe how lunar exploration in the United States can be a central part of the
“New Manhattan Project” or the “New Apollo” program called for by the Academies to
motivate the next generation of scientists and engineers. We describe two high priority
lunar science objectives that would lead to technology development, high-visibility
science, and unique educational opportunities, in much the same way as the original
Apollo program: 1) the search for lunar volatiles, and 2) a South Pole-Aitken basin
sample return mission. These objectives would be accomplished through a long-term
Lunar Exploration Program (LEP) that presently includes Missions of Opportunity (such
as the Moon Mineralogy Mapper), the Lunar Reconnaissance Orbiter, LCROSS, and
GRAIL, and will continue with planned Lunar Atmosphere and Dust Environment
Explorer, the International Lunar Network, and other high priority missions. As a part of
this program, we recommend increased low-cost, high-risk missions, a NASA-university
lunar nanosatellite program, and substantial increases in education and public outreach
budgets. These changes will help attract, train, and retain STEM-inspired youth, and meet
the national need for talented scientists and engineers.
1. The gathering storm
The National Academies Committee on Prospering in the Global Economy of the 21st
Century was charged with assessing future US competitiveness in technology and
innovation. The Committee found that the “scientific and technological building blocks
critical to our economic leadership are eroding at a time when many other nations are
gathering strength”, and that “this nation must prepare with great urgency to preserve its
strategic and economic security.” The Committee found that changes in law and action at
the federal level are required. For example, they recommended that a “New Apollo”
program be created, and “the President issue a major challenge encompassing federal
research and all aspects of the innovation process to mobilize resources in pursuit of a
critical national goal. The candidate fields for such a challenge include energy, space, and
healthcare.”
One of the major challenges for the United States will be ensuring younger generations
obtain competitive technical skills through higher education. The Committee found that
these skills are essential for the technological innovation that in the past has contributed
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“as much as 85% of measured growth in US income per capita.” Illustrating this
problem, the Committee reported that in 2004 “more than 600,000 engineers graduated
from institutions of higher education in China. In India, the figure was 350,000. In
America, it was about 70,000.”
In a separate study, “Building a Better NASA Workforce: Meeting the Workforce Needs
for the National Vision for Space Exploration”, the National Academies found that the
average age of a NASA scientist or engineer is 46 (Figure 1). In contrast, during Apollo,
the average age of a NASA scientist or engineer was 26. By 2011, 28% of NASA’s
engineers and 45% of its scientists will be eligible to retire. In a similar report, the
Interagency Aerospace Revitalization Task Force reported that 26% of the aerospace
workers in the country were eligible to retire in 2008.
As we describe in the next sections, inspiring and challenging programs such as LEP will
help to draw students into STEM education and careers, meeting the critical need for
increased technical competency in the United States.

2. Research and education opportunities through lunar science
The Moon belongs to everyone. The Moon is accessible; it is seen by everyone on Earth
and has been studied by all for millennia. The Moon teaches us simple things like the
motion of the tides and complex things like the chaotic products of a violent asteroid
impact. The Moon stimulates imagination, curiosity, and the excitement of discovery.
The Moon is the smaller member of the Earth-Moon system and is often referred to as the
Rosetta Stone for understanding how planets work. In short, the Moon continually
provides the opportunity and inspiration for young minds to commit to long-term and
sustained scientific inquiry.
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Recreating the impact of Apollo does not require the same levels of funding. The
Apollo program had direct, lasting effects on domestic technology development, such as
flight computers, guidance systems, and fuel cells. In addition, many young people were
inspired by the energy of Apollo to pursue education and careers in STEM. It is unlikely
that NASA funding levels will increase to those seen during the Apollo era, but we do not
need those levels of funding to inspire broad audiences and make discoveries in
engineering and science. The Moon no longer requires enormous resources to reach. In
fact, it is the least expensive destination beyond low-Earth orbit. It is an object that is
now being explored with orbiters that cost less that $100 million, with a density of
instruments and technologies that was not possible during the Apollo era. Nonetheless,
as a world separate from our own, the Moon remains a powerful tool for inspiration,
education, and technology development.
Other nations now recognize that the Moon is close enough to test new, high-risk
technologies at low cost, while returning high quality, high visibility science. In the
last six years, lunar exploration has gained renewed international interest not seen since
the Apollo era. Nations sending spacecraft to the Moon include China, India, and the
European Union. All of these nations are planning follow-on missions to the Moon,
which include landers, rovers, and sample return missions. Other nations discussing or
planning future missions include Russia, South Korea, the United Kingdom, and
Germany. By no coincidence, many of these nations are the world’s rising technological
powers and will continue to compete with the United States. These nations recognize
that the Moon is the next logical destination and test bed for space flight hardware that
has been successfully developed in Earth-orbit. For example, the China’s Chang’e bus
was based on the Dongfanghong-3 communication satellite, and India’s Chandrayaan bus
was based on the Kalpansat meteorological satellite.
The United States is now testing advanced technology in lunar orbit while making
important discoveries, and this trend must continue in a focused Lunar Exploration
Program. The Lunar Reconnaissance Orbiter (LRO) now in orbit around the Moon
includes a suite of instruments that are not only returning new information about the
Moon, but will enable future missions. For example, the LRO laser altimeter will not
only provide the highest quality topography map of any planetary body to date, but it is
also testing a unique fiber optic receiver system that enables ranging from Earth-based
lasers. LRO also includes a new, low-mass synthetic aperture radar that will search for
water ice. A number of LRO’s experiments represent specialties of NASA and the
United States that could not be easily flown by other nations. The United States can
continue to invest in its unique technology base by establishing a detailed robotic Lunar
Exploration Program (LEP). The planned International Lunar Network (ILN) is a
scientifically important lander mission that would fit well in such a focused program.
To stay competitive with the technological and educational benefits that other
nations reap from their lunar exploration programs, the United States must
demonstrate leadership and plan for sustained, and sometimes higher-risk, missions
to the Moon. The United Kingdom is in the planning phases for a mission to fly highvelocity penetrators into the Moon. These penetrators will include seismometers,
magnetometers, and other instruments. All previous planetary penetrator missions have
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failed. This type of mission is high risk, but if successful it will open up an entirely new
regime of planetary exploration strategies. NASA should use the Moon as a test bed for
similar high-risk, and/or low-cost concepts. These missions would be a part of the
proposed Lunar Exploration Program that includes more ambitious projects like LRO and
the ILN. The planned LADEE mission (2012) is an excellent example of a low cost
($100 million) short-duration mission that will return important information about the
lunar exosphere and dust environment. The LADEE mission will also test a new laser
communication system built by MIT Lincoln Laboratory. These types of dual technology
demonstration and science missions are easy investments that should continue as a part
of the Lunar Exploration Program.
University nanosatellite programs for flights in Earth-orbit may soon be capable of
flight to the Moon, providing a unique educational tool. In the last decade, the flight
of university-built nanosatellites in Earth orbit has become a popular means to both
educate young engineers, and make basic science measurements in near-Earth space. The
US Air Force pioneered this model (http://www.vs.afrl.af.mil/UNP) and has involved
3500 university students at 25 different educational institutions since 1999. The next
logical step for low-cost nanosatellite projects is to explore the Moon through either
flybys or impacts. Basic student instruments such as magnetic sensors and imagers could
be flown. Cooperative agreements between NASA and universities, as has been
accomplished by the Air Force for Earth-orbit nanosatellites, could be established to
facilitate this sub-program of the larger LEP. Such satellites could piggyback on
launches of more complex lunar missions in LEP. Advanced high-school programs might
also be a part of this effort through NASA’s Space Grant Program
(http://education.nasa.gov/spacegrant), similar to the Balloon Sat and Can-Sat Programs.
This program could be merged with the NASA New Millennium Program
(http://nmp.nasa.gov/) that tests new technology for space flight. This program would
engage and excite large numbers of students in hands-on solar system exploration in a
way that few other programs could.
Education and public outreach budgets associated with lunar exploration merit an
increase of ten fold over previous levels, or the educational and inspirational
impacts of lunar exploration may be wasted. Japan’s high definition videos of the
lunar surface from its SELENE/Kaguya spacecraft have been viewed all over the world
by audiences of all ages and backgrounds – not just scientists and engineers. These
videos included images of Earth rising above the lunar poles. Perhaps not since NASA’s
Voyager Golden Disks has such a well-developed and advanced public outreach tool
been flown on a robotic space mission, despite the dozens of NASA missions that have
launched since Voyager. The Japanese understand that spending significant sums of
money on public outreach is an investment in their technological and economic future.
Even Google’s marketing department understands the unique publicity value of lunar
exploration, as it has invested >$20 million in prize money for the first commercial lunar
landing. Historically, the sums of money spent on NASA robotic missions vastly
outweigh the public outreach and publicity efforts (0.25 – 5% of mission cost). This is a
trend that must change, especially given the United States’ well-documented technology
education challenges. The historical pattern of granting outreach funding for websites
and class room awareness is entirely insufficient -- one or several instruments or tools
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that are wholly devoted to public outreach, such as the high-definition video camera on
the Kaguya spacecraft, should be flown on LEP missions. It is time to share the wonders
of the Moon with those who fund its programs.
Commercial space development of the Moon is in the planning phases, and NASA
sponsored technology will facilitate its growth. Nascent but heavily funded
commercial space exploration businesses are now focused on low-Earth orbit, but plans
are under development for lunar exploration (for example, the Google Lunar X-prize).
Technology developed by businesses and NASA for LEP missions would become
available for use in the commercial sector. A prime example of this process already
exists for Earth orbit: Bigelow Aerospace, one of the leaders in commercial space
exploration, has successfully launched and tested two small-scale pressurized habitation
modules, based heavily on NASA research, at a cost of >$75 million. The United States
is in a unique position to be a future world leader in commercial space development in
the next two decades, including lunar exploration. The LEP would contribute to an
aerospace technology and talent pool that ensures the United States retains a competitive
edge in commercial space enterprises.
3. Two example lunar science objectives that will
energize US research and education
Here we outline two primary exploration objectives as examples that could shape the
LEP in the next decade, in addition to the planned ILN and LADEE. Each objective can
accommodate a number of missions of multiple sizes and risk categories.
I. Lunar volatiles mission portfolio. Once believed to be completely dry, evidence has
emerged in the last decade that the Moon contains sources of water both at depth, as
evidenced by degassed glass spherules, and at the surface, as evidenced by remote
sensing measurements of hydrogen at high latitudes. The sources of these volatiles have
wide ranging implications for the formation and differentiation of the Moon, the flux of
water from asteroids and comets impacting the Earth-Moon system, and exospheric
transport processes on airless bodies. The serious investigation of lunar volatiles is in its
infancy. Polar lander missions with in-situ volatile measurement capabilities are being
planned by many nations, such as China, India, and the UK. Missions sent to the poles in
the next decade under the LEP could be of a number of forms, and combine technology
development with strong outreach programs.
Example flagship mission: A mission to a permanently shadowed crater at the lunar poles
could provide important ground truth information about the origin of lunar hydrogen (or
water), while serving as a significant investment in aerospace technology. For example,
such a mission could be designed to conduct measurements of the state of the hydrogen
and its depth distribution. It would also be an opportunity to showcase high energy
density or highly efficient non-nuclear power supplies. It would also provide
opportunities for the development of low-mass neutron and gamma ray detectors, which
have applications to nuclear materials detection technology on Earth.
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Example medium cost, higher-risk mission to the lunar poles: Japan, Russia, and the UK
are presently exploring penetrator concepts for planetary exploration. These penetrators
are designed to survive medium-velocity impacts (~200 m/s), and bury science payloads
at depths where hydrogen may exist. Developing this technology in the United States
would open up new classes of robotic exploration missions, and has other applications.
Example low cost mission with remote sensors: The origin, character, and variability of
tenuous lunar volatiles can be studied remotely from orbit with currently available
advanced sensors. It is particularly important to document the relation of observed
volatiles to surface composition and interaction with the solar wind. This characterization
and time variation is an important step to define capabilities needed for in-situ
measurements.
Example of student involvement: New instruments or spacecraft technology built by
advanced high school and university students could be included with the above
spacecraft. Alternatively, a university built lunar nano-subsatellite could remain in low
lunar orbit. Examples of experiments on these nanosatellites include measurements of
plasma properties, or tests of new communication and navigation technology. Similar
experiments have already been performed in the US Air Force university nanosatellite
program.
Public outreach: The potential of using lunar water as a resource can be exploited as a
public outreach tool. For example, a competitively solicited instrument dedicated to
public outreach (perhaps even student designed) that attempts to extract drinking water or
breathable oxygen could be flown. Such a high cost and “unscientific” instrument is very
unconventional for US robotic missions, but it would greatly increase the return on
investment with public appeal.
II. Sample return mission portfolio. A sample return mission from the lunar South
Pole-Aitken basin (SPA) would yield rock types from the oldest and deepest basin on the
Moon. These samples would afford an opportunity to date the oldest basin, and thereby
anchor the absolute times of the major lunar epochs (derived primarily through relative
stratigraphy). Furthermore, the basin may have exposed the lower lunar crust or the
upper mantle, and samples of this material would be valuable in determining near-side
far-side geochemical differences. A SPA sample return mission was ranked a high
priority in the last National Academies decadal survey, and was funded for Phase A study
in 2004. Presently, China and Russia have plans for lunar sample return missions.
Below are several missions that could be done to support this goal.
Example flagship mission: Full sample return from SPA would address the science
concerns above, while advancing lunar communication architectures, due to SPA’s
location on the lunar farside. There is also significant feed forward to asteroid and Mars
sample return.
Example lower cost missions: Several precursor missions could be flown to SPA to make
in-situ measurements, and/or to characterize potential landing sites, much like the lunar
pre-Apollo Ranger and Surveyor programs. These missions, which may include
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penetrator concepts, could serve the dual purpose of establishing long-lived geophysical
stations that would support the International Lunar Network.
Example of student involvement: As discussed above for volatiles, new instruments
and/or spacecraft technology built by university students could be included as a part of
the above spacecraft. Alternatively, student built lunar nano-subsatellites could remain in
lunar orbit to support a sample return mission. For example, a test of communication
relay technology could be flown.
Public outreach: SPA sample return could be the first soft lunar landing since the Soviet
1976 Luna 24 mission. Real-time, High Definition video of the lunar landing, the lunar
surface, and the return capsule taking off, would be of great interest to the general public.
Flying a separate, unconventional payload dedicated entirely to public outreach, such as a
camera that can be remotely controlled by the public, even if at substantial extra cost, is
highly desirable.
4. Conclusions and recommendations
The nation needs a new high-level initiative in science and technology that includes our
younger generation. An effective initiative will build upon the historic Apollo program,
subsequent, and current lunar missions, and include new, innovative ideas, methods and
technologies. With the Moon so close, and yet so much of its history and relationship to
the Earth still unknown, it is a natural destination for exploration, technology
development, and fundamental science, while inspiring and motivating the curious minds
who will be working on these projects.
We recommend that a focused and maintained Lunar Exploration Program (LEP) should:
1) Aim to answer fundamental lunar science questions through major missions such as
polar volatile sampling or SPA sample return, while also allowing for more frequent,
higher risk, and low cost missions in support of these and other objectives.
2) Provide an education and public outreach budget ten times higher than the normal
outreach budget for unmanned space missions, including highly unconventional
payloads flown entirely for outreach purposes.
3) Stimulate university and possibly high school interest in STEM by launching studentbuilt nanosatellites beyond Earth orbit, into cis-lunar space or lunar orbit, similar to
the US Air Force University Nanosatellite program.
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