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Abstract

We have identified, as of July, 2010, over 7100 near earth asteroids, 810 of which are greater than one kilometer in diameter and 149
that are identified as potentially hazardous earth impactors by NASA’s Near Earth Objects Program. This paper examines the
advantages of exploring and exploitation of the near earth asteroids as the first component of a larger space exploration program and
provides arguments for revising our focus on chemical rocket propulsion systems for effective space exploration.

The recent cancelation of NASA’s Constellation program has shifted the emphasis of the US space program from returning to the
moon to exploring Mars and the asteroids. The Apollo program and the Viking, Pathfinder and Mars Rover programs developed a
significant body of information on the composition and characteristics of the Moon and Mars. We have progressed to the point that we
can manufacture simulated Lunar and Martian regoliths for experimentation with extraction of useful materials for life support,
construction materials and development of traction and weight-bearing capabilities for exploration vehicles. Although the near earth
asteroids have not attracted the public attention that the Moon and Mars have, they represent the easiest accessible sources of fuels,
minerals and life support materials once off the Earth’s surface. Further, expanding our knowledge of the asteroids, their composition
and dynamics, addresses two critical parameters: the asteroids provide fundamental information about the origin of the inner planets
and solar system, and detailed information on their orbital dynamics is the only way of predicting the fate of earth crossing and
potentially Earth impacting asteroids.

Missions such as the Japan Hayabusa sample return program, ESA’s Rosetta program and the NASA’s Deep Space-1, NEAR and
Stardust programs have provided excellent information on the mineralogy, metallic and volatile content of the near-earth asteroids as
well as information on the engineering properties of the asteroid bodies themselves. In addition, the collections of meteorites that have
fallen to earth and subsequently analyzed extensively provide a greater volume of direct samples than what is available from the Lunar
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return missions. From these analyses it is clear that the near earth asteroids represent an extremely valuable reservoir of strategic
metals and volatiles that can support an expanded asteroids-Moon-Mars exploration effort.
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Hubble image of Ceres, the largest asteroid in the main
asteroid belt, compared with four other asteroids and Mars.
(Longest dimension for each body in parentheses.)

Gaspra Eros
(12 mi) (21 mi)

Moon
(2160 mi)

Mars (4222 mi)

P Image credits: Gaspra, Ida: Galileo (NASA/JPL); Eros: NEAR Shoemaker (JHU/APL):
; Vesta and Mars images: HST (NASA/ST5cl). L



The Moon

e Logistics: Physically closest, making telepresence operations easy with minimum
time lag
e Economic: Nearby source of Helium 3, ideal isotope for fusion energy production.
e 3He + °Li> 2 *He + p + 16.9 MeV
e D+ 3He-> “He +p + 18.3 MeV
. 3He + 3Heé 4He + 2p + 12.9 MeV
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side” of the moon
 Much left to explore




Mars

Another World with the same land area as the Earth!
Contains vast supplies of water and an atmosphere

It may harbor life, or evidence of past life

In Situ Resource Utilization is possible for nearly all necessary
materials for colonization, with the possible exception of
organics (Phobos and Deimos might be nearby source of
organics, as they resemble Carbonaceous Chondrites)




Near Earth Objects:

Generally between the orbits of
Venus and Mars, with Apollo (60%)
and Aten (6-8%) Asteroids crossing
Earth’s orbit and Amor (30%)
Asteroids outside Earth’s orbit and
may cross Mars’ orbit. Inner Earth
Objects are within Earth’s orbit and g : ‘
may cross Venus’ orbit. Dormant RTINS st BCRAT Tl
Comets may comprise 1-6 % of total ' s
number.

.
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1.6x 1.2 km
Calden, 1993
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e Why are we interested in the Near Earth Asteroids and
Comets?

Logistical Issues. The Near Earth Asteroids represent the easiest local

sources of in-space rocket fuels, volatiles and oxygen to support
extraterrestrial space missions

Economic. The NEAs contain essentially an unlimited supply of

strategic materials, platinum group metals and cobalt, nickel and iron
for building materials.

Science. The asteroids and comets provide unigue windows on the
characteristics of the early solar system, and a platform for monitoring
near sun conditions, and outer planet environments.

Self Preservation. Earth crossing asteroids and comets greater than 50
meters in diameter represent potentially catastrophic events that
threaten Earth’s environment. Detection, monitoring and intervention
can only occur if we are aware of the impending impact.




Near-Earth Asteroid Discoveries
Large Asteroids (kilometer sized and larger)
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Mission Energy Requirements (A-v)

. Transfer Delta-V (km/s)
Earth surface to low-Earth orbit (LEO) 8.5
N Earth surface to escape velocity 1.2
Venus Earth surface to geosynchronous orbit (GEO) 11.8
LEO to escape velocity 3.2
LEO to Mars transfer orbit 3.7
LEO to GEO 3.5
LEO to highly-elliptical Earth orbit (HEEO) 2.5
Asteroid Belt LEO to Moon landing 6.3
LEO to near-Earth asteroid® 4.0
Lunar surface to LEO (aerobraking) 2.4
upiter's bt g Near-Earth object (NEO) to Earth transfer orbit 1.0
Phobos/Deimos to LEO 8.0

Ceres
(Asteroid Belt)

Near-Earth Moon
asteroid
1982 DB

to [and on destination, km/s
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Defending Planet Earth.
National Academies Press 2010

FIGURE 2.3 The distribution of cur-
rently known asteroids (in January
2010). The green dots represent asteroids
that do not currently approach Earth.
The yellow dots are Earth-approaching
asteroids, ones having orbits that come
close to Earth but that do not cross
Earth’s orbit. The red boxes mark the
locations of asteroids that cross Earth’s
orbit, although they may not necessarily
closely approach Earth. Contrary to the
impression given by this illustration, the
space represented by this figure is pre-
dominantly empty. SOURCE: Courtesy
of Scott Manley, Armagh Observatory.




Mineralogical, Chemical and Phy ﬂcal Properties of Asteroids

Free Metals

3554 Amun
Volatiles
_—_—_‘———_
Mineral
I Oxides
||
\\

Earth Distance: 0.666 AU
Sun Distance :0.834 AU Aug 13, 2010

Physical

Asteroid 3554 Amun (1986) Mass Diameter Classification
(discovered by C. Shoemaker) 1 x 108 kg 2.48 Km Aten
Platinum Group Metals Value (2005 data)
Platinurr_l, Rutheni_um, Rho_dium, $6 Trillion
Palladium, Osmium, Iridium
Iron and Nickel $8 Trillion
Cobalt $6 Trillion
Total $20 Trillion
Estimated Cost to Acquire and transport $10 to $50 Billion

to Earth

Net Return $19.99 to $19.95 Trillion



Table (Modified after Kargel, 1996)

Concentrations and Potential Value of Rare Earth Elements, Precious Metals and Platinum Group Metals in “Typical” Asteroids Derived from
Chemical Composition of Meteorite Finds on Earth

] ]
. Conc in “Good” Conc in “Best” Mass in 1 km . Value if sold at DI 2011
Concin . . . " , Market Value in , Market Value
Iron Asteroid Iron Asteroid diameter “good . today’s market
Average LL- th . th . . late 2010 prices - (assumed to be
Chondrite (90t percentile (98™ percentile Asteroid ($/ke) pricein S 10% of full 2010
in Ir and Pt) in Ir and Pt) (metric tones)
value)
Semiconductors L
1300ppm 2.25E6 0.06 1.24E8 _
Gallium (Ga) | 60 ppm 1.04E5 480.00 4.98E10 (498E9 |
1020ppm 210ppm 0.05-35 ppm  3.63E5 950.00 3.45E11 m
Arsenic (As) | 3.7 ppm 6.39E3 2.02 1.29€7 12966 |
36.0 ppm 6.22E4 50.60 3.15E9 3,158 |
Indium (In) | 0.46 ppm 7.95E2 500.00 3.97E8 3.9767 |
0.047 ppm 8.12E1 5.06 4.11E5 41164 |
0.45 ppm 7.78E2 145.00 1.13E8 (11367 |
22.2 ppm 13.0 ppm 45.9 ppm 2.25E4 6,515.99 1.46E11 m
4.2 ppm 4.8 ppm 8.6 ppm 8.29E3 79,751.86 6.61E11
17.5 ppm 1.3 ppm 1.2 ppm 2.25E3 24,595.32 5.52E10 B
0.46 7.95E2 954.88 7.59E8
1.1 ppm 3.7 ppm 2.4 ppm 6.39E3 3,100.00 1.98E10
T COEE 152 ppm 9.0 ppm 31.3 ppm 1.56E4 14,467.84 2.25E11 2.25610 |
TN 15.0 ppm 33.0 ppm 31.0 ppm 5.70E4 19,871.73 1.13E12 (113611 |
30.9 ppm 35.0 ppm 63.8 ppm 6.05E4 55,022.79 3.33E12 333611 |
m 4.4 ppm 0.16-0.70 ppm 0.06-0.6 ppm  8.64E2 45,076.31 3.89E10 _
(see note)
] $6.2 trillion

Note that 6.2E12 is shorthand scientific notation for 6.2 trillion dollars, or 6.2 x 1012 or $6,200,000,000,000.

Sources: Modified after Ross, 2001; Kargel, 1996, 1994; and Jarosewich, 1990. Metal Prices from USGS Commodity Statistics and Information
2010 data and Wall Street Journal online Commodity Prices.




Location of Major Impact Structures on Earth’s Surface
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Table 1. Typical Kinetic Energy Released by Various Size Impactors.

0.01

0.1 1 10
diameter (km)

Kinetic Energy Asteroid Short Period Comet | Long Period Comet
(Equivalent Tons of TNT) Diameter Diameter Diameter
| Megaton 89 feet 123 feet 67 feet
27 meters 38 meters 20 meters
10 Megatons 58 merers S merers s merers
100 Megatons 1 :;é ::'n?rz‘s 1 g; ?nf:.'z‘s 9‘1‘1’;5?;;.
1,000 Megatons 2 i? ?J:l;z‘s' 31 }iii;’i‘fi 2 3‘: ?nt:.'i:"s
10,000 Megatons 555 metes S11 merer 40 merers
30,000 Megatons gé?::l;;];z- 1 g;.:’c:::cl:;s ;}31‘9::?;;;?
100,000 Megatons .’.g;ﬁ:)::l::rs 1. ?'l kL’ 2:::;21 s 34?5‘81;2;:::
1,000,000 Megatons 2. ;ﬁ!z::.i]::ers 3.82;’;?12:::;213 Z.DI;’;j!::rl;ZJ:s'
10,000,000 Megatons 3. ; }(?Iz:::]::ers 8. 15;(2!2::?[:;13 4.42;(11::::[::9;3
100,000,000 Megatons 1 ;fl(?!:;:]cisers I ?lk{i!g:r]z:em 9.55;(31$:rl::ew
300,000,000 Megatons 18 ﬂ(lf'fgj::l:rsers 23 11(61! 2::;;'015 1 48&15'10“::[;2;3
1,000.000.000 Megatons 2?1;.3;2::5:3:-5 382;.’2:::;3 20;;((::;12;13




Tungusta Impact Area 2,000 KM?2.

Estimated 30 to 50 meter
diameter object
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FIGURE 2.1 Meteor Crater (also known as Barringer Crater) in Arizona, with the Great Pyramids of Giza and the Sphinx
inserted for size comparison. One of the most familiar impact features on the planet, this crater is about 1,200 meters in diameter
and 170 meters deep; the interior of the crater contains about 220 meters of rubble overlying bedrock. The crater was formed
about 50,000 years ago through the impact of an approximately 40-meter iron-nickel meteorite moving at about 13 kilometers
per second (Melosh and Collins, 2005). SOURCE: Crater image courtesy of U.S. Geological Survey; composite created by
Tim Warchocki.




Arguments for Near Earth Objects

1. Dormant Comets and C-Type Asteroids: High content of Water Ice and
Ices of other gases and liquids.

1. Capable of being moved to orbits around Earth, Moon or Mars,
Lagrange Points

2. Sources of Water for fuel, through disassociation to Liquid Oxygen
and Liquid Hydrogen, LOX and LH2, or use of the water as fuel in
nuclear thermal rocket engines.

3. Sources of Breathing Oxygen through the same disassociation
process

4. Source of ice, or water for use in radiation shielding for orbital
environments or interplanetary missions

5. Source of Mass for use in Tethered Gravity generation.

‘K\ \ ARTIFICIAL GRAVITY CONFIGURATION




» Mass in orbit is worth 10 to 15 times equivalent Mass on the ground.

» If launch cost is $15,000 per Kilogram, then every kilogram in orbit is as
valuable as 17 kilograms of Silver, a kilogram of Osmium or Iridium, 1/3 a
kilogram of Gold or 1/5 a kilogram of Platinum.

» Conversely, a metric ton of water in space has a value of $15 Million
Dollars. ....... A one kilometer diameter C-type asteroid or dormant comet
composed of 30 percent water, contains 150 million metric tons of water.
If this had to be launched from Earth’s surface it would cost 2,250 trillion
dollars. We can retrieve this amount of water for less than $150 billion, as
well as $S6 trillion of Platinum.












The Magical Economies of Scale
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Figure 24. Nuclear DC-X/LANTR SSTO Heavy Cargo Lifter (March, 2001)

Landing Strut Control Elevons (3) View Looking down on Top of Vehicle

LA-NTR Engine
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with 5-engines & HZ0 Tank Stabilators (2)

S5-Turbo-Altermators . W/Boron-10

for RCS, Reentry Water‘.r‘féeam
& Landing ets i

with Clam Shell Doors

i,"l 33" x 75 Cargo Bay j

H2 Tark LOX o
______________________________________________________________ = Tank
[ 1 ry V

Propellant X

Distribution ANICTICE By

Manifolds (3)

Landing Struts (5)
X-33 Metallic Heat Shil_eld
5-Seament Aerospike Nozzle with Cargo Mass Capacity System on Bottom of vehicle
Hydrogen and Water cooling ~210,000 Pounds to 1SS

~340 feet

A

Figure 25, Nuclear DC-X/LANTR SSTO Heavy Cargo Lifter (March, 2001)
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“...NASA’s recent space nuclear power and propulsion
program initiative will hopefully re-energize nuclear
propulsion R&D in a very serious way. Nuclear DC-X has such
far-reaching capabilities that it represents a new and vital way
of realizing the benefits of space. This advanced propulsion
concept can be implemented within 5 years [from 2004] to
meet all manned and unmanned space mission
requirements.”



~ We can only
‘conclude that space

exploration, and

" space exploitation

provides incredible

- opportunities for

the human race.
But what is more
important is that,
whether or not we
chose to enter
space, space will
come to us.





