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Abstract

The recent visits, impacts, sampling and close-up photography of asteroids and comets have revealed complex minor planetary bodies
that are of great scientific and economic interest. Prior to these recent results, we were dependent on information gained by examining
meteorites that have fallen to earth and our telescopic and radar observations of these objects in space. The Japan Aerospace
Exploration Agency’s (JAXA) Hayabusa mission, launched in 2003, returned to earth in June, 2010 with the first samples from an
extraterrestrial body since the Apollo missions. The most immediate impact of these samples was to confirm that the Hayabusa’s
samples of Asteroid Itokawa were similar in composition to LL Chondrites, a common stony meteorite found on earth, validating the
more than 40,000 meteorite finds on earth as being representative samples of objects in space. The NASA Deep Impact mission
provided a different body of information for Comet Tempel-1 that included close up photography and spectroscopic analysis of a
plume created by a designed impact into Comet Tempel-1. The NASA Dawn mission, launched in 2007, is now returning exceptional
high resolution imagery of asteroid Vesta from the Main Asteroid Belt, and will proceed to the minor planet Ceres, arriving July,
2015.

This unprecedented body of data on the physical and chemical composition of asteroids and comets is as significant as the return of
lunar samples by the Apollo program. The thermal and chemical evolution reflected in the initial results of the Hayabusa’s samples of
the Itokawa Asteroid indicated a complex thermal, radiation and impact history. These data provide hints on the early history of the
solar system, the dynamic evolution of asteroids and the internal structure and composition of comets. These minor planetary bodies
have much to contribute to our knowledge of the solar system and should not be neglected in the planning of future missions.
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ABSTRACT: The recent visits, impacts, sampling and close-up photography
of asteroids and comets have revealed complex minor planetary bodies that 78 BUREAU OF
are of great scientific and economic interest. Prior to these recent results, E— EcoNnomic
we struggled to extend our knowledge of asteroids and comets from w.i=y GEOLOGY
Information gained by examining meteorites that have fallen to earth and
our telescopic and radar observations of these objects in space. The Japan
Aerospace Exploration Agency’s (JAXA) Hayabusa-Minerva mission, launched
In 2003, returned to earth In June, 2010 with the first samples from an
extraterrestrial body since the Apollo missions. The most immediate impact
of these samples was to confirm that the Hayabusa’s samples of Asteroid
Iltokawa were similar in composition to LL Chondrites, a common stony
meteorite found on earth, validating the more than 40,000 meteorite finds
on earth as being representative samples of objects In space. The NASA
Deep Impact-EPOXI missions provide a different body of information for
Comet Tempel-1 and Comet Hartley-2 that include close up photography and
spectroscopic analysis of the plume created by a designed Impact Into
Comet Tempel-1. The NASA Dawn mission, launched In 2007, IS now
returning exceptionally high resolution imagery of asteroid Vesta from the
Main Asteroid Belt, and will proceed to the minor planet Ceres, and will
return similar data on Ceres beginning July, 2015.

B

The thermal and chemical evolution reflected In the Initial results of the
Hayabusa’s samples of the Itokawa Asteroid Indicated a complex thermal,
radiation and impact history. As important as the initial lunar samples of
the moon were, and are, to our understanding of the history of the solar
system, the new samples from the asteroids and comets are as important.
These minor planetary bodies have much to contribute to our knowledge of
the solar system and should not be neglected In the planning of future
missions.

The Near Earth Asteroids (NEAs) and some dormant comets in similar orbits
have been proposed as the next logical stepping stones In the United States’
space program on the way to Mars. Is a manned mission to an NEA justified?
Because of their low gravity, a manned mission to an NEA can be conducted
with less velocity change than a round trip mission to the moon or to Mars.
An NEA sampling mission will, however, require a substantially longer
amount of time than a Lunar mission, and the most favorable launch
windows are considerably more restricted than Lunar missions.

Why are we interested In Asteroids and
Coments? Comets represent a reservoir

of primordial material from the early
formation of the solar system, and as
such, provide a thermal, Isotope, and
chemical history of this period. Comets
evolve as well, and 1t Is proposed that as
many as 12 percent of the dark asteroids
may be extinct or dormant comets.

(243 | Asteroids: Asteroids fall into
e at Ll - 3 basic types, C-Type, or
243 |da-58.8 X 25.4 x 18.6 km Ay ‘ -‘ | . : ; - ’ — -’ :" : CarbonaceOus Chondrites,

composed predominantly of

* B unaltered volatiles, organics

y. * : re A ;_'. »‘ "..__; _'.- Lo L\ ; € .'__-;_‘ = -, . 1 : -~ : _ = :o" - ]
9969 Braill 5535 Annefrank 2867 Stei e . e A s ORI e T : g - . L

2.1 %1 ><ra1I k?n 6.6><5.0n2e3.rj:m 5.9x4.::<nn51 - i_j v SRR s T L : o SR S and ICeS, S'Type or StOny

Deep Space 1,1999 Stardust, 2002 Rosetta, 2008 / ol . R V3N S ._:'__;‘, ' . ' oo 4 e o ...:v._-,- "3:." _ Py . - |
/ T M AR S asteroids composed

2 - o~ 3 v e B . . R ’ - e o i

predominantly of rocky
wag o _ material and M-Type or

25143 Itokawa - . Nt P Y S - i
i ™ = . metallic. The M-type

asteroids may be as much as
05 percent elemental metals
composed of Iron, Nickel,
Cobalt, Platinum group and
REE. One, 1 km diameter M-
Type Asteroid may contain 6
trilion  US  dollars  of

253 Mathilde - 66 x 48 x 44 krm 951 Gaspra- 182 X 105 x89km Roseta 2010 AN ARINES -~ ~overable metals.

NEAR, 1997 Galileo, 1991 Deep Space 1,2001 Deep Impact, 2005 Stardust, 2004

1P/Halley - 16 x 8 X 8 km
Vega 2,1986

-



The DAWN Mission

Launched September 27t, 2007. Presently orbiting
VESTA, the third largest asteroid in the Main Belt.

The DAWN Mission; Launched
January 12, 2007. Currently
orbiting the Asteroid Vesta, soon
to depart for the minor planet,
Ceres.

From JPL-NASA’ DAWN Mission Web Page:
(

) Vesta, the Dbrightest
asteroid, 1s named for the ancient
Roman goddess of the hearth and Is the
only asteroid ever visible with the naked
eye. Found on March 29, 1807, by
Heinrich Olbers, 1t was the fourth minor
planet to be discovered. It is the second
most massive and the third largest
asteroid. It revolves around the Sun In
3.6 terrestrial years and has an average
diameter of about 520 km(320 miles). Its
surface composition Is basaltic.

April 11, 2012 image from Dawn Mission framing
Camera of chain of craters on Vesta. (JPL-NASA
DAWN Project Team, 2012) Contrast this with
the 1mages shown below taken by the Hubble
Space Telescope.

The exceptional detail and depth provided by
the DAWN i1maging have opened the way for
R P ST Vesta - May 14, 2007 detailed analyses of the surface conditions, and
HETACSIFIRE it have provided the ability, should we chose, to
NASA, ESA. J. Parker (Southwest Research Insttute), and L. McFadden (Universty of Maryiand) Identify and select Interesting locations for
ik robotic or manned missions for exploration and

sampling.

Tempel 1 Borrelly

Cometary nuclei visited In
the last decades: Tempel 1
(left, NASA Deep Impact
Team and University of
Maryland) Borrelly, (NASA
JPL) and Wild 2 (right;
NASA, JPL and Stardust

Team)
Hubble image of Ceres, the largest asteroid in the main
asteroid belt, compared with four other asteroids and Mars. ot asteroid 1999 RO36 sendinG
(Longest dimension for each body in parentheses.) — Dawn | 927-07 | VestaandCeres | CurrentiyatVesta
12-14- 09 Wide-field In;':&?gysfwey' Laes Detailed Photos of Comet Hartley 2

Deep Impact-EPOXI 1-12-05 Comet Tempel 1, Comet Hartley 2 Observed impact_l?edmjed material from

3-2-04 Comet 67P/Churyumov-Gerasimenko, Close-up images of Asteroids Steins and
Asteroid Steins, Asteroid Lutetia Lutetia in 2008 and 2010, respectively

S Eres
(12 mi) (21 mi)

: . Detailed photos of two comets and
Asteroid Annefrank, Comet Wild 2,
Stardust-NExT 2-7-99 Comet Tempel-1 fiyby returned comc:ltn Z?n;igle to Earth for

10-24-98  Asteroid 9969 Braille and Comet Borrelly siTrﬁ?raE’lt?etgotr)l;nfvc:areir?%r‘ear}ﬁénaeﬁgo\l;gs?a

10-15-97 Saturn, Asteroid 2685 Masursky Close photography of asteroid
Rendezvous with EROS, controlled descent
2-17-96 Asteroid Mathilde, Asteroid Eros to asteroid surface, detailed surface
mapping

2-19-94 Moon, NEO Asteroid 1620 Geographos First indication of ice on Lunar Poles
10-18-89 Asteroid 951 Gaspra, Asteroid Ida Discovered Ida orbited by Dactyl
8-18-85 Comet Halley Flyby of Comet Halley

1-7-85 Comet Halley Flyby of Comet Halley

7-2-85 Comet Halley Close flyby of 2 comets

Comet Grigg-Skjellerup
Comet Giacobini-Zinner

L1 LaGrange Point Entered stable orbit at L1
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a C its: Gaspra, Ida: Galileo (NASA/JPL); Eros: NEAR Shoeméléf; (JHU/AP
- O Vesta and Mars images: HST (NASA/STScI). B -
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The Deep Impact-EPOXI Mission

i Resume Earth Earth Distant Distan Earth Hartley 2
Mission SIC Ops v 4 Flyby Flyhy #2 VYV oV Earth Flyby #3 \V4 v Encounter
Events 24 Sep 2007 31 Dec 2007 29 Dec 2008 Flyby #1 Flyby #2 27Jun’10 4 Nov 2010

Begin 29.Jun‘09 28Dec’09
Project EPOChH } Encounter

&S] July 2007
Mission ¥ EFB EFB 2 DEFB EFB 3 U Playhack
Phases

Cr Cruise Cruise Cr
Hibernation o D
Targeting 3 e 12 13-14 15 16-17 1819 20,2122
Maneuvers ’00 . 000 00 00
(TCM-#
2007 2008 2009 2010

The “Deep Impact-EPOXI”” mission
provided an opportunity for both
close Inspection of the surface of a
comet and an analysis of the
composition of a comet’s regolith
by volatilizing a portion of the
surface material. CN, C2, C3, OH,
HCN and NH were all detected In
the emission bands of the impact
plume. (Nasa Photo from National
Academies Press “Vision and
Voyages for Planetary Sciences In
the Decade 2013-2022.) Data from
(A’Hearn, M. F., et. al., 2005)

FIGURE 1.3 The nucleus of comet Tempel 1 at the moment it was struck by the impactor from the Deep Impact spacecraft
on July 4, 2005. This was a Discovery mission. SOURCE: NASA/JPL-Caltech/University of Maryland.

*

.

(photos available on line from NASA Images:

) The impact site iIs indicated by the third
large arrow. Small grouped arrows highlight a scarp (a cliff or
steep slope along the edge of a plateau) that is bright due to
IHlumination angle. They show a smooth area to be elevated
above the extremely rough terrain. The white scale bar in the
lower right represents 1 km across the surface of the comet
nucleus. The two directional arrows (vectors) In the upper right
point to the Sun and Celestial North. Photo Credit: NASA/UM M.
F. AHearn et al., Science 310, 258 (2005); published online 8
September 2005 (10.1126/science.1118923).
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Why are these missions important?

* 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 unique 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.

Neuar-Earth Asteroid Discoveries Near-Earth Asteroid Discoveries
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Concentrations and Potential Value of Rare Earth Elements, Precious Metals and Platinum Group Metals in

Figure 5. Mineralogical, Chemical and Physical Properties of Asteroids “Typical” 1 km Diameter Asteroids Derived from Chemical Composition of Meteorite Finds on Earth

) S- M- Lunar
Mineral C2-Type C1-Type Type Type Regolith price
o) o) o o) o $/kg souree
Free Metals Fe 10.7% 0.1% 6-19% | 88% 0.1% W concentration ppm mass @ 3.3 g
Ni 1.4%, _ 1-29, 10% _ Phosphorous (P) 1300 $0.06 USGS 2009 2.25E+06 1.24E+08
Gallium (Ga) 60 $480.00 USGS 2009 1.04E+05 4.98E+10
Co 0.11% — 0.1% 0.5% — Germanium (Ge) 210 $950.00 USGS 2009 3.63E+05 3.45E+11
Arsenic (As) 3.7 $2.02 USGS 2009 6.39E+03 1.29E+07
(o) _ [o) . o
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H20 57% 12% 0.15% | — 0.045%6 Antimony (Sb) 0.047 $5.06 USGS 2009 8.12E+01 4.11E+05
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S 139 50/, 1 59 - 0.129% $145.00 USGS 2009 7.78E+02 1.13E+08
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_ . . . . Ruthenium (Ru) 13 $6,515.99 USGS 2009 2.25E+04 1.46E+11
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Silver (Ag) 0.46 $954.88 WSJ 7.95E+02 7.50E+08
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CaO _ _ _ _ 12.1% Other Important Metals
_ . Copper 100 $9.24 WwsJ 1.73E+05 1.60E+09
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Physical (g/cm3 38 78 Chromium (Cr) 5.00% $10.00 USGS 2009 8.64E+05 8.64E+09
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Molybdenum (Mo) 0.50% $50.00 USGS 2009 8.64E+00 4.32E+05
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Mission

OSIRIS-REX
(proposed)

DAWN

WISE

Deep Impact-EPOXI

Rosetta (ESA)

Hayabusa-Minerva
(Japan Space
Agency)

Stardust-NEXT

Deep Space 1

cassini

Near Shoemaker

Clementine

Galileo

Suisel (JSA)

Sakigake (JSA)

Giotto (ESA)

International
Cometary Explorer

Launch Date

7/8/2016

9/27/2007

12/14/2009

1/12/2005

3/2/2004

5/9/2003

2/7/1999

10/24/1998

10/15/1997

2/17/1996

2/19/1994

10/18/1989

8/18/1985

1/7/1985

7/2/1985

8/12/1978

Missions to Comets and Asteroids

Target Results

The mission, called Origins-Spectral Interpretation-Resource ldentification-
Security-Regolith Explorer, or OSIRIS-REX, will be the first U.S. mission to
carry samples from an asteroid back to Earth.

Asteroid 1999 RQ36

Dawn is a mission designed to rendezvous and orbit the asteroids 4 Vesta and
1 Ceres. The scientific objectives of the mission are to characterize the e 2 /I
asteroids' internal structure, density, shape, size, composition and mass and FEE Tl 28

to return data on surface morphology, cratering, and magnetism. Currently

at Vesta.

Vesta and Ceres

Wide Field Infrared Survey Explorer.WISE, will scan the entire sky Iin infrared
light, picking up the glow of hundreds of millions of objects and producing
millions of images.

Comet Hartley 2

connt - UEmEEl L CometObserved Impact ejecta material from Tempel 1
Hartley 2
Comet 67P/Churyumov-

Close-up iImages of Asteroids Steins and Lutetia in 2008 and 2010,§

Asteroids )
respectively

Gerasimenko,
Steins, Lutetia

Asteroid Itokawa Asteroid Sample Return Mission to Earth

Asteroid Annefrank, CometDetailed photos of two comets and returned comet sample to Earth f¢
Wild 2, Comet Tempel-1 flyby analysis

Asteroid 9969 Braille and

Test Platform for lon Engine, found similarities between Braille and Vesta
CometBorrelly

Saturn, Asteroid

Masursky

2685Close photography of Asteroid Masursky while on way to primary mission at
Saturn

Asteroid Mathilde, AsteroidRendezvous with EROS, controlled descent to surface, detailed surface
Eros mapping.

NEO Asteroid 1620

Moon, First indication of ice on Lunar Poles

Geographos

Jupiter, Asteroid 951 Gaspra

Asteroid Ida Discovered lda Orbited by Dactyl

Comet Halley Flyby of Comet Halley

Comet Halley Flyby of Comet Halley

Comet Halley, Comet

Grigg-
Skjellerup Close flyby of two comets

Comet Giacobini-Ziner, L1

LaGrange Point Entered Stable orbit at L1




Arguments for Missions to Asteroids and Near Earth
Objects:

»Mass In orbit Is worth 10 to 15 times equivalent Mass on the ground.

»|f launch cost Is $15-20,000 per Kilogram, then every kilogram in orbit is as
valuable as 17 kilograms of Silver, a kilogram of Osmium or Iridium, 1/3 a
kKilogram of Gold or 1/5 a kilogram of Platinum.

» From the perspective of being in space, 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, which Is obviously impractical.

»The conclusion Is we must use In situ materials found In space, to effective
explore and exploit space resources.

So, how do we get to space?

We must use high energy density propulsion systems, and that means nuclear
poOwer.

ALL of the research and design work has really been completed, all we need
IS the political will, and public support.
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Figure 24. Nuclear DC-X/LANTR SSTO Heavy Cargo Lifter (March, 2001)

“onitrol Elevons (3) View Looking down on Top of Vehicle

Stabilators (2)

Landing Struts (5)
313 Metallic Heat Shield

Acrospike Nozzle

Figure 25, Nuclear DC-X/LANTR SSTO Heavy Cargo Lifter (March, 2001)

.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

oropulsion concept can be implemented within 5 years to meet all manned and unmanned

space mission reqguirements.” rRef: Advanced Propulsion Study, AIR FORCE RESEARCH LABORATORY, AIR FORCE MATERIEL
COMMAND, EDWARDS AIR FORCE BASE CA 93524-7048. September 2004. Special Report AFRL-PR-ED-TR-2004-0024
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