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Mission Strategies for Human Exploration of Near-Earth Asteroids 

Bret G. Drake 
Mission Analysis Lead 

Exploration Office 
NASA/Johnson Space Center 

During the past decade, NASA has studied various mission approaches for expanding 
human presence beyond low-Earth orbit. Each of these mission studies, referred to as an 
"architecture" provides descriptive information of the overall exploration theme and its 
derivation from, and links to, driving national needs. Each of the architectures identifies 
governing objectives, groundrules and constraints, the mission strategy to be used in 
developing scientific implementation approaches, implementation and technology options, and 
important programmatic decision points. Architectures for human exploration consist of the 
integrated set of functional building blocks that describe the method and style by which 
humans leave Earth, travel to destinations beyond low-Earth orbit, carry out a set of activities 
to accomplish specified goals, and subsequently return to Earth. 

Focusing on Common Capabilities and Core Technologies 

Previous NASA architecture studies have included destinations such as the Moon, near-
Earth asteroids, Mars, and the moons of Mars. In each of these studies, the destinations were 
considered on their own basis, and comparisons between destinations were rarely made. The 
focus of the recent architecture studies by the Exploration Team was to perform comprehensive 
studies of missions to the various destinations with emphasis on determining the existence of 
common capabilities and core technologies between destinations. In this context, a common 
capability is a specific system or set of systems which meet mission requirements of at least 
two different destinations. An example of a common capability could be an advanced 
habitation system that can support a mission crew to the Moon or to the Sun-Earth libration 
point. Each of these common capabilities is comprised of a set of core technologies needed to 
meet the system requirements. For example, advanced closed-loop life support systems or 
advanced radiation protection systems are core technologies within a common habitation 
system capability. The recent mission architecture studies were conducted to derive these 
common capabilities and core technologies. 

Representative Missions to Near-Earth Asteroids: 300-Day Class Missions 

Early studies of human exploration of near-Earth asteroids have shown that these 
architecture concepts are very demanding, requiring very large vehicles and very long trip times 
of two to four years in deep space. At the time of these early mission architecture studies, the 
number of known near-Earth asteroids was fairly small due to the lack of observation 
capabilities. Since that time, numerous asteroid detection programs have been initiated and 
the discovery rate of Earth crossing asteroids has risen dramatically. Many of these newly 
discovered asteroids are easy to travel to since they closely match the orbit of the Earth. 
Recent architecture studies have shown that human missions to near-Earth asteroids can be 
conducted in less than one-year total mission duration with an equivalent mass of a Mars 
orbital mission. Human missions to Near-Earth Asteroids can serve as a proving ground for 
operational techniques and technologies required for longer duration exploration missions, 
such as human missions to Mars. 

12/07/00 Drake 
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NEAR-EARTH ASTEROID SAMPLE CURA TION. C. C. Allen and M. M, Lindstrom NASA Johnson Space 
Center, Houston, TX 77058 carlton.c.allenl @jsc.nasa.gov; marilyn.m.lindstroml @jsc.nasa.gov 

Introduction: Curation of Near-Earth Asteroid 
(NEA) samples returned by spacecraft will require 
careful planning to ensure that the samples are not 
contaminated prior to distribution to the research 
community. In addition, curation and distribution will 
be required to address a level of planetary protection 
concerns that depends on the asteroid type. Laborato-
ries and procedures developed for curation of lunar 
samples and Antarctic meteorites have successfully 
preserved the integrity of these samples and supported 
research for decades. Planning for curation to support 
future asteroid, comet, and Mars sample return en-
compasses many of the concerns unique to a NEA 
mission. 

Current Sample Curation: 
Lunar Samples. NASA Johnson Space Center 

(JSC) preserves and distributes samples collected by 
the Apollo astronauts and by the Russian Luna 16, 20, 
and 24 ·spacecraft. The samples are packaged, stored, 
examined, subdivided, and prepared for distribution to 
approved investigators. All processing of pristine 
samples is conducted in positive-pressure nitrogen 
gloveboxes, operated in a class 1000 cleanroom envi-
ronment at room temperature. Samples are segregated 
by mission in separate gloveboxes. Strict material 
controls are maintained to prevent inorganic contami-
nation. Airborne particle counts in the laboratory and 
trace oxygen and water vapor in the cabinet nitrogen 
are regularly monitored. Cabinets and sample proc-
essing tools are precision cleaned with ultrapure wa-
ter. 

Antarctic Meteorites. JSC curates meteorites from 
Antarctica as part of a joint program run by the Na-
tional Science Foundation (NSF), NASA, and the 
Smithsonian Institution (SI). NSF is responsible for 
annual collection expeditions, while NASA and SI 
share curation duties. Meteorites are returned frozen 
from Antarctica to JSC, and kept frozen until thawed 
in small groups in nitrogen gloveboxes in the Meteor-
ite Processing Laboratory. This lab is a class 10,000 
cleanroom which is currently being upgraded to class 
1000 by the addition of HEPA filtered air. The mete-
orites are described, subdivided, and prepared for dis-
tribution at ambient temperature, either in nitrogen 
gloveboxes or on laminar flow benches. Samples are 
packaged and most are stored in nitrogen gloveboxes, 

however small ordinary chondrites are packaged in 
nitrogen and stored in air. Samples are segregated for 
processing by meteorite type - ordinary chondrite, 
carbonaceous chondrite, achondrite, and the rare mar-
tian meteorites. Strict material controls are maintained 
to prevent inorganic, and more recently organic and 
biological, contamination. Particle counts are taken 
routinely and the levels of organic/biological contami-
nation are monitored periodically. 

Future Sample Return Missions: 
Asteroid Sample Return. The Japanese MUSES-C 

mission is currently scheduled to return several grams 
of material from asteroid 1998-SF36 in 2007. The 
sample canister will be opened and inspected at the 
Japanese Space Agency (ISAS) Curation Laboratory 
near Tokyo. The samples will be maintained in a ni-
trogen glovebox for preliminary examination, storage, 
and distribution. A portion of the asteroid sample will 
be transferred to the Curatorial Facility at JSC for 
curation, storage, and distribution. 

Comet Sample Return. The NASA Stardust mis-
sion is currently enroute to a rendezvous with comet 
Wild 2 in 2004. Samples of dust from the comet's tail 
will be collected in silica aerogel and returned to 
Earth in 2006. The aerogel collectors will be scanned 
and mapped in a dedicated class 10 cleanroom at JSC. 
They will later be dissected and prepared for distribu-
tion in the cleanroom. Samples will be stored in posi-
tive pressure nitrogen gloveboxes. Processing and 
distribution will be done at room temperature. 

NASA is also beginning to plan a comet nucleus 
sample return mission. Curation of comet nucleus 
samples will require stricter control of organic con-
taminants than is required for Stardust samples, and 
will most likely require a sub-freezing or cryogenic 
environment for processing and storage. 

Mars Sample Return. Curation for a Mars sample 
return mission will involve the full range of inorganic 
contamination controls used for lunar samples, com-
bined with organic and biological controls. The sam-
ples will be closely examined for evidence of present 
or past microbial life, as well as biological hazard. 
Planetary Protection concerns require that the 
terrestrial environment must be protected from possi-
ble biosafety hazards related to the samples [1]. Con-
sequently, the sample receiving and curation laborato-
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ries must meet three main objectives: 1) protect the 
laboratory workers, 2) protect the environment (in this 
case the entire biosphere), and 3) protect the scientific 
integrity of the samples. 

Preliminary planning for Mars sample curation 
envisions a multiple barrier approach. In these plans 
the samples are packaged, stored, examined, subdi-
vided, and prepared for distribution in positive-
pressure nitrogen cabinets. Sample manipulation may 
be done by humans in full protective suits, or remotely 
using ultraclean robots. The cabinets are operated in a 
Class 10 cleanroom environment. The cleanroom, in 
turn, is contained within a lab that meets the defini-
tion of biosafety level 4. Depending on mission de-
sign, sample curation at sub-freezing temperatures 
may be required. 

Near-Earth Asteroid Sample Curation: Samples 
from a near-Earth asteroid will be· collected from a 
surface that is in total vacuum and subjected to wide 
temperature variations over the course of the aster-
oid's orbit. The rocks and soils are exposed to solar 
and galactic radiation fluxes, as well as to meteorite 
and micrometeorite fluxes, characteristic of the inner 
solar system. 

The elemental and mineralogical compositions of 
the NEA samples may span a broader range than 
those of lunar rocks and soils. The asteroids chosen 
for sample return could be primitive, fully differenti-
ated, or somewhere in between. The range of classes 
among main belt asteroids are represented in the NEA 
population. 

Some NEAs and some meteorites show evidence of 
hydrated minerals, which are totally absent from lunar 
samples. Carbonaceous chondrites also contain sim-
ple, and in some cases complex, organic molecules. 

The planetary protection implications for an aster-
oid sample return mission were recently reviewed by 
the Space Studies Board of the National Research 
Council [2]. Their recommended approach for han-
dling returned asteroid samples includes the follow-
ing: 

• For C-type asteroids, undifferentiated meta-
morphosed asteroids, and differentiated as-
teroids -- no special containment and han-
dling are warranted beyond what is needed 
for scientific purposes. 

• For P-type and D-type asteroids -- strict con-
tainment and handling is currently war-
ranted, based upon uncertainties in the char-
acteristics of those asteroids. 

The combination of extensive experience with a 
wide variety of extraterrestrial samples, specific char-
acteristics of some asteroids, and planetary protection 
considerations leads to the following strategy for NEA 
sample curation: 

• Include curation as an essential element from 
the start of mission planning 

• Include planetary protection concerns, par-
ticularly those related to P-type and D-type 
asteroids, in the choice of mission targets 

• Plan for a dedicated asteroid sample curation 
laboratory, with the following characteristics, 
which may be used for samples collected by 
MUSES-C, NEA Sample Return, or future 
main belt missions: 

-Clean room environment of class 1000 or 
better 

-Ambient temperature in the laboratory, with 
the capability for sub-freezing storage and 
processing 

- Processing cabinets with positive-pressure 
nitrogen atmospheres 

- Dedicated processing cabinets for each par-
ent body 

-Combination of human and robotic proc-
essing 

- Continuous monitoring of inorganic, or-
ganic, and biological contamination 

Reference: [1] National Research Council 
(NRC). 1997. Mars Sample Return: Issues and Rec-
ommendations. Washington, D.C.: National Acad-
emy Press. [2] National Research Council (NRC). 
1998. Evaluating the Biological Potential in Samples 
Returned from Planetary Satellites and Small Solar 
System Bodies. Washington, D.C.: National Academy 
Press. 
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SURFACE PROCESSES AND SAMPLE RETURN: WHAT CAN WE LEARN ABOUT ASTEROID 
REGOLITHS? D. T. Britt, University of Tennessee, Department of Geological Sciences, 306 Geological Sciences Building, 
Knoxville, TN 37996 (dbritt@utk.edu). 

Introduction: The NEAR rendezvous rruss10n 
with 433 Eros and the Galileo mission flybys of aster-
oids 951 Gaspra and 243 Ida have confirmed that small 
asteroids can have substantial regolith [1,2,3]. There is 
strong evidence of color and albedo variation associ-
ated with regolith processes. On Gaspra, areas with 
fresh-appearing craters, ejecta of fresh craters, and 
ridges tend to have "bluer'' reflectance spectra over the 
visible and near-IR than areas of older, thicker regolith 
[1]. The bluer areas tend to be brighter than the sur-
rounding "redder" terrain and their spectra have deeper 
1.0 micron bands. On Eros large craters and smaller, 
fresh-appearing craters are associated with variations in 
albedo. The darker material appears to drape most of 
the surface of Eros while the lighter material appears to 
be stratigraphically below this dark layer. These re-
sults indicate that active "space weathering" processes 
occur (broadly defined in this context as regolith proc-
esses that alter the reflectance spectra of surface mate-
rial on atmosphereless bodies) on these S-type aster-
oids with three spectral characteristics: (1) An increase 
in the spectral red slope. (2) A reduction in the albedo. 
(3) Attenuation of the object's spectral 1.0 micron 
band. These trends are broadly similar to the spectral 
effects of lunar regolith processes b. 

Telescopic and meteoritic spectral data show simi-
lar trends to the Ida, Gaspra, and Eros data in some 
cases, and seemingly contradictory trends in others. 
There is a trend toward reduced 1.0 micron band depth 
with estimated diameter in the broad S-class population 
[3] indicating an attenuation of band depth with in-
creasing asteroid surface age. Within the ordinary 
chondrite-like S(IV) subclass there is a trend toward 
reduced spectral slope with increasing asteroid size, 
shown in Figure 1. Since asteroid size should roughly 
correlate with age, this suggests that red slope is anti-
correlated with surface age for the most ordinary chon-
drite-like S-type subclass. This is trend is opposite 
what would be expected with regolith maturity given 
the lunar experience. One the other hand, there is a 
weak trend within the S(IV)'s of reduced albedo with 
increasing red slope that follows the trends indicated 
by the Gaspra and Ida data as well as the weathering 
trend in the lunar regolith. 

What are these trends telling us about regolith 
processes on asteroids? Fundamentally we don't know. 
There are three factors that may influence the current 
puzzling trends. First, these are small numbers of ob-
servations. The plot of the S(IV) class is based on ten 

asteroids. While more S(IV) spectra are being taken, 
there are only relatively small numbers of spectrally 
classified asteroids and the numbers of S(IV) spectra 
cannot be dramatically increased. The small numbers 
bring up the second issue which the fundamental dif-
ferences chemistry between asteroids and the moon. 
The moon is dominated by anorthosite and is feldspar 
normative. Ordinary chondrites are olivine normative 
and S-asteroids in general have only minor feldspar in 
their mineralogies. We should expect that different 
starting chemistries would produce somewhat different 
alteration products and different weathering trends. 
With different chemistry we can push the analogy be-
tween S-type weathering and the lunar regolith only so 
far. Third, size may be a significant factor in asteroid 
surface weathering. Smaller asteroids are more likely 
to have been disrupted by major impacts and turned 
into rubble piles. Re-accreting rubbles piles would 
tend to accrete the largest and least shocked fractions 
first since those would have the largest mutual gravita-
tional attraction and the least relative velocity. The last 
fractions to be accreted would most likely be the finest 
and most shocked, which would be the most likely to 
reddened and darkened. The trend in Figure 1 may 
just be an artifact of the asteroids structure as either a 
rubble pile or a coherent object. 

These data bring up the question of the relation-
ship of the spectra of ordinary chondrite meteorites and 
possible asteroidal parent bodies. Black and gas-rich 
ordinary chondrites show the spectral effect of shock 
(black chondrites) and surface exposure (gas-rich 
chondrites) on ordinary chondrites. In both gas-rich 
and black ordinary chondrites the major spectral effects 
include band depth attenuation and a decrease in re-
flectance. These data are plotted in Figure 2. How-
ever, neither altered group show any significant change 
in continuum slope. 

Discussion: "Space weathering" in ordinary chon-
drite meteorites does not seem to mimic the red slope 
increases on plausible ordinary chondrite parent bod-
ies. In particular, why do gas-rich ordinary chondrites, 
which once constituted part of the surface regolith 
"soil" of an ordinary chondrite parent body show the 
opposite continuum slope trend to as S(IV) asteroids? 
What is happening in the process of lithification, ejec-
tion, and transportation that eliminates the red sloped 
species in the mineral mix? If the reddening trend in S-
asteroids is parallel to the lunar trend, then it is plausi-
ble that, like lunar samples, fine particle size aggluti-
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nates containing nanophase iron is responsible for red-
dening. This small particle size agglutinate phase may 
be vulnerable to melting and destruction during the 
shock-induced grain boundary melting necessary to 
relithify regolith soil. Evidence from Lunar meteorites 
shows a substantial loss of agglutinates in relithified 
regolith soil samples. In addition, Lunites show low 
porosity trends similar to those seem in shocked ordi-
nary chondrites [ 4]. Shocked ordinary chondrites have 
lower porosities and a smaller range of porosities than 
normal ordinary chondrites [5]. 

Sample return can directly address these issues of 
how surface chemistry and object collision history ef-
fect space weathering. A returned sample of surface 
material, that has not undergone the stresses and altera-

tions from rruxmg, heating, grain-boundary melting, 
relithification, ejection, and atmospheric entry that are 
required for a gas-rich OC meteorite. As shown on 
Eros, craters provide windows into the regolith strati-
graphy of the asteroid and we can control the experi-
ment by sampling areas of obvious albedo and spectral 
differences. In short, sample return can provide fun-
damental ground truth for our extensive remote sensing 
observations by characterizing a range of asteroid sur-
face processes. 

References: [1] Chapman, C.R. (1996) MPS 31, 
699. [2] Veverka J. et al. (1996) Icarus 120, 66. [3] 
Gaffey M.J. et al. (1993) Icarus 106, 573. [4] Warren 
P.H. (1998) LPS XXIX [5] Consolmagno G.J. and 
Britt D.T. (1998) MPS 33, 1231. 

Figure 1: IRAS Diameter vs. Spectral Slope for the S(IV) Subtype 
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Figure 2: Albedo vs. Spectral Slope 
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IMPLICATIONS FROM NEAR-SHOEMAKER IMAGING OF EROS FOR SMALL-SCALE 
STRUCTURE AND SURFACE SAMPLING. C.R. Chapman (Dept. of Space Studies, SwRI, Suite 426, 1050 
Walnut St. , Boulder CO 80302; e-mail: cchapman @boulder.swri.edu) and the NEAR MSI-NIS Team. 

Introduction: What we know about aster-
oids has always been bifurcated by the enormous gap 
between astronomical studies of small, distant bodies, 
and the close-up laboratory measurements of hand-
sample sized meteorites. The gulf has been narrowed 
somewhat by improvements in Earthbased astronomi-
cal techniques (e.g. HST, radar, adaptive optics) and 
especially by spacecraft fly-bys of asteroids. But the 
NEAR-Shoemaker mission has gone considerably 
more in the direction of bridging the gap. Any con-
sideration of intelligent sample-return from an aster-
oid must be based on the best possible knowledge of 
the asteroid at the spatial scales pertinent to operations 
at the asteroid and of the samplels. Otherwise, we are 
in danger of succumbing to the "Martian Horror 
Story" that Bruce Murray, in the 1960's, envisioned 
might impair our exploration of the surface of the red 
planet if we tried to land on it without first bolstering 
the information content of our database about Mars, 
especially at high resolutions. 

NEAR-Shoemaker is helping to bridge that 
gap in the case of Eros. The best resolution obtained 
by the Galileo spacecraft on Ida was 25 rnlpixel. As of 
this writing, NEAR has already obtained images with 
resolutions at least 5 times better (information content 
25 times better) and vastly better images may be avail-
able at the time of this Workshop from the late-
October low flyby. Already, we are seeing that the 
Martian horror story looks tame compared with Eros. 
Everywhere we have landed on Mars, the surface has 
been covered with rocks and boulders, with much 
higher spatial coverage than seen anywhere on the 
lunar surface. We have, in fact, been rather lucky that 
none of our Martian landers have tipped over so far, 
and there were justified fears in the early aftermath of 
last year's failure of Mars Polar Lander that it had 
suffered from inadequate high-resolution characteri-
zation of polar regions on Mars (the failure is now 
known to have had another cause). Eros looks poten-
tially even more terrifying. 

Our views of asteroid surfaces have been 
shaped more by our knowledge of the lunar surface 
than of Mars. Most early theoretical work on the 
likely properties of asteroidal regoliths (cf. [1]) repre-
sented modest variations from a lunar baseline. Ex-
pectations that asteroids had thicker, less mature, but 
essentially lunar-like regoliths were bolstered by 
Galileo flyby images, especially of Ida, which has a 

crater population (density, size-distribution, range of 
degradation states) closely resembling the Moon at the 
same spatial scales (craters about 100m diameter and 
larger); see [2]. Studies of crater size distributions on 
Gaspra, Ida, Mathilde, Mars, the Moon, Mercury, the 
Martian satellites, and from NEAR's early imaging of 
Eros agreed on a ubiquitous inner-solar system size 
distribution of cratering projectiles, with a "steep" 
power-law size distribution. That kind of impactor 
population should yield roughly similar regoliths on 
all bodies. 

High-Resolution Character of Eros: 
NEAR-Shoemaker images indeed show Eros looking 
very similar to Ida and the Moon at comparable reso-
lutions (craters > 100 m diameter, [3]). However, 
more recent images from lower orbits tell a very dif-
ferent story. At diameters < 100 m, the numbers of 
craters on Eros fall off dramatically from the empiri-
cal-saturation trend followed by larger craters. The 
slope of the power-law size distribution is shallower 
than the -3 saturation curve by about 1.5 (i.e. it is 
about -1.5). Thus the R value (spatial density) drops 
fr0m about 0.2 at several hundred meters diameter to 
about 0.01 at 15 m. Instead of being dominated by an 
equilibrium population of super-saturated small cra-
ters, the surface of Eros at high resolutions is domi-
nated by boulders. While a few boulders have been 
found with diameters greater than several tens of me-
ters, boulders become more numerous than craters of 
the same size at about 20 m diameter, approximated 
by an extraordinarily steep power-law size distribution 
(slope at least as steep as -5). I have estimated that, at 
diameters larger than 8 m, there may be more than a 
million boulders on modest-sized Eros. If this trend 
were to continue to smaller sizes, Eros' surface would 
be geometrically saturated by boulders 5 m in size and 
bigger; note that 5 meters is much larger than typical 
rocks seen on the Martian surface. 

It is not worthwhile to worry much about 
extrapolating the character of Eros to smaller sizes, 
since this will likely be revealed in a matter of weeks 
(when the low flyby occurs) and months (when NEAR 
is planned to be lowered toward surface contact). It is 
difficult to explain the differences from expectations 
cited above, but not highly pertinent to the topic of 
this workshop (my own hypothesis, that the frequency 
of boulders might have been enhanced relative to cra-
ters by a recent, -100 Myr hiatus in cratering since 
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Eros left the asteroid belt, is outlined in my Meteoriti-
cal Society poster paper [4], which is available in full 
at http://www.boulder.swri.edu/clark/essay800.htm. 
What is pertinent is to describe what has been seen so 
far. 

The spatial density of boulders is not uniform 
everywhere on Eros (we have not yet studied such 
variations carefully). But boulders are not highly 
clustered. There certainly are examples of locally 
clustered boulders and positive-relief features, which 
presumably arise from a single fragmented object. But 
the boulders are very widespread. Boulder morpholo-
gies are difficult to characterize at present resolutions 
of a few pixels (except for rare big ones), but the vari-
ety of shadow-lengths and other evidence suggests a 
variety of morphologies. Some boulders appear to be 
partly submerged in the regolith, but a surprising 
fraction appear to be "perched" on top of the surface. 
There are examples of boulders with associated tracks 
and/or sitting in small pits, presumably of their own 
making; but these are exceptions. While some boul-
ders exhibit apparent strength (e.g. they look more 
like pedestals than piles of sand), it is not clear 
whether we are dealing mainly with metamorphosed 
rocks (like ordinary chondritic meteorites) or cohesive 
"clods" of regolith. It is also not unambiguously clear, 
in most cases, whether the boulders have been ex-
humed from below, derived from nearby craters, or 
accreted from lengthy trajectories or even from orbit. 

Implications for Sampling Asteroids Like 
Eros: Preliminary indications are that Eros is, in-
deed, an ordinary chondritic body [5] and, therefore, 
other S-type asteroids (the second most common type 
in the main belt and most common in Earth-crossing 
orbits) might be like Eros, too. If they are, then these 
lessons from NEAR-Shoemaker may have broad ap-
plicability. Eros, at least, does not look like a sand-
pile nor does it appear dominated by as thick and per-
vasive a regolith as is evident, for example, on Deimos 
-- which is trapped in the Mars gravity field. More 
probably, Eros is like a classic rubble pile (in which 
the dominant mass is in one or a few large pieces) or 
even a monolithic (although cracked) fragment of its 
parent body. It may be that the boulders reflect an 
inherently strong, rocky surface, with rather minimal 
regolith. Alternatively, if the boulders were derived 
from above (e.g. reaccreted small satellites, or ejecta 
from distant giant impacts, perhaps subsequently pro-
tected by a hiatus in impact cratering), then they 
might constitute a partial "armor plate" on top of a 
fairly traditional, deep regolith. 

In either case, the giant boulders will greatly 
complicate operations on or very near the surface of 

Eros. An entirely different approach to exploring or 
sampling Eros will be necessary from one based on a 
lunar model. 
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Ida, Gaspra, and Mathilde are shown. 
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SURFACE PROPERTIES OF 433 EROS: RESULTS FROM NEAR. A. F. Cheng, Applied Physics Labora-
tory, Johns Hopkins University, Laurel, Maryland, 20723. 

The NEAR Shoemaker spacecraft entered orbit 
around the near-Earth asteroid 433 Eros on February 
14, 2000. NEAR Shoemaker has measured the first x-
ray spectra and obtained the first laser altimetric data 
from an asteroid. NEAR Shoemaker's intensive study 
of Eros from orbit has found an average density about 
that of Earth's crust. The density is almost uniform 
within the asteroid, but there may be a small center of 
mass offset from the center of figure. The abundances 
of major rock-forming elements at Eros may be con-
sistent with those of low iron, ordinary chondrite me-
teorites, based upon the areas of the asteroid observed 
to date. Such a composition would also be consistent 
with spatially resolved, visible and near infrared 
spectra of the surface. NEAR Shoemaker has shown 
that Eros is not a differentiated body, but some degree 
of partial differentiation and/or heterogeneity is not 
ruled out. No evidence has been found for an intrinsic 
magnetic field. 

The surface of Eros is regolith covered. Blocks 
are distributed nonuniformly and are not confined to 
gravitational lows. Some areas appear young and ex-
tensively resurfaced. There is a pervasive global fabric 
consisting of ridges, grooves, and chains of pits or 
craters. Some topographic features indicate tectonic 
deformations. Many craters appear to be structurally 
controlled. Eros does not appear to consist of much 
smaller component bodies bound mainly by gravity. 
Some global scale linear features suggest that Eros 
may once have been part of a much larger parent 
body. 

The NEAR Laser Rangefinder (NLR) has accu-
mulated over 9 million range returns from 433 Eros. 
NLR topographic profiles are interpreted with the aid 
of simultaneous, boresighted images obtained by the 
NEAR Multispectral Imager (MSI). The location of 
the NLR boresight relative to that of MSI is deter-
mined by detailed correlations of ranging data and 
simultaneous images, including cases where the laser 
boresight slewed off and on the limb of the asteroid, 
and cases where the laser illuminated a boulder close 
to the time of an image. The precision of NLR range 
measurements is about one meter, with the minimum 
spot diameter under 5 meters, and successive spots are 
contiguous or overlapping. Elevation on the irregular 
object Eros is determined using the gravitational and 
centrifugal potential. Landslides in craters are char-
acterized. Possible crater benches are identified. Ex-
amples of infilled craters are presented. These obser-
vations suggest a depth of unconsolidated regolith, 
that is subject to sliding, of typically a few tens of 
meters. An example of structurally controlled crater-
ing is presented. Examples of tectonic features are 
described, including one case of a nearly vertical cliff 
face over 100 meters high. Surface roughness on Eros 
is approximately fractal from scales of a few meters to 
more than a kilometer. Comparison of fractal statistics 
shows that Eros is extremely rough on observed 
scales, even when compared to terrestrial a'a lava on 
sub-meter scales and undisturbed lunar regolith on 
sub-centimeter scales. Possible implications for aster-
oid sample return missions will be discussed. 
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SAMPLE CONTAINMENT OPTIONS FOR PLANETARY PROTECTION. 
Benton C. Clark, Lockheed Martin Astronautics, Denver, CO 80201 

Several criteria may be applied to assess whether a given small body, or portion of that 
small body, is a candidate for planetary protection considerations. These include thermal 
regime, radiation exposures, and presence or absence of water, ices and organics. For 
maximum protection, the back -contamination chain to Earth must be broken via some 
method, such as aseptic sample acquisition, aseptic transfer, or exterior sterilization. In-
space sterilization of samples is also an option, albeit not an attractive one because of 
some compromises to the scientific integrity of the sample. Containment options involve 
methods of sealing, multliple safeguards to impede the release of materials, emergency 
sterilization techniques, and of course making the system robust to entry and impact. All 
of these techniques are implementable, but at varying cost to the mission and with 
different limitations on science. The implementation approach should be commensurate 
with the assessment of the planetary protection risks for a given body. 
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INITIATING EXPONENTIAL GROWTH IN NEA EXPLORATION WITH NEA SCIENCE MISSIONS. 
E. L. Dahlstrom, NEOlink, PO 60606, Washington DC 20039, (Eric.Dahlstrom@lnternationalSpace.com). 

Introduction: Development of asteroid and 
cometary resources, interplanetary human settlements, 
and protection against impact threats (including long 
period comets) will all involve large-scale activities in 
the inner solar system. Each of these activities require 
answers to specific scientific questions - some of 
which can be addressed by future NEA sample return 
missions, as will be identified at this workshop. This 
paper addresses the question of how to initiate the 
exponential growth required to create these large-scale 
activities, and the role of near-term NEA sample re-
turn missions in triggering this growth. 

Role of NEA Missions: It is now recognized that 
NEA science will play a central role in future human 
activities in the inner solar system. In addition to the 
technical issues, how the NEA missions are conducted 
will also affect how quickly these activities are initi-
ated. Historically, interplanetary missions have been 

conducted with the assumption that only governments 
and government/contractor teams could accomplish 
these complex tasks. Recently, the Discovery Mission 
model has established new roles for the Principle In-
vestigator and contractor teams. Currently there are 
proposals for data purchase arrangements and other 
mechanisms to further separate the roles of purchasers 
and providers. This paper will examine these propos-
als in the context of NEA science, development, and 
exploration. The paper will report on a project cur-
rently underway to identify cross-cultural solutions to 
maximize science return within resource constraints 
while initiating exponential growth in exploration and 
development of NEAs. 
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SAMPLE CHARACTERIZATION ON ASTEROID SAMPLE RETURN MISSIONS BY THE ALPHA X-
RAY SPECTROMETER. T. E. Economou, Laboratory for Astrophysics and Space Research, University of Chi-
cago, 933 East 561

h Street, Chicago, IL60637, tecon@tecon.uchicago.edu. 

Introduction: Probably one of the most important 
tasks on any asteroid mission is to determine the de-
tailed chemical composition of the asteroid. While 
this task can be best achieved by detailed analyses of 
returned asteroid samples by a variety of techniques 
in the terrestrial laboratories, much can be learned 
about asteroids from in-situ investigations conducted 
from the orbit and on the asteroid surface [ 1]. During 
the rendezvous period the orbiter could perform many 
investigations from orbit to globally characterize the 
asteroid and document the surface environment. A 
lander on such missions could perform in-situ investi-
gations or collect samples to bring back to Earth. In 
order to bring back the right samples it will be neces-
sary to bring along tools to properly characterize the 
collected samples. One of such tool could be the re-
cently developed Alpha X-ray Spectrometer (AXS) 
that could fulfill both these requirements. 

The Alpha X-ray Spectrometer. The AXS is a 
dwarfish derivative of the APXS used on the Path-
finder Mars mission in 1997. The principles of the 
AXS techniques are the same as for the Pathfinder's 
APXS and they were described in detail elsewhere [2-
4]. The AXS was reduced substantially in size from 
that of the Pathfinder APXS and can it can now easily 
be integrated with a robotic arm to serve as an ana-
lytical tool to characterize and collected samples. The 
reduction was achieved mainly by reducing the sensor 
head dimensions, hybridizing the entire electronics, 
sharing some of the nanorover resources and elimi-
nating the proton mode. The proton mode provides 
redundant data to the alpha and the X-ray mode and 
therefore, the science loss will be minimal and will 
not affect the performance of the AXS. Although the 
AXS is now a very small instrument, it continues to 
provide unique capabilities. It will provide a detailed 
and accurate elemental composition of all elements 
(except hydrogen and helium) of the asteroid surface 
material present above a few tenths of atomic %. The 
alpha mode will still determine the abundance of the 
very light elements C, N, 0 that play an important 
role in organic matter and which cannot be deter-
mined by the X-ray mode. 

A rover, if available for an asteroid mission, could 
provide mobility around the asteroid surface, sample 
selection, and deployment of the AXS for sample 
analysis and evaluation. If there is no rover on an 
asteroid sample return mission, the AXS, due to its 

small size, could be mounted on the sample collecting 
arm and used to characterize the collected samples. It 
is expected that multiple samples will be analyzed, 
but only few retained during the operation on the as-
teroid surface. The in situ investigations by the AXS 
and other instruments on the lander will also help to 
characterize the asteroid in its pristine environment. 

Presently, we have assembled a prototype instru-
ment (see Fig. 1) that complies with all of the SIC and 
mission requirements. It is now being extensively 
tested under the extreme environmental conditions 
expected to be encountered on the asteroid surface. It 
is designed to operate reliably in the temperature 
range 100°K-300°K. 

Fig. 1: Photograph of the AXS Prototype 
for MUSES-C Asteroid Mission 

Table 1: AXS Characteristics for MUSES-C 
mission 

Weight: 95 grams 
Volume: 65 cm3 

Power : <200 m W 
Voltages: ±7 .5 V DC 
Radioactive Sources: 25 mCi of Cm-244 

Ea: 5.8 MeV 
Tv2: 18.1 years 

Accumulation Time: 0.5-3 hours/ sample 
Data Requirements: 10 kb I spectrum 

Laboratory work with AXS. The prototype in-
strument was also used in the laboratory to evaluate 
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the performance of the AXS and to collect many al-
pha and X-ray spectra in vacuum. Responses from 
each element in alpha and X-ray mode were estab-
lished and evaluated. Many terrestrial rocks and me-
teorites were measured and analyzed. Fig.2 shows the 
alpha and X-ray spectra from meteorite Murchison in 
vacuum. In the alpha spectrum, C, 0, AI, Mg, Si and 
Fe are clearly discernable, while in the X-ray spec-
trum many more major elements can be seen. Peaks 
from 0.2% Ti and 0.3% Cr are clearly visible. 

Murchison Meteorite-- Alpha Spectrum 
AXSPrototype, Dec.18, 1999 
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Fig. 2: Alpha and X-ray spectra from Murchison 
Meteorite obtained from the AXS prototype 
for MUSES-C mission. 

330 

The AXS uses a monoenergetic beam of alpha 
particles from a radioactive source (Cm244

). This type 
of excitation provides the best signal to background 
ratio and therefore the lowest detectability limit for 
any element. It is similar to the laboratory PIXE tech-
nique that uses charged particle accelerators for the 
excitation beam. Although the AXS does not quite 
have the sensitivity of the PIXE instruments, when it 

is compared to other types of instruments using elec-
tron or X-ray excitation, it has the best signal to noise 
ratio. That enables the AXS to detect many trace ele-
ments down to few hundreds of ppm level. As an ex-
ample, Fig. 3a shows the ability of the AXS to detect 
even 100 ppm of Zr. Other trace elements, such as Y, 
Sr, Rb, Br, Pb, as it can be seen in Fig.3b of a syenite 
rock, can be detected as well, although there is some 
interference from the scattered X-rays for some of 
them. 

Zr sensitivity in the X-ray mode of the AXS 
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Fig. 3: Zr detection limit from the AXS prototype 

The AXS for the MUSES-C mission is a more 
powerful tool than APXS was on the Pathfinder. Al-
though the AXS is using about half of the Cm source 
intensity, it is 5 times more efficient in the X-ray 
mode and 30% more efficient in the alpha mode than 
the APXS. That means that now a sample can be 
analyzed with the AXS in much shorter time than 
with the APXS. 

References: [1] Kawaguchi, J. et al (1999) IAF-
99-IAA.11.2 02. [2] Turkevich, A., (1961) Science, 
Vol. 134, 672-674. [3] Economou, T. E., A. 
Turkevich, (1976) Nucl. Instr. & Meth.134, 391-400., 
[4] Rieder, R., H. Wanke, T. Economou and A. 
Turkevich. (1996) JGR, 102, 4027-4044. 
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High Precision Light Element Isotopic Characterisation of Asteroidal Material. I. A. Franchi, L. Baker, I. P. 
Wright and C. T. Fillinger, Planetary Sciences Research Institute, Open University, Milton Keynes, MK7 6AA, UK 
(email: i.a.franchi@open.ac.uk) 

Introduction: The light elements, traditionally H, 
C, N and 0, are key elements in solar system proc-
esses, being the four most abundant reactive elements 
as well as forming the building blocks of life on Earth. 
Measurement of their isotopic composition in extra-
terrestrial materials has been a major component in our 
efforts to understand the origin and evolution of the 
solar nebula and the planetary bodies which it formed. 
In the rare, primitive chondritic meteorites all four of 
these elements reveal extreme variations in their iso-
topic composition, characteristic of specific nucleo-
synthetic processes, in small grains formed in circum-
stellar environments and which survived homogenisa-
tion in the solar nebula. However, most material was 
relatively well homogenised in the solar nebula and 
any surviving isotopic extremes were further smoothed 
out during planetary processes such as melting and 
metamorphism such that typical evolved planetary 
materials display far more restricted isotopic variation. 
In the case of hydrogen the observed variations still 
remain relatively large due to the large mass difference 
in its two isotopes such that fractionation results in 
large isotopic shifts. Equally, the isotopic composition 
of nitrogen remains highly enigmatic with large varia-
tions from a range of meteorites and lunar materials. 
In contrast carbon, and especially oxygen, display very 
restricted isotopic variations, of the order of one and 
three percent respectively, in all meteorite types [ 1]. 

One of the main compromises made for remote 
analyses during spaceflight experiments is that of ana-
lytical precision. This is particularly true for light ele-
ment isotopic analyses - to obtain the necessary high 
precision magnetic sector mass spectrometers have to 
be used and to extract the species of interest requires 
heating the samples to high temperature followed by 
considerable processing of the gases evolved before 
analysis can commence. This requires mass and power 
budgets which have so far been entirely unrealistic, 
although there are on-going projects at the PSRI to 
improve the precision of instrumentation for remote 
stable isotope measurements [2,3]. It is for these rea-
sons that detailed analysis of carbon and oxygen of 
samples of asteroidal material require analyses to be 
performed in the laboratory with returned samples. 

Oxygen in Meteorite Parent Bodies: Oxygen 
three isotope measurements have been an exception-
ally powerful analytical tool in the study of meteorites 
for more than two and a half decades [4], permitting 
discrimination of different primitive reservoirs within 

the solar nebula and tracking the evolution of such 
reservoirs on the various parent bodies. Of particular 
importance here is the excess (or depletion) of 17 0 in 
the samples. Some of the primitive meteorites display 
moderately large 17 0 excesses (a few percent) in oxy-
gen isotopic composition on the scale of a few milli-
meters but for the more evolved meteorites the varia-
tions are much less ( < 1%, and generally not more than 
0.2%) [4] . However, these variations are readily 
within the latest generation of high precision tech-
niques which can resolve these excess with a precision 
of :::::20ppm or better [ 5]. 

In virtually all stony types of meteorites there is 
clear evidence of cross contamination of asteroids with 
planetary material from a wide variety of sources hav-
ing been observed in many brecciated meteorites [e.g. 
6, 7]. Oxygen isotopic measurement is an ideal tool for 
characterisation of the different populations of meteor-
ite/asteroid types within the regolith. This could po-
tentially reveal a far greater variety of isotopic signa-
tures, characteristic of different parent bodies, not rep-
resented in the current meteorite population as well as 
offering insight into the evolution and breakup of the 
different parent bodies. The grain size asteroidal rego-
liths is not great but should be considerably larger than 
that in the lunar regolith, and with much lower matur-
ity, with average sizes of up to a millimeter or more 
[8], well within the present capability of our existing 
technique. 

One of the most intriguing prospects of acquiring a 
suite of samples from an asteroidal regolith is that even 
from one locality there is likely to be good representa-
tion of any different lithologies which exist on that 
asteroid, certainly those in the outer portions of the 
body [9]. This would permit characterisation of the 
evolution of this asteroid, in particular with respect to 
any hydrothermal alteration and metamorphism. In-
creasingly it is becoming apparent that water was very 
important in the evolution of the more primitive mete-
orite parent bodies, mobilising elements and control-
ling the mineralogy [ 1 0]. Along with the oxygen iso-
topic composition of the silicates it is now also possi-
ble to measure the oxygen isotopic composition of 
trace amounts of water of hydration in any hydrous 
minerals present using a unique analytical technique at 
the PSRI. Even in the most evolved meteorite groups 
(e.g. eucrites) we find very small amounts of extra-
terrestrial water with isotopic signatures indicative of a 
far from straightforward evolutionary history. In the 
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primitive carbonaceous chondrites considerable iso-
topic heterogeneity is still preserved from different 
water-bearing components indicating an even more 
complex history [11]. However, the meteorite sam-
ples available are generally only from well lithified 
material, which has experienced considerable proc-
essing to give them the mechanical strength to survive 
atmospheric entry. Such constraints can apply much 
less to samples collected on the asteroidal surface and 
given a reasonable diversity of lithology types avail-
able from this environment a huge wealth of data can 
be gathered charting the evolution of the solid and liq-
uid phases of the parent body, constraining aspects 
such as the thermal regime and water-rock ratios. 
Comparisons could also be made to the existing mete-
orite suites to build up a more complete picture of al-
teration of asteroidal bodies. 

Carbon in Meteorites: Carbon exists in a wide 
variety of forms in meteorites - diamond, carbides, 
graphite, fullerenes(?), a wide variety of simple and 
complex organic molecules, carbonates [e.g. 6, 7]. Dif-
ferent types of meteorites contain different proportions 
of these components. Following on from the expecta-
tion of wide spread sampling of different lithologies 
within an asteroid and the cross contamination from 
other asteroids all such materials would be expected to 
be present in a sample of asteroidal regolith material. 
Resolving the isotopic signatures of these different 
components and determining their abundances and 
associations requires extremely careful sample prepa-
ration. 

Of particular interest is the evolution of the carbon 
phases from primitive organic compounds through to 
graphitic carbon on a single parent body. The hydro-
thermal alteration which affected the silicate mineral-
ogy over a range of temperature conditions may also 
have played an important role in the evolution of the 

organic materials present in primitive planetary mate-
rials [10]. Combined characterisation of the silicate 
mineralogy, the oxygen isotopic composition of the 
solid and liquid phases and the organic constituents 
and their isotopic composition in the different litholo-
gies could then be used to help establish the forma-
tion/evolution of the organic components present. 

Ordinary chondrite regolith breccias have been 
shown to contain carbon components, possibly 
graphitic in nature and depleted in 12C but which are 
not observed in the unbrecciated meteorites [12]. The 
uniqueness of these components to the brecciated me-
teorites suggests that they are a late stage accretion to 
the parent body. However, to date it has not been pos-
sible to properly isolate or characterise these compo-
nents from the well consolidated meteorites. Loose 
immature regolith material offers a much better op-
portunity for attempting to characterise these phases as 
well as more fragile components which did not survive 
the lithification process on the meteorite parent bodies. 
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Introduction: Asteroids are key objects to understand 
the earlier evolutional process of planetesimal to main 
planets. However, the greatness in number and diver-
sity of the asteroids makes difficult for us to under-
stand the whole picture .. The best way at present stage 
is to assign, to each taxonomic type of asterois, the 
correct materials and, if exist, meteorite species. 
Hence acquisition from samples from a representative 
asteroid selected from each fundamental taxonomic 
type asteoirds are of great importance. Through this 
approach we can understand the gross material distri-
bution over the whole asteroid belt based on the clas-
sification of spectral type obtained by ground-based 
observation. Toward this goal sample returns to sev-
eral asteroids each of which belongs to differing taxo-
nomic class are required. As a first step we are going 
to send the world first sample return-mission MUSES-
C to one of near-earth asteroids. 
Mission scensrio: MUSES-C is a near-earth asteroid 
sample-return engineering mission whose main purpose is 
to develop the technologies requisite for the future advanced 
sample return mission such as ion propulsion system, guid-
ance and navigation technique, sampling technique, and 
reentry technique. The plan including the targeted asteroid 
has been recently changed from the former one [1] because 
of the launching failure of an astronomical satellite in last 
February. The new mission plan is as follows. The space-
craft is launched by the MV-5 rocket from Kagoshima in 
Nov. to Dec. 2002. After swing-by the earth in May 2003, it 
approaches a small near-earth asteroid 1998SF36 with the 
aid of ion engines (Details of this object is presented later). 
It arrives near the targeted asteroid in Sptember 2005 and 
hovers at about 20km above the asteroid. During about 
three months' stay near the asteroid it determines the aster-
oid mass andd makes topographical, mineralogical, and 
chemical abundance maps based on the data presented by a 
camera(AMICA), a laser ranging altimeter(LIDAR), a near-
infrared spectrometer(NIRS), and X-ray spectrometer(XRS) 
boarded on the spacecraft. Further a microrover provided by 
NASA/JPL- is dropped onto the asteroid surface which has a 
camera and an infrared spectrometer. .After the reconnais-
sance observations the spacecraft approaches toward the 
asteroid surface for sampling. Sampling is carried out by 
shooting a small projectile onto the asteroid surface and 
catches the ejecta of the asteeroid material.. After finish of 
these observation and sampling the spacecraft leaves the 
asteroid and cruises toward the earth again with the assist of 
the ion engines, and arrives near the earth in June 2007. The 
reentry capsule, inside which the sample is contained, re-
moved from the main spacecraft directly plunges into the 
atmosphere from the interplanetary trajectory at velocity as 
high as 12.5krnlsec. During the descent of the capsule the 

container is removed from the ablator shell and finally re-
trieved on the ground. The highest temperature of the sam-
ple will be expected at most less than 1 OOdegC. 
Spacecraft and scientific instruments: The space-

craft is three-axis stabilized and its dry weight is 390kg. 
Weight for the scientific instruments is 12kg, including 
AMICA, LIDAR, NIRS, XRS. NIRS is a spectrometer using 
InGaAs array of 0.85-2.1 micron wave length. XRS using 
CCD detects fluorescent X-ray from the asteroid surface in 
energy range of 0.7-10keV. The microrover weighs 2.7 kg 
and can move and jump on the asteroid surface with its four 
wheels. An InGaAs spectrometer is also boarded on the 
microrover.. Until now the protomodels of the spacecraft 
and scientific instruments were integrated and vibration, 
acousti,c, vacuum, and thermal tests were successfully per-
formed. 

The sampling mechanism (SAMPLER) is the most im-
portant scientific instrument in this mission. It is attached 
on the basement of the spacecraft, and consists of three 
parts: a funnel-shaped hom, a canister, a transfer mecha-
nism, and projectors . After launch of the spacecraft the ini-
tially folded hom is stretched out to the full size. Immedi-
ately after the bottom of the horn touches on the asteroid 
surface a projectile of masst 5g is shot by the projector onto 
the asteroid surface. Impact of the projectile produces aster-
oid ejecta, which are concentrated through the horn toward 
the canister which capture the sample finally. The canister 
is transferred to the capsule and tightly sealed. Until now 
sampling efficiency of the protomodel device has been in-
vestigated by tests in reduced gravity utilizing the parabolic 
flight and free falling facility. Expected amount of the sam-
ple is about lg although it depends on the material and 
properties of the asteroid surface. 
1998SF36: The orbital elements of targeted asteroid 
1998SF36 are a=l.32AU, e=0.28, 1=1.63, but require more 
accuracy for determining the final strict mission scenario. 
The rotational period and spectral type have not been de-
termined. The absolute magnitude is 18.8mag and assuming 
probable albedos the size is guessed to be about 1 km or so. 
The good opportunity for the observation comes toward the 
end of this year to middle of the next year. Especially in 
March next year the object approaches within 0.01AU dis-
tance from the earth, and apparent magnitude will be about 
15mag .. Extensive observations are desired during this pe-
riod not only for navigation and control of the spacecraft 
but for good science product. 
Sample analysis: The curatorial and initial analysis of 
the returned sample will be carried out in several key facili-
ties in Japan for a period less than a year, and after this 
period the announcement of opportunity for detailed analy-
sis will be released to all over the world. 
References: [1] Fujiwara, A. et al. (2000) Adv. Space 
Res. 25, No.2, 231-238. 
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Introduction: The desire to excavate material 
from the near sub-surface of an airless body offers 
unique technical challenges to an instrument designer. 
In retrieving a sample via a powered mechanical tool, 
thermal alteration can occur if the material is compe-
tent and offers a high shear strength. Despite the un-
certainties about the inner make-up of asteroids, be-
neath the impact-tilled regolith coating of a minor 
body, material that has been less disturbed and con-
taminated by micro-meteorites may be found. Such 
deep unfractured regions will reflect more accurately 
the body's original composition, and ought to be rela-
tively free from post-accretion cosmic radiation altera-
tion and micro-heating impacts. As such, a deep aster-
oidal core could be of considerable scientific value. 

Dimensional arguments of the coring process, and 
an analytical model originally developed for the Ro-
setta cometary lander will be reviewed for asteroidal 
material. These models can enable back-of-the-
envelope estimates to be made of the temperature shifts 
expectable in coring certain classes of materials. Point-
ers are given for the degree of alteration that may be 
seen in materials that may be representative of asteroid 
interiors. 

Thermal loads from cutting: Dimensional argu-
ments for the temperature shift experienced by a cut-
ting edge are at least fifty years ago old [ 1]. For a me-
dium of thermal conductivity, k, volumetric specific 
heat, c', a sharp chisel-like tool moving at a cutting 
speed of V, experiences a temperature rise, L1T, that can 
be expressed as; 

11T ex. {Vt (l) '1ki 
Where t is the thickness of material about to be 

chipped away from the bulk of the worked sample, and 
u is the specific cutting energy, or 'cutting strength' of 
the substance. It is worth noting that the location of the 
maximum temperature shift is dependent on the tool 
and material type. For plastic deformation by a chisel-
edge tool, the heating occurs primarily in the shear 
zone ahead of the blade in which the greatest deforma-
tion is experienced. Material removal mechanisms 
found in other systems, such as the failure by local 
compressive stress, from a rolling hard bit are ignored 
in this work. 

From eq. 1 it is possible to estimate how the tem-
perature rise 'seen' by material around a generalized 
tool alters with changes in operating characteristics or 
material properties. Although this relationship makes 

no numerical predictions, it captures the dependence of 
b. T on the cutting dynamics. 

It should be noted that in the case of mineral-rich 
materials, or heterogeneous metal/stone composites it 
is not accurate to refer to u as a cutting strength. The 
material will not fail simply by plastic deformation. 
Instead, it is worth considering the mechanical energy 
required to progress a tool head through a material 
independently of the type of 'strength' that is being 
overcome. The mechanism of failure can remain as a 
'black box' process, as long as the total work performed 
is known. 

For this more general description of the tempera-
ture rise associated with a work output, an analytic 2D 
heat-flow model developed jointly by Rome University 
and Space Systems Studies of Rome [2] for the Rosetta 
cometary programme has been applied to predict the 
temperature rise in particular combinations of tool dy-
namics and material conditions. Following the nomen-
clature of eq. 1, for a hollow coring tool of radius r 
passing at a rate, z, through a material, a maximum 
temperature rise b. T 2 is found in the vicinity of the 
teeth where: 

111; = q2 (1- exp[ c Rz]) (2) 
41/R c z k 

The above equation models an annular tool as a cir-
cular disc of equivalent area, having a radius of R. In 
contrast to eq. 1, the above formula requires no knowl-
edge oft, or V, which are typically constrained by mo-
tor power and anchoring force1

• In place of the ideal-
ized property represented by u (the cutting energy per 
unit area) there is instead, the quantity q, the power 
dissipated in coring. This figure may be readily meas-
ured from experimental tests of a prototype system and 
thus values for b. T 2 can be calculated from known 
drilling data. A further refinement of this model con-
structed for the Rosetta lander is that it makes a pre-
diction for the temperature, b. T 3, rise along the axis of 
the cored sample. 

Result matrix: Table 1 shows representative fig-
ures for the on-axis (b. T 3) and tool tooth (b. T 2) tem-
perature rises that might occur in a notional rock-like 
material being cored at the low rates and powers pro-
vided by an unexceptional landed coring payload. Two 

1 A lander for a low-gravity body may employ anchors 
to resist the drilling reaction forces. 
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values have been used fork to cover most of the range 
seen in terrestrial settings; 

k = 3.5 W m·1 K-1 for rock 'A' 
k = 1.5 W m·1 K-1 for rock 'B' 
c' = 2 MJ m·3 K- 1 

Material Dissipated Depth rate 
power (W) (mrnlmin) 

'Rock A' 3.3 5 
13 20 

'RockB' 3.3 5 
13 20 

~T3,~T2 
(K) 

6, 10 
15, 28 

11, 20 
20, 37 

Table 1 : Showing the order of magnitude shifts forsee-
able in a tool bit's temperature when coring rock. 

Although the model behaves poorly at high cutting 
rates, the heat load and tip temperatures may be ex-
trapolated to lower rates with relative confidence using 
either the dimensional arguments of equation 1, or the 
model referred to in reference [2]. 

Scope for inadvertent sample alteration: With a 
lack of definite information regarding the interior 
thermal properties for asteroids of any class, it is not 
possible to give definitive statements about the per-
formance of postulated drilling systems. Although 
Martian systems have been discussed [3], [4], in the 
recent literature, there are few commentaries on the 
nature of cometary or asteroid sampling systems. The 
issue of thermal degradation of a planetary sample's 
state has been raised [5] only recently and so there is 
considerable scope for experimental confirmation as to 
whether processes can indeed be activated by sample 
heating. Without such data one can still, for a given 
step rise in temperature, identify those phenomena that 
are known to occur from such a step-change in tem-
perature. For the values of ~ T 2 and ~ T 3 seen above, 
one may get a feel for the likelihood of a sample at a 
given ambient background temperature being altered 
significantly. Sublimation of volatile compounds such 
as H20, C02, and the lower hydrocarbons, are the more 
obvious effects for relatively cold ice-rich bodies, but 
even for warmer ice-free bodies, biochemical organic 
compounds can begin to degrade by exposing a 250 K 
sample to a step chamge of 20 or so degrees[ 6]. 

Conclusions: Despite the potential brevity of a 
coring process at an asteroidal surface, the presence of 
raised temperatures around a cutting toolhead has the 
possibility of giving rise to a 'skin' of altered material 
around a retrieved core. The nature, and extent of such 

alteration will depend on the type of object being 
studied, the drilling parameters, and the micro-physical 
structure of the tool/material interation. Needless to 
say, the experimental verfication of such effects is of 
interest to parties requiring samples with a well de-
scribed thermal history. 

References: [1] Shaw M. C. (1984) Metal Cutting 
Principles, {Oxford}. [2] Sgubini S. and Buratti A. 
(1989) ESA SP-302, 153-158. [3] Myrick T.M. et al. 
(2000) Concepts and Approaches for Mars Explora-
tion, abstract 6105 [4] Boucher D.S. (2000) Concepts 
and Approaches for Mars Exploration, abstract 6020. 
[5] Neal C.R. JGR-Planets submitted (1999) [6] 
Gooding J.L., (1990) NASA TM 4184. 
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Establishing chemical links between meteorites and small solar system bodies, 
such as comets and asteroids, provides a tool for investigating the processes that occurred 
during the formation of the solar system (1-3). Carbonaceous meteorites are of particular 
interest, since they may have seeded the early Earth with a variety of prebiotic organic 
compounds including amino acids, purines and pyrimidines, which are thought to be 
necessary for the origin of life (4). Here we report the results of high-performance liquid 
chromatography (HPLC) based amino acid analyses of the acid-hydrolyzed hot water 
extracts from pristine interior pieces of the CI carbonaceous chondrites Orgueil and I vuna 
and the CM meteorites Murchison and Murray. 

We found that the CI meteorites Orgueil and I vuna contained high abundances of 
f)-alanine and glycine, while only traces of other amino acids like alanine, a-amino-n-
butryic acid (ABA) and a-aminoisobutyric acid (AlB) were detected in these meteorites 
(Fig. 1). Carbon isotopic measurements of b-alanine and glycine in Orgueil by gas 
chromatography combustion-isotope ratio mass spectrometry (5) clearly indicate an 
extraterrestrial origin of these amino acids. The amino acid composition of Orgueil and 
I vuna was strikingly different from the CM chondrites Murchison and Murray. The most 
notable difference was the high relative abundance of f)-alanine in Orgueil and I vuna 
compared to Murchison and Murray (Fig. 1). Furthermore, AlB, which is one of the 
most abundant amino acids found in Murchison and Murray (6,7), was present in only 
trace amounts in Orgueil and Ivuna. 

Our amino acid data strongly suggest that the CI meteorites Orgueil and I vuna 
came from a different type of parent body than the CM meteorites Murchison and 
Murray, possibly from an extinct comet. It is generally thought that carbonaceous 
meteorites are fragments of larger asteroidal bodies delivered via near Earth objects 
(NEO). Orbital and dynamic studies suggest that both fragments of main belt asteroids 
and comets replenish the NEO population, therefore extinct comets may contribute up to 
half of all NEO's (8). A comparison of an amino acid analysis of a returned NEO sample 
to CI and CM carbonaceous chondrites would help establish a link between small solar 
system bodies and meteorites. 

Based on our amino acid measurements of CI and CM chondrites, amino acid 
chemistry can be included as an additional set of criteria to constrain the nature of 
meteorite parent bodies. 
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Fig. 1. Comparison of amino acid abundances (relative to glycine) in the CI 
carbonaceous meteorites Orgueil and I vuna, and the CM meteorites Murchison and 
Murray. Abbreviations: BALA: ~-alanine; ABA: a -amino-n-butyric acid; AlB: a-
aminoisobutyric acid. 
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Abstract 

The Regolith Evolved Gas Analyzer (REGA) is a high-temperature furnace and mass 
spectrometer instrument for determining the mineralogical composition and reactivity of soil 
samples. REGA provides key mineralogical and reactivity data that is needed to understand the 
soil chemistry of an asteroid, which then aids in determining in-situ which materials should be 
selected for return to earth. REGA is capable of conducting a number of direct soil 
measurements that are unique to this instrument. These experimental measurements include: 

Mass spectrum analysis of evolved gases from soil samples as they are heated from ambient 
temperature to 900°C. 

Identification of liberated chemicals, e.g., water, oxygen, sulfur, chlorine, and fluorine. 

REGA would be placed on the surface of a near earth asteroid. It is an autonomous instrument 
that is controlled from earth but does the analysis of regolith materials automatically. The 
REGA instrument consists of four primary components: a flight-proven mass spectrometer, a 
high-temperature furnace, a soil handling system, and a microcontroller. An external arm 
containing a scoop or drill gathers regolith samples. A sample is placed in the inlet orifice where 
the finest-grained particles are sifted into a metering volume and subsequently moved into a 
crucible. A movable arm then places the crucible in the furnace. The furnace is closed, thereby 
sealing the inner volume to collect the evolved gases for analysis. Owing to the very low g 
forces on an asteroid compared to Mars or the moon, the sample must be moved from inlet to 
crucible by mechanical means rather than by gravity. As the soil sample is heated through a 
programmed pattern, the gases evolved at each temperature are passed through a transfer tube to 
the mass spectrometer for analysis and identification. 

Return data from the instrument will lead to new insights and discoveries including: 
Identification of the molecular masses of all of the gases liberated from heated soil samples 
Identification of the asteroid soil mineralogy to aid in the selection process for returned 
samples 
Existence of oxygen in the asteroid soil and the potential for in-situ resource utilization 
(ISRU) 
Existence of water and other volatiles in the asteroid soil 

Sample Selection: REGA is uniquely qualified to provide specific mineralogical and chemical 
data that are important in the selection of samples to be returned to earth for more detailed 
studies. In geological sampling, no single instrument will provide sufficient data to fully 
characterize the mineralogy of soil samples. This can only be done by the combined 
interpretation of the results of a number of instruments. Hence, it is important to select the most 
appropriate samples. REGA will provide mineralogical information in-situ that will be critical 
for the sample selection process. 
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In addition, in-situ analysis is important because it is likely that some scientific information may 
be lost on returned samples, e. g., desorption of gases or gas exchange. REGA can provide a 
baseline for samples in their natural environment before they are dislodged, placed in a container 
and moved through space to earth. Changing the environment of samples can cause losses or 
changes in their gas content. REGA can provide the reference data for more detailed analyses on 
earth. 

Soil Analysis: The REGA instrument employs direct sampling of the soils which aids in 
determining their mineral content. For example, evolved carbon might indicate the presence of 
carbonates, depending upon the temperature at which the carbon is evolved. These volatiles are 
identified and quantified by a mass spectrometer. The instrument is designed such that multiple 
analyses of the same soil sample can be performed to verify the repeatability of the data. 

In-Situ Resource Utilization Potential: An additional benefit of the REGA instrument is that it 
can test several methods for producing oxygen and other useful substances. Oxidized iron-
bearing phases such as magnetite or hematite are easily reduced by hydrogen. The reduction of 
these oxides and hydroxides by hot hydrogen could prove to be a ready source of water. The 
water can be electrolyzed and the hydrogen recycled so that the primary product becomes 
oxygen, a valuable in-situ resource. 

The REGA Mass Spectrometer (MS) which analyzes the gasses is a double focussing magnetic-
sector mass spectrometer patterned after a modified Mattauch-Herzog geometry. Several 
features of a magnetic sector instrument cause it to be particularly suitable for extra-terrestrial 
exploration and to serve as a detector for REGA. These are 1) simplicity of design, 2) stability, 
3) very good mass resolution and mass rejection ratio, 4) superior abundance sensitivity, and 5) 
minimal electromagnetic interference with other instruments and systems. 

To date, a prototype furnace, soil handling system and mass spectrometer have been integrated 
and tested at UTD. The furnace was mounted in a large vacuum chamber that was operated in 
the UHV pressure range. To test the instrument, approximately 100 mg samples of a soil 
simulants were subjected to the full temperature range of the furnace with the evolved gases 
being transferred to the mass spectrometer where mass spectra were taken at every 25° 
temperature step. Specific mass peaks were plotted as a function of temperature. The evolved 
gases, after being sampled, were expended to the vacuum chamber. This experimental 
arrangement simulates operational conditions on the surface of an asteroid. 

Many samples of typical soil simulants have been analyzed. Data will be shown in the poster 
SeSSIOn. 

1 Physics Department, University of Texas at Dallas, Richardson, TX 75038 
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The mean value of a characteristic time elapsed up 
to a collision of an Earth-crossing object (ECO) with 
the Earth equals to 100 Myr [1]. Considering that the 
number of all ECOs with diameter d> 1 km is equal to 
750, we have about 7.5 collisions per Myr. The num-
ber of all 100-m ECOs is estimated to be about 
70,000-160,000, so such objects collide the Earth on 
average ones in 600-1400 yr. For d>70 m the fre-
quency of collisions is greater by a factor of 2 than 
that for d> 100 m, and so Tunguska-size objects collide 
the Earth once in several hundreds ( -500) years. 

Many scientists consider that the Tunguska event 
was caused by the explosion of an icy body which was 
a debris of a comet. Most of Jupiter-family comets 
come from the trans-Neptunian (Edgeworth-Kuiper) 
belt, and long-period and Halley-type comets usually 
come from the Oort cloud. Duncan et al. [2] obtained 
that about 10-20% of trans-Neptunian objects (TNOs) 
with a semimajor axis a<50 AU left the belt during 
last 4 Gyr and about 113 of Neptune-crossing objects 
reach Jupiter's orbit during their lifetimes. We showed 
[3] that the mutual close encounters of TNOs can also 
play a role in their migration inside the solar system 
and during last 4 Gyr several percents of TNOs could 
change their semimajor axes by more than 1 AU due 
to the gravitational interactions with other TNOs. 
Even small variations in orbital elements of TNOs 
caused by their mutual gravitational influence and 
collisions can cause large variations in orbital ele-
ments due to the gravitational influence of planets [ 4]. 
The results of our numerical investigations of orbital 
evolution of bodies under the gravitational influence 
of planets showed [5] that the mean time interval, 
during which an object crosses Jupiter's orbit during 
its lifetime, is about 0.2 Myr, the portion of Jupiter-
crossers that reach the orbit of the Earth during their 
lifetimes is equal to 0.2, and the mean time, during 
which a Jupiter-crossing object crosses the orbit of the 
Earth, is about 5000 yr. It is considered that there are 
about 1010 TNOs with diameter d>l km and a<50 AU. 
Basing on the above data, we obtained [ 6] that the 
number of the present Jupiter-crossers with d> 1 km, 
which came from the trans-Neptunian belt, is equal to 
30,000 and there are about 170 former TNOs with 
d> 1 km, which cross both the orbits of Earth and Ju-
piter (i.e., about 20% of all ECOs with d> 1 km). The 
portion of such objects colliding with the Earth is 
smaller than their portion among all ECOs, because 
the characteristic time elapsed up to a collision with 

the Earth for a Jupiter-crossing body is larger by a 
factor of several than that for a typical Apollo object. 
The number of former Jupiter-crossers that move in-
side the orbit of Jupiter in Encke-type orbits can be of 
the same order (or even more) than the number of 
objects that cross both the orbits of Jupiter and Earth. 

The near-Earth objects (NEOs) that will be focused 
on for the understanding of potential Earth-impacting 
objects might have a source from the trans-Neptunian 
belt. The volatile-icy portion of the objects would have 
been ejected off due to being close to the inner solar 
system. The structural composition of the asteroid 
bodies might also be different when then the bodies 
formed inside of Jupiter. This might effect the type of 
deflection that might be used if they were a potential 
Earth-impacting object. The largest sample of Earth-
impacting solid bodies is the Antarctic meteorites that 
have been recovered. It is only when robotic missions 
to the accessible NEOs have been done then we will 
get an accurate picture of sources of NEOs. Carbon 
based meteorites are a small sample size of the recov-
ered antarctic and non-antarcitc meteorite samples. 
Their is a need to get more observation platforms 
available to search for NEOs and other potential 
ECOs. One solution is galvanizing amateur astrono-
mers world-wide and also to encourage the developed 
world to use its telescopes that have smaller capabili-
ties to search for ECOs. 

References: [1] lpatov S.l. (2000) Migration of 
celestial bodies in the solar system, Editorial URSS, 
Moscow, 320 P., in Russian. [2] Duncan M., Levison 
H.F., and Budd S.M., (1995) Astron. J., 110, 3073-
3081. [3] Ipatov S.I. (1998) In "Planetary systems: the 
long view", Editions Frontieres, 157-160. [4] lpatov 
S.l. and Henrard J. (2000) Sol. Syst. Res., 34, 61-74. 
[5] lpatov S.I. and Hahn G.J. (1999) Sol. Syst. Res., 
33, 553-566. [6] Ipatov S.l. (1999) Celest. Mech. Dyn. 
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DLR-Institute of Space Simulation, 51170 Koln, Germany, (2) Fraunhofer-Institute for 
Nondestructive Testing (lzfP), Bldg. 37, University, D-66123 Saarbri.icken, Germany 

To demonstrate the possibility of investigation of mechanical properties of planetary surface 
layers by acoustic sounding, the ROSETTA Lander expeliment CASSE (Cometary Acoustic 
Surface Sounding Experiment) is presented The surface of Comet 46P/Wirtanen is analysed by 
means of transmitting and receiving acoustic compressional and shear waves in the frequency 
range from a few hundred to several kilohertz. The acoustic transmitters (actuators), stacked 
piezoceramics, and commercial triaxial piezoelectric accelerometers as receivers, will be 
integrated in each of the three feet of the ROSETTA Lander. The interface between the feet and 
the cometary surface is mostly unknown. To cope with the unknown physical conditions on and 
in the cometary surface, acoustic wave propagation experiments were made in the different 
extreme materials, simulating the different cometary conditions. Regolith dust and sand on one 
hand, and hardened porous ice-/dust-mixtures on the other side, were studied in the laboratory 
and outdoors. These experiments make sure, that reasonable signal strength can be expected 
within these cometary analogous materials. 

Acoustic sounding experiments could also be applied on astroidal surfaces. 
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THE PLANETARY SIMULATION FACILITY OF DLR - DESIGN, OPERATIONAL 
PERFORMANCE, PERSPECTIVES. H. Kochan , W. Feibig, D. Mohlmann, (DLR, Institute for 
Space Simulation, 51140 Koln, FRG), G. Horneck , German Aerospace Center (DLR), Institute of 
Aerospace Medicine, 51147 Koln, Germany,M.V. Gerasimov (Space Research Institute, Moscow, 
117810, Russia), B. Speth, U. Kohler, (PINK GmbH Vakuumtechnik, 97865 Wertheim, FRG) 

A promising method to study physical phenomena on solid bodies of the solar system is the experimental 
simulation in an Earth laboratory. This method is to be seen in supporting the space mission 
investigations of the planetary bodies. Looking back to the experiences gathered in the comet simulation 
program KOSI, which originated partly as consequence to the successful space missions to Comet 
P/Halley in 1986 and facing the upcoming space missions to Mars in 2003 and and to Comet P/Wirtanen 
in the same year, analog activities can be foreseen in the new chamber. In the former DLR Space 
Simulator the experiments only could be performed under vacuum conditions. The constructional design 
of the Space Simulator excluded experiments under cooling and insulation conditions and with a gaseous 
atmosphere in addition. The cooling system, will be also very flexible in a wide temperature regime. The 
new chamber with an internal compartment of 1.5m in diameter and 1.8m in height consists of a double 
walled outer shell and an isolating vacuum in between. This allows e.g. Mars-simulation experiments 
with a gas-atmosphere, as well as the realisation of cometary vacuum conditions. 

Very soon this will be requested in the upgrading program of the "Mobile Penetrometer" (Mole) for 
space application within the British Beagle-lander, part of the Mars Express Mission to planet Mars in 
2003. 

It is even possible to support the exobiological investigations e.g. on planet Mars by a profound 
experimental program in an earthbound laboratory as such, under simulated space conditions. 
Environmental conditions of the today's Mars and extreme conditions on Earth can be generated in 
planetary simulation facilities, similar to the thermal vacuum chambers, used for testing of satellites. The 
sampling technology and the analytical experimental hardware for the application on Mars can be 
developed simultaneously. 
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DEVELOPMENT OF SMALL SAMPLING SYSTEMS FOR THE INVESTIGATION OF 
PLANETARY SURFACES. H. Kochan, H. Hamacher, L. Richter, L. Hirschmann, S. 
Assanelli, R. Nadalini, S. Pinna (DLR, Institute of Space Simulation, Koln, FRG), E. Re, 
(Tecnospazio S.p.A., Milano, Italy), A. Nista (Tecnomare S.p.A., Venezia, Italy), A. Brighenti 
(Systems & Advanced Technologies Engineering, Venezia, Italy), P. Coste (ESA/ESTEC, 
Structures and Mechanisms Division (YMM), Noordwijk- The Netherlands), T. Ylikorpi (VTI 
Automation Space Technology, Espoo, Finland), V.V.Gromov, S. Matrossov, A.V. Mitskevitch, 
E.N.Yudkin (VNIITRANSMASH, St.-Petersburg, Russia) 

The development of drill bits and the breadboard model of a small sample acquisition and 
distribution tool (SSA/DT) for asteroidal, cometary, Lunar or even Martian application as result 
of an ESA technology-study, is presented. The final tests were performed under normal and 
space simulated environmental conditions with simulated cometary, Lunar or even Martian 
sample material. The presentation will also deal with the "mobile penetrometer" (Mole), a small 
cylindrical body, for deeper sub-surface investigation. This penetrometer, 2cm in diameter and 
around 32cm in length was also developed for space mission applications. 
The intrusion of this penetrometer into cometary analogous ice was successfully tested at liquid 
nitrogen temperature (77K) and vacuum in the Planetary Simulation Facility of DLR Koln. 
In a follow-on-development phase after completion of the ESA-study different alternative 
sampling concepts have been investigated. 
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UTILIZATION OF RESOURCES FROM NEAs. J. S. Lewis, Lunar and Planetary Laboratory and Space Engi-
neering Research Center, University of Arizona, Tucson AZ 85721, JSL@U.Arizona.edu .. 

Introduction: Materials extracted from Near-
Earth Asteroids may find use in future space-based 
activities as propellants, life-support fluids, or struc-
tures. The utility of any space resource is governed by 
several factors, including energetic accessibility from 
Low Earth Orbit (LEO), resource concentration, avail-
ability of appropriate micro-gravity extraction and 
processing techniques, process energy efficiency, proc-
ess independence of consumables from Earth, and the 
energetic accessibility of the intended site of use from 
the asteroid being processed. 

Logisitical Considerations: Outbound delta-V re-
quirements to many NEAs range from 4 to 6 km /s, 
with a global minimum of 3.3 km/s. Return delta-V 
from the surface of a typical good NEA is 1 to 2 km/s, 
with a lowest demonstrated value of 0.06 kmls. These 
delta-V values assume impulsive departure from the 
asteroid and arrival at Earth in an aerobraking orbit 
(perigee within the atmosphere. For several reasons, 
the ideal base of operations is a platform in highly ec-
centric Earth orbit (HEEO), to which aerocaptured 
payloads may be directed, at which propellant may be 
manufactured, and from which escape from the Earth-
Moon system can be carried out by a perigee bum. 
Likely sites for demand of propellants are LEO (for 

transfers to GTO and to escape), GEO (for station-
keeping propellants, and HEEO (for escape missions). 

Processing Techniques: Extraction techniques 
proposed for water and other abundant volatiles, as-
suming a feedstock similar to a CI chondrite, generally 
assume use of solar power or nuclear power to bake 
asteroidal material. Problems involving phase separa-
tion and impurities in the extracted water are discussed. 
Metal extraction and processing techniques involve 
magnetic beneficiation of asteroidal regolith, gaseous 
carbonyl extraction of ferrous metals, and possibly 
pyrometallurgy. 

NEA sample return missions conducted for purely 
scientific purposes provide a wealth of compositional, 
textural, and mineralogical data of great value in plan-
ning asteroid resource utilization. Since utilization of 
regolith material is preferable to hard-rock recovery, 
asteroid regolith samples are preferred for use in plan-
ning extraction and processing schemes. 

Much public attention has centered on the return of 
platinum-group metals (PGMs) to Earth. There are 
indeed extraction schemes that appear capable of de-
livering PGMs, but it seems more likely that in-space 
utilization of large masses of low-tech products such as 
water, propellants, and steel will be the economic cor-
nerstone of asteroid materials utilization .. 
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THE IMPORTANCE OF EDUCATION, PUBLIC OUTREACH, AND RISK 
COMMUNICATION IN ASTEROID OR COMET SAMPLE RETURN MISSIONS., 
M. M. Lindstrom SN2, NASA Johnson Space Center, Houston, TX 77058 
(marilyn .m.lindstrom 1 @ j sc. nasa. gov). 

Introduction: As scientists propose and 
execute missions to return samples from 
asteroids and comets it is essential that they 
include strong education/public outreach 
(E/PO) and risk communication (RC) 
programs. E/PO and RC programs have 
somewhat different goals and methods, but 
they should be done colaterally to achieve the 
mission goals. There are several distinct 
audiences for this effort: 1) scientists and 
managers reviewing the proposal; 2) formal 
and informal educators; and 3) the general 
public. 

The report of NRC task group on sample 
return from planetary satellites and small 
solar system bodies [ 1] lists various types of 
small bodies which have different types of 
requirements for planetary protection. 
However, some of the most restricitive 
requirements apply to sample returns from the 
most interesting bodies, C-rich asteroids and 
long peroid comets. If missions are planned 
to these bodies, it is critical that proposers 
address the importance of the science, plans 
for planetary protection and quarantine, and 
develop public trust by communicating risk 
and benefit early in the program. 

Scientists and Managers: In order to gain 
mission approval it is essential to gain the 
support of the scientists and managers 
reviewing the proposal and the scientists who 
will likely study the returned samples in the 
future.. In the case of a sample return mission 
from a C-rich or unknown (P,D) asteroid, the 
proposal needs to: 

1) Develop scientific justification as benefits 
of the science versus risks to planetary 
protection. 
2) Prepare quarantine and planetary 
protection plan for samples from all potential 
parent bodies. 
3) Prepare a risk communication plan as part 
of education and public outreach. 

Fig 1. The JSC Lunar Sample Laboratory is a class 
1000 clean room and a successor to the Apollo 
quarantine facility. 

Formal and Informal Educators: Educators 
are NASA's greatest allies if they are 
informed and provided with the correct 
materials and training. The E/PO plan for a 
NEA proposal should include: 

1) Preparing appropriate science content and 
standards-based activities. [2] 
2) Training teachers, museum staff, and other 
ambassadors in the education materials. 
3) Having educators' presentations serve to 
excite students and families. 
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Fig. 2 Meteorite Sample Disk is loaned to schools as 
part of the Exploring Meteorite Mysteries [2] 
educational package. 

General Public: The ultimate customer is 
the public. The goal of the mission's public 
outreach should be to inform and excite the 
public and to dispel concerns and create 
public trust through risk communication. 

1) Prepare informative exhibits to create 
interest and excitement. 
2) As the mission progresses, keep local and 
global government, media, and public 
informed to create trust. 

Fig. 3. The Astromaterials exhibit and display samples 
are used at JSC events and are available for 
conferences and museum use. 

References: [1] National Research Council 
(NRC), 1998, Evaluating the Biological 
Potential of San1ples Retun1ed jro1n 
Planetary Sattelites and Small Solar System 
Bodies, Nat.Ac.Press. [2] M.M. Lindstrom et 
al. , 1997, Exploring Meteorite Mysteries, 
teachers' guide with activities, NASA EG-
1997-08-104-HQ. 
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NEAR EARTH ASTEROID SAMPLE RETURN AND THREAT MITIGATION WITHIN A COMPREHENSIVE 
GLOBAL DEFENSE SYSTEM. AA Mardon 1 and JA Greenspon2

. 
1StarGate Research (SRL) (21139 Little Beaver 

Rd #A, Apple Valley, CA 92308; (mardon @freenet.edmonton.ab.ca), 2SRL; (star gate research @yahoo.com). 

The ultimate goal of Near Earth Asteroidal 
sample return and study missions should be directed 
towards the development of detection and analysis 
for the prevention of a major Earth impact such as 
the Tunguska impact, or even a larger one. Getting 
samples of an NEA back to Earth so that they can be 
better understood would help in the development of a 
comprehensive threat mitigation plan. 

The authors believe that threat mitigation can be 
divided into three parts. First is detection of Near 
Earth Objects by telescope; followed by sample 
recovery; and then a feasible deflection technology. 
Sample recovery should not be seen as an end in and 
of itself, but as an early sample of objects of similar 
nature that might need to be deflected from Earth 
impact at some near or future point in time. Greater 
resources should be devoted towards the detection 
and study of Earth orbit crossing objects than is 
currently in operation or effect. International 
cooperation, especially from the developed countries 
of the world might spread the cost from just one 
government to a less costly multi-national spectrum. 
In addition, as with cometary research, amateurs 
might make a significant contribution in the early 
detection stages. 

The purpose of sample recovery should have as 
its goal the understanding of asteroid characteristics 
that would enable successful deflection from Earth 
impact. A nuclear weapon should be tested against a 
main belt asteroid to see the effect and be a staged 
performance for eventual operational deployment. 

The authors propose that a sphere of both nuclear 
and non-nuclear devices be deployed in a series of 
spheres, or ranges, at suitable distances around the 
Earth with state-of-the-art delivery systems so that 
they can cover a sector of space. This is because the 
farther away from the Earth that an impacting object 
is deflected - the lesser amount of force that will be 
necessary. Sample return missions would give the 
information on whether nuclear devices would be 
appropriate for deflection, or whether some other 
device might be more appropriate. Detection, then 
deflection, should be how Earth crossing objects are 
dealt with and deflected from an Earth impact. 

Detection of Near-Earth Objects 
Current detection, whether through "Space 

Watch" or amateur, while greatly improving, is still 
"hit and miss". There just isn't enough consistent 
funding to maintain a comprehensive search for 
Earth-crossing objects. We need a dedicated core 
staff, with appropriate compensation, to care about 
the chance of global extinction. Detection for these 

dangerous articles wandering through our solar 
system can be aided through currently in-place space 
based radars and facilities of the world military as 
well as our ground equipment. 

Likewise, the equipment and facilities that are 
designed for in-space detection can provide the 
benefit of extra-solar research. 

Sample Recovery of Objects in Near-Earth/Earth-
Crossing Orbits 

As a precursor to developing any single or 
combination of strategies in Earth's defence we need 
to understand the chemistry we are dealing with. 
Understanding the physics and mathematics of 
orbital dynamics only leads to half a solution. Unless 
a better knowledge of the composition and make up 
of asteroidal bodies and an interest in developing 
integrated multi-vector/variable dynamic flight 
options is chosen, a nuclear course is the only 
essential means of deterrence. Either that, or 
developing ground-based options for human survival 
in the eventuality of object impact. 

A fair compensation to the sample collection 
situation is a deployable array of mini-satellites to 
reach outward to both a collection of known Earth-
crossers, as well as satellites to perform a detailed 
survey of both main belt and Trojan/ Apollo bodies. 
One of their ancillary functions would be the 
emplacement of transponding apparatus and 
evaluation systems, including a block charging 
station for portable communications batteries. This 
would enable not only the monitoring of positional 
information, but the research into micro gravity 
orbital perturbation at the same time.- in the same 
fashion as a tag on a sea turtle can monitor changes 
in migration. 

Deflection at ranges from Long to True 
Interplanetary Distance (1,250,000 to 10,000,000 
Kilometers) 

Essentially, safety comes in numbers, as they say. 
The farther away from Earth we can perform a 
deflection or destruction manoeuvre, the less damage 
potential to Earth. The planning and execution of 
deflection initiate a developmental cluster of 
command, control and monitoring platform needs. 
This C3I format would necessarily imitate the 
collective interaction of an ant colony. Fortunately, 
this methodology would gain interactive knowledge 
from pre-placement of micro-satellite based sample 
vehicles or high-orbit monitors. 

Developing an effective defensive strategy, 
however, means testing the nuclear factor in space. 



THREAT POTENTIAL FOR NEA OBJECTS: A. A. Mardon, J. A. Greenspon 

With the application of nuclear device usage against 
an incoming mass, certain questions arise - What 
kind of stand-off distance should be observed versus 
El\1P? Can fracture zones be identified and 
targeted/hit at ranges of millions of kilometers, and 
at speeds of 12+ kps? As opposed to theoretical 
profiles, what collateral results will incur to the 
target? These questions become of critical nature 
when considering the potential devastation that can 
be spawned by an unsuccessful deflection attempt. A 
suitable "test range" for demonstrating or validating 
both nuclear and basic kinetic weapons exists in the 
main belt, between Mars and Jupiter. 

Long-Range Countermeasures & Early Warning 
For long-term monitoring and protection, a 

variant of space-based radar and optics is necessary. 
StarGate Research views the most logical course of 
action to be that of a multi-spectrum observatory, 
located at points L1, L4 and L5• A facility such as 
SRL's proposed ARGUS provides for observations 
along the EM range for both a Near Earth artifact, as 
well as extra-solar bodies. By coupling a trio of units 
in high orbit to the abilities available on the ground, 
and the inclusion of orbital monochromatic vapour 
optical sensors, rapid triangulation of new orbital 
elements and objects becomes possible. 
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MEASUREMENTS OF COSMOGENIC NUCLIDES IN AND THEIR SIGNIFICANCE FOR 
SAMPLES RETURNED FROM ASTEROIDS. K. Nishiizumi1

, G. F. Herzog2
, and R. C. Reedy3

, 
1Space Sciences Laboratory, University of California, Berkeley, CA 94 720-7 450, USA 
(kuni@ssl.berkeley.edu). 2Department of Chemistry, Rutgers University, Piscataway, NJ 08854-8087, 
USA (herzog@rutchem.rutgers.edu), 3Space and Remote Sensing Science Group, MS-D436, Los Alamos 
National Laboratory, Los Alamos, NM 87545, USA (rreedy@lanl.gov) . 

Introduction: Nuclear interactions of cosmic 
rays with matter produce cosmogenic nuclides (CNs). 
Ever since they were first measured nearly 50 years 
ago, cosmogenic nuclides have been used to infer the 
irradiation histories of terrestrial and extraterrestrial 
materials [ 1] . Here we call for an extension of such 
measurements to samples returned from an asteroidal 
surface. The information gained in this way will be 
important for elucidating the evolution of the asteroi-
dal surface. 

Cosmogenic Nuclide Production on Aster-
oids: Under a constant cosmic-ray irradiation, the 
concentrations of stable CNs increase monotonically 
with time. The concentrations of radioactive CNs 
also build up with exposure time, but reach saturation 
values after several half-lives. In asteroids, which 
have neither atmospheres nor magnetic fields to im-
pede incoming cosmic rays, CN production rates and 
depth profiles should resemble those observed in sur-
face samples and cores from the Moon and in large 
meteorites. Both the Moon and an asteroid present 
what is essentially an infinite plane (2n geometry) to 
cosmic-ray bombardment. Some near-surface differ-
ences between asteroidal and lunar production of 
CNs may arise as a result of differences in orbital 
parameters, however. The differences can be under-
stood as follows. 

Cosmic rays come from two distinguishable 
sources. Galactic cosmic rays (GCR), which do not 
normally contribute to the orbital sensitivity of pro-
duction rates, originate outside the solar system and 
have relatively high energies. Their flux appears to 
have varied by less than -20% over the last 10 Myr 
and their spatial gradient in the ecliptic plane does 
not exceed +2%/AU, where distance is measured 
going away from the sun. Today, with the aid of ad-
vanced computer programs such as the LAHET (Los 
Alamos High Energy Transport) Code System (LCS), 
we can model GCR production rates for CNs in an 
asteroid with an accuracy of about 10% [2]. 

The other major source of cosmic rays is the 
Sun. Temporally sporadic and considerably lower in 
average energy than the GCR flux, the flux of solar 
cosmic rays (SCR) is angularly and radially anisot-
ropic. The SCR flux decreases with distance from 

the Sun, R, very roughly as R 1
• Because of their low 

energies, SCR particles typically do not produce de-
tectable CNs at depths greater than -2 em. Within 
those topmost 2 em, however, SCR production rates 
may depend on the orbit of the asteroid (see below). 

Sampling Requirements: Some cosmogenic 
nuclides of particular interest for unraveling the his-
tories of asteroidal surfaces during the last 106 

- 107 

years are listed in Table 1 along with their half-lives, 
the major target elements from which production 
occurs, and the types of nuclear reactions that lead to 
nuclide production. For most of the nuclides listed, 
1291 is an exception, the masses needed for measure-
ment vary but in meteorites and near-surface lunar 
samples seldom exceed 10 mg and can be as small as 
1 mg. With more mass available, measurements of 
both stable and radioactive CNs could succeed for 
samples taken from depths of up to - 1 m depending 
on the details of the irradiation. At greater depths, 
the production of CN is likely to have been too small 
to measure. 

The interpretation of CN measurements will re-
quire calculations of CN production rates in the sam-
ples. Two kinds of input figure importantly in these 
calculations, elemental composition and the geomet-
ric conditions of irradiation at the time of sample 
collection. The application of non-destructive ana-
lytical methods, e.g., x-ray fluorescence, can give the 
elemental compositions before the (destructive) de-
termination of CNs. If samples are collected in a 
controlled manner, then spacecraft monitors will pre-
sumably document the position and siting of the 
samples on the asteroid. If, on the other hand, sam-
ples are collected by blasting, as proposed for 
MUSES-C, then sample position and orientation will 
appear as additional unknowns in the deconvolution 
of the data. 

The irradiation of the samples during the return 
trip to Earth raises additional complications [e.g. 3] . 
Large solar particle events and GCR particles could 
produce short-lived radionuclides such as 22Na, 54Mn, 
and 6°Co at levels comparable to those present at the 
time of sample collection. As massive shielding of 
the return capsule is not feasible, and would increase 
rates for GCR-induced reactions, some means for 



monitoring the production of cosmogenic nuclides 
should be included in the design of the mission. 
Low-mass metal foils or structural components of the 
spacecraft that have the appropriate elemental com-
position could serve this purpose. 

Issues Addressed by Measurements of Cos-
mogenic Nuclides: 1) Asteroid regolith gardening. 
Spectroscopic studies suggest that asteroids have 
regoliths [4]. The rate of gardening (overturn and 
mixing by meteorite impact) in a regolith can be in-
ferred by comparing the depth profiles of SCR-
produced 22N a, 26 AI, and 53Mn in short cores [ 5]. 
Deeper-scale gardening processes can be deduced by 
comparing the depth profiles of CNs that are pro-
duced by thermal neutron capture but have different 
half-lives. Good candidates for measurement are 
stable 156.1 58Gd, 150Sm, and radioactive 41 Ca and 6°Co 
[e.g. 6]. 

2) Absolute exposure age determination of sur-
face materials and of asteroidal craters. Based on 
results for meteorites and lunar samples, we antici-
pate that asteroidal surface materials are exposed to 
cosmic rays for only a small fraction of the age of the 
solar system. Ejection by an impact is one mecha-
nism (vulcanism and surface erosion or ablation are 
others) for excavating deep-lying material, and 
thereby starting the cosmic-ray clock. The exposure 
ages of impact ejecta thus provide an absolute deter-
mination of a crater's age. The ages of the South Ray 
and North Ray Craters on the Moon [e.g. 7] and of 
Meteor Crater on Earth [e.g. 8], for example, have 
been determined in this way. Analogous information 
for an asteroidal crater would provide a crucial, ab-
solute calibration point for relative terrain ages ob-
tained by crater counting. 

3) Erosion rates. Micrometeorite milling erodes 
lunar samples at rates of about 1 mm/Myr [9]. Ero-
sion rates in the asteroid belt are less well constrained 
but are expected to be similar [10]. The erosion rate 
falls naturally out of modeling calculations, where it 
appears as a necessary parameter in the deconvolu-
tion of CN depth profiles. 

4) Orbital history. The concentrations of CNs 
integrate over time the effects of the SCR flux. The 
flux incident on an asteroid may vary because the 
output from the Sun fluctuates either in time or in 
space. The latter effect would be most pronounced in 
orbits of high eccentricity and possibly inclination. 
The activities of radioactive CNs with half-lives that 
are different but comparable to the period of the orbit 
may record these effects. 
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Table 1. Cosmogenic nuclides made in asteroids. 
Nuclide Half-life (yr) Major targets Major production 
1291 1.57 x 107 Te, Ba, La GCR, Nth 
53Mn 3.7 x 106 Fe SCR, GCR 
10Be 1.5 x 106 0, Mg, Si GCR 
26Al 7.05 x 105 Si, AI, Mg SCR, GCR 
36Cl 3.01 x 105 K, Ca, Fe, CI GCR, SCR, Nth 
41Ca 1.04 x 105 Fe, Ca GCR, Nth 
59Ni 7.6 x 104 Fe, Ni GCR, Nth 
14C 5,730 0 GCR, SCR 
6°Co 5.27 Co Nth 
22Na 2.61 Mg, Si SCR, GCR 
54Mn 0.855 Fe SCR, GCR 
3He stable 0, Mg, Si, Fe GCR 
20

-
22Ne stable Mg, Si GCR 

36
• 
38 Ar stable Ca, Fe GCR 

GCR: galactic cosmic rays, SCR: solar cosmic rays, 
Nth: thermal neutron capture. 
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RAPID REMOTE SAMPLE COLLECTION MECHANISM FOR NEAR-EARTH ASTEROID 
SAMPLE RETURN. W. D Nygren, Lockheed Martin Astronautics, P.O. Box 179, Denver, Colorado, 
80201 

Introduction: The Rapid Remote Sample Collection (RRSC) system is an innovative approach to the 
collection of regolith samples from the surface of comets or asteroids without landing the main body of the 
spacecraft on the surface. The RRSC system rapidly captures and retrieves a sample while the spacecraft 
momentarily hovers or slowly descends and-or drifts approximately 5 meters 
above the body's surface. In this way the surface is not disturbed by landing 
thrusters, and the mass, volume and complexity associated with landing and 
landing legs is eliminated. The sample collecting mechanism consists of an 
auger driven by the energy stored in a flywheel and a torroidal sample 
collection chamber wrapped around and rotating with the auger. The sample 
collector is deployed and retrieved by a Storable Tubular Extendable 
Member or STEM manufactured by TRW Astro Aerospace. This mechanism 
is similar to a motorized carpenters tape measure. Figure 1. Illustrates the 
spacecraft and sampling system at the point of contact with the surface. 

Regolith Collector: Figure 2. Shows the general layout of the 
Regolith Collector and its main components including the drive motor, 
flywheel, flywheel shield, sample collection chamber, brush valves and 
auger. The flywheel is spun up slowly while the collector is attached to the 
space vehicle. In this way spin-up torque is not applied to the STEM 
mechanism and the torque applied to the spacecraft is maintained at an 
acceptable level. The purpose of the flywheel is to store the energy required 
to drill approximately 10 em into the surface of the asteroid. The energy 
stored in the flywheel is directly transferred to the auger as it is decelerated 
by interaction with the regolith on the surface of the asteroid. In this fashion 
drilling torque is not transmitted through the STEM or applied to the 
spacecraft body during sampling. 

The double-start auger and flywheel are accelerated to approximately 5 
revolutions per second prior to extending the STEM boom. As the auger 
penetrates the surface, it carries the soil and rocks in the regolith to the 
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Figure 1. Sampling 
Concept 

collection chamber at the aft end of the auger. The sample is captured in the torroidal collection chamber 
using the inherent centripetal forces generated by drilling to drive the samples through simple brush type 
gates that prevent the samples from escaping. The low-mass 
shield that covers the flywheel stops at the surface, meters 
the depth of the auger, and prevents the flywheel from 
contacting the surface and kicking up debris that could 
potentially damage the spacecraft. As the flywheel 
decelerates, it initiates the retraction of the STEM. The 
auger bit and the flywheel are then discarded. There is an 
additional sealing mechanism in the collector that is actuated 
by the release of the auger. This "door" with a compliant 
sealing lip is driven closed by a spring and locked with a 
ratcheting latch. 

STEM Boom Mechanism: The STEM Mechanism acts 
as a mechanical fuse between the spacecraft and collector. It 
provides sufficient column buckling strength to ensure Figure 2. Regolith Collector 
penetration of the auger in the regolith, while buckling 
(without damaging itself) if required to prevent excessive 
deceleration of the spacecraft. It also allows for liberal lateral compliance to accommodate the drift of the 
spacecraft parallel to the surface during sampling. Finally, the STEM acts as a stiff, self-straightening 
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tether during the retraction phase , thus preventing potentially damaging contact with the spacecraft as 
would be the case with a rope-like tether. 

Prototype and Preliminary Test Results: A 
photograph of the prototype regolith collector is shown in 
Figure 3. Figure 4. depicts the regolith collector 
immediately prior to auguring into a test sample. The 
sample is an inclined mixture of sand, gravel, and rocks, 
demonstrating operation on an irregular surface. Several 
insertion angles were tested. Figure 5. shows the regolith 
collector after the flywheel has come to rest. The lower 
cover of the sample container is removed in Figure 6. to 
show the operation of the brush gates. Figure 7. is a 
photograph of a typical sample collected by the prototype. 

Figure 4. Sample Pre-Test Setup 

Figure 6. Rocks in Gate Brush 

Figure 3. Prototype 

Figure 5. Post-Test Configuration 

. 

Figure 7. Sample Collection 
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CHOOSING FOR MAXIMUM VALUE: THE ALADDIN EXPERIENCE. C. M. Pieters, Department of 
Geological Sciences, Brown University, Providence, RI 02912 (pieters@mare.brown.edu) 

Given the plethora of options provided by technol-
ogy and engineering along with the competing demands 
from diverse scientists, how does one select the correct 
configuration and mission components for a sample 
return mission? What target? What type of sample? 
What sampling device? What supplemental informa-
tion? Ultimately, the questions center on cost (a hard 
number) and science return (sometimes a nebulous pro-
jected quantity). Since Aladdin was selected twice on 
the basis of high science return and technical readiness, 
there are perhaps some lessons to be learned from the 
experience. The following reflections emerge from the 
intense activities over the last several years. 

Rule #1: Follow the 80120 principle. The first 
thing one learns is that there are very few absolutes. 
Everything is a trade. In the Discovery small mission 
environment, all decisions matter. Briefly, the 80/20 
rule states that the science achieved per effort expended 
should be carefully prioritized and structured so that 
80% of prime science is returned requiring only 20% 
effort. To get the next 10% of the science typically re-
quires at least another 20 - 30% effort and each subse-
quent increment requires disproportionately more re-
sources. The bar is set at 80/20. This 80/20 rule of 
skimming the cream is extremely efficient and is essen-
tial to small missions. It may take an iron will to ac-
complish, however, since scientists and engineers tend 
to prefer the best ( ... that money can buy, ... that technol-
ogy can offer, .... that there is) and settling for less than 
100% is not something we're programmed to do easily. 

For Aladdin it was apparent early in the planning 
stages that the quantum leap advancement in science is 
to determine whether Phobos and Deimos are linked 
directly to Mars or they represent primitive material of 
the outer solar system captured by Mars. To address this 
science question requires a sample returned to earth 
based laboratories, but the sample itself can be quite 
small as long as it came from the satellites. We chose to 
obtain regolith samples from two places on both satel-
lites. This meets the prime science requirements and 
provides ample sample for extended analyses. Sure, it 
would be nice to have a 2-m drill core sample, but the 
added value is small relative to the huge added cost and 
complexity. It was very important for us to recognize 
and accept that enormous science goals are achieved 
with a small, simple sample. Such a sample is much 
easier to obtain. 

Rule #2: Stay focused. This is really a corollary to 
the 80/20 rule. We are all familiar with the "Christmas 
Tree" effect, a cancer that can rapidly grow from a good 
idea. In such a case each of the lovely experiments (or 
other mission components) brought to bear on a prob-

lem are in and of themselves good and/or useful, but 
together they can kill a mission concept several ways. 
Often the concept becomes all inclusive, exciting, and 
reliable but well above any realistic budget, or the ob-
jectives of the mission become so diluted (something for 
everyone) that there is no clear message about why it 
should fly. 

Every component must be justified. From experi-
ence with meteorites, we know samples are not enough 
by themselves. Information on the geologic context for 
the sampled target is also essential for science analyses. 
Several reliable means of remote compositional analy-
ses can provide this information, but any mission does-
n't need them all. For Aladdin we chose a combination 
of multispectral imaging and mapping spectroscopy. 
Other techniques might have sufficed, but our Aladdin 
science team has extensive experience in this area and 
capable sensors were designed to meet our measurement 
requirements. An important element was extensive in-
teraction between science team and engineers in defin-
ing requirements and selection of each instrument. 

Rule #3: Do everything possible to minimize risk 
without violating rule #1. This is essential to be se-
lected. At the same time, doing anything new for the 
first time is inherently risky. Identifying the real areas of 
concern is a very important exercise that cannot be ig-
nored. Controlling risk is probably where our Aladdin 
team learned and advanced the most during the second 
time in the winner's circle. For example, we added re-
dundancy to the sampling mechanism, removing a sin-
gle-point-failure mode that could jeopardize the prime 
science (sample) return. We added a micro camera to 
document critical steps. We built in multiple sampling 
sequences and sufficient time to assess and make ad-
justments for the next sequence. The resiliency paid off. 
As a result of the 1999 Concept Study review before the 
final selection, Aladdin was rated with the highest over-
all assessment in technical areas. 

Rule #4: Be cognizant of the competition but be 
wary of politics. Good competition in science and all 
aspects of engineering implementation drives you to be 
better. There is always room for improvement, and 
staying ahead of the competition is a powerful incen-
tive. In the final analysis, if a mission is selected that is 
as good as your own (or better), you can learn from the 
competition and congratulate the winner. On the other 
hand, politics are less predictable, and in a strong com-
petition one must also somehow prepare for decisions 
that incorporate issues beyond science and technical 
merit (and may include devious pressure by one's adver-
sary). This part is not fun, and you don't have to like it. 
But the science keeps us coming back. 
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PLANNING FOR NEA SAMPLE RETURN: PLANETARY PROTECTION CONTROLS 
AND NON-SCIENTIFIC FACTORS. Margaret S. Race, SETI Institute, Mountain View, CA 

In planning for sample return missions involving near earth asteroids (NEA), success will de-
pend on more than just science and technology. Mission planners must also consider planetary 
protection policies, possible biocontainment needs, legal and procedural requirements, environ-
mental issues, and public risk communication. Integrating these factors into mission plans from 
the earliest phase will be essential to avoid potential problems and prepare for public scrutiny or 
challenges. Fortunately, many of these considerations are similar to those already anticipated for 
Mars sample return. As plans for NEA sample return missions are developed, it is likely that in-
formation from numerous recent reports, studies, and workshops on extraterrestrial sample return 
can serve as helpful planning guidelines. 
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NEA TOUCH AND GO SURFACE SAMPLER (TGSS) - S. Rafeek and S. Gorevan, Honeybee 
Robotics, Inc., (204 Elizabeth Street, NY, NY 10012, rafeek@hbrobotics.com, gorevan@hbrobotics.com). 

Introduction: The Touch and Go Surface 
Sampler (TGSS) is a new type of asteroid or 
comet sample acquisition tool (that can also be 
used for Mars surface sampling). TGSS in its 
basic configuration consists of a high speed-
sampling head attached to the end of a flexible 
coupling/shaft. The sampling head consists of 
counter rotating cutters that rotate at speeds of 
3000 to 15000 RPM. The most significant 
feature of this "touch and go" type sampler is 
that sample acquisition can take place without 
having to "land" on the small body or without 
requiring the use of ballistic type penetrators. 

Figure 1: Phase I TGSS Sample Head 

Operation Sequence 
For operations, a passing or hovering spacecraft 
with a TGSS attached will descend to a selected 
surface site in a controlled manner with a 
predetermined surface relative speed. At a given 
height above the surface, the TGSS will be 
deployed and energized. A leading contact 
sensor will give positive indication of sampling 
start time as the spacecraft continues its slow 
descent. The flex shaft (1.5 meters or longer) 
attached to the TGSS will provide the required 
preload (in the zero-g environment) for sampling 
as the spacecraft continues its descent for an 
additional 1 to 2 seconds after the contact sensor 
has been triggered. The samples can either be 
collected and captured at the tool head or directly 
ejected from the surface towards onboard sample 
analyzer apertures located at the bottom of the 
spacecraft payload/instrument bay. 

Figure 2: "Touch and Go" Sampling on an 
Asteroid" 

The high cutting-bit speed ensures that the 
ejected samples have enough momentum to 
reach the sample analyzers. In a controlled 
capture, the samples are contained in the head of 
the TGSS and will be retracted into the 
payload/instrument bay of the spacecraft as the 
spacecraft moves away from the surface. 

Development Effort 
A recently completed NASA SBIR Phase I effort 
to test the validity of TGSS as a surface sampler 
has yielded very positive results. Additional 
observation from the Phase I results show that 
TGSS can be used for more than just surface 
sampling. The results gave strong evidence to 
suggest that TGSS can be mechanically and 
functionally enhanced to penetrate the surface 
and obtain subsurface samples, possibly up to 1 
meter in loose or low compressive strength 
material. 



Figure 3: Proposed Phase II TGSS Sample 
Head 

Honeybee Robotics has plans to secure funding 
to continue the development of TGSS to add 
several mission critical elements to the sampling 
system, such as deeper penetration, automated 
deployment and controls and sample transfer 
capabilities. 

A comet or asteroid sampling rmss1on can 
benefit from a TGSS type sample acquisition 
system in a number of ways: 
(1) In the "touch and go" mode, there are no 

requirements for a landing system. Landing 
on any planetary body is risky and costly. 

(2) The flexible shaft attached to the sampling 
head of TGSS allows it to conform to the 
various sloped, hill, and depression contours 
such as those seen in asteroids or the chaotic 
surfaces that might be found on comets. 

Figure 4: TGSS with Sample Carousel 

(3) Samples can be obtained from multiple sites. 
A hovering or passing spacecraft to an 
Asteroid can "hop" from site to site taking 
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samples for in-situ analysis and for sample 
return. 

( 4) Reduced mission cost. With no 
requirements for a landing system or an 
orbiter, the cost of a TGSS miSSIOn to an 
Asteroid will be greatly reduced. 

(5) The counter rotating cutting action prevents 
the TGSS head from getting caught in a 
surface feature. 

Figure 5: Sample Test Demonstration for 
Phase I - Surface Material Is Ejected with 
TGSS Breadboard 

References: NASA SBIR Phase I -
Contract No. NAS2- 00019, Dec 9, 1999. 
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NEA MULTI-CHAMBER SAMPLE RETURN CONTAINER WITH HERMETIC SEALING. Shaheed 
Rafeek, Honeybee Robotics, Inc., (204 Elizabeth Street, NY, NY 10012, rafeek@hbrobotics.com), Kin Yuen Kong, 
Honeybee Robotics, Inc., (204 Elizabeth Street, NY, NY 10012, kykong@hbrobotics.com), Shazad Sadick, 
Honeybee Robotics, Inc., (204 Elizabeth Street, NY, NY 10012, sadick@hbrobotics.com), Christopher C. Porter, 
Jet Propulsion Laboratory, christopher.porter@nasa.jpl.gov). 

Introduction: A sample return container is 
being developed by Honeybee Robotics to receive 
samples from a derivative of the Champollion/ST4 
Sample Acquisition and Transfer Mechanism1 or 
other samplers such as the "Touch and Go" Surface 
Sampler (TGSS), and then hermetically seal the 
samples for a sample return mission. The container is 
enclosed in a phase change material (PCM) chamber 
to prevent phase change during return and re-entry to 
earth. This container is designed to operate passively 
with no motors and actuators. Using the rotation axis 
of the TGSS sampler for interfacing, transferring and 
sealing samples, the container consumes no electrical 
power and therefore minimizes sample temperature 
change. The circular container houses multiple 
isolated canisters, which will be sealed individually 
for samples acquired from different sites or depths. 
The TGSS based sampler indexes each canister to the 
sample transfer position, below the index interface 
for sample transfer. After sample transfer is 
completed, the sampler indexes a seal carrier, which 
lines up seals with the openings of the canisters. The 
sampler moves to the sealing interface and seals the 
sample canisters one by one. The sealing interface 
can be designed to work with C-seals, knife edge 
seals and cup seals. This sample return container is 
being developed by Honeybee Robotics in 
collaboration with the JPL Exploration Technology 
program. A breadboard system of the sample return 
container has been recently completed and tested (see 
Figures 1a and 1b). 

Figure la: Sample Return Container Breadboard 

Figure lb: Sample Return Container with Top 
Cover. 

TGSS Sampling and Transfer System: A TGSS 
sample acquisition system will have matching 
interface to work with the sample return container. 
The TGSS which has 2 pairs of counter-rotating 
cutting bits for sample acquisition also features a 

Figure 2: TGSS Sample Head 

rotational axis which will be utilized in the docked or 
retracted position to open, close and index the sample 
return container (see Figures 2 and 3). Once an open 
chamber is indexed beneath the sample head, the 
counter-rotating bits along with a plunger will 
positively eject the samples into the sample canister. 



Figure 3: Schematic of TGSS moving from 
Docked to Deployed positions. 

Sample Sealing: After the sample is transferred 
to the canister, a sealing cap is positioned over the 
opening and sealed using the rotary action of the 
sample head. A screw-type plunger moves axially 
and provides the required preload to generate a 
hermetic seal. The seal is constrained to a linear 
motion to prevent any rubbing against the canister 
and to obtain a good, clean seal. 

Figure 4: Canister, Seals and Sealing Cap for 
Sample Return Breadboard. 

Sample Sealing Development: To date, several 
autonomous sealing methods have been developed. 
Honeybee has tested C-seals and knife-edge seals. A 
recently completed test of serial-radial seals have also 
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provided positive results and a means of adding 
redundancy to the sealing system as shown in Figure 
4. A new sealing method is scheduled for 
development in FY 01 , consisting of a soft metal cup 
seal with a C-seal (see Figure 5) and will be tested 
later in the year. The soft metal cup seal is designed 
for a dusty environment and the built in compliance 
preserves the sealing integrity under vibration 
loading and large temperature gradients. 

Figure 5: Cup-type and C-seal in tandem 

References: [1] S.Gorevan, S.Rafeek, The Sample 
Acquisition and Transfer Mechanism CSATM) for 
The Champollion Cometary Mission, Advanced 
Devevelopments in Space Robotics AIAA 
Technology Forum, University of Wisconsin, 
August, 1996. 
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THE SCIENTIFIC CASE FOR SAMPLE RETURN FROM A PRIMITIVE NEAR-EARTH ASTEROID. 
Frans J.M. Rietmeijer1 and Joseph A. Nuth III2, 1Institute of Meteoritics, Department of Earth and Planetary Sci-
ences, University of New Mexico, Albuquerque, NM 87131, USA; fransjmr@unm.edu, 2Astrochemistry Branch, 
Code 691, NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA; Joseph.Nuth@gsfc.nasa.gov 

Introduction: This paper is predicated on the re-
cent experimental findings that the smallest structural 
ferromagnesiosilica entities in collected chondritic 
aggregate interplanetary dust particles (IDPs) have a 
predictable metastable eutectic composition [1,2]. Ki-
netically controlled gas to solid condensation of Mg-
Fe-SiO-OrH2 vapors does NOT produce stoichi-
ometric crystalline solids (i.e. minerals) such as pre-
dicted by equilibrium condensation models but instead 
yields amorphous solids that are chemically ordered at 
metastable eutectics in the binary phase diagrams [3]. 
Therefore these condensed dust grains will have a 
considerable amount of "internal free energy" that will 
make them highly responsive to changes in their envi-
ronments. Their inherent high energy-content 'buys' 
time and energy for mineralogical modification and 
chemical readjustment in response to changing envi-
ronmental conditions. The activation energy barrier 
for reactions in metastable eutectic solids will be lower 
than for crystalline solids. As a result the reactions 
can take place at much lower temperatures and on 
much shortt>:r time scales. That is, they will also occur 
much earlier in the evolution of a parent body wherein 
heat-producing sources may either be immature or 
inefficient. The ensuing reaction chains from metasta-
ble equilibrium to full thermodynamic equilibration 
with the local environment will be a chaotic "Ostwald 
cascade' but from a well defined starting point to a 
predictable end result. 

Here we will discuss the implications of metastable 
eutectic dust as we see them for dust properties in icy 
and ice-free parent bodies wherein circumstellar dust 
is still recognizable because of the primitive nature of 
these parent bodies. We point to potential engineering 
constraints on sample acquisition and storage during 
Earth transit. Among the scientific goals of a primi-
tive NEA sample return mission will be verification of 
the nature of dust forming and modification processes 
during hierarchical accretion in the earliest proto-
planets. We propose sampling an infrared P- or D-
class NEA or an object showing cometary activity 
such as 2201 Oljato that could be an asteroid or 
evolved comet [ 4]. 

Metastable eutectic dust in comet Halley? The 
Mg-Fe-Si(O) dust compositions measured in the coma 
of "olivine-rich" comet Halley were richer in Si than 
the CI composition [5], which was considered to be an 

experimental artifact. But there are no compelling 
scientific arguments why cometary dust must have a 
CI composition of major rock-forming elements. 

The condensation experiments showed that the 
amorphous MgSiO and FeSiO dusts could have dis-
tinct non-stoichiometric mineral compositions, such as 
olivine and pyroxene, but that they often matched the 
MO/silica ratios of OH-free layer silicate minerals, 
such as serpentine and smectite [1-3]. These con-
densed serpentine and smectite dehydroxylate dusts 
will be able to form aggregates along well-defined 
mixing lines in a ternary diagram Si-Mg-Fe (element 
or atomic ratios). The result of this constrained mix-
ing process is the formation of Mg-rich MIXED 
MgFeSiO aggregates, (Mg/(Mg+Fe) (mg) = 1.0-0.65, 
that could not have formed by condensation alone [1]. 
These aggregate compositions match those of coarse-
grained ferromagnesiosilica Principle Components 
(PCs) in the matrix of aggregate IDPs. Post-accretion 
heating of IDPs caused crystallization in these initially 
amorphous PCs of a Mg,Fe-oli vine and a Mg,Fe py-
roxene with identical mg-ratio plus an amorphous 
silica-rich phase that can contain AI and Ca [6]. The 
compositions of ultrafine-grained PCs found in the 
matrix of aggregate IDPs are defined by condensed 
dust mixing on the serpentine dehydroxylate mixing 
line. The MgFeSiO bulk composition of this matrix 
that is due to a mixture of both 90-1000 nm-sized 
PCs, is more Si-rich than the CI composition. 

The masses and sizes of dust in the coma of comet 
Halley analyzed by the Giotto and Vega missions 
matches these two types of ferromagnesiosilica PCs in 
aggregate IDPs [1,6]. The experimental results plus 
the IDP data that were not available early during the 
post-Halley period now strongly support a Si-rich non-
CI composition for this dust. This finding raises the 
questions "Why is this comet an "olivine-rich" ob-
ject?" and "How representative is a CI composition 
that is based on fully hydrated meteorites?". 

Thermal annealing of circumstellar dust: The 
IR spectral evolution during laboratory heat treatment 
of a porous vapor-condensed MgSiO smoke showed 
that after an initial sharpening of the 10 and 20-J..lm IR 
features the spectral evolution stalled for a period of 
time that was dependent upon the annealing tem-
perature after which these features continued to evolve 
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[7]. The IR spectra revealed the presence of silica and 
crystalline olivine, forsterite, which was confirmed by 
transmission electron microscope (TEM) analyses of 
the samples. The TEM analyses showed that crystal-
line pyroxene, enstatite, characterizes the post-stall 
samples with coexisting forsterite plus amorphous, or 
occasionally crystalline, silica. 

The similarities in IR spectra support the hypothe-
sis that silicate ordering in olivine-rich comets, such 
as comets Halley, Hale-Bopp and Hyakutaki, is similar 
to the stall phase of the experiments. The lack of di-
agnostic 10 and 20 Jlm enstatite features in the comets 
could be an artifact of low spectral resolution or indi-
cate that time/temperature profiles in short--period 
comets are not conducive to extensive silicate order-
ing. The TEM data also suggest that textural proper-
ties might determine the formation of a stall phase 
during thermal evolution. These conclusions for pure 
MgSiO condensates are also valid to thermal anneal-
ing of mg-rich MgFeSiO aggregates and the coarse-
grained ferromagnesiosilica PCs in IDPs containing 
olivine, pyroxene and a silica-rich phase [1,6]. 

On the other hand high the resolution and ex-
tended spectral range of spectra from the Infrared 
Space Observatory (ISO) show the presence of both 
crystalline olivine and pyroxene in oxygen-rich dust 
disks and stellar outflows [8] . The ISO data might 
suggest that in these environments silicate dust evolu-
tion has proceeded beyond the stall phase characteris-
tic of comet dust based on ground-based IR observa-
tions. Whether the difference in silicate evolution is 
an experimental artifact or real is an issue that a sam-
ple return mission to a primitive NEA could address. 
One of the questions to be addressed concerns the 
heating sources that supported dust alteration that 
could be dry (thermal), aqueous alteration or any 
combinations thereof [9]. 

CI or proto-CI?: Underlying the second question 
is a concern that the fully-hydrated CI meteorites such 
as Orgueil and Alais could have modified their rock-
forming elemental composition during hydration. Or, 
put differently, what was the anhydrous CI precursor 
composition? Laboratory hydration experiments of 
condensed MgSiO dust have shown a massive excur-
sion of silica until the remaining amorphous MgSiO 
dust reached a metastable serpentine or smectite dehy-
droxylate composition with layer silicates rapidly 
forming in the resulting dehydroxylate domains [10]. 
A similar process may have occurred in parent bodies 
that were the sources of CI meteorites. If so, our re-
sults predict that the CI parent bodies will have quartz 
veins or pockets. Also, proto-CI bodies originally had 

higher silica content. A higher Si-content is consistent 
with the IDP matrix chemistry and the dust in comet 
Halley. Proto-CI material could have survived in the 
boulders of cometary and asteroidal rubble piles. 

Sample acquisition: The parent body for this 
sample return will be selected because its physical 
properties indicate that they might have preserved the 
dust and boulders from the earliest hierarchical accre-
tion period in the solar nebula with the least-possible 
modification. These materials will not be at equilib-
rium and the very act of acquisition might trigger an 
"Ostwald cascade" of alteration reactions. Whilst the 
constraints to preserve this silicate material intact will 
be much less severe than those for the pristine collec-
tion and storage of comet nucleus ices and clathrates, 
tolerable levels of thermal disturbances should be de-
termined and accommodated on the spacecraft. 

Conclusions: A sample return mission to a 
primitive NEA has the potential to collect the least 
modified 'common' ferromagnesiosilica circumstellar 
dust that formed by vapor phase condensation and 
early aggregation. Laboratory analyses of these sam-
ples will show whether equilibrium condensation or 
kinetically controlled metastable eutectic condensation 
was the dominant process of dust formation in the 
solar nebula. In either case, the result will provide 
firm constraints on the amonnts of energy that had to 
be available for dust modification in the earliest pro-
toplanets. In the case of metastable eutectic solids the 
very formation process 'sealed' in considerable 'inter-
nal free energy' to facilitate any adjustments to 
changing environmental conditions. This sample re-
turn may also help to fill the gap in our current under-
standing of primitive solar system materials to answer 
the questions "What is nebular modification" and 
"What is parent body modification"? 

References: [1] Rietmeijer F.J.M. et al., (1999) 
Ap. J., 527, 395-404. [2] Nuth III J.A. et al., (2000) 
JGR, 105(A5), 10,387-10,396. [3] Rietmeijer F.J.M. 
and Nuth III J.A. (2000) Trans. Am. Geophys. Union, 
EOS, 61(36), 409+414115. [4] McFadden L.A. et al. 
(1993) JGR, 98(£2), 3031-3041. [5] Jessberger et al. 
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(1998) in Rev. Mineral, 36 (J. Papike ed.), Ch. 2, 95p. 
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TRAJECTORIES IN CLOSE PROXIMITY TO ASTEROIDS. D.J. Scheeres, Department of Aerospace Engineering, The 
University of Michigan, Ann Arbor; M/48109-2140, USA, (scheeres@umich.edu). 

Spacecraft motion in close proximity to irregularly shaped, 
rotating bodies such as asteroids presents a unique dynamical 
environment as compared to most space missions. There are 
several fundamental novelties in this environment that space-
craft must deal with. These include the possibility of orbital 
instabilities that can act over very short time spans (on the order 
of hours for some systems), possible non-uniform rotation of 
the central gravity field, divergence of traditional gravity field 
representations when close to the asteroid surface, dominance 
of perturbing forces, an extremely large asteroid model param-
eter space that must be prepared for in the absence of reliable 
information, and the possibility of employing new and novel 
trajectory control techniques such as hovering and repeated 
landings on the asteroid surface. 

An overview of how these novelties impact the space of 
feasible close proximity operations and how different asteroid 
model properties will affect their implementation is given. In 
so doing, four fundamental types of close proximity opera-
tions will be defined. Listed in order of increasing technical 
difficulty these are: close, stable orbits; low-altitude fiyovers; 
landing trajectories; hovering trajectories. The feasibility and 
difficulty of implementing these operations will vary as a func-
tion of the asteroid shape, size, density, and rotation proper-
ties, and as a function of the spacecraft navigation capability 
(Scheeres, TDA PR1 42-141, 2000). 

Close, Stable Orbits: For uniformly rotating asteroids 
there exists a general class of equatorial orbits that can come 
arbitrarily close to the ends of the rotating asteroid. In gen-
eral, such close orbits will be unstable if they have inclinations 
less than f""o.J 135°, but are definitely stable if they are ret-
rograde orbits in the equatorial plane (Scheeres, Icarus 110, 
1994). There can be intervals of orbital radius for which the 
retrograde close orbits are unstable, but these intervals are of 
limited size (Scheeres et al., JGCD2 23, 2000). The advantage 
of this approach is that it requires no specialized navigation 
technology beyond that required for an asteroid rendezvous 
mission (Miller et al., JAS3 43, 1995), and the resulting tra-
jectory is completely stable, meaning that there are no control 
maneuvers necessary to maintain a safe orbit over extended 
periods of time. The drawbacks are that the resulting trajec-
tory will have a high speed and angular rate relative to the 
asteroid surface, will acheive close proximity only to the ends 
of the asteroid, and is constrained by the asteroid's rotation 
pole direction. 

Low altitude Flyovers: The next step in complexity is 
the use of targeted, low-altitude fiyovers that carry the space-
craft over specific regions of the asteroid surface. In general, 
following such a flyover the spacecraft orbit energy and an-
gular momentum receive a significant change in value due 

1 Telecommunications and Data Acquisition Progress Reports 
2 Journal of Guidance, Control and Dynamics 
3 Journal of the Astronautical Sciences 

to interactions with the rotating gravity field (Scheeres, CM4 

73, 1999). Flybys that decrease the orbital energy or angular 
momentum should be avoided as they lead to trajectories that 
re-encounter the asteroid relatively swiftly. Conversely, fly-
bys that boost energy provide a margin of safety, in that the 
re-encounter time can be increased, allowing time for space-
craft operations to re-establish trajectory control and perform 
a maneuver to raise periapsis to a safe radius. The possibil-
ity of multiple low-altitude encounters can also be considered, 
but simulations performed for the NEAR mission clearly show 
that very modest errors in position and velocity can lead to 
situations where the spacecraft is completely dispersed in lon-
gitude relative to the asteroid after only three such flybys taken 
in succession. Low altitude flyby operations can be conducted 
without autonomous spacecraft navigation, but require accu-
rate shape, gravity field, and rotation state measurements to be 
safely carried out. 

Landing Trajectories: Any trajectory which intersects 
the surface can be classified as a landing trajectory. To enable 
further operations on the surface there is an implicit assump-
tion that the impact speed and landing ellipse is minimized, 
which in tum implies that braking maneuvers are performed 
during the descent. Landing trajectories can be significantly 
perturbed by the small body gravity field during descent, and 
due to the rapid rotation of some bodies, relatively small errors 
in timing can lead to large longitudinal errors in the landing el-
lipsoid. Additionally, modeling issues can become impurtant 
as the traditional gravity field descriptions will diverge close 
to an irregularly shaped asteroid (Werner and Scheeres, CM 
65, 1997). To accurately delivery a spacecraft to the surface of 
an asteroid requires closed-loop altimetry measurements and 
thruster control to time the execution of the descent maneuvers 
and control their size. If sufficiently accurate models of the 
asteroid are obtained prior to landing, it is not necessary to 
use closed-loop control of lateral motions during the descent 
(Scheeres, TDA PR 42-132, 1998). 

Hovering Trajectories: A unique option available at 
smaller asteroids are trajectories that null out the force en-
vironment close to the asteroid and command translational 
motions relative to the asteroid surface in the asteroid-fixed 
frame. Such trajectories are inherently unstable, but can be 
stabilized with the addition of a simple closed-loop control 
built around altimetry measurements in the direction of the lo-
cal gravitational attraction (Sawai and Scheeres, AIAA5 Paper 
2000-4421). These hovering motions are generally only stable 
up to a certain altitude, above which they become unstable and 
require a different control methodology. Once such a hover-
ing trajectory is stabilized it is possible to effect translational 
motions across the surface of the asteroid. Current research 
into such translational trajectories indicate that preferred direc-
tions of motion relative to the rotation pole of the asteroid exist. 

4Celestial Mechanics and Dynamical Astronomy 
5 American Institute of Aeronautics and Astronautics 
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To implement these trajectories requires the measurement and 
control of lateral motions relative to the asteroid, in addition 
to closed-loop altimetry control. This lateral control can be 
implemented using optical tracking or scanning radar mea-
surements combined with closed-loop feedback, implemented 
with a much lower update frequency than is required for the 
stabilizing altitude control. Reliable implementation also re-
quires an accurate shape, gravity and rotation state model of 
the asteroid. 

Some close proximity operations can be planned in ad-
vance and implemented over a wide range of asteroid param-
eters. But generally for these strategies to be implementated 
operationally the asteroid must first be measured accurately, 
the degree of accuracy depending on spacecraft capabilities 
and mission goals. Thus the issue of orbital mechanics during 
the characterization phase prior to these close-proximity oper-
ations is also crucial. As a function of asteroid parameters, the 
design and implementation of this characterization phase and 
of the subsequent close-proximity operations can be strongly 
affected. 

As an example we can compare the NEAR mission charac-
terization phase with the characterization phase of the planned 
Muses-C mission. For NEAR at Eros, the characterization 
plan consisted of a series of orbits at decreasing altitudes over 
a range of inclinations to sense and measure all important as-
pects of the asteroid (Scheeres, JAS 43, 1995). A similar plan 
would be impossible for the Muses-C mission as fundamental 
differences in the size of the target asteroid mean that there 
are no benign force environments for the spacecraft to orbit in 
(Scheeres, JAS 47, 1999). This pushes the Muses-C charac-
terization phase to a strategy of hovering some distance from 
the asteroid in the rotating asteroid-sun frame, a strategy that 
could not have been sustained by NEAR at Eros due to fuel 
costs. It should be noted that the Muses-C strategy will lead 
to a much less accurate characterization of its target asteroid, 
which in tum will impact the design and implementation of 
the mission. 

The asteroid characteristics that exert the largest influence 
over the design and implementation of the characterization and 
close proximity operations are its shape, size, density, and ro-
tation state. If a target asteroid's characteristics are completely 
unknown the possible space of operational complexity can be 
huge and require that a range of technologies and plans be 
kept as options. In contrast, if even a few of these parameters 
are sufficiently constrained there is a significant simplifica-
tion to the spacecraft and mission design, a reduction in the 
amount of contingency planning that must be done, and, most 
importantly, major elements of the mission can be planned and 
designed prior to spacecraft fabrication. This is an essential 
point: A mission to an asteroid with known characteristics is 
enabling. 

The NEAR mission to Eros is a case in point. For this 
mission, fairly accurate apriori information on that asteroid's 
overall shape, size, likely density range, and rotation state en-
abled a detailed mission plan to be drawn up prior to launch 
(Yeomans, JAS 43, 1995 and Scheeres, JAS 43, 1995), re-

duced the number of contingency plans, and allowed for a 
simple spacecraft design. Even then, the update to the Eros 
model a year prior to its planned encounter enabled the cre-
ation of detailed scenarios that were ready to implement once 
rendezvous was acheived. For a mission to an asteroid not 
as well observed there would have been little if any informa-
tion prior to rendezvous, meaning that detailed mission plans 
would have been put on hold until encounter, and multiple 
contingencies would have been kept in reserve to deal with the 
possible range of asteroid parameter values. 

The consequences of asteroid parameter values on close-
proximity and characterization trajectories can be summarized 
as follows. 

Shape: The shape of the asteroid has major implications 
for the stability of orbital motion and the range of escape and 
circular speeds over the body's surface. The consequences 
of the asteroid's shape range from influencing where on the 
surface a spacecraft can land or safely hover, and extends to 
controlling the type and range of orbital operations about the 
asteroid that can be safely implemented. In general, specific 
plans for all close-proximity operations discussed here cannot 
be planned in any significant detail until the shape is deter-
mined to some level of accuracy. 

Density/Size: The density and size of the asteroid couples 
directly with the strength and importance of the solar radiation 
pressure and solar tide perturbations on the spacecraft trajec-
tory. For low densities and small asteroids these perturbations 
can eliminate or severly constrain all orbiting options, but can 
also open up the possibility of extended hovering in the sun-
asteroid or asteroid-fixed frame. Larger sizes and densities, on 
the other hand, can eliminate these extended hovering options 
and restrict the spacecraft to orbital operations. 

Rotation State: For uniform rotators the rotation period 
controls the coupling between the gravity field and the orbit. 
Very fast and very slow rotation rates tend to stabilize orbital 
dynamics (Scheeres, Icarus 110, 1994; Scheeres and Hu, AAS6 

Paper 00-15 3). However, there is a significant range of rotation 
rates that cause orbits relatively close to the central body to 
be unstable. Complex rotators provide their own challenges 
as orbital dynamics about them have a number of fundamental 
differences from orbits about uniform rotators (Scheeres et al., 
Icarus 121, 1996 and 132, 1998). Again, specific plans for 
close-proximity operations cannot be planned in detail until 
the asteroid's rotation state is properly constrained. 

Based on the discussion provided here, it is evident that a 
mission to an asteroid which has a measured shape and rota-
tion state allows for a streamlined and focused close proximity 
operation plan and spacecraft design. Such Earth-based char-
acterizations can be performed with optical measurements, 
but the most accurate results to date have been obtained with 
Doppler-delay imaging techniques which allow an asteroid's 
shape, spin state, and bulk surface properties to be measured 
(Ostro, AAS Paper 95-170, 1995). 

The research reported here was supported by the TMOD 
Technology Program by a grant from the Jet Propulsion Labo-
ratory, California Institute of Technology which is under con-
tract with the National Aeronautics and Space Administration. 
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What are the goals of asteroid sample return 
missions? Four major scientific goals can be identified 
for sample return missions to near-Earth asteroids. 
All four goals are critically important for understand-
ing the origin of meteorites and asteroids and for dis-
rupting or diverting asteroids, which may become the 
main justification for missions to near-Earth objects 
[1]. These goals are also central to the development of 
space resources [2]. 

1) Understand the nature of near-Earth asteroids 
by linking meteorite types and asteroid spectral 
classes. At present only V asteroids (Vesta-types) are 
firmly matched with HED differentiated meteorites. 
Another five or so asteroid types have plausible spec-
tral matches for meteorite groups and another 6-8 are 
poorly matched or unidentified [3, 4]. S asteroids 
probably have diverse origins: some may be ordinary 
chondrites, others may be differentiated and impact 
scrambled or strongly metamorphosed. If we are go-
ing to satisfactorily relate chondrites to planets, under-
stand where chondritic components formed at differ-
ent times in the solar nebula, and constrain the timing 
of accretion and differentiation as a function of helio-
centric distance, we will need to identify the source of 
each meteorite type in the main asteroid belt. 

2) Identify new kinds of primitive materials that 
are absent in meteorite collections. Meteorites are 
biased towards strong materials from accessible main-
belt asteroids. We probably have a relatively good set 
of samples from differentiated asteroids but primitive, 
chondritic asteroids such asP and D types and highly 
altered chondritic B, G and F asteroids may not be 
represented at all [5]. Much of the mass in the asteroid 
belt is in Ceres (G? class), which is very poorly char-
acterized. The most exciting primitive materials in 
near-Earth objects can probably be found in extinct 
comets. 

3) Elucidation of space weathering processes. 
Suites of surface and near-surface samples of different 
maturities will be invaluable in characterizing space 
weathering issues and relating asteroids to meteorites. 
However, even the most degraded asteroidal samples 
will help to clarify asteroid-meteorite links and so 
constrain weathering processes. 

4) Understand the physical nature of chondritic 
and differentiated asteroids of diverse sizes. Sample 
returns from selected sites together with density de-
terminations and gravity maps will greatly help us 

understand how coherent rocks and asteroid frag-
ments, friable materials and pores are distributed in 
asteroids. It is possible, for example, that most large 
chondri tic asteroids are made of poorly lithified mate-
rials and that meteorites are very unrepresentative 
samples of these asteroids. However, meteorites might 
be excellent samples of fast-rotating, asteroids <200m 
in size, which appear to be monolithic fragments [6]. 
Understanding meteorite delivery processes and aster-
oid geology requires such physical characterization. 

What problems can be solved by remote sensing 
from spacecraft? The NEAR-Shoemaker spacecraft 
has identified Eros as LL chondritic asteroid from 
spectral and X-ray data [7, 8]. This identification 
needs to be rigorously checked. If correct, remote 
sensing from orbiting spacecraft can probably identify 
most links between meteorite and asteroid classes. 
Sample returns are not justified for matching asteroids 
with meteorites until remote sensing techniques from 
spacecraft and the Earth have been exhausted. How-
ever, sample return missions cannot be put on ice for 
another 22 yr [9]. 

What problems are best answered by robotic 
analysis of asteroid samples? Before asteroid sample 
return missions are contemplated, the cost effective-
ness of robotic in situ analysis needs to be thoroughly 
investigated. Some combination of X-ray diffraction, 
SEM with EDS, XRF, Mossbauer and Raman spec-
troscopy together with spectral analysis might allow 
most proposed asteroid-meteorite links to be satisfac-
torily tested. 

What problems require sample returns? Aster-
oids that are not represented in meteorite collections 
are best studied through sample returns missions. 
Remote analysis is not cost effective for chondritic 
asteroids, which contain complicated mixtures of or-
ganic and hydrated materials. Radiometric age dating 
and stable isotopic analysis require extensive sample 
preparation that can only be done in terrestrial labo-
ratories. Returned samples permit flexible responses 
to surprise results. They never become obsolete and 
can be studied by generations of scientists using ever 
more sophisticated analytical tools. 
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How should asteroids be sampled? Before sam-
pling techniques for sample return missions can be 
selected for specific problems, we need more studies of 
the relative values of different types and sizes of sam-
ples. Centimeter-sized samples would provide ade-
quate textural information and material for most 
studies. Nanogram-sized samples from comets can be 
analyzed with a battery of analytical techniques [10], 
but for asteroidal samples the value of such analyses is 
greatly enhanced by the textural context that em-sized 
samples can supply. Asteroids that do not appear to 
be represented in meteorite collections should be sam-
pled with techniques that best preserve the integrity of 
the sample. Sub-millimeter, impact fragments from 
debris plumes generated on such asteroids will proba-
bly prove to be disappointing; rake and drill samples 
are probably necessary. However, much could be 
learnt from the chemical and isotopic composition of a 
few silicate or metal grains. For example, analyses of 
the chemical and oxygen isotopic composition of oli-
vine grains might indicate the probable nature of the 
asteroid (chondritic or differentiated) and might allow 
links to probable meteorite classes to be made [10, 
11]. Probable sources for certain micrometeorites and 
impact debris from large asteroids [12] have been 
identified in this way. 

There are formidable technical problems in ob-
taining samples in microgravity environmf!nts from 
even well characterized asteroid surfaces. However, 
accessible target asteroids are likely to be poorly char-
acterized and may be fast or slow rotators. Near-Earth 
asteroids probably have extraordinarily diverse min-
eralogical and physical characteristics which require 
very different sampling techniques. It is likely that 
every type of coring, scooping, sieving, and chipping 
device will need to be considered. We therefore offer a 
preliminary analysis and justification for a magnetic 
sampling device. 

Magnetic sampling device. Most chondrites 
contain enough metal or magnetite grains to permit 
magnetic minerals and rock fragments to be obtained 

from asteroid regoliths with magnetic sampling de-
vices. The regolith of the moon, for example, contains 
a very magnetic fraction of about 0.045 wt.% metallic 
iron and iron- nickel alloy [13]. The only meteorites 
that lack magnetic minerals are achondrites, which 
tend to be coarser grained and have characteristic 
spectral signatures. Thus, magnetic sampling devices 
can readily obtain samples, albeit unrepresentative 
ones, from most asteroids. 

An electromagnet can be used to obtain an en-
riched sample of the metallic phases in the asteroid 
surface. Such a device could be employed after a gen-
eral sample is obtained of a given position on the sur-
face and will not have any detrimental effect on other 
sample return devices .. Such samples can provide in-
formation on the effect of space weathering processes 
(shock and reheating) and the nature of the asteroid 
surface and the impacting asteroidal fragments. 

References: [1] Report of the Task Force on Po-
tentially Hazardous Near Earth Objects (2000) 
www.nearearthobjects.co.uk. [2] Lewis J. S. and Hut-
son M. L. (1994) In Resources of Near Earth Space 
(ed. J.S. Lewis et al.) pp. 523-542, Univ. Arizona. [3] 
Gaffey M. J. (2000) LPS 31, # 1092. [4] Burbine T. H. 
et al. (2000) LPS 31, #1092. [5] Bell et al. (1989) In 
Asteroids II (R. P. Binzel et al.) pp. 921-945. [6] 
Whiteley R. J., Tholen D. J. and Hergenrother C. W. 
(2000) Lightcurve analysis of 4 new monolithic fast-
rotating asteroids. DPS meeting abstr. [7] Veverka J. 
et al. (2000) Science 289, 2088-2097. [8] Bell J. F. III 
et al. (2000) MAPS 35 Suppl., A23. [9] Morrison D. 
and Wells W. C. eds., Asteroids: an Exploration As-
sessment. NASA CP 2053 .. [10] Zolensky et al. (2000) 
MAPS 35, 9-29. [11] Steele. I. M. (1992) GCA 56, 
2923-2929. [12] Kyte F. T. and Brownlee D. E. (1985) 
GCA 49, 1095-1108. [13] Romig A. D. and J. I. Gold-
stein J. I. (1976) Lunar Utilization, D. R. Criswell ed. 
LPI. 
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Introduction: It has been suggested that a mission 
to an asteroid to take samples and return them to Earth 
is the logical next step in the exploration of the solar 
system [1]. Such a mission poses several new chal-
lenges, not the least of which is actually taking the 
samples. Several methods have been proposed, and a 
few have been funded for development. However, to 
date, the Moon is the only extraterrestrial body for 
which samples have been returned to Earth by space-
craft to Earth. The Moon has been sampled by the 
manned Apollo program and by the robotic Luna pro-
gram. The optimum strategy for taking samples de-
pends on many factors, but mostly size and nature of 
the target object. 

Table 1. Past and current sample-return missions 
Mission Date Type Collector Mass (kg) 
Apollo '69-73 Manned Rake, drill/corer -380 
11 ,12,14-17 (3m) hand samples 
Luna '70-76 Robotic Corer -0.45 
16,20,23 lander 
Stardust '99-07 Robotic Impact into >1,000 

fly-by co- 2 x 4 em aerogel particles 
met Wild2 panels >15ug 

Muses-C '02-06 Robotic 10 g projectile 10 g 
lander fires ejecta into 

collector 
Genesis '01-04 2 yr at L1 Si arrays exposed -5 ug 

to solar wind 
Mars '03,5-08 Lander Mini-corers, 

grab samples 

The Apollo and Luna collectors: A large body 
like the Moon requires complex samplers mounted on 
landers. Since the Apollo missions were not con-
strained by robotic operation, a wide variety of samples 
were obtained; hand specimens of regolith and surface 
rocks, rake samples, core and drive tube samples [2]. 
A total mass of 380 kg was returned. The three Luna 
missions used landers with drill heads attached to 
booms that returned the samples to the return capsules. 
The landers were large (1880 kg) and the samples re-
turned were very small, about 350 g were obtained by 
the three missions [3]. However, samples were ob-
tained from as much as two metres below the surface. 

Proposed sampling mechanisms: Objects as 
small as asteroids and comets have smaller gravity 
fields so that hovering is less demanding on fuel and 
many of the complications of landing can be avoided. 
On the other hand, the weak gravity field means the 
reaction on the spacecraft of the sampling operations 
can be problematic, especially if a thin crust overlays a 

volatile interior [4]. The array of sampling devices 
potentially available is very broad. Of course, sam-
pling on any previously unexplored body carries inher-
ent difficulties due to the unknown nature of the sur-
faces and for asteroids the variety of surfaces is very 
high, ranging from unconsolidated regolith, to crusts 
over volatile interiors, to highly competent assem-
blages of silicate minerals or even of pure metal. 

Trowel/Claw. The Viking spacecraft on Mars, and 
Surveyor on the Moon, carried a scoop, sieve and hoe 
on the end of a moveable arm which could excavate a 
surface and, in the case of Viking, deliver material to 
various analytical instruments. Delivery of samples 
could equally well have been to a sample return cap-
sule. 

Microrover. The extendable arm can be replaced 
by a microrover that can explore the vicinity of the 
lander, much like the Sojourner rover on Pathfinder, 
collect samples by trowels or claws, and return them to 
the mothercraft. These rovers can be as large as 
Athena, or even the Apollo buggy, and as small as the 
Muses C rover. 

Drillers/Corers. Drillers and corers have often 
been discussed in connection with missions to the 
Moon and planets but face difficulties in the case of 
asteroids and comets that they must function in a very 
low gravity field. Champollion, which was to core a 
comet nucleus, was to be anchored with harpoons. It 
has been pointed out that a 35 kg spacecraft on Earth 
weighs 35 g on a 100 kg asteroid and the torque of 
drilling would actually rotate the spacecraft. Of course, 
anchoring adds a higher degree of complexity to the 
mission. 

Trawl nets. An idea we have explored is to fire 
"trawl nets" from a lander and reel them in until the 
requisite mass has been recovered. The advantage is 
that a range of surface materials could be recovered 
undamaged, including some very large fragments, but 
the disadvantage is its complexity and likelihood of 
snagging. 

Percussive devices. Aladdin [5] and Muses C [6] 
obtain samples by percussive means. A projectile is 
fired into the surface to be sampled and it is the ejecta 
that is collected. In the case of Aladdin, the spacecraft 
flies through the cloud of ejecta and samples are pro-
posed to be collected on a "carpet" stretched between 
two rollers. In the case of Muses C, which touches 
down on the surface, a cone covering the site of impact 
captures the ejecta. 
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Penetrator samplers. Westphal first proposed that 
a penetrator could be fired into a planetary object and 
then extracted with a sample of the target [7]. Small 
penetrators were developed for the Deep Space 2 (DS-
2) mission, in which samples were taken by a small 
auger bit in the side of the penetrator after it comes to 
rest [8], but there is no validation that this approached 
worked on DS-2. 

Touch-and-go suiface samplers. The Honeybee 
touch-and-go surface sampler [8] is described else-
where in this volume. It uses two counter-rotating 
cutters that collect and throw samples into a container. 
Under milligravity conditions it will probably elevate 
fairly large particles (several hundred grams), as well 
as fine-grained material, and it can bore into the sur-
face. It tends to bounce, and can be snagged by surface 
obstructions. 

Other types of touch-and-go samplers have been 
proposed on previous (unsuccessful) Discovery mis-
sions. One type under recent development uses the 
angular momentum of a spinning auger to burrow and 
propel sample into a collector, as described by Nygren 
in this volume [9] 

Passive surfaces. The Genesis spacecraft exposes 
the surfaces of various highly-purified materials to 
collect solar wind particles and the Stardust spacecraft 
uses silica aerogel to capture fast moving cometary 
particles intact [10]. One can imagine passive adhesive 
surfaces being touched onto asteroidal surfaces to col-
lect surface materials and under milligravity conditions 
might pick up sizeable fragments. Vacuum-compatible 
viscids and maze-type collectors have already been 
developed for space in the related application of col-
lecting low-velocity dust in the coma of comets [11]. 

Clearly the demands of sample collection depend 
on the target and its complexity. For objects the size of 
the Moon and Mars, landers and extensive exploration 

and sample collection are required for significant prog-
ress in our understanding of these objects. For aster-
oids, which are smaller and simpler, orbital reconnais-
sance and minimal robotic sampling will probably be 
adequate. Landing can probably be avoided. Landing 
poses several difficulties for these small irregular ob-
jects, such as the generation of large amounts of dust, 
which degrade solar panels, and intermittent communi-
cation and power, since the tumbling asteroid will be 
constantly in and out of sunlight and alignment with 
Earth. Devices that sample remotely, such as the 
Aladdin method, avoid these problems but collect 
small amounts of material. Many analytical techniques 
exist that are well-suited to tiny samples [12], but some 
techniques such as bulk analysis [13] and petrography, 
require larger samples, especially if the surface is het-
erogeneous on the centimeter scale and centimeter-
scale structures are deemed important. This is clearly 
the case in meteorite studies. In such circumstances, 
the most applicable sampling techniques currently 
available are those involving spacecraft that touch the 
surface without landing. 

[1] Sears D. W. G. (1999) LPS CD ROM Abstract 
#1432. [2] Heiken G. H. et al. (1991) Lunar Source-
book. [3] Author G. H. (1996) LPS VII, 1344-1345. 
[4] Pieters C. M. (2000) This meeting. [5] Yano H. et 
al. (2000) This meeting. [6] Morrison D., ed. (1978) 
Asteroids: An Exploration Assessment. [7] Smekrar S. 
et al. (2000) Icarus. [8] Gorevan S. and Rafeek S. 
(2000) This meeting. [9] Nygren W. D. (2000) This 
meeting. [10] Tsou, P. JGR, in preparation. [11] 
Thompson, P., Anderson, S., Clark, B., NASA Con-
tract Study Reports, 1987. [12] Zolensky M. E. et al 
(2000) Meteorit. & Planet. Sci. 35 9-29. [13] Ahrens 
L. H. et al. (1969) Earth Planet. Sci. Lett. 5, 382. 



48 LPI Contribution No. 1073 

THE CASE FOR NEAR-EARTH ASTEROID SAMPLE RETURN. D. W. G. Sears1
, C. M. Pieters2

, D. E. 
Brownlee3

, M. M. Lindstrom4 and D. Britt5
, 

1Center for Space and Planetary Science, Univ. of Arkansas, Fayetteville, 
AR 72701 (dsears@uark.edu), 2Dept of Earth & Planetary Science, Brown University, Providence, RI 02912, 3Dept of 
Astronomy, Univ. of Washington, Seattle, WA 98195, 4SN2, NASA Johnson Space Center, Houston, TX 77058. 
5Department of Geological Sciences, Univ. of Tennessee, Knoxville, TN 37996. 

Introduction: Asteroids and the comets are an integral 
and uniquely important part of our solar system. Not 
only do they provide insights into the nature of primor-
dial solar system material - the material from which the 
Sun and planets were formed - but their impact onto 
planetary surfaces is one of the most important geologi-
cal and biological forces for change. They are also a 
potential natural resource and target for human explo-
ration and development of space. Thus there are both 
scientific and sociocultural reasons for asteroid sample 
return. 
Scientific case: Understanding the nature and history 
of our Solar System. Current scientific opinion is that 
with the exception of the rare lunar and martian mete-
orites, meteorites are ancient fragments of asteroids. 
The chondrites experienced little or no alteration since 
formation, while differentiated meteorites - which 
range from basalts to iron-nickel alloys - testify to igne-
ous processes at the earliest stages of solar system evo-
lution [1]. However, understanding the detailed prop-
erties of meteorites requires that the nature and number 
of their source objects are identified and properties in-
herited from the solar nebula are distinguished from 
those of the parent body. 

Unfortunately, meteorites are cosmic jetsam, and, 
with a few notable exceptions, it has proved difficult to 
identify the asteroids or even the type of asteroid from 
which they came. In the last instance meteorites are 
presumably coming from near-Earth asteroids (NEA). 
The Main Belt asteroids and the NEA show similar 
class distributions [2-4], suggesting that the NEA fairly 
represents the main belt, even though perhaps half of 
the NEA may be cometary in origin [5]. But there are 
major differences between asteroids and meteorites. 
One difference is the remarkably low density of the as-
teroids which resemble only the CI and CM chondrites 
that are -20% water. Even the apparently anhydrous S 
asteroids have low densities [6]. Are all asteroids wa-
ter-rich, even though their spectra suggests anhydrous 
materials? Do they have an unusual internal structure, 
more porous than the most porous sandstones? 

It is possible to find meteorites with similar spectral 
properties for most of the major asteroid classes, al-
though in many cases, like the large S class, there are 
many potential fits by widely varying meteorite types. 
The largest meteorite class, the ordinary chondrites, are 
-95% by number of falls but are matched closely only 
by the Q asteroids (<1% by number). Space weathering 
can change the spectra of an asteroid [7], but even then 

acceptable matches are found for only the S(IV) aster-
oids ( -11% by number). Eros is an S asteroid and a 
possible match for L chondrites. 

We are not receiving a representative flux of main 
belt asteroids. To reach Earth, an asteroid fragment 
must be in an orbit suitable for ejection from the belt 
[8]. To reach our collections, the meteorite must be able 
to endure atmospheric passage [9] and the fragments 
must be recognized in the field [10]. The large number 
of meteorites sharing common fragmentation ages sug-
gests that large numbers of some classes came from a 
single parent object [11,12]. Thus relatively few (and 
perhaps atypical) parent objects are supplying most of 
the terrestrial meteorite flux. 

Linking spectra with rock types will be a major 
contribution of NEA sample return. In an excellent 
example of the synergy between subject areas made pos-
sible by space missions, such data will improve our un-
derstanding of both the astronomical data for asteroids 
and the laboratory data for meteorites. Returned sam-
ples from NEA could also help us address the long 
standing question of the connection between comets and 
asteroids. 
Relationship between stars and planets. Isotopic analy-
sis on Earth has shown that meteorites contain evidence 
for short-live isotopes (e.g. 244Pu, 129I, 26 AI and 6°Fe) 
being present in precursor dust when the meteorites 
formed [13]. Some meteorites contain silicon carbide, 
graphite, diamond, alumina and titania grains that are 
presolar [14] and there are interstellar molecules in 
meteorites [15]. There is some uncertainty as to how 
widespread these isotopes were and whether they were 
distributed uniformly through out the solar system but 
they do provide unique insights into the type and distri-
bution of stars that contributed material to the solar 
system and the timescales or early solar system proc-
esses. 

The classes of meteorites that contain interstellar 
materials are relatively rare on Earth, presumably be-
cause of one or more of the selection effects above, but 
asteroids with similar spectral signatures appear to be 
fairly common [3]. One might expect therefore that the 
asteroids sampled by spacecraft will contain new kinds 
of presolar materials that carry information about stellar 
precursors and processes by which interstellar material 
becomes solar system material. 
The origin and evolution of life on Earth and other 
planets. There are two possible origins for life on Earth 
(or on any planet). Life either evolved from relatively 
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simple organic molecules by processes occurring on 
Earth, or living organisms were brought to Earth on a 
comet or asteroid, the "Panspermia Principle". The 
volatile-rich CI and CM chondrites contain large 
amounts of a wide variety of organic and potentially 
biogenic compounds. Even if such meteorites did not 
bring life to Earth, such materials offer unique opportu-
nities to identify life's chemical precursors. 

Asteroids with spectra resembling those of the CI 
and CM chondrites are the second most abundant aster-
oid type. Thus C asteroids would be prime targets for 
sample return. On the other hand, because of their fri-
ability, such meteorites undergo considerable destruc-
tion in the atmosphere and C chondrites are rare. 

An additional, persistent problem for meteorite 
research is that the samples are invariably contami-
nated. Even freshly collected falls have been found to 
contain terrestrial contaminants. The samples returned 
by missions would be some of the least contaminated 
primitive material brought to Earth. 
Solar variability. Airless bodies in space, without mag-
netic fields, capture solar wind and solar energetic par-
ticles non-selectively, so studies of their surface materi-
als will contain a record of solar activity at their loca-
tions. Thus asteroid samples record a history of solar 
activity and, unlike meteorites, their most recent orbits 
are known. 
Sociocultural case: Understand the external forces, 
including comet and asteroid impacts, that affect life 
and the habitability of Earth. An impact caused major 
extinctions at the end of the Cretaceous period and since 
such impacts should occur every -100 million years 
mass extinctions are common in the fossil record. 
Many methods have been proposed for deflecting a po-
tential impactor, but these depend on the composition 
and properties of the asteroid, which at the moment are 
essentially unknown. Buried nuclear devices or impact 
might be best suited to coherent masses, but standoff 
nuclear or shallow nuclear explosions might be best 
suited to incoherent masses, for example. The behavior 
of a water-rich asteroid under a laser will be very differ-
ent to that of an anhydrous object. The data obtained by 
sample return missions and the returned samples will 
enable these issues to be addressed. 

It is also important to know the structure of the 
asteroid in order to predict its behavior in the atmos-
phere should deflection be impossible [16]. A poorly-
coherent mass (e.g. the Tunguska impactor) would 
fragment high in the atmosphere and a large number of 
small fragments or an attenuated shock wave would 
reach the surface [17]. On the other hand, a coherent 
mass (e.g. the Meteor Crater impactor) might reach the 
surface intact and create a large crater [18]. 

Locales for future human eploration and habitation of 
space. NEA are the natural next step in space for ex-
ploration and even colonization because they are easy to 
get to and they are numerous and diverse in character. 
Many NEA are easier to get to than the Moon and some 
require flight times less than some past human LEO 
missions. Sample return missions to NEA would be 
analogous to Surveyor's role as a robotic pathfinder for 
the Apollo missions. 
Resources for space stations and colonies. The NEA 
also provide natural resources, most notably water, that 
could be used to support human exploration in space. 
Transporting water from a NEA to a space station or a 
lunar colony would be less demanding in energy than 
transporting it from Earth. NEAs as a natural resource 
for many materials has been the subject of several books 
[e.g. 19]. 
A logical next step: In situ measurements are neces-
sary for global geophyical and geochemical studies, but 
sample return has the advantage of an unlimited range 
of techniques, the vastly superior precision for the tech-
niques, and the sample archive pending better tech-
niques. A geologist exploring a new region on Earth 
maps, choses sample areas, collects samples, takes them 
to the laboratory for sophisticated analysis. The aster-
oid equivalent is to obtain reflectivity spectra, select 
interesting asteroids, return samples, return them to the 
laboratory for sophisticated analysis. It is a time-tested 
strategy. 
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Two main tendencies of making the Solar System 
habitable are regardering nowadays: (1) making ob-
jects of the Solar System habitable; (2) making the 
space of the Solar System habitable. We think that it's 
better to combine them. We should dezine and build 
settlements ("technospheres") on such objects as aster-
oids and comets, using their resourses. That is, it is 
necessary to create "space technospheres" - a long-
termed human settlements in the space. To save en-
ergy resources it is necessary to use Near-Earth aster-
oids enriched with water ice (i. e. extinguished com-
ets) with Near-Earth orbits. To realize listed concep-
tions it is necessary to decrease (up to 100 times) the 
costprice of the long-termed settlements. That's why 
even average UN country will be able to create it's 
own space house - artificial planet ("technosphere") 
and maintaine life activities there. About 50-100 such 
artificial planets will represent the future civilization 
of our Solar System. At the same time Earth will stay 
basic, maternal planet. 

There is an intresting problem of correcting orbits 
of that objects. Orbits can be changed into circular or 

elongated to make them comfortable for living activi-
ties of 5 000-10 000 settlers, and to maitain connec-
tion with mathernal planet. "Technospheres" with the 
elongated orbits are more advantageous to assimilate 
the Solar System. While "technospheres" with circular 
orbits suit to the industrial cycle with certain speciali-
zation. The specialization of the "technosphere" will 
depend on mine-workings and/or chosed high-
technology industrial process. Because it is profitable 
to convert raw materials at the "technosphere" and 
then to transport finished products to the maternal 
planet. 

It worth to be mentioned that because of the low 
gravitation and changed life cycle "technosphere" set-
tlers, new "Columbs" of the Solar System will trans-
form into new mankind. It will happen though it is 
difficult to imaging this. Because long ago, when fish 
left the ocean, thay didn't realize that began to trans-
form into Homo Sapiens. Human's departure from the 
"cradle" of the mankind - Earth - has the same value 
in the making new environment habitable. 



NEA Workshop 51 

Sample Return from Small Asteroids: Mission Impossible? R.J. Whiteley1, D.J. Tholen2, Jeffrey F. Belf, C.W. 
Hergenrother 4 

1University of Arizona I LPL, 1629 E. University Blvd., Tucson, AZ, 85721, whiteley@hindmost.lpl.arizona.edu 
2University of Hawaii I IfA, 2680 Woodlawn Dr., Honolulu, HI, 96822, tholen@ifa.hawaii.edu 
3University of Hawaii I PGD, 2525 Correa Rd., Honolulu, HI, 96822, bell@pgd.hawaii.edu 
4University of Arizona I LPL, 1629 E. University Blvd., Tucson, AZ, 85721, chergen@hindmost.lpl.arizona.edu 

The extensive study of asteroid lightcurves 
has shown that they typically rotate with periods from 
a few hours to a few tens of hours. Though there have 
been a few markedly longer rotation periods observed 
(1220 Crocus has a period of approximately 737 
hours), the existence of significantly faster rotation 
rates has only been recently demonstrated. The dis-
covery of 1998 KY 26, and the identification of its 10.7 
minute spin period [ 1] and the earlier observations of 
1995 HM and its 97.2 minute period [2], showed that 
very fast rotation rates were possible for small aster-
oids. Asteroids 1998 WB2, 1999 SF 10, and 1999 TY 2 
have recently been demonstrated to be very rapidly 
rotating as well [3]. We have performed lightcurve 
observations and analysis of four more fast rotators, 
2000 AG6, 2000 DOs, and 2000 EB14, and 2000 HB24. 
Their periods are 4.56, 10.44, 107.4, and 13.05 minutes 
respectively. 

The common characteristic of the 9 known 
fast-rotating objects is their small size; all of them are 
less than about 200 meters in diameter. Objects 
smaller than about 200 meters have never been ob-
served to have periods longer than 2.2 hours, and ob-
jects larger than a few hundred meters in size have 
never been observed to rotate with periods shorter than 
2.2 hours. This strong segregation of spin rates has 
been shown by Fig. 7 in [3], and by Fig. 1 in this ab-
stract and related work[4]. Theoretical work also [5,6] 
suggests that a limiting rotation period of about 2.2 
hours separates objects 200 meters and smaller from 
larger bodies. The physical interpretation for this seg-
regation of spin rates is that objects smaller than a few 
hundred meters in diameter are all intact, internally 
monolithic bodies that retain the tensile strength to 
rotate at extreme rates. The effective surface gravity of 
these small asteroids is such that they would be flung 
apart by centripetal acceleration if they were strength-
less "rubble pile" asteroids. 

Most importantly, we point out the inherent 
difficulties in orbiting, landing on, and sampling the 
surfaces of these extremely rapidly rotating objects. 
First, the irregular shapes and gravity fields of these 

bodies, compounded by their rapid rotation rates, 
would subject any nearby spacecraft to large-scale, 
rapid variations in the local gravity environment. 
These variations would occur on time scales of a few 
minutes or less, imposing an obvious difficulty on 
landing approach navigation. Secondly, the extremely 
fast rotation of these asteroids makes landing on most 
of the surface impossible without using some active 
system to hold the spacecraft onto the surface. Lastly, 
any potential regolith particles on such fast rotating 
objects should be flung off the surface quite efficiently. 
Although the areas near the spin poles of these small 
asteroids might retain small amounts of regolith, the 
bulk surfaces of these objects simply cannot gravita-
tionally hold any large regolith particles against cen-
tripetal acceleration. Most current schemes for sample 
collection on small asteroids rely on non-destructive 
gathering of loose regolith material. Sample collection 
from these fast rotators would require some method of 
extraction from solid bedrock. 

In summary, the kinematic state of asteroids 
smaller than 200 meters makes them very poor candi-
dates for sample return missions. Their fast rotation, 
negative effective surface gravity, and lack of loose 
regolith introduce unacceptable risks of mission fail-
ure. We strongly believe that for the time being, no 
sample return mission should be planned to any object 
less than 200 meters in diameter. Because of possible 
strong variations in target albedo, this restriction 
should effectively limit us to considering asteroid sam-
ple return targets that have an absolute magnitude of 
Hv=22.0 or brighter. 

References: [1] S.J. Ostro eta/. (1999) Science, 285, 
557-559. [2] D.I. Steel eta/. (1997) Planet. Space Sci-
ence, 45, 1091-1098. [3] P. Pravec eta/. (2000) Ica-
rus, In Press. [4] R.J. Whiteley et al (2000) In Prepa-
ration. [5] A.W. Harris (1996) Lunar Planet. Sci. 
XXVII, 493-494. [6] P. Pravec and A.W. Harris (2000), 
Icarus, In Press. 
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Figure 1. Rotation period vs. absolute magnitude H for a large sample of asteroids, after Fig. 7 in 
Pravec et al. 2000. The small filled squares are data points from the Feb. 2000 version of archival 
files kept by A. Harris. The empty diamonds are data from this work, the dotted squares are data 
from Steel et al. 1997, Ostro et al. 1997, and Pravec et al. 2000. 
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NASA's Near Earth Asteroid Rendezvous Mission began its record-setting exploration of the 
asteroid 433 Eros by inserting the spacecraft into orbit about Eros on February 14, 2000. This is 
the first spacecraft from any country to orbit an asteroid. The mission has overcome a failed 
insertion bum attempt on December 20, 1998, an event that would have ended most planetary 
missions, to return to the same target and successfully begin its science mapping a little more 
than a year later. Shortly after the successful insertion into orbit, the mission was renamed 
NEAR Shoemaker (NEAR) in memory of the late astronomer and geologist Eugene Shoemaker. 

NEAR will gather science data at Eros until February 14, 2001, which is the nominal end of 
mission. The NEAR mission is managed by the Johns Hopkins University, Applied Physics 
Laboratory in Laurel, Maryland. Since the initial mission concept in 1992, the design and 
implementation of the NEAR navigation system have been the responsibility of the Jet 
Propulsion Laboratory, California Institute of Technology. This presentation will show some of 
the unique features of navigation and mission design related to orbiting an asteroid and to 
designing a robust navigation system for the NEAR spacecraft. The problem of navigating a 
spacecraft about an asteroid is made difficult by the relative uncertainty in the asteroid physical 
properties which perturb the orbit: i.e., the mass, gravity field, and spin state. To help solve this 
problem, the navigation system for NEAR uses traditional DSN radio metric Doppler and range 
tracking, along with new technologies of optical landmark tracking and laser ranging to the 
asteroid surface. The experiences to date for each of these data types in the navigation solutions 
will be presented. Plans for the remainder of the NEAR mission will be presented, which 
include low orbits (down to 35 km radius circular orbits), and close flybys that may pass within 
1 km of the surface. In addition, at the end of mission, NASA has approved a controlled 
descent and hovering phase that will culminate with the spacecraft impacting the surface. The 
maneuver planning for this final phase will also be presented. 



54 LPI Contribution No. 1073 

MUSES-C's IMPACT SAMPLING DEVICE FOR SMALL ASTEROID SURFACES. H. Yano1
, A. Fujiwara1

, 

S. Hasegawa1, M. Abe1, K. Higuchi1
, J. Kawaguchi 1

, K. Tsuchiya2
, K. Okano3, and K. Yoshida3, 

1Institute of Space 
and Astronautical Science (3-1-1 Yoshinodai, Sagamihara, Kanagawa, 229-8510 Japan; yano@planeta.sci.isas.ac.jp), 
2Kyoto University, Tohoku University. 

Introduction: In the 20th Century, people have 
collected hundreds of stratospheric IDPs, thousands of 
meteoroid impacts on retrieved spacecraft, and tens of 
thousands of micrometeorites and cosmic spherules 
from the deep sea sediments and polar ice. Together 
with tens of thousand collections of larger 
"meteorites", those samples (generally referred as 
"cosmic dust") have greatly advanced our knowledge 
about the largest portion of extraterrestrial materials 
falling to the Earth. However, we still do not have any 
extraterrestrial materials that have a "ground truth" of 
their origins, except a few collections of lunar, Martian 
and HED meteorites. Thus it is the next logical step to 
conduct sample return missions directly from their 
possible parent bodies such as cometary coma by 
Stardust and asteroid surfaces by MUSES-C in order to 
re-classify existing cosmic dust and meteorite samples. 

MUSES-C Mission Profile: ISAS will launch the 
MUSES-C spacecraft with <500 kg of wet mass in 
2002, for engineering tests of key technologies in 
future planetary exploration such as autonomous 
navigation, electric propulsion, surface sampling from 
minor bodies without landing, and direct re-entry of a 
return capsule to the Earth, which will take place in 
2007 [1]. It will also perform cutting-edge scientific 
measurement on a near Earth asteroid 1998SF36, 
including global mapping by optical camera, LIDAR, 
near-IR spectrometer and X-ray fluorescence 
spectrometer as well as micro-rover traverse on its 
surface. Yet, the most important challenge amongst all 
is surface material sampling of the asteroid after the 
global mapping to bring a few grams of such samples 
from various locations of the 1998SF36 back to ground 
laboratories. 

Sampling on Asteroid Surfaces: Recent flyby 
and rendezvous observations of relatively small 
asteroids (e.g., several 10's km in diameter or smaller) 
by spacecraft such as Galileo and NEAR-Shoemaker 
have suggested that even relatively small asteroids 
could preserve considerable amount of regolith on their 
surfaces. It is opposite from implications by classic 
theories mainly considering gravitational effects and 
assuming compact and rocky inner structure of the 
asteroids, rather than the rubble-pile structure. 
However it is still not possible for ground observation 
to fully understand surface conditions of such minor 
bodies, prior to in-situ measurement by of a spacecraft. 
Also a km-sized small asteroid with a typical meteorite 

density may have its surface gravity as low as 1 o-4 to 
10-5 G. Thus it is not trivial for as a small spacecraft as 
MUSES-C to "land" on such a surface and conduct 
stratigraphic sampling such as scooping or core boring, 
without anchoring itself and then jettisoning to a return 
trajectory, which requires too much fuels. 

Impact Sampling Mechanism: Therefore, it is 
desired to design a single sampling mechanism that 
suits for a diverse heterogeneity of asteroid surfaces, 
from metal-silicate, fresh hard "rocks" to regolith 
layers covered with fluffy microparticles and does not 
require "landing". For MUSES-C, we have developed 
a sampling device which consists of projectors to shoot 
a 5-g metal projectile, a deployable cylindrical/conical 
concentrator horn to receive and deflect ejected 
fragments, and a catcher with separate rooms for each 
collection site (Fig. 1) [2]. 

Return capsule 

Catcher (inside) 

Projectors 

Conical horn 
(sample concentrator) 

Deployable, Bectran 
fabric horn 

Dust ejecta guard 
Meta! cylinder horn 

Fig. 1: Mechanical engineering model of MUS ES-C 
impact sampling device 

Sampling Sequence: As soon as the three-axis 
stabilized spacecraft is inserted to its trajectory in the 
vicinity of the Earth, the fabric horn is extended from 
an off-centered position on the anti-Sun face, which 
will point to the asteroid surface. The impact sampling 
is conducted when the spacecraft descends by 
autonomous navigation and touches the asteroid 
surface with the metal cylinder horn at the end of the 
sampling device at the speed of slower than 10 em per 
second. The laser ranging finder (LRF) detects the 
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movement of the end of the horn and sends a signal to 
projector to fire. Then the projectile impacts on the 
asteroid surface at a speed of 300 m/s. Then fast 
jetting of fine grains at 100's m/s, impact ejection of 
medium sized fragments at 10's m/s and slow 
spallation of the largest pieces at several m/s occurs in 
case of semi-hard monolithic targets such as fire 
resistant bricks. Those fragments are levitated toward 
the interior of the sampling horn and some of them 
successfully reach inside the catcher housed inside the 
spacecraft within less than 1 second. Within 1-3 
seconds after the LRF trigger, before the spacecraft 
loses too much balance with respect to a local surface 
morphology, it starts to ascend at full thrust. By that 
time, all collected samples are encapsulated inside the 
catcher so that they are protected from contamination 
due to RCS thrusters and slow leakage of the projector 
fuel gas. We call this a " touch-&-go" strategy. 

Experimental Results: In the course of designing 
this sampling device, we tested collection efficiency 
experiments for several asteroidal surface analogs 
including fire resistant bricks, glass beads and lunar 
regolith simulant. Also the surrounding environment 
were controlled to see their effects in terms of incident 
angle, vacuum level and gravity level (lG to 10-5 G) by 
performing parabolic flights and drop tower tests [3]. 
For bricks, a large portion of the ejecta uplifted 
vertically or at as high ejection angles as >60 degrees 
(Fig. 2). Their collection efficiency so heavily depends 
upon the existence of spallation of large surface pieces 
that the data seems to scatter (Fig. 3). 

Fig. 2: High speed image of 1:1 scale MUS ES-C horn 
test for impact ejection from a brick target at 
1 msec. time resolution 

Yet smooth transition between the fabric horn and the 
conical horn concentrator (meaning no "shoulder" 
between the two) increases the efficiency and the 
maximum efficiency among the microgravity data were 
more than doubled number of that under the 1-G 

condition. The micro gravity data less than 10 % were 
mostly due to "choking" within the concentrator by 
large pieces which rarely happened in 1-G but 
witnessed by videotapes during the drop tower tests. 
As for glass beads and lunar regolith simulant, most of 
ejecta expand at nearly 45 degrees angle. Their 
collection efficiency is as low as 0.1-% order but the 
total amount of ejection is several orders larger than the 
brick cases, so that the total collection mass can be as 
good as 1-10 g. However, designs of the metal cylinder 
horn to change incident angle of the 45-degree ejecta 
and projectile shapes to give fragments a higher 
ejection angle are still investigated. 
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Fig. 3: Collection performance of MUSES-C sampling 
device prototype. Keys: B =bricks, R =regolith, 
V = vertical, H = horizontal; S = with 
"shoulder"; N =no shoulder; mG = 10-4 G; HH 
= hard metal horn instead of fabric horn. 

Post-Retrieval Analyses: Thanks to current 
development of micro-analysis techniques especially in 
the area of cosmic dust research, several 100-mg to 1-g 
order of target fragment samples allow us to complete 
a thorough post-retrieval analyses (e.g., from chemical 
and mineralogical to noble gas and isotopic studies) on 
the ground. However, the initial sample analysis and 
curation work, followed by an international 
announcement of opportunity for detailed sample 
analyses, must prepare for several scenarios of 
balances and achievable resolution of non-destructive 
and destructive analyses depending upon the total 
amount of the returned samples. 

References: [1] Fujiwara, A. et al. (2000) this 
volume. [2] Yano, H. et al., (2000) Adv. in Space Res., 
submitted. [3] Fujiwara, A. et al. (2000) J. Japan. Soc. 
Microgravity Appli., 17, No.3, 178-182 (main text in 
Japanese). 
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