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COMPOSITIONS OF BINARY NEAR-EARTH OBJECTS: IMPLICATIONS FOR THEIR INTERNAL
STRUCTURE. P. A. Abell1,3,*, M. J. Gaffey2,3, P. S. Hardersen2,3, V. Reddy2,3, and S. Kumar2,3 1Planetary Astronomy Group, Astromaterials Research and Exploration Science, NASA Johnson Space Center, Mail Code KR, Houston, TX 77058, paul.a.abell1@jsc.nasa.gov. 2Department of Space Studies, Box 9008, University of North Dakota,
Grand Forks, ND 58202. 3Visiting Astronomer at the Infrared Telescope Facility, which is operated by the University of Hawai’i under contract from the National Aeronautics and Space Administration, Mauna Kea, HI 96720.
*
NASA Postdoctoral Fellow.
Introduction: Several lines of evidence suggest
that approximately 16% of all near-Earth objects
(NEOs) are binaries [1-3]. Since NEO dynamical lifetimes are relatively short (~ 106 - 107 years) [4], an
active mechanism must be generating new NEO binary
pairs [5]. The favored formation mechanisms for binary NEOs invoke close flybys of the Earth (or Venus)
by their parent bodies and involve either tidal disruption [6], or rotational spin-up and disruption [7], after
one or several planetary encounters. These types of
disruption events are thought to only occur if the parent NEO bodies are either composed of physically
weak materials (e.g., strengths similar to carbonaceous
meteorites) or were gravitationally bound rubble piles
with little or no internal strength.
Assuming that binary NEOs are generated primarily by disaggregation of km-scale NEO parent bodies
during close planetary flybys, then the two models of
parent body weakness predict different compositional
patterns for the formation of NEO binaries. If NEO
binaries form primarily from physically weak materials, they should be dominantly similar in composition
to carbonaceous CM- or CI-type meteorite materials.
However, if these binaries form primarily from disruption of strengthless rubble piles, then there shouldn't be
any particular compositional preference.
Spectral Observations: An observational campaign to obtain near-infrared spectra of NEOs has been
implemented using the NASA IRTF and SpeX instrument [8] since October, 2001. One of the first objects
to be observed of this campaign was 1998 ST27, which
was simultaneously imaged by radar and determined to
be a binary object [9]. The spectral response of this
NEO demonstrated a significant upturn beyond ~ 2.2
µm and a broad absorption feature centered near 1.0
µm [10] (Figure 1). The upturn was interpreted to be
due to thermal emission from a low albedo object at a
small heliocentric distance and was used to estimate
the albedo of 1998 ST27 at 0.05 ± 0.01 [10].
The broad absorption feature of 1998 ST27 located
near 1.0 µm is one that is sufficiently intense to compete with the already strongly absorbing (i.e., ~ 5%
albedo) surface material. Given the low albedo of this
binary NEO, the mineral species producing this feature
must have a high absorbance at these wavelengths in
order to produce a detectable effect on such a dark
surface. Among plausible meteoritic minerals, the

most probable candidates are the iron-rich phyllosilicates present in the CM2- and CI1-carbonaceous chondrites [11].
Other binary NEOs have been observed by our research group, such as 1999 HF1 and 2005 AB, which
have similar features to those of 1998 ST27. Hence
they have also been identified as having affinities to
carbonaceous chondrite assemblages [12]. This suggests that carbonaceous-type materials are not uncommon among members of the binary NEO population.
However, observational data of two other objects
indicate that carbonaceous compositions are not the
only type of materials detected in the spectra of these
objects. Binary NEOs (66063) 1998 RO1 and 2003
YT1 have been identified as having mineral assemblages similar to other meteorite groups found among
the terrestrial collections.
NEO (66063) 1998 RO1 was detected to be a binary both by lightcurve and radar observations [13].
Spectral observations obtained from the IRTF demonstrate that this object has two absorption features, one
asymmetric band centered near 1 µm, and one symmetric band centered near 2 µm (Figure 1). A more
precise analysis indicates that this binary NEO has
spectral parameters similar to the L-chondrite meteorites [14]. These meteorites represent one of the more
commonly found groups on Earth and are considered
to be physically strong relative to the carbonaceous
chondrite class.
One of the more unique binary NEOs to be observed in terms of composition so far to date during
this NEO observational campaign is 2003 YT1. This
object was also discovered to be a binary based on
lightcurve observations and radar observations [15].
The near-infrared spectral data obtained from the IRTF
also demonstrates well defined 1 and 2 µm features.
However, unlike the spectral features of the previous
binary NEO, analyses of these features suggest that
this particular object has a surface assemblage dominated by orthopyroxene, with no detectable olivine
present [16].
The estimated pyroxene chemistry from detailed
spectral analysis and the lack of any obvious olivine
content suggest that this NEO’s parent body experienced significant heating with a large amount of melt
production. Given that the inferred pyroxene mineralogy lies near that of the diogenite-eucrite boundary,
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this suggests that 2003 YT1 may have a compositional
affinity to the basaltic achondrite meteorites (e.g.,
howardite-eucrite-diogenite (HED) clan of meteorites)
[16]. Such mineralogies are similar to basalts found
on Earth (e.g., the basaltic lava fields on Hawai’i’s Big
Island) and represent relatively physically strong geologic materials.
Interpretation of Internal Structure: As mentioned above, lightcurve and radar observations suggest that a particular NEO has a significant chance (~
16%) of being a binary object and therefore likely to
be a gravitationally bound rubble pile [2,3]. However,
it should be noted that the estimated fraction of binary
objects among the NEO population is only a lower
limit. Lightcurve techniques can only detect binary
NEOs in a certain range of orientations, and radar observations are limited by the distance to the NEO and
size of the secondary [5]. For example, data from
1998 ST27 demonstrated that most of the echoes of its
120 m secondary were weak for a majority of the observations, which implies that other NEOs imaged by
radar could have small, undiscovered satellites below
the radar detection threshold [9]. Therefore there
could be many more binary NEOs that have yet to be
detected.
The observed carbonaceous meteorite compositions
of some of these objects support the suggestion that
binary NEOs can be generated from physically weak
materials. However, L-chondrite and HED assemblages observed for the other binaries do not represent
physically weak materials. Thus if the favored mechanism for formation of binary NEOs is disaggregation
during close planetary flybys, then the current compositional variety of binary NEOs (Figure 1) suggests
that a significant fraction of the NEO parent bodies are
gravitationally bound rubble piles, and not simply just
composed of weak carbonaceous materials. In addition, recent data obtained by the Hayabusa spacecraft
of the potentially hazardous asteroid (PHA) Itokawa
seem to suggest that this asteroid is a prime example of
a rubble-pile with ~ 40% porosity [17].
Therefore, ground-based observations and spacecraft data suggest that the NEO population may contain a significant number of objects that experienced a
relatively vigorous impact history during their lifetime.
Hence there is a good probability that a NEO selected
for future investigation, could be a strengthless rubblepile as opposed to a solid rock or metal fragment.
Conclusions: Hence, ground-based studies are
important in constraining the relative number of objects within the NEO population that have internal
structures similar to gravitationally bound rubble piles.
PHAs, like Itokawa, are particularly susceptible to
disruption because of their close encounters with the
Earth. Therefore, a large percentage of this subset of

the NEO population may be rubble-piles. Although
these objects can pose the greatest risk of an impact
with Earth, they are also some of the easiest objects to
visit with spacecraft. Thus any sensors designed to
investigate the composition and internal structure of an
NEO should be developed with the possibility of encountering a rubble-pile asteroid with a significant
amount of porosity.
The information gained on the internal structure of
NEOs is not only valuable from a scientific perspective, but is critical for planning possible hazard mitigation scenarios and developing future spacecraft missions to potentially hazardous NEOs for further investigation and possible resource utilization.
Three Binary NEOs
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Figure 1 – A comparison of spectra from three different binary NEOs obtained using the NASA
IRTF/SpeX system. The spectra are normalized to 0.8
µm. These data demonstrate the variety of materials
that exist among the binary NEO population.
References: [1] Bottke, W. F. Jr., and H. J. Melosh
(1996) Nature 381, 51-53. [2] Pravec, P. et al. (1999)
Proc. 173rd Coll. IAU, 159-162. [3] Margot J. L. et al.
(2002) Science 296, 1445-1448. [4] Öpik, E. J. (1951)
Proc. Royal Irish Acad. 54A, 165-199. [5] Merline, W.
J. et al. (2002) Asteroids III, 289-312. [6] Richardson,
D. C. et al. (1998) Icarus 134, 47-76. [7] Scheeres, D.
J. et al. (2004) Icarus 170, 312-323. [8] Rayner, J. T.
et al. (2003) Pub. Astron. Soc. Pacif. 115, 362-382. [9]
Benner, L. A. M. et al. (2003) Bull. American Astron.
Soc., 35, Abs. #24.01. [10] Abell, P. A. et al. (2002)
ACM 2002 Abstracts, p. 160. [11] Calvin, W. M. and
T. V. V. King (1997) Met. & Planet. Sci. 32, 693-701.
[12] Kumar, S. et al. (2006) LPSC XXXVIII, Abstract
#1113. [13] Pravec, P. et al. (2003) (66063) 1998
RO1. IAU Circ. #8216. [14] Abell, P. A. et al. (2005)
LPSC XXXVI, Abstract #2283. [15] Nolan, M. C. et al.
(2004) 2003 YT1. IAU Circ. #8336. [16] Abell, P. A.
et al. (2004) Bull. American Astron. Soc., 36, Abs.
#28.09. [17] Fujiwara, A. et al. (2006) Science 312,
1330-1334.
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ASTEROID SURFACES AS EXPRESSIONS OF
SEISMIC INTERIORS. Erik Asphaug, Earth and
Planetary Sciences Department, University of California, Santa Cruz, CA 95064, asphaug@pmc.ucsc.edu.
Summary: Asteroid surface morphologies are
expressions of the acoustic properties of their interiors.
At least, that is an hypothesis, which if proven true
might allow us to one day know what an asteroid is all
about just by looking at it. This paper explores the
hypothesis and suggests how it might be tested by a
modest cratering experiment.
Background: Asteroid and comet interiors remain
the subject of theoretical inference [1]. Bulk densities
have been measured for a number of asteroids [2], and
~33×13×13 km asteroid 433 Eros appears to have a
homogeneous mass distribution at km-scales [3]. That
is about all we know beneath the optical (~micrometer)
and thermal (~centimeter) skin depths. Densities of
small asteroids are invariably lower – sometimes much
lower – than what is expected on the basis of the likely
analog rocks. Ordinary chondrite meteorites are
thought to come from the S asteroids, and carbonaceous chondrites from the C asteroids, but densities
only agree if you allow for substantial porosity [2].
Mechanical Properties. How do porous asteroids
behave, mechanically? Do they have landslides?
How do their craters form? These are not trivial questions, for three reasons. One, we do not know the scale
or structure of this porosity. It could be macroscopic
fissures and voids, or it could be microscopic pores in
a dust ball. Two, we do not very well understand the
mechanical properties of granular media even under
well-controlled laboratory conditions on Earth; there
are as many new advances in this field as there are in
asteroid science (e.g. [4]). Three, we especially do not
understand the mechanical behaviors of granular materials when gravity is as low as a millionth that of Earth.
In a study of asteroid 243 Ida, it was argued [5] that
an abundance of parallel surface fractures observed in
one location resulted from a major cratering event in
another, with acoustic stresses channeling and focusing
through a somewhat competent interior. That work
owed much to the original work in this area by [6],
who correlated the striking fracture patterns on the
Martian satellite Phobos to its major impact crater
Stickney, from which he could deduce an elastic Poisson ratio.
Crater erasure is probably a better seismic tool for
small asteroids, since the stresses involved in an impact may be too weak to fracture rock, but might jumble the surface if it is loosely bound. (Or perhaps,
paradoxically, it is the larger asteroids that are more
intact, and the smaller asteroids that are preferentially
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rubble piles.) It is similarly argued [7] that seismic
energy from the ~7 km diameter impact crater Shoemaker Regio preferentially erased craters in the terrains closest to it spatially, including on the back side.
This requires mechanical coupling of some sort.
What emerges from these studies is a recognition
that asteroid surfaces can give clues to their interiors.
Perhaps structural properties of asteroids can be understood through simple flyby imaging.
Itokawa. Wherefore the paucity of craters on tiny
Itokawa? Seismic shaking seems contradictory, considering that it appears to be a rubble pile [8]. Granular
solids attenuate stress energy rapidly, so that an impact
that would reset Itokawa’s cratered surface would have
to be relatively recent, and relatively large. No large,
young impact structures exist. It is also problematic
that this most recent resetting event must erase its own
crater, as no large fresh craters are observed. If there
has been a resetting event, it must have been either a
small impact which left a small crater, or an impact
large enough to trigger global reverberations that lasted
longer than the crater formation timescale.
The latter possibility does not seem reasonable,
given that a gravity regime crater on an asteroid can
take an hour to form. Assume, for example, that Itokawa is a rubble pile, with an acoustic velocity of ~100
m/s, and a wave crossing timescale of several seconds.
For a crater to be erased by its own seismic energy,
reverberations must persist for about a thousand wave
crossing times, since that is how long it takes for the
crater to form.
It is then logical to ask just how small of an impact
can cause global vibrations to an asteroid, sufficient to
reset the rest an asteroid’s surface. If the answer is
“very small”, compared to the size of the asteroid, then
asteroids that size are not expected to have large craters, since more frequent small impacts keep erasing
them. It appears that large asteroids do not have their
surfaces easily reset by seismic shaking – something as
major as Shoemaker Regio is required to do this, and
only partially, on Eros. If the bombardment rate is
known (not the crater production function, since that is
the question being asked), and if the population of
“smallest fresh craters” is known from a survey of asteroids, then one could derive the attenuation rate of
shock and acoustic energy with distance from an impact, if the seismic resurfacing is indeed the mechanism of landscape erasure on asteroids.
Asteroid as Geophone. Seismic experiments on
asteroids have been proposed for some time, and most
of these involve the development of surface packages
containing accelerometers or geophones, plus an
acoustic trigger (an impact or explosion, or a penetrator containing a thumper). But given the cost and
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complexity of surface packages, it is worth considering
whether precarious surface features on an asteroid can
serve as gratis geophones, responding to the reverberations by landscape evolution: toppling of boulders,
shifting of rock fields, triggering of landslides and dust
clouds. If an artificially induced seismic event on a
small asteroid triggers global changes, then the asteroid
is well-coupled mechanically; if only local (the crater
and its ejecta) then it is poorly coupled. It is a basic
and relatively easy measurement that casts light upon
how a given asteroid responds to collisions – how it
absorbs momentum, what size impact it can withstand
before it shatters, how big a crater forms. The measurement also influences the science of asteroid hazard
mitigation, since it allows for seismic modeling of an
asteroid interior, and for the first directly scaleable
cratering event observed in microgravity.
Attenuation of Stress in a Porous Asteroid. Consider a 500 m diameter small asteroid of density 2 g
cm-3, with surface escape velocity vesc=50 cm/s. On
such an asteroid, shaking the surface a mere 10 cm/s
resets the landscape at a scale of at least 10 m. But
powerful stress waves in geologic media attenuate rapidly, with peak particle velocity dropping as 1/r1.87+/-0.05
[9]; another report [10] finds a similar exponent for
rocks and a steeper exponent (~2.2) for alluvium, corresponding to greater irreversible effects such as crushing and alteration.
One is tempted to infer that rubble piles are
strongly attenuative, but this is not necessarily the case.
Intense short wavelength energy dissipates as mechanical heating and is also strongly scattered, until
sharp pulses disperse to the scale of the medium’s heterogeneity. There is at present no theory for the broadening and decay of a coherent wave in a granular material [12], but it seems possible that distal waves in a
well-packed rubble pile could propagate almost elastically once they are broader than the rubble and weaker
than the threshold of granular cohesion or friction.
The peak stress in an elastic stress wave is approximately σ = ρ c up, where up is the peak particle
velocity (the wiggling, not the wave propagation).
Now, a typical powdery soil has a cohesion of about
105 dyn/cm2, and a sound speed of ~100 m/s. Since we
only need to wiggle a small asteroid a few cm/s to
modify its landscape, stresses of only ~10-100 dyn/cm2
need to be supported during compression (P-wave), or
surface or shear-wave, loading. A powder-rich asteroid
might behave elastically to these low stresses, allowing
the asteroid to ring like a bell at very subtle velocities
which may nevertheless trigger global geomorphic
activity under ultra low gravity. When the compressive
pulse reflects at the free surface it would act to shake
loose (unload) and thereby mobilize material.

Shake Your Backside. Very low amplitude stress
waves have not been measured for granular solids.
The author is typing this sentence at about one cm/s,
and net displacements needing measurement are also
quite small. Assuming the attenuation exponent is 1.87,
then the detonation of 10 kg of high explosive on the
surface of an asteroid will cause 0.1 cm/s of antipodal
motion on the same 500 m asteroid. This is only
enough to cause ground motions of a few cm. In the
elastic limit, <v>RMS falls only as ~r-1. If v~r-1.5, say,
then the antipodal velocity is ~2 cm/s for the same scenario, enough to toss rocks a distance ~10 m. These
are measurable differences, so it is a valid experiment.
There are finally some implications regarding artificial means of changing the momentum of an asteroid,
because it is possible to shake more material off the
back than off the front, causing it to move in the opposite direction as intended. If the exponent is 1.2, then
the antipodal velocity is ~20 cm/s, almost equaling
escape velocity. The same blast would cause the escape (and net momentum loss) of considerable material
off the back side of a not-much-smaller asteroid. This
attests to the fact that the main thing to get right about
a hazardous asteroid, is its diameter.
[1] Asphaug, E. 2004. Interior structures for asteroids
and cometary nuclei. In Belton et al. (eds.) Mitigation
of hazardous comets and asteroids, Cambridge.
[2] Britt, D. et al. 2002. Asteroid density, porosity, and
structure. In Bottke et al. (eds.), Asteroids III, Univ.
Arizona Press.
[3] Yeomans, D. et al. 2000. Radio science results during the NEAR-Shoemaker spacecraft rendezvous with
Eros. Science 289, 2085-2088.
[4] Asphaug, E. et al. 2001. Brazil nuts on Eros: sizesorting of asteroid regolith. LPSC XXXII, 1708.
[5] Asphaug, E. et al. 1996. Mechanical and geological
effects of impact cratering on Ida. Icarus 120, 158-184.
[6] Fujiwara, A. 1991. Stickney-forming impact on
Phobos – crater shape and induced stress distribution.
Icarus 89, 384-391.
[7] Thomas, P. and Robinson, M. 2005. Seismic resurfacing by a single impact on the asteroid 433 Eros.
Nature 7049, 366-369.
[8] Fujiwara, A., Kawaguchi, J. et al. 2006. The rubblepile asteroid Itokawa as observed by Hayabusa. Science 312, 1330-1334.
[9] Perret, W. and Bass, R. 1975. Free-field ground
motion induced by underground explosions. Sandia
Report SAND74-0252.
[8] Rodionov, V. et al. 1971. Mechanical effect of an
underground explosion. UCRL-Trans-10676.
[9] Somfai et al. 2005. Elastic wave propagation in
confined granular systems. Physical Review E 72,
021301.
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LOW-GRAVITY PENETROMETRY OF ASTEROIDS AND COMETS. A. J. Ball1, 1Planetary and Space
Sciences Research Institute, Centre for Earth, Planetary, Space and Astronomical Research, The Open University,
Walton Hall, Milton Keynes MK7 6AA, U.K. Email:A.J.Ball@open.ac.uk.
Introduction: There are a number of contexts in
which space hardware may interact mechanically with
the solid material present in a low-gravity environment
at the surface of an asteroid or comet, possibly penetrating to some depth and yielding useful information.
These contexts range from low-speed scenarios, such
as passive free-fall to the surface, to hypervelocity
impact. Such penetrating devices may be classed as
penetrators, anchors, impactors, ‘moles’, etc.
Measurements performed for engineering or scientific reasons using the penetrating hardware are generally termed penetrometry, though strictly speaking the
term referred originally in the terrestrial context to the
measurement of geotechnical parameters, with application in fields such as foundation engineering in the
construction industry.
An increasing range of sensors can now be incorporated into penetrometry devices, addressing both
physical properties (mechanical, electromagnetic,
acoustic, etc.) and composition (elemental, molecular,
etc.). Another application that can fall under the umbrella of penetrometry is sampling, where the device is
not just inserted into the sub-surface but extracts a
sample of the target material for analysis elsewhere.
Penetrometry encompasses both payload hardware
on a spacecraft as well as cases where the penetrometer is the spacecraft, i.e. a penetrator delivering its own
payload to a surface.
Application to Asteroids and Comets: Having
been applied in the first instance to the Moon, Venus
and Mars[1], penetrometry is now reaching a broader
range of extraterrestrial targets including, most recently, Titan. Penetrometry sensors are currently en
route to a comet nucleus on board the Rosetta mission’s comet lander Philae.
We can expect variants of the technique to feature
in a number of forthcoming mission scenarios for asteroids and comets [2]. These include the following:
• Asteroid or comet sample return
• Anchoring of landers
• Impact penetration of penetrators
• Demonstrating of asteroid mitigation techniques
and supporting measurements or technologies
• Emplacement of sensors for in situ analysis

While many aspects of penetrometry are generic,
some particular constraints and issues arise for use of
the technique in the low-gravity, airless environment
of asteroids and comets. This talk will examine some
of these issues and the challenges and opportunities
that arise.
For example, a high degree of integration between
the penetrometry subsystem and the instrumentation is
usually required, given the tight resource envelope and
operational constraints. Issues of robustness to shock,
adequate pre-flight testing and simulation are also important.
References: [1] Kömle, N. I., Kargl, G., Ball, A. J.
and Lorenz, R. D. (Eds) (2001) Penetrometry in the
Solar System. Proceedings of the International Workshop, Graz, 18-20 October 1999. Austrian Academy of
Sciences Press, Vienna. ISBN: 3700129688. [2] Ball,
A. J., Lognonné, P., Seiferlin, K., Pätzold, M. and
Spohn, T. (2004) Lander and Penetrator Science for
NEO Mitigation Studies. In: Belton, M. J. S., Morgan,
T. H., Samarasinha, N. and Yeomans, D. K. (Eds),
Mitigation of Hazardous Comets and Asteroids. Proceedings of the Workshop on Scientific Requirements
for Mitigation of Hazardous Comets and Asteroids,
Arlington, 3-6 September 2002. Cambridge University
Press, pp.266-291.
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ASTEROID & COMET SURFACE SAMPLING METHODS FROM NON-LANDED SPACECRAFT. P. W.
Bartlett,1,2 B. Basso, 1 G. Paulsen, 1 S. Gorevan1, and I. Yachbes,1 1Honeybee Robotics, 460 W34th St., New York,
NY, 2Bartlett@HoneybeeRobotics.com.
Introduction: The motivations for performing reconnaissance on asteroid and comet interiors are many
and the current profound lack of knowledge is a central one. Studying small bodies in more depth will expose information about the primitive stages of the solar
system, investigate small bodies as a potential source
for water and organics on Earth and elsewhere in the
solar system, characterize Near Earth Objects to assess
and mitigate threats of Earth impacts, and explore
whether small bodies may be utilized for resources for
space travel and on Earth.
Much can be learned via remote sensing however
many of the above motivations will require direct observations of material from the asteroids and comet
nuclei. There are multiple analytical models of the
composition and structure of these bodies and due to
their diversity, many may be correct. More data must
be supplied to increase the fidelity of these models,
especially in terms of the surface, near-subsurface, and
deep interior. Due to available funding projected for
spacecraft missions, the difficulty of landed missions
on small bodies, and the diversity of the small bodies,
it is likely that a number of low complexity missions
will take place in the coming decades. Such missions
would employ remote sensing methods such as ground
penetrating radar and gravity mapping to probe the
interior. Direct measurement of in situ material will
help to characterize the composition and physical
properties with much higher fidelity, as well as anchor
the coarser data sets. If the methods of acquiring surface samples are simple enough, better observations
will be facilitated through sample return to Earth.
A range of sampling methods have been investigated, from those that require spacecraft fly-by’s, to
surface hovering, to surface landing. Due to the single
high relative velocity interaction with the small body,
fly-by missions are limited in terms of the number of
sampling sites on the body and on the type of material
samples acquired. Due to the difficulty of landing and
performing mechanical operations in a low gravity
environment, often micro-gravity similar to Low Earth
Orbit, full surface landing may be possible only as
flagship missions. Non-landed surface hovering missions seem necessary to fit Discovery class mission
architectures aiming to survey a large number of bodies with limited funds.
Mission Architectures: Non-landed surface sampling missions will have fairly common architectures.
Re-flight of a simple spacecraft design such as NEAR

is likely, with modifications for a sampling and sensing payload. Missions to asteroid surfaces are much
simpler than those to comet nuclei due to the clearly
hazardous conditions presented by material ejection.
Spacecraft shielding, such as Stardust’s Whipple
Shield, would be required as well as more capable solar array and antenna gimballing and overall Attitude
Control System. The sample sensing payloads would
likely include imaging, compositional analysis, and
physical properties testers, accommodated by a sample
handling system. Sample return missions would employ a return capsule and separation method similar to
Stardust or Genesis.
Sampling methods. Even among non-landed sampler there is a wide range of proposed designs. Most of
the designs would acquire material from the shallow
surface, penetrating millimeters, centimeters or decimeters depending on the surface properties. Regolith
and icy fines or plugs are collected, from milligrams to
grams. To allow the spacecraft to hold a safe distance
from the surface, accounting for autonomous station
keeping accuracy, proposed samplers employ either
tethers, booms, or a release & recapture method. Figure 1 below shows a schematic view of a surface sampling operation using a tethered impact sampler.

Figure 1: Schematic of a Non-Landed Surface Sampling
Mission

The following sections describe a rough state of the
art summary of non-landed sampler designs, with more
detail on work performed by Honeybee Robotics. The
samplers are grouped by those that perform in sub-
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second and in multiple second time duration interactions with the surface.
Sub-Second Interaction: The samplers of the
lowest complexity and perform with the lowest operational risk are those that engage and disengage from
the surface in a nearly-instantaneous manner. The low
complexity is a result of what is possible to design into
a high speed surface impactor. The low operational
risk is a result of the minimal physical engagement
with the surface and with the short time duration
where the spacecraft is engaged with the surface. The
short duration allows for the inevitable spacecraft motion and uncertainties in station keeping with respect to
the surface.
Impactors & collectors. – The Deep Impact mission used a means of disturbing the surface of a small
body to observe the effects. Missions have been proposed to send in an impactor and follow behind with
the primary spacecraft that collects the ejected material
to then perform analysis. Such a mission is essentially
a combination of Deep Impact’s and Stardust’s methods. This approach represents the simplest and coarsest
method for surface sampling.
Impact core ejection & recovery. Lorenz, et al. at
University of Arizona developed an impact sampler
with collaboration from Honeybee Robotics.1 The
functionality of the sampler is unique in that upon impact with the surface a sample is acquired, the sample
capsule fires out of the impactor, and the spacecraft
then reacquires the sample capsule. This method completely isolates the sampling dynamics from the spacecraft however it adds the complexity of capturing the
sample capsule. A well proven capture method makes
this approach a promising one.
Tethered harpoon. – The notion of firing a simple
harpoon sampler into the surface and reeling it back in
with a tether has been investigated as well. Honeybee
Robotics recently finished an SBIR Phase I contract
developing such an approach, designing a robust, universal sampling tip and proving the feasibility of it
through laboratory testing. Figure 2 shows computer
models of the final breadboard hardware used to test
the design. The sampler system fires a tethered harpoon at the surface and the harpoon uses exchangeable
sampling tips to acquire samples. The tips are robust to
acquiring samples from consolidated ices, icy soils,
and brecciated soils, as well as loose granular material.
Since the contract also address Titan as a design case,
the tip design also collects liquids. Once material is
collected inside the tip, the tip is transferred and the
sample is ejected into a sample handling device to support observations. Testing has shown high reliability,
even in cryogenic ices and on tilted surfaces. The robustness of the tip to different materials makes mission
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operations much lower risk. The simplicity of the device allows
the entire
system to
be low in
mass, volume
and
cost.
Figure 2:
CAD Drawings of Honeybee Robotics Impact Sampler

Adhesives. Another approach for very brief encounter sampling is the use of adhesive substances to
collect loose fines and small rocks. Investigations have
been done on flight ready adhesives, including testing
them in regolith simulant materials. SpaceWorks, Inc.
of Arizona2 identified Solimide foam as a potential
adhesive substrate and investigated various adhesives.
Multiple Second Interaction: If a mission requires acquisition of more material and possibly sampling of materials of higher strength such as rock, it
may be advantageous to design for a longer duration
interaction. Honeybee Robotics has developed the
Touch & Go Surface Sampler which uses high speed
counter-rotating cutters to break into material if necessary and draw it into a
sample cavity. Figure 3
shows one generation of
the sampler in a microgravity testbed on the
KC-135.
Figure 3: TGSS KC-135
Testbed, sampling tray
inset

A similar design has been developed at JPL. The
Brush-wheel sampler concept developed for the Gulliver Deimos sample return discovery proposal3 uses
counter-rotating brushes to draw material in. Both designs require a boom to extend to the surface and to
draw the sampler back to the spacecraft for sample
transfer.
Conclusion: Extending much of the methods referenced here through further hardware development
and testing will help as enabling elements in future
mission planning.
References: [1] Lorenz R. (2003) Proceedings of
the 5th IAA Int. Conf. on Low-Cost Planetary Missions, The Netherlands. [2] Preble J. (2005) Scientific
and Technical Aerospace Reports, Vol. 43. [3] Behar
A. (2003) JPL TRS http://hdl.handle.net/ 2014/7305.
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SURFACE ANCHORING AND DEFLECTION CONCEPTS FOR EARTH-CROSSING COMETS AND
ASTEROIDS.
B. Basso 1 and P. Bartlett1, S. Gorevan1, T. Kennedy1, G. Paulsen1, J. Wilson1, I. Yachbes1.
1
Honeybee Robotics, 460 West 34th Street, New York, NY 10001. basso@honeybeerobotics.com

Introduction:
The threat posed by earthcrossing comets and asteroids necessitates
systems with the ability to both characterize their
composition and alter their earth-bound
trajectories.
Current strategies for threat
mitigation included ballistic destruction as a
means of fragmentation or diversion. However,
this method carries the risk of either being
ineffective due to the lack of knowledge of comet
and asteroid composition, or the greater risk of
generating several smaller hazardous objects.
Additionally, in situ characterization is desirable
for both our understanding and for effective
comet/asteroid destruction or diversion. As such,
a landing system is required to serve as both a
platform for in situ measurements and a stage for
destruction/deflection systems.
Controlled landing on a low mass-object
will require a robust platform that can rapidly
secure itself upon touchdown. Two concepts for
surface anchoring are proposed here. In the first,
the lander will make contact with the surface with
a primary penetration device that provides the
initial anchoring force and gathers impact data.
The main anchoring force will be provided by
several pyrotechnic harpoons that will penetrate
through loosely compacted surface material.
Depending on the integrity of this surface
material, multi-stage harpoons may be utilized to
penetrate deeper into the comet or asteroid. After
establishing an anchor point, the lander will
proceed with in situ measurements, including
remote sensing and characterization of the
object’s interior.
The Rosetta mission launched in 2004
employs a similar landed system to study the
comet 67P. However, the Rosetta lander and
past proposed landers include complex descent
and landing systems with multiple actuators and
propulsion systems. The approach proposed
here includes several low-cost anchors that would
be deployed from a single orbiter. Safe landing
would be achieved by a combination of robust
mechanical design and a simplified descent and
landing system to soften the impact.
With
minimal actuators and other delicate subsystems,
the lander would serve mainly as an anchor point

and stage for measurement devices and a
deflection system.
The second proposed surface anchoring
concept draws upon Honeybee Robotics’ heritage
from the Champollion Mission, for which several
of the listed authors developed the Sample
Acquisition and Transfer Mechanism (SATM).
The SATM drill (TRL 6) was designed to
penetrate and acquire samples up to one meter
below the comet Temple 1’s surface. This same
technology could be utilized to anchor a lander in
the ultra-low gravity environments that exist on
comets and asteroids. In the proposed concept, a
lander would touchdown upon the object’s
surface and deploy a small harpoon or spike to
provide the small initial anchoring force required
for drilling. Three SATM drills would then
sequentially penetrate into the surface at different
angles with respect to the surface, providing a
stable platform for a propulsion system. The
anchoring drills could also serve as in situ
measurement devices. The data produced from
drilling can provide valuable information on soil
strength and stratigraphy, which would be useful
for understanding near-surface composition. With
a secure link established between the lander and
the comet or asteroid, and with the compositional
information provided by drill feedback, secondary
deflection systems can then be deployed.

Figure 1: Champollion lander with SATM drill

Workshop on Spacecraft Reconnaissance of Asteroid and Comet Interiors

Establishing a reliable anchor point on
the surface of an earth-crossing comet or asteroid
would provide a stage for secondary deflection
systems. Traditional devices would include rocket
engines or other similar high-force propulsion
systems. A secondary approach would utilize a
tether attached to both the orbiter and the
deployed lander. The orbiter could then act as a
tow vehicle, deflecting the comet or asteroid.
This system would operate on the principle that a
small amount of force applied over several years
would be enough to divert a threatening comet or
asteroid. With warning times on the order of
decades before Earth impact, diversion by means
of low-complexity harpoon or drill anchoring and
sensing devices coupled with a propulsion source
provides a reliable system for both studying and
mitigating the threat of earth-crossing comets and
asteroids.
References: [1] Gold, R. E. (1999) SHIELD—A
Comprehensive Earth Protection System. A
Phase I Report to the NASA Institute for
Advanced Concepts. The Johns Hopkins
University Applied Physics Laboratory.
[2]
Morrison, D. (1992) The Spaceguard Survey:
Report of the NASA International Near-EarthObject Detection Workshop. Jet Propulsion
Laboratory. [3] Mazanek, D. D, Roithmayr, C.
M., Antol J. (2005) Comet/Asteroid Protection
System (CAPS), Preliminary Space-Based
System Concept and Study Results, Langley
Research Center. [4] Tilman, S. (1995) MUPUS
proposal (Multi Purpose Sensors for Surface and
Subsurface Science), Institut fur Planetologie,
Munster, Germany
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THE POSSIBLE INTERNAL STRUCTURE OF JUPITER FAMILY COMETARY
NUCLEI. M. J. S. Belton, Belton Space Exploration Initiatives, LLC, Tucson AZ 85716
(e-mail: michaelbelton@beltonspace.com).
I present considerations on the internal structure of Jupiter family comets that
have emerged from the discussion of the results of Deep Impact and other remote
sensing space missions to comets. The rest of this abstract is identical to that of a paper
that has been submitted for publication to Icarus under the authorship of Belton and 14
other authors.
“We consider the implications of the hypothesis that the layering observed on the
surface of Comet 9P/Tempel 1 from the Deep Impact spacecraft and on other comet
nuclei imaged by spacecraft (i.e., 19P/Borrelly and 81P/ Wild 2) is ubiquitous on Jupiter
Family cometary nuclei and is an essential element of their internal structure. The
observational characteristics of the layers on 9P/Tempel 1 are detailed and considered
in the context of current theories of the accumulation and dynamical evolution of
cometary nuclei. The works of Donn (1990), Sirono and Greenberg (2000) and the
experiments of Wurm et al. (2005) on the collision physics of porous aggregate bodies
are used as basis for a conceptual model of the formation of layers. Our hypothesis is
found to have implications for the place of origin of the JFCs and their subsequent
dynamical history. Models of fragmentation and rubble pile building in the Kuiper Belt in
a period of collisional activity (e.g., Kenyon and Luu, 1998, 1999a, 1999b; Farinella et al,
2000; Durda and Stern, 2000) following the formation of Neptune appears to be in
conflict with the observed properties of the layers and irreconcilable with the hypothesis.
A change in the fragmentation outcome model and/or long term residence in the
scattered disk (Duncan and Levison 1997; Duncan et al. 2004) may provide a more
benign environment before transfer to the inner solar system and explain the long term
persistence of primordial layers. In any event, the existence of layers places constraints
on the environment seen by the population of objects from which the Jupiter family
comets originated. If correct, our hypothesis implies that the nuclei of Jupiter family
comets are primordial remnants of the early agglomeration phase and the physical
structure of their interiors, except for the possible effects of compositional phase
changes, is largely as it was when they were formed. As they become active near the
sun their top layers undergo severe modification and many layers may be completely
removed by sublimational erosion to exhume primordial layers that lie immediately
below. Differences seen in the topography of observed surface layers may be a
reflection of their ‘exposure time’ to the local environment during the accumulation phase
before being covered by new layers. We propose a new model for the interiors of Jupiter
Family cometary nuclei, called the Talps or “layered pile” model, in which the interior
consists of a core overlain by a pile of randomly stacked layers. The core is the original
aggregate on which the growth was initiated. The overlying layers are predicted to
increase in their average lateral extent and average thickness as the surface is
approached. An estimate of the central pressure yields a value that is not expected to be
high enough to overcome the anticipated compressive strength ensuring structural
integrity. As a result the internal mass distribution should be essentially homogeneous.
We discuss how several of the salient characteristics observed on comets – layers,
surface texture, indications of flow, compositional inhomgeneity, low bulk density low
strength, propensity to split, etc, might be explained in terms of this model. Finally, we
make some observational predictions and suggest goals for future space observations of
these objects.”
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CHARACTERIZATION OF THE INTERNAL STRUCTURE OF COMET 67P/CHURYUMOVGERASIMENKO USING THE CONSERT EXPERIMENT DATA. M. Benna1 and J.-P. Barriot2, 1NASAGoddard Space Flight Center, Code 699, Greenbelt, MD-20771, USA (mehdi.benna@gsfc.nasa.gov), 2LDTP, Observatoire Midi-Pyrénées, 14 av. Edouard Belin, F-31400 Toulouse, France (Jean-Pierre.Barriot@cnes.fr).
Abstract: In this paper we present the latest results of
the modeling of the CONSERT experiment (Comet
Nucleus Sounding by Radio-wave Transmission). This
novel experiment is part of the scientific package
equipping the Rosetta spacecraft and will study the
nucleus of comet 67P/Churyumov-Gerasimenko in
2014.
The CONSERT experiment aims to characterize
the internal structure of the cometary core in term of
heterogeneity distribution by analyzing time-delays
and phase perturbations affecting radiowaves propagating through the nucleus. The principle of this experiment is detailed in [1] and [2]. To prepare the
CONSERT scientific operations, dedicated instrument
simulations and data processing techniques are under
investigation. We showed in previous works [3,4] that
the Ray-Tracing Method (RT) is an efficient way to
simulate waves propagation in a two-dimensional nucleus model and that a Tikonov-like inversion scheme
is capable of reconstructing the nucleus interior and to
characterize its structure and composition.
In this presentation, we generalize the use of the
RT technique to three-dimensional models with plausible nucleus shapes and realistic internal structures.
We show that CONSERT is capable of detecting characteristic signatures leading to the identification of the
gross distribution of the comet material (homogeneity,
stratifications, chunks, etc.). Using these signatures as
a priori information, we present examples of image
reconstruction of the nucleus interior for several orbital configurations (example Figure 1). We finally
show the impact of the spacecraft orbital configuration
and the volume of the recorded CONSERT data on the
quality of the inversion result.
References:
[1] Kofman et al. (1998) Adv. Space Res., 21,
1589–1598. [2] Barbin et al. (1999) Adv. Space Res.,
24, 1115–1126. [3] Benna et al. (2002) RadioScience,
37, 1092-1107. [4] Benna, M., J.-P. Barriot, and W.
Kofman (2002) Adv. Space Res., 29, 715–724.

Figure 1: Example of a nucleus reconstruction result: (Upper fig.) Cross section of the original nucleus model (with a background permittivity= 2).
(Lower fig.) Reconstruction using the phase perturbation and a priori values for the surface permittivity
perturbations.
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TOMOGRAPHY OF AN ASTEROID USING A NETWORK OF SMALL SEISMOMETERS AND AN
ARTICICIAL IMPACTOR. C. Blitz1, D. Mimoun1, P. Lognonné1 , D. Komatitsch2 and P.G. Tizien3, 1Équipe
Planétologie et Études Spatiales, CNRS UMR 7354, Institut de Physique du Globe de Paris, 94100 Saint Maur
des Fossés, France, blitz@ipgp.jussieu.fr, 2Laboratoire de Modélisation et d’Imagerie en Géosciences, CNRS
UMR 5212, Université de Pau et des Pays de l’Adour, 64013 Pau cedex, France , 3CNES, 18 avenue E. Belin
31401 Toulouse cedex 09, France.
Introduction: In the frame of a R&T study of
the French Space National Agency (CNES) the
study of the seismic response of spherical models of
asteroids has made possible the computation of
accelerations as a function of epicentral distance
[1].
In this work, we compute an optimal frequency
band required for seismological investigation of
spherical kilometer-sized models of asteroids.
These two studies allow us to suggest a set of
specifications for a short period seismometer to
image the internal structure of a spherical
kilometer-sized asteroid.
Maximum accelerations: Previous simulations,
based on the free-oscillations summation technique,
have been applied to spherically-symmetric layered
asteroid models with a diameter of 1 km. The
assumed seismic source is a typical impact of a
“Don Quijote” type projectile: a mass of 400 kg
hitting the surface at 10 km/s [2] at the North pole.
We assume one seismometer located each 5° of
epicentral distance on half of the asteroid (Fig. 1).

Figure 1. Starting conditions of the modeling of the
seismic response on a spherical model of asteroid.
Firstly, the results have shown a decrease and a
refocusing of surface waves that varies as
1/sqrt(sinθ), with θ the epicentral distance.
Secondly, this study has permitted to identify
the two most influent parameters on the maximum
accelerations that are: 1) the size of the asteroid and
2) the impact direction of the projectile.
The curve of maximum accelerations as a
function of the epicentral distance computed for a
“Don Quijote” type source behaves linearly as a
function of the kinetic momentum (m.v) of the

source. Then, such curve could be used for passive impacts considered as a seismic source. The
maximum acceleration occurring at a given
epicentral distance of a given simulated passive
impact could then be inferred. This will be useful,
in future work, to quantify the rate of infilling
craters on an asteroid impacted by a succession of
projectiles.
Optimal frequency band: We estimated the
optimal frequency band required to image the
interior of a kilometer-sized asteroid. Seismograms
have then been computed in different frequency
ranges. The frequency band showing the highest
portion of the signal would be the more
appropriated for studying the interior of spherical
kilometer-sized asteroids.
These preliminary simulations as well as
considerations on the size of embedded rocks in
regolith, suggest an optimal frequency band of 1 to
50 Hz for seismological studies of spherical
kilometer-sized asteroids. This allows us to issue a
preliminary set of seismometers requirements. We
then present an overview of a potential low mass
sensor that could be deployed on the asteroid
surface in order to image its interior.
A preliminary system description will be done,
and several candidates for short period
seismometers payload will be described.
Conclusion: Further studies will aim to model
wave propagation based on fully three-dimensional
numerical techniques such as the spectral-element
method [3]. This method applied to different
models of asteroids (spherical models, as well as a
model of the asteroid Eros) will provide a new
approach of the seismometers specifications. The
diffraction from both the surface and the interior
will then be analyzed, and the effect of the
asphericity on the seismic response of an asteroid
will be highlighted.
References: [1] Blitz, C. et al, (2006) EGU
Annual meeting, abs. EGU06-A-06034; [2] Ball, A.
J. et al, (2004) In Mitigation of Hazardous Impacts
Due to Asteroids and Comets (eds., Belton, M.J.S.
et al.), p. 266-291; [3] Komatitsch, D. et al., (2005)
In Seismic Earth: Array Analysis of Broadband
Seismograms (eds., Levander, A. et al.), p. 205:227.
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ANALYSIS OF 433EROS LINEAMENTS AND IMPLICATIONS FOR INTERIOR STRUCTURE. D.L.
Buczkowski, O.S. Barnouin-Jha and L.M. Prockter, Johns Hopkins University Applied Physics Laboratory, Laurel,
MD 20723, Debra.Buczkowski@jhuapl.edu.
Abstract: We map several lineament sets on the
surface of Eros, several of which are clearly related to
visible impact craters. However, other lineament sets
suggest that different parts of the asteroid may have
undergone different stress histories. Some of these
sets infer internal structure, at least on a local level.
These may derive from Eros' parent body, and suggest
that while coarsely fractured, Eros’ interior may have
portions that have not undergone a common history.
We will present different evolutionary scenarios based
on these surface lineaments.
Introduction: As part of the Near-Earth Asteroid
Rendezvous mission, the NEAR-Shoemaker spacecraft
orbited the asteroid 433Eros for a year from 20002001. The NEAR Multi-Spectral Imager (MSI) collected tens of thousands of high resolution images and
as a result Eros is the most comprehensively imaged
asteroid in the solar system. Previous mapping of
lineaments on Eros has supported the suggestion of
planes throughout the asteroid [1,2]. We are creating a
global database of all Eros lineaments to better understand the global distribution of these features and thus
understand more about the interior structure of the
asteroid.
We identify types of lineaments across the surface
using a combination of NEAR Laser Rangefinder
(NLR) topographic data and MSI images, and classify
them according to region, including areas suggestive
of thicker regolith. We compare lineament orientation
to impact craters to determine if there is a causal relationship between cratering events and lineament formation. We perform a numerical analysis on similarly
oriented lineations to determine whether they could
represent pre-existing planar structures through the
body of the asteroid. We also compare lineament orientation to models of thermal contraction and
downslope scouring as methods of lineament formation.
Mapping Process: It is particularly challenging to
map lineament orientations on a non-spherical body
(Eros is the shape of a yam, measuring 34 km on the
long axis). To address this issue we are mapping the
lineaments directly on the Eros shapefile using
POINTS, developed by Jonathan Joseph at Cornell
University. POINTS accesses a database of over
140,000 MSI images. Lines can be drawn on each of
these images and, since the lines are saved to the
shapemodel, the lines will appear in the same locations
on all other images opened in POINTS. We mapped
lineaments on images with resolutions ranging from

approximately 5 to 11 meters per pixel. Mapping on
these high resolution images allows the best possible
identification of linear features, but the image footprints are not large enough to observe regional lineation patterns. When images with lower resolutions
(~35 m/p) are opened in POINTS, previously mapped
lineations are present and regional patterns emerge.
We then identify types of lineaments across the surface using a combination of NEAR Laser Rangefinder
(NLR) topographic data and MSI images.
Lineament types were evaluated to help determine that sets
that were grouped by orientation are of similar morphology.
Observations: We have mapped 2141 lineations on
180 high resolution (5-11 m/p) images of Eros, creating a global lineation map of the asteroid. These lineations have been grouped into sets according to location
and orientation. Many different sets of lineaments can
be identified. Some are clearly related to specific impact craters. We have identified lineaments radial to
two unnamed craters and ten of Eros’s 37 named craters: Psyche, Leylie, Majnoon, Narcissus, Eurydice,
Tutanekai, Cupid, Pygmalion, Galatea and Valentine.
Given their proximity and orientation relative to the
craters it seems most likely that these lineaments were
formed as a direct result of an impact event.
Other lineament sets have no obvious relationship
to impact craters. Some of these are global in extent
and may describe planes through the asteroid: these
lineament sets may be related to interior structures.
We compare their patterns to various models of lineament formation, including 1) interior configuration and
structure, 2) cratering mechanics, 3) thermal stresses
that occurred during orbit migration and 4) downslope
scouring.
Planar Lineaments: It is not obvious on a nonspherical body whether lineaments are associated with
each other in a systematic way. Lineations that appear
to be similarly oriented could in fact have no correlation at all. However, because they were mapped directly onto the shape model, the lineations are described in three dimensions and can be modeled to
define planes that cut through the asteroid. The unit
normal of these planes gives a pole whose latitude and
longitude is binned in 10 degree bins and then
weighted by the length of each lineament. If the lineaments were randomly placed on the surface we would
expect that no single pole would dominate after
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binning. If the lineaments are similarly oriented than a
single dominant pole should emerge.
Planar Set 1: The globally distributed lineation set
mapped in Figure 1 was originally grouped according
to their apparent orientation. Several of the lineations
are extremely long, up to 10’s of kilometers, and were
mapped on multiple MSI images. When planes are
modeled through the lineations in this set the poles
cluster at 90 degrees, which suggests that there is a
preferred orientation for these lineaments.
It is possible that this set is hinting at a pre-existing
planar structure in the asteroid. However, the lineation
orientations are also consistent with fragmentation due
to impact on the long side of an ellipsoid target [3].
The impact that caused these lineations could be Pysche, Himeros or Shoemaker or some combination of
the three.
Planar Set 2: A second set of lineations also describe a plane well (Fig. 2), but this plane does not
obviously follow any predictions of models of impact,
downslope scouring or thermal contraction. We therefore suspect that these lineations may represent a preexisting internal structure. These lineations do not
describe the same plane as the pre-existing planar
structure inferred by [2].
Planar Set 3: Near the southern lip of Shoemaker
are a series of pit chains and beaded grooves first observed by [1]. Aligned with these features, in both the
northern and southern hemispheres, are 137 lineations
(Fig. 3) that describe a plane well. As with planar set
2, these lineations may represent internal structure,
although not in the same plane as features previously
identified [2].
This set consists of an unusually high number of pit
chains (21); interestingly, the pit chains in the set are
located in areas predicted to have thicker regolith
[4,5]. This is consistent with models of pit chain formation [6,7], where overlying regolith drains into preexisting fractures. These groves are therefore likely to
have existed before the formation of Shoemaker, the
main provider of this regolith.
References: [1] Prockter L. et al. (2002) Icarus,
155, 75-93. [2] Thomas P.C. et al. (2002) GRL,
10.1029/2001GL014599 [3] Asphaug E. et al. (1996)
Icarus, 120, 158-184. [4] Thomas P.C. et al. (2001)
Nature, 413, 394-396. [5] Thomas P.C. and Robinson
M.S. (2005) Nature, 436, 366-369. [6] Wyrick D.Y.
et al. (2004) JGR, 109, 10.1029/2001GL014599. [7]
Wyrick D.Y. and D.L. Buczkowski (2006) LPSC
XXXVII, Abstract #1195.

Figure 1. Planar set 1 lineations, shown mapped on
the shape model. The poles of the planes described by
the lineations cluster at 90° and -90°.

Figure 2. Planar set 2 lineations, shown mapped on
the shape model. The poles of the planes described by
the lineations cluster at 50° and -130°.

Figure 3. Planar set 3 lineations, shown mapped on
the shape model. The poles of the planes described by
the lineations cluster at -60°.
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ASTEROID UNIQUE DEFLECTION AND COLLISION EXPERIMENT (AUDACE).
A. Campo Bagatin. Departamento de Física, Ingeniería de Sistemas y Teoría de la Señal. E.P.S., Universidad de
Alicante. P.O. Box 99 – 03080 Alicante (Spain). (adriano@dfists.ua.es)
Introduction: Take two main belt asteroids,
passing by as close at least as we wish an NEA would
miss the Earth. Put a transponder on the smaller one,
push it slowly towards the larger one to impact on it,
and register the event.
AUDACE: (Acronymous of “Asteroid Unique
Deflection and Collision Experiment”. Iin Italian:
"daring”.) Due to the large amount of catalogued
asteroids available nowadays, we are in a situation in
which it is statistically possible to well determine a
bunch of pairs of asteroids in the Main Belt that may
approach each other in the next future, say in an
interval of 10 to 30 years, to distances similar to the
distance we would need to divert an NEA away from
its way on a head-on collision with the Earth.
Once identified the best pair (possibily one with a
mass ratio such that fragmentation would be likely in a
collision) a mission can be designed for placing a
transponder on the smaller one, in such a way that it is
diverted to collide with the other one. The same
mission should include the possibility to register the
outcome of the event.
In this way, two goals might be reached within the
same single mission: checking if the option of
deflecting an hazardous asteroid is technically and
practically at our reach, and – if the first part is
successful - performing the first ever experiment of a
collision between true asteroids, that would give
crucial information on collisional properties and
internal structure of asteroids.
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ITOKAWA, A VERY SMALL RUBBLE PILE. A. F. Cheng1 and the Hayabusa Team, 1Johns Hopkins Applied
Physics Laboratory (11100 Johns Hopkins Rd, Laurel MD, USA, andrew.cheng@jhuapl.edu).
Introduction: Five asteroids have now been studied with spacecraft: Gaspra and Ida/Dactyl which are
S-type asteroids visited by Galileo; Mathilde which is
the C-type asteroid visited by the NEAR mission, the
S-type asteroid Eros which was studied by NEAR both
from orbit and after landing on the surface; and now
the small S-type asteroid Itokawa visited by Hayabusa.
Understanding collisional evolution and internal structure of the asteroid was a key objective in all cases. Is
the outcome of collisional evolution most often to create mechanically coherent collisional shards, or aggregates of small fragments held together by gravity
(“rubble piles”), and how do these outcomes depend
on asteroid size?
Discussion: Geologic evidence from spacecraft studies of three similar-sized S-type asteroids (mean diameters 31 km for Ida, 16 km for Eros, 14 km for Gaspra)
indicates that all of these are mechanically coherent
shards rather than rubble piles. Densities for two of these
(Eros and Ida) indicate about 25% porosity for both. The
most detailed information is available from Eros after
NEAR [e.g., 1,2,3]: it is a shattered, fractured body, with
at least one through-going fracture system and an average
of about 20 m regolith overlying a consolidated substrate,
as evidenced by a global fabric of linear structural features (ridges and grooves) and square craters [4]. Eros is
not a strengthless rubble pile that was collisionally disrupted and re-accumulated, with jumbled spatial relations
between components. The presence of global scale linear
structural features that are not geometrically related to
any of the large impacts on Eros further suggests that it is
a collisional fragment of a larger parent body.
The 53 km, C-type Mathilde has even higher
porosity than Eros, at least ~50%, which has led to
suggestions that Mathilde may be a rubble pile. However, there is also evidence for a 20-km long scarp,
comparable in length to the radius of Mathilde [5], and
there are structurally controlled, polygonal craters.
Mathilde has at least one global scale structural component with sufficient strength (cohesion or shear
strength) to influence late-stage crater growth. The
high porosity of Mathilde may also be to some extent
microscopic, from preservation of a primordial accretion texture.
Despite ambiguous observational evidence for a
rubble pile Mathilde, and evidence that three S-type
asteroids larger than 10 km are not rubble piles, the
theoretical consensus is that most asteroids larger than
~km size should be rubble piles [6], whereas small
asteroids of size <<1 km are predicted to be monoliths.

In this context, the Hayabusa visit to the 0.32
km, S-type asteroid Itokawa was the first to an object
significantly below 1 km size. Initial reports [7,8,9]
indicate that Itokawa has a very low density 1.9 g/cc,
significantly less than that of the compositionally
similar asteroids Eros and Ida, and consistent with a
rubble pile structure. Moreover, Itokawa lacks the
global fabric (mainly ridges and grooves) that indicates
a coherent but heavily fractured structure for Eros.
However, there are apparent boulder alignments on
Itokawa, suggesting that at least some of its rubble
components are larger than 100m size.

Figure 1. Eros from 19 km, with 300 m scale bar
(~mean diameter of Itokawa). Arrows mark linear
structural features comprising global fabric. P
marks a pond on Eros.
Further geologic evidence for a rubble pile Itokawa is summarized as follows. Blocks as large as those
found on Itokawa could not have formed on a body the
size of Itokawa, and the volume of mobile regolith on
Itokawa is too great to be consistent with its craters. Itokawa’s mobile regolith volume is consistent with extrapolation of its boulder size distribution assuming
gravel-sized particles (see below), suggesting a fragmentation size distribution. Blocks and regolith may have
formed on a larger parent body, which was subsequently
disrupted catastrophically such that some of the frag-
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ments reaccreted to form Itokawa. The possibility of
gravitational accumulation of an object as small as Itokawa after a disruption event, creating a rubble pile with
a surface average escape velocity of only 17 cm s-1, is
remarkable. Gravitational sedimentation of coarse regolith to produce the globally segregated smooth areas in
areas of low geopotential occurred subsequently.

Figure 2. Itokawa from 8.5 km range (0.86 m/px),
with 300m scale bar. Global segregation into
blocky and smooth areas (e.g., the “MUSES
Sea”). Wiggly arrow marks a 10m bowl-shaped
crater. White bars around limb have thickness
corresponding to 2.6 m, so that added depth of
regolith fill would bury all but the tallest blocks in
the region.
If Eros and Itokawa had similar collisional histories, at least one giant crater would be expected on
Itokawa, and the crater density would be close to equilibrium saturation down to crater sizes of about 4 m
diameter. An image at the resolution of Figure 2 (~400
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px across the mean diameter) would be expected to
show on the order of a thousand craters. Moreover, in
an Eros image at this resolution, in terms of pixels
across the object, only a handful of the largest blocks
would be barely resolved. In contrast, far fewer craters
are found on the surface of Itokawa, and the rough
areas on Itokawa are covered with blocks at several m
size.
The smooth areas of Itokawa consist of coarse,
gravel-sized regolith as shown by data obtained from
the Itokawa landings. The individual cobbles are resolved in close-up images, and moreover a high coefficient of restitution is inferred from the (unplanned)
spacecraft bounces off the surface of the asteroid. True
fines are apparently absent. The coarse regolith on
Itokawa is mobile, as evidenced by the global segregation into rough and smooth areas. Direct evidence of
such mass motion is found in close-up images showing
imbricated boulders. The effective cohesion of Itokawa material must be extremely small to permit such
mass motion.
The rough areas of Itokawa are close to saturated with meter-size blocks, and regolith there may
also consist of coarse, angular material. This is suggested by the high gravitational slope of the southern
“neck” region of Itokawa, which has an unusually
large value of about 40°. No significant area of Eros
has such a large slope. The friction angle of coarse,
angular cobbles can approach such high values. Talus
and flow fronts are not evident in this region.
In summary, Itokawa provides the first observations of the geology of a gravitational aggregate,
which is distinctly different from the surface geology
of Eros, and which therefore also strengthens the interpretation that Eros is not a rubble pile but a collisional shard. Are most asteroids <<1 km formed as
rubble piles like Itokawa? Confirmation of a rubble
pile structure for an object as small as Itokawa has
profound implications for collisional evolution and
planet formation processes.
References:
[1] Cheng A.F. (2002). Asteroids III (ed. W. Bottke
et al., U of AZ Press), 351–366. [2] Thomas P. C. et al.
(2001) Nature, 413, 394. [3] Prockter L. et al. (2002)
Icarus, 155, 75-93. [4] Thomas P. C. et al. 2002 GRL, 29,
10.1029/2001GL014599. [5] Thomas P. C et al. 1999
Icarus, 140, 17-27. [6] Asphaug E. et al. (2002).
Asteroids III (ed. W. Bottke et al., U of AZ Press),
463–484. [7] Fujiwara A. et al. Science, 312, 1330-1334.
[8] Abe S. et al. Science, 312, 1344-1347. [9] Saito J. et
al. Science, 312, 1341-1344
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SURFACE PROBES FOR THE IN-SITU CHARACTERIZATION OF SMALL BODIES. R. W. Dissly1 and
D. Ebbets1, 1Ball Aerospace & Technologies Corp., 1600 Commerce St., Boulder, CO 80301, rdissly@ball.com.
Introduction: A comprehensive strategy for the
characterization of asteroids and comets should include missions that measure the structure and composition with in-situ instrumentation deployed on the surface of the object. In this presentation, we describe a
concept for a set of self-righting surface probes that
are deployed from a nearby rendezvous spacecraft.
These probes are used to assess the composition and
geophysical state of cometary or asteroid surface and
interior environments.
Probe Description: Each surface probe payload
notionally includes a set of cameras for imaging the
body surface at mm-scale resolution, an accelerometer
package to measure surface mechanical properties
upon probe impact, an APX spectrometer for measuring surface elemental composition, and an explosive
charge (nominally 1kg) that can be remotely detonated
at the end of the surface mission to serve as a seismic
source for the accelerometers that are resident in the
remaining probes. In addition, this explosive charge
excavates an artificial crater that can be remotely observed from the nearby rendezvous spacecraft. The
external shape of the probe is ideally spherical, with
the accelerometer package located at the center-ofmass, to minimize any measurement biases that are
generated by the geometry of the impact.
Structural Characterization. A network of small
probes has the capability to characterize the structure
of the target body in at least three distinct ways, each
on a different spatial scale. First, measurement of the
probe deceleration upon impact will constrain the porosity of the top tens of cm in the near-surface at the
impact site. Impact into a highly porous surface will

be largely inelastic, as experienced by the target
marker deployment on Hayabusa [1]. Probes deployed
from a hovering rendezvous spacecraft roughly a km
away from the target body have impact velocities of
only a few m/s if allowed to simply free-fall to the
surface. Thus, the impact can be tolerated by conventional accelerometer packages without the need for
shock hardening. Second, observation of the crater
formation resulting from the detonation of the high
explosive will yield information on the strength and
porosity of the body on scales of tens of meters,
roughly the crater diameter expected [2]. Third, the
deployment of multiple probes on the surface has the
potential to act as a seismic tomographic network for
measuring the interior structure if the probes are detonated sequentially. Proper inversion of the seismic
data requires accurate knowledge of the body shape
and probe location, both of which can be provided by
the nearby rendezvous spacecraft. However, probes
that are simply resting on the surface of the asteroid
present a major implementation issue in a microgravity
environment: any accelerations due to the arrival of
surface or body waves that are imparted to the probe
may dislodge it (even to the point of launching it off
the surface!) if the probe is not properly anchored.
Surface coupling schemes are therefore critical in this
approach, and will be discussed in greater detail.
References: [1] Yano, H. et al. (2006) Science,
312, 1350–1353. [2] Melosh, H. J. (1989) Impact Cratering: A Geologic Process. Oxford University Press.
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MATHEMATICAL MODELS USING ISOMORPHISMS AND QUANTUM FORMALISM, FOR THE
OBTENTION OF RISK WAVE FUNCTIONS ON SPACECRAFTS: APPLICATION TO VOYAGER-2
MISSION OF NASA, FOR JUPITER-SATURN TRAJECTORY. J. C. Echaurren, Codelco Chile Chuquicamata – North Division, jecha001@codelco.cl .
Introduction: The aim this work is to show the
results obtained in relation to mathematical models,
applied to the risks analysis in spatial activities. The
models were designed and applied specifically for the
risks control associated to the Voyager program of
NASA, being of principal interest the Voyager-2 mission for the encounter with Jupiter and Saturn (July 9,
1979 and August 25, 1981 respectively). Will be
specified here the basic concepts used in the development of the models, describing the mathematical and
physical formalisms involved, as well as the obtention
of orbital-gravitational factors, that will determine the
degrees of influence in the manifestation of structural
damage, caused by spatial perturbation across of the
Jupiter-Sun-Saturn chain, and showing numerical results.
Analytical Method and Results : The model in
its fundamental component is based in the Wigner’s
Distribution for negative probabilities [2], which is
expressed as:
∞
W(x,p)
= (1/2π) ∫ ψ٭xR (xR – s/2) ψxR (xR + s/2)×
-∞
×exp( -ispR) ds,
∞
= (1/2π) ∫ ψ٭pR (pR + s/2) ψpR (pR – s/2)×
-∞
×exp (-isxR) ds,
where xR and pR represent position and momentum
respectively, for a vector-risk R in a work activity in
static or dynamic regime. The mathematical structure
associated to the existence and materialization of risks
in accidents, coincides with the abstract form of the
isomorphism, where the vector space in the domain is
represented by a mathematical subspace ℬ, whose
elements are vectors-risk with aleatory behavior; and
being the vector space in the codomain, one physical
environment, whose elements are quantum probability
densities, images of the vector space before mentioned
(codomain). These images that can coexist in static and
dynamical conditions, are connected by a bijective
function ℱ, being the dimension for both vector spaces
equivalent to n = 4, then graphically the functions of
link are showed as:

ℱ : ℬ ⊂ ξ4v ⎯→ ξ4f ≡ ℱ : ( r1, r2, r3, r t )
⎯→ ( Dψ1, Dψ2, Dψ3, Dψt ),
Being the ri and Dψi, the mathematical components of a vector R in the vector subspace ℬ, and the
components of probability density associated to a wave
function ψR in the incidents space ξ4f respectively,
being besides r t and Dψt temporary components in
both spaces, where the term Dψt adopts spatial positions of escape, i.e., with a extrapolation out of ξ4f .
The components of the vector space in the codomain
generate complete wave functions Ψi, associated to the
Ri, which possess probabilistic structure or natural,
and that satisfy besides the Heisenberg’s Uncertainty
Principle [3], therefore: “The probability of to find the
risk Ri defined by the wave function ψRi( ti ) in the
interval dt around t is |ψRi( ti )|²dt” [1,3]. The complete wave functions Ψi in the vector space ξ4f acquire
gaussian form, which are pure or perturbed for closed
or open systems respectively. Is possible to identify
besides the existence of “entropy spaces” ѕ, between
ξ4f and ξ4v that define an unstable regime and aleatory
behavior, which are generated in static mode of action,
and that are “relative” to the elements of an activity in
dynamical mode. Inside of this structure an “incidents
space” is defined by, ℰinc ≡ (ξ4v) ∪ (ξ4f), being the
“accident” defined by (ξ4f) ∩ ѕ, in dynamical mode
and that define a manifestation of energy from ξ4v to
ξ4f . Then, the entropy space ѕi, is defined by any Ri
that is not included in the procedures of some activity.
The formalism before described is applied to activities
in the space, working with planetary wave functions,
modified as:
Ψspatial ≡ ( Ags / Agp ) ( Vvo / Vvop ) Ψplanet,
being ( Ags / Agp ) < 1 a gravitational factor, and 1 < (
Vvo / Vvop ) < 1 an orbital factor, and where:
Ags = acceleration of gravity at the space ( m/s²).
Agp = acceleration of gravity at a planet (p) ( m/s²).
Vvo = orbital velocity at the space ( m/s ).
Vvop = orbital velocity of a planet (p) around the Sun
( m/s ).
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The orbital factor is approximately obtained through
the calculation of escape velocities from both Jupiter
and Saturn:
VE = VEo + ( 2πRp / Tp ) + ( GMs / Dp,s )(1/2) +
(2πRp/8Vo)
+ (1/8) ∫ ( GMp/D²v,p )dt ,
0
being these the components of: escape velocity from a
planet (p), spin velocity for a planet (p), orbital velocity for a planet (p), and gravitational influence associated to a planet (p). These components will influence
on both velocity and trajectory of a spacecraft in the
space, being besides:
Rp = radius of a planet (p).
Tp = period of a planet (p).
Ms = mass of the Sun.
Dp,s = distance between a planet (p) and the Sun.
Mp = mass of a planet (p).
Dv,p = distance of approximation from Voyager-2 to
planet (p).
VEo = previous escape velocity.
Results and Conclusions: The results obtained
are:
a. ( Ags / Ag Jupiter )( Vvo Voyager-2 / Vvo Jupiter )
= 3.18024 = (1.0123)π ≻ 1.
b. ( Ags / Ag Sun )( Vvo Voyager-2 / Vvo Sun )
= 6.24962E( ¯ 8 ) ≺ 1.
c. ( Ags / Ag Saturn )( Vvo Voyager-2 / Vvo Saturn )
= 6.13963 = ( 1.9543 )π ≻ 1.

The numerical results show an interesting aspect, the
involved risks in the Voyager-2 mission, specifically
in (a) and (c), reveal an apparent duplication of intensity from Jupiter to Saturn, and this intensity tends to
be annulled in the intermediate trajectory, i.e., between
Jupiter and Saturn, by a reduced influence from the
Sun. The numerical results show major probability of
fall in Saturn that in Jupiter. According to this, is possible to deduce initially:
1.

The intensity of the risks varies inversely with
the mass of the planets.
2. A great proximity is observed with both values of π and factors of π, which indicates a
numerical and mathematical structure.
3. The numerical variations are determinable in
the time.
These numerical models are feasible of application to a
great variety of spatial activities, including both new
Exploration Programs and new Mars Exploration Rovers.
References: [1] Arthur J. (2000). Harmonic analysis and group representations, Notices of the American
Mathematical Society, Vol. 47, N°1, pp. 26-34.
[2] Leibfried D., Pfau T. and Monroe C. (1998). Shadows and mirrors: Reconstructing quantum states of
atom motion. Physics Today, Negative probabilities,
Vol.51, N°4, pp. 22-28. [3] Ynduraín F. (1988). Quantum mechanics. Alianza Editorial, S.A., pp. 23-36.
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TROJAN ASTEROID INTERIORS AS A TARGET FOR SPACECRAFT EXPLORATION. J.P. Emery1,
D.P. Cruikshank2, K.S. Edgett3, E. Dotto4. 1NASA Ames / SETI Institute (jemery@mail.arc.nasa.gov), 2NASA
Ames Research Center (Dale.P.Cruikshank@nasa.gov), 3Malin Space Science Systems (edgett@msss.com) 4INAF,
Osservatorio Astronomica di Roma (dotto@mporzio@astro.it).
Context and Properties: To date 2050 Trojans are
known, with an estimated 5.9x105 larger than 1km
[1,2] (compared to ~6.7x105 for the Main Belt). An
explosion of interest in physical studies of asteroids in
the 1970s benefited the Trojans as well. They were
found to have very low albedos [e.g. 3], which has
been confirmed by more recent work [4,5], and the
extremely high lightcurve amplitude (and therefore
extreme shape) of 624 Hektor was quickly uncovered
[6]. Despite this exciting result, lightcurves have been
measured for relatively few Trojans, although one
study concluded that Trojans with diameters < 90 km
are fragments, while larger objects are primordial [7].
This is in agreement with interpretation of a change in
slope of the size frequency distribution[1,2].
Reflectance spectroscopy at visible wavelengths
failed to discover any absorption features, but revealed
red spectral slopes, comparable to outer belt D-type
asteroids [8]. The low albedo and red slope were modeled by mixtures of (hydrated) silicates, carbon black,
and complex organics [8]. This result was incorporated into a solar nebula condensation sequence in
which increasing organic content is responsible for red
slopes in the outer belt and Trojan swarms [9]. Visible
spectroscopy through the present has continued to
show featureless spectra with slopes that range from
neutral (gray) to moderately red [e.g., 10–13]. No
ultra-red slopes comparable to many Centaurs and
KBOs have been detected among the Trojans. Nearinfrared spectroscopy has also failed to detect any
clear absorption features, including no evidence for
H2O, no 1 and 2 µm silicate bands, and no absorptions
from organics or hydrated minerals [e.g., 14–17].
Note that Vis-NIR spectra can be modeled without the
use of organics (just silicates and amorphous carbon)
[18,19], and the absence of absorptions in the 3-4 µm
range may strongly limit the type and abundance of
organics possible on these surfaces [19]. Discrete
mineralogical features attributed to fine-grained (~few
µm), anhydrous silicates were recently detected in
mid-IR thermal emission spectra of three Trojans using
the Spitzer Space Telescope. The mineralogy may
resemble that of cometary silicates, and the spectral
shape indicates that the surfaces are probably either
very porous or that the grains are imbedded in a matrix
that is relatively transparent in the mid-IR [20].
Although some significant uncertainties remain, we
have learned a lot about the surfaces of Trojans from

ground-based observations over the past three decades.
Unfortunately, all of the studies summarized above
only sense the upper few mm (at most) of the surface.
With judicious choice of space weathering mechanisms, these results can be made to fit nearly any
model for the interior composition and structure of
Trojans. The observation with the most direct implication for internal composition of Trojans is the discovery and follow-up astrometry of a Trojan binary (617
Patroclus), which yielded a density of 0.8 ± 0.2 g/cm3
[21]. The most straightforward interpretation includes
both significant bulk porosity and a relatively significant ice fraction in the interior.
Motivation for a mission: Dynamical models of
the origin and evolution of the Jupiter Trojans are
equally intriguing. [22] showed using numerical techniques that the Trojan swarms are stable over >4.5 Gyr
against gravitational perturbations from the other giant
planets, though the region of stability is decreasing,
and the overall diffusion of objects is out of rather than
into stable librating orbits. Gas drag in the early nebula could reverse that trend, capturing objects. [23]
found that a growing Jupiter would naturally capture
objects into the Lagrange points without the need for
substantial gas remaining after giant planet formation.
In both of these scenarios, capture of objects already
orbiting near Jupiter is most likely, though small fractions could come from scattering from the Main Belt
or Kuiper Belt. Such scattering would be less likely
before the giant planets fully formed, so the [23]
mechanism would probably result in a more homogeneous population of mid-solar nebula objects than the
gas drag model. More recently, [24] suggested a migrating giant planet model which predicts that, as Jupiter and Saturn pass through a mutual 2:1 resonance,
the Jupiter Trojan swarms are first emptied of their
initial residents, then repopulated with material primarily originating in the Kuiper Belt. In this scenario, the
final Trojans pass through a high-eccentricity phase
which brings them close to the sun, devolatilizing their
surfaces. According to this model, the Trojans’ bulk
interior composition should then reflect the diversity of
the Kuiper Belt, with only a small fraction of objects
from the inner or middle solar nebula.
While these models are cast here in terms of the
origin of Trojan asteroids, they have far broader implications concerning the formative stages and evolution
of the Solar System (and, by extension, other planetary
systems), including the structure of the Kuiper Belt,
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the properties of outer planet systems, and the impact
history of the inner Solar System (i.e., late-heavy
bombardment), among others. The interior compositions of Trojan asteroids are a key to distinguishing
between these different hypotheses, providing a deeper
understanding of the origin and dynamical evolution of
the Solar System. Furthermore, linked analysis of surface and internal composition will illuminate important
surface altering physical processes that can be leveraged in the continuing remote study of small bodies in
both the inner and outer Solar System.
Ground-based observations remain critical to our
understanding of Trojan asteroids, and continuing
studies form the ground will certainly be beneficial.
For example, very few phase curves exist for Trojans,
and additional phase measurements would help constrain the structure of their surfaces. Similarly, lightcurve periods and amplitudes have been measured
accurately for only a handful of Trojans, and only one
(624 Hektor) has a reasonable pole solution. Deep
searches for comet-like behavior (comae and/or tails)
could help constrain the abundance of near-surface
volatiles. Vis-NIR spectroscopy continues to uncover
somewhat diverse spectral shapes. Spectra of small
Trojans may offer the best ground-based hope of getting a glimpse of internal, primordial compositions.
Additional mid-IR spectra would allow determination
of silicate mineralogy, as recently detected by Spitzer
on three Trojans, and whether it tracks with the diversity of Vis-NIR spectral shapes. While beneficial,
particularly for determining surface properties, these
ground-based studies will not reliably constrain internal composition, and, therefore, will not be able to
unleash the full potential of the Trojans for testing
hypotheses of Solar System formation and evolution.
A spacecraft mission to the Trojans is necessary.
Discussion: The recognition of Trojan asteroids as
important spacecraft targets is not new. The Decadal
Survey ranks a Trojan mission as a high priority for
NASA, with “deep ties to understanding the origin of
primitive bodies” and offering “new insights into
space weathering and other processes affecting” small
bodies. The Outer Planets Assessment Group (OPAG)
supports the Decadal Survey’s priorities with respect
to small bodies, and also specifically calls out the Trojans (along with Centaurs) as high priority targets for
spacecraft missions. As introduced above, it is necessary that such a mission have the capability to investigate the internal composition of Trojans along with
surface characterization.
As a target for a spacecraft mission, we note that
the Jovian Trojans are not located “on the way to
somewhere else.” They are not accessible as flyby targets for typical outer Solar System missions (e.g., 2002

JF56 imaged by New Horizons), as the typical spacecraft will use Jupiter for gravity assisted acceleration.
To study the Trojans requires a dedicated mission.
Key spacecraft investigations of Trojans necessarily must focus on both surface and interior properties.
Visible wavelength imaging would focus on geology
and geomorphology, including cratering and collisional history, clues to internal structure, and comparision of landforms with those on comets as well as
other small bodies. Visible and infrared (near and middle IR) spectral mapping would focus on heterogeneities in surface composition, particularly impactinduced exposures that reveal subsurface composition.
Radio science techniques will permit determination of
asteroid mass; combined with shape information from
images, this will yield bulk density. However, an active means of getting below the surface will be necessary for adequate determination of internal composition and structure. Experiments to be considered include (but are not limited to) a Deep Impact style collision; direct measurements by a lander with a penetrator, drill, or scoop; gamma ray spectroscopy, and subsurface radar.
Like the famous horse devised by Odysseus, a
spacecraft mission to the Trojan asteroids would allow
us to penetrate formidable barriers to knowledge and
enter into a better understanding of our Solar System.
References: [1] Jewitt, D.C. et al. (2000) AJ, 120,
1140–1147. [2] Yoshida, F. and Nakamura, T. (2005)
AJ, 130, 2900-2911. [3] Cruikshank, D.P. (1977)
Icarus, 30 224–230. [4] Tedesco, E.F. et al. (2002) AJ,
123, 1056-1085. [5] Fernandez, Y.R. et al. (2003) AJ,
126, 1563-1574. [6] Dunlap, J.L. and Gehrels, T.
(1969), AJ, 74, 796-803. [7] Binzel, R.P. and Sauter,
L.M. (1992) Icarus, 95, 222-238. [8] Gradie, J. and
Veverka, J. (1980) Nature, 283, 840-842. [9] Gradie,
J.C. and Tedesco, E.F. (1982) Science, 216, 14051407. [10] Vilas, F. et al. (1993) Icarus, 105, 67-78.
[11] Jewitt, D.C. and Luu, J.X. (1990) AJ, 100, 933944. [12] Lazzaro, D. et al. (2004) Icarus, 172, 179220. [13] Fornasier, S. et al. (2004) Icarus, 172, 221232. [14] Luu, J.X. et al. (1994) Icarus, 109, 133-144.
[15] Dumas, C. et al. (1998) Icarus, 133, 221-232.
[16] Emery, J.P. and Brown, R.H. (2003) Icarus, 164,
104-121. [17] Dotto, E. et al. (2006), Icarus, in press.
[18] Cruikshank, D.P. et al. (2001) Icarus, 153, 348360. [19] Emery, J.P. and Brown, R.H. (2004) Icarus,
170, 131-152. [20] Emery, J.P. et al. (2006) Icarus,
182, 496-512. [21] Marchis, F. et al. (2006) Nature,
439, 565-567. [22] Levison, H.F. et al. (1997) Nature,
385, 42-44. [23] Marzari, F. and Scholl, H. (1998)
Icarus, 109, 133-144. [24] Morbidelli, A. et al. (2005)
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CHARACTERIZING AND NAVIGATING SMALL BODIES WITH IMAGING DATA. R. W. Gaskell1,
O. Barnouin-Jha2, D. Scheeres3, T. Mukai4, S. Abe4, J. Saito5, M. Ishiguro5, T. Kubota5, T. Hashimoto5, J. Kawaguchi5, M. Yoshikawa5, K. Shirakawa6, T. Kominato6, N. Hirata7, H. Demura7. 1 Planetray Science Institute. PO Box
135, Altadena, CA 91003, rgaskell@psi.edu , 2APL/JHU, 3U. Michigan, 4Kobe University, 5JAXA/ISAS, 6NEC
Aerospace Systems, 7U. Aizu
Introduction: Missions such as Deep Interior [1],
which would have mapped the interior of a small asteroid with radar tomography, require a detailed
knowledge of both shape and surface topography of
the body as well as accurate determinations of the
spacecraft position. Recent applications of stereophotoclimometry and navigation estimation to small
bodies have proven to be more than adequate for satisfying the requirements of such missions. During the
recent Hayabusa mission to Itokawa, about 600
AMICA science images were analyzed. The asteroid’s
shape and topography were characzterized to about 20
cm, and the spacecraft’s position was found to a few
meters at the home position range of 7 km. For such
small bodies, an additional data type such as laser or
radar ranging must be used to set the global scale.
Itokawa: On 12 September 2005, the Japanese
Hayabusa spacecraft arrived at the asteroid 25143 Itokawa. Due to Itokawa’s small size (500 meters) and
low gravity, the spacecraft did not orbit, but hovered
near each of two stations on a line between the asteroid
and Earth. It remained at the “Gate Position” at a
range of about 18 km until September 30, and then
shifted to the “Home Position” at a range of about 7
km. Between October 8 and 28, it made several excursions to higher phase locations to obtain varying illumination conditions, and away from the equator to
obtain polar data. On November 4, 9 and 12, the
spacecraft made approaches to the asteroid in preparation for touchdowns on November 20 and 26.
A set of about 800 landmark maps (L-maps) was
constructed from the science images using stereophotoclinometry [2]. These maps were used to construct a
global topography model (GTM), to estimate the pole,
and to determine the spacecraft's location. Since this
was not an orbital mission, LIDAR was needed to set
the range, and with that extra data type the spacecraft
position was found to about 1.5 meters near the home
position. The pole determination had an uncertainty of
about .005 degrees, and the landmark locations had
rms residuals of about 20 centimeters. The L-maps
play the role of body-fixed control points, which can
be correlated with imaging data under any illumination
or geometry. Their correlation with wide-angle navigation images from the November 12 approach determined the spacecraft trajectory and enabled a solution
for Itokawa’s mass..

Figure 1. Illuminated Itokawa GTM and corresponding AMICA image.
Eros: In an ongoing study using the NEAR
imagina data, the asteroid Eros has been tiled with over
6000 L-maps of varying resolution. Surface residuals
are less than 3 meters. With the spacecraft positions
assumed to be correct, the camera pointing residuals
are less than 20 µrad from L-map correlation, less than
a sixth of the best previous value. Work is now underway to incorporate NEAR laser altimeter ranges as
a data type to improve the spacecraft ephemeris.

Figure 2. NEAR images and illuminated Eros GTM.
The Gravity harmonics predicted from a homogeneous GTM are much closer to the observed values
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than those of previous models, indicating a more uniform interior mass distribution [3]. It is believed that
the remaining residuals are due to noise in the determination of the gravity harmonics which may be reduced
by the improved knowledge of the spacecraft positions.
Navigation Strategies: For missions to very small
bodies, orbiting is not an option due to solar pressure,
so that the scale cannot be set by a combination of dynamics and Doppler. Some sort of ranging device,
either laser or radar, is essential. Initially, tha bodyrelative spacecraft locations are found through a combination of accurate camera pointing and range to the
as yet undetermined surface. With these data and the
ensemble of images, a fairly accurate shape and topography model can be constructed. The largest errors in
the model are global ones due to the overall scale.
At this stage of the Itokawa analysis, there was a
0.5% difference between ranges determined by the
LIDAR and the ranges predicted from the GTM and
the spacecraft ephemeris. This amounted to about 35
meters at the 7 km home position and a 1 meter error
in the GTM. Once corrections were made in the
ephemeris, a single iteration, the range errors were at
the meter level and the ephemeris-related GTM errors
were negligible.
The 20 µrad errors quoted above for Eros tell us
how well the footprint of the camera on the surface is
known. There can be larger pointing errors which are
offset by cross- or down-track spacecraft position errors. In order to minimize these errors for the Hayabusa data, a free fall trajectory was fit to the position
data between maneuvers. This averaged down the
ephemeris errors to the 1.5 meters quoted above, and
simultaneously reduced the pointing errors.
It is probable that the same level of accuracy can be
achieved with radar ranging, assuming that the return
from a precisely determined topography can be adequately modeled. This would provide about quarter
wavelength position uncertainties for a 50 Mhz ground
penetrating radar.
References: [1] Asphaug, E., et, al, Exploring Asteroid Interiors: the Deep Interior Concept , LPS XXXIV
Abstract #1906. [2] Gaskell, R.W., J. Saito, M. Ishiguro, T. Kubota, T. Hashimoto, N. Hirata, S. Abe, O.
Barnouin-Jha, and D. Scheeres, Global Topography of
Asteroid 25143 Itokawa, LPS XXXVII Abstract 1876.
[3] Gaskell, R., A. Konopliv, O. Barnouin-Jha, and D.
Scheeres, High Resolution Global Topography of Eros
from NEAR Imaging and LIDAR Data, AGU Spring
Meeting, Baltimore, May 2006
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COMET AND ASTEROID SEISMOLOGY. P. E. Geissler, U.S. Geological Survey, Astrogeology Program,
2255 N. Gemini Dr., Flagstaff, AZ 86001 USA; pgeissler@usgs.gov.
A fundamental question about near Earth objects is
the nature of their interior structure. No geophysical
technique addresses this question better than seismology, from which most of our knowledge of the interior
structure of the Earth is derived. Seismology provides
information about the mechanical properties of geologic materials, that in turn constrains their physical
state. Measurements of the velocity of seismic signals
yield the elastic moduli along the ray path, if the density is known. Measurements of body wave amplitude
and attenuation as a function of distance provide information on the anelastic response of the object, related to the packing, cohesion and coupling between
particles. Mechanical discontinuities in the interior of
the asteroid will produce scattering of the seismic signals, resulting in an extended envelope of acoustic
noise after the first arrivals of the body waves. Observations of the period and decay of whole-body oscillations constrain the homogeneity, interior structure and
bulk anelastic response of the target.
The most basic parameter to be measured on a
small body is the speed of sound through the object.
The compressional (P wave) sound speed in natural
materials varies from a few hundred meters per second
in dry, unconsolidated alluvium up to 3,000 to 5,000
m/s in competent ice or rock. Thus a simple measurement of the travel time of the first arrival of a seismic
signal traversing an asteroid would be sufficient to
distinguish a gravitationally bound rubble-pile from a
monolithic rock fragment. A comprehensive experiment that maximizes the information acquired would
involve multiple sources and detectors that employ 3
axis detectors with a broad range of frequencies and
sensitivities. The need for multiplicity stems from our
desire to measure signal attenuation, particularly with
unknown coupling between the source and target,
which also drives the requirement for detectors with a
wide dynamic range of sensitivity. Three axis detectors
are needed to distinguish shear (S wave) displacements. The range of frequencies to be covered ranges
from ~1 Hz for whole-body oscillations up to several
hundred Hz for late arriving acoustic noise.
The main challenge for sounding small bodies is
the risk that the detectors could be lofted off of the
surface, should the peak seismic acceleration exceed
the weak gravity of the target body. Calculations show
that for bodies larger than ~1 km in diameter, there is
comfortable overlap between their gravitational accel-

eration and the seismic accelerations that can be detected using established technology. For smaller bodies, the risk can be mitigated by using a variety of
source energies and employing sensitive (but fragile)
detectors sensitive to accelerations as small as 10-7 g.
In any case, the travel times and amplitudes of P wave
first arrivals will be obtained even if the detectors are
subsequently shaken from the surface of tiny targets.
A simple strategy for sounding the interior of a
small body would be to place two sets of seismic stations consisting of identical sources/receivers on opposite sides of the object and detonate them sequentially.
When the first station is detonated, the neighboring
station of the pair will monitor the strength of the blast
in the near field while the stations on the opposite side
of the target will record the arrival times and amplitudes of the signals traversing the interior and the surface of the asteroid. In this way, the source accelerations can be measured accurately even though the coupling of the explosive energy to ground motion can not
be predicted in advance. This procedure will yield both
the velocity and attenuation of sound waves inside the
object, sufficient to determine the interior structure of
the asteroid. The experiment could be performed with
only 3 stations, but the fourth provides redundancy and
ensures that the complete set of science measurements
can be obtained if any one of the stations were to fail.
The second station to be detonated will be one of the
pair on the opposite side of the object, repeating the
full set of science measurements. The two remaining
stations could still complete the primary measurement
objective of determining the speed of sound through
the interior of the object. The detonation of the final
station could only be viewed from orbit but would still
add to our knowledge of the object’s surface properties
and of the dynamics of cratering. Each station would
be equipped with 2 sets of three-axis piezo-electric
accelerometers with different sensitivities. The primary
detectors are robust, low-sensitivity accelerometers
with extensive flight heritage that are unlikely to saturate during the impact of the instrument onto the surface and will accomplish the primary objective of
measuring the velocity of body waves traversing the
asteroid. The secondary accelerometers are far more
sensitive, enabling studies of tidal flexure and the
damping of whole-body oscillations, but are more
fragile and thus riskier than the primary detectors. The
dual systems provide redundancy in achieving the
chief science objectives and resiliency in case of in-
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strument failure. They also provide some insurance for
circumstances where source strength and target attenuation are poorly known, by extending the dynamic
range of the seismic signals that can be recorded.
In summary, active seismic experiments afford an
effective means to explore the interior structure of
small celestial bodies. They probe the mechanical
properties of the interior, complementing studies of
electromagnetic and other properties. Seismic experiments can be inexpensive, made up of simple explosives and arrays of accelerometers that are available
off the shelf at low cost. They can be combined with
more ambitious studies of the surface, including dynamic processes such as cratering, ejecta dynamics,
and seismic shaking. With a history of terrestrial, lunar, and Martian applications, seismology will add
solid science to future NEO missions with very little
perceived risk.
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A REVIEW OF PENETROMETERS FOR SUBSURFACE ACCESS ON SMALL SOLAR SYSTEM
BODIES. D. Glaser,1P. Bartlett2, K. Zacny1, S. Gorevan2, 1Honeybee Robotics, P.O. Box 370, Moffett Field, CA,
94035 USA, 2 Honeybee Robotics, 60 W. 34th St., New York, NY, 10001.
Introduction: For the purposes of planetary exploration, penetrators can loosely be defined as sharply
pointed structures that are inserted into the soil/regolith
with a purely axial force (as opposed to drills, which
primarily use a rotating, lateral force). If some aspect
of the penetration behavior is used to determine the
mechanical properties of the soil/regolith, then the
device can also be considered to be a penetrometer.
For the study of asteroid and comet subsurfaces that
are made of granular materials, penetrators could be
used to deploy seismic, thermal, or chemical analysis
hardware to depths of perhaps 1-3 m. If used as a
penetrometer, the penetrator would be integrated with
accelerometers, force gages, and/or depth sensors that
would indirectly measure the soil resistance or skin
friction. This paper reviews a variety of penetrometer
architectures, some of which have already been developed for planetary exploration. From the perspective
of comet and asteroid study, one of the principal design factors is the very low gravity, which will have
major implications on the interaction between a penetrator and the soil, as well as on the mechanical means
of penetrator deployment.
Cone Penetrometers: Civil engineers often use
cone penetrometers, long cylindrical rods with a standardized, pointed cone at one end, to measure soil
strength. The maximum depth to which such a penetrometer can travel is a function of the length of the
rod (which loosely translates into mass for a space
mission) and the increase in frictional force as the
penetrometer gets deeper.
Static Cone Penetrometer (SCP). As the name implies, the SCP is pushed into the soil with a static
force. In terrestrial applications, the static force generally must be on the order of hundreds or thousands of
Newtons, which would be unobtainable from a small
lander in the low gravity of an asteroid or comet.
However, in the case of a small body, where the overburden pressure is much lower than on Earth [1], the
amount of force required may be significantly lower.
An innovative source of force for a planetary SCP is
the kinetic energy of a soft landing spacecraft. A small
penetrometer of this type was successfully used on the
Huygens probe for its landing on Titan in 2005.
Vibrating Static Penetrometer. In the construction
industry, vibration is sometimes used to insert piles
into loose soils. The vibration causes a temporary liquefaction of the soil that effectively reduces the
amount of axial force necessary to push the pile into

the soil. The vibration is generally produced by two
counter-rotating eccentric masses, but other methods
are also possible. This method of penetration is currently being considered for use on the Moon [2].
Dynamic Cone Penetrometer (DCP). The DCP
penetrates by virtue of high energy impacts from a
sliding hammer that is dropped onto the penetrating
rod. It does not require a reaction force for penetration
to occur. In low gravity, however, dropping the hammer onto the rod would not supply enough kinetic energy, so the hammer mass would require some type of
downward accelerating mechanism. There are many
possible ways of doing this and, in a previous project
for the Army Corp of Engineers, Honeybee Robotics
developed a number of concepts for a mechanized
DCP [3].
Percussive Cone Penetrometer. A variation of the
mechanized DCP is to hammer the rod into the subsurface with a small mass that impacts at high velocity
and high frequency. This is identical to the mechanism
used in hammer drills, minus the rotation of the drill.
Honeybee Robotics has performed experiments with a
commercially available percussive mechanism that
uses a 100 g mass, impacting with 3.4 J of kinetic energy, at a rate of 34 Hz. This system easily penetrated
to a depth of 1 m in moderately strong soils [3].
Mechanical “Mole”. A mole is a self-propelling
cone penetrometer with an internal hammering mechanism consisting of a hammer mass that is accelerated,
usually by a spring, to impact with the interior nose of
the mole. The German Space Agency (DLR) developed a small mole for the Beagle 2 mission to Mars. In
laboratory tests, this mole was capable of penetrating
to a depth of 1.5 m in sand [4]. A similar, but larger
device, the Mars Underground Mole (MUM) is currently being tested at NASA Ames Research Center
[2]. As with other penetration methods discussed here,
the low gravity environment presents issues pertaining
to recoil and available reaction forces.
Ballistic Penetrometers: These are designed to
impact the surface of a body at high speed and deploy
a payload to the subsurface. Two previous Mars missions, Mars96 (failed on launch) and Deep Space 2
(failed at Mars) have attempted to use this technology.
Currently, the Lunar-A mission, of the Japanese Space
Agency, is planned to deploy two ballistic penetrometers that will impact the lunar surface at 285 m/s and
deliver seismic and thermal instruments to a depth of
1-3 m [5]. All of these previous designs make use of
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gravitational force to accelerate the penetrometer prior
to impact. With a small asteroid or comet, the penetrometer would require a propulsion system to accelerate it.
References: [1] Richter, L., (2006) Personal
Communication [2] Gonzalez, A. (2006) Personal
Communication [3] Zacny, K., Glaser, D., (2006) Near
Surface Rapid Soil Characterization System, DoD
2005.2 SBIR Phase I Proposal Topic A05-125 Proposal Number A052-125-3631 [4] Richter, L., et al.
(2001) Adv. Space Research vol. 28, No. 8,pp. 12251230
[5] Mizutani,
H.,
et
al.
(2005)
http://www.ias.ac.in/jessci/dec2005/ilc-22.pdf
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RADIOISOTOPE ELECTRIC PROPULSION AS AN ENABLER OF COMPREHENSIVE
RECONNAISSANCE OF SMALL BODIES. Robert E. Gold, Ralph L. McNutt, Jr., Paul H. Ostdiek and Louise.
M. Prockter, Johns Hopkins University Applied Physics Laboratory, 11100 Johns Hopkins Road, Laurel, MD
20723, U.S.A., Robert.Gold@jhuapl.edu.
Introduction: We are investigating a new class of
missions that are well-suited to the study and characterization of small bodies. PARIS (Planetary Access
with Radioisotope Ion-drive System) spacecraft take
advantage of the high-efficiency of Stirling radioisotope
generators (SRGs), currently in development, enabling
low-thrust missions launched to a high C3. With a
demonstrated efficiency of >30% and a specific power
of > 8W/kg, the SRGs provide the power for an electric
propulsion system, which is especially effective for
exploring objects in a shallow gravity wells. The net
power-to-mass ratio enables a reasonable science payload to be carried for a reasonable (e.g., New Frontiersclass mission) cost (Prockter et al., this meeting). A
standard payload for such a mission could include
wide-field and narrow-field cameras, a UV-Vis-IR
spectrograph, gamma ray and neutron spectrometers,
and plasma and energetic particle spectrometers, although payloads designed to investigate the interior of a
target object, such as radar or lidar instruments, or
seismic sensors, could be added. The power system
would generate about 900 W and the launch mass
would be slightly less than 1000 kg. Most technology
for this class of missions already exists; the only technology development required is that of the next generation SRG, although this is currently in NASA’s technology plan. With continued development, REP missions could be available for NEO characterization
within the next decade.
PARIS Missions: The combination of radioisotope
power sources (RPSs) with electric propulsion techniques and Evolved Expendable Launch Vehicles
(EELVs) enables a new class of space missions to the
outer solar system. These radioisotope-electricpropulsion (REP) missions appear to fit within the
NASA New Frontiers class of medium-sized planetary
missions. These low-thrust systems can operate for durations of several years to achieve very large velocity
changes (∆-V) of the order of 10 km s-1. Oleson et al.
[1] showed that trip times for planetary orbiter missions
could be significantly reduced by: (1) using a medium
class launch vehicle with an upper stage to provide initial velocities significantly greater than Earth escape,
and (2) employing the REP system throughout the
cruise phase to decelerate and shape the trajectory to
arrive at the target with near zero relative velocity. Because they are low-thrust spacecraft, pure REP systems
that do not have chemical thrusters to make rapid velocity changes, are best suited to orbital missions around

bodies in small gravity wells. This propulsion approach is ideal for Near Earth Objects and other small
bodies, such as the Jovian Trojans [2]. Several RPSs
may be used to drive the electric thrusters, which
may be either ion thrusters or Hall-effect thrusters.
The optimum thruster choice is a balance between
specific impulse and thrust level and so depends on
the details of the particular mission. In our studies,
power levels of about 1000 W lead to a good compromise among payload carrying capability, launch
mass, and overall mission cost. Other studies [3, 4]
have arrived at a similar conclusion.
Power Source: The key to REP missions is the
power source, and the figure of merit for these
sources is their power-to-mass ratio. The type of radioisotope thermoelectric generator (RTG) that was
used to power the Galileo, Ulysses, and Cassini missions used decay heat from 238Pu and thermoelectric
converters to produce about 300 W from a 50 kg
mass, equivalent to about 6 W/kg. These RTGs are
no longer in production and a new, smaller power
unit, the Multi-Mission-RTG (MMRTG), is identified
for use on advanced Mars rovers. However, because
of efficiencies of scale, the need to operate in a Mars
atmosphere, and the addition of shielding, the
MMRTGs will only produce about 2.4 to 3.0 W/kg.
This would make them prohibitively massive for
powering an REP mission to small bodies.

Fig. 1. First-generation Stirling power source.
Propulsion system: Ion and Hall-effect thrusters
have been under development for many years. Electric thrusters have been used for station keeping of
geosynchronous spacecraft, where low thrust is appropriate. The Deep Space 1 mission was the first
application of electric thrusters to interplanetary missions. Current models of electric thrusters are sufficient to accomplish an outer solar system mission,
and continuing development of these thrusters has
greatly increased their longevity. Current ion engines
are capable of surviving throughput of 120 kg of Xe
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propellant, and improved designs and materials promise
to extend that number by a large margin.
Spacecraft and mission design: Since REP missions are highly mass constrained, they require the use
of the lightest components for each spacecraft function.
A joint team of NASA Glenn Research Center and
Johns Hopkins University Applied Physics Laboratory
engineers and scientists has studied the spacecraft design. The team examined options ranging from how the
spacecraft could be built today from existing components and materials to what improvements could be
gained by the infusion of new technologies. They found
that a practical spacecraft can be built with present-day
components, but the development of several key technologies could significantly reduce the travel time
and/or increase payload capacity. The spacecraft presented here is a design that can be built today using the
classical RTG (approx. 5-6 W/kg), however, travel
times can be dramatically improved with an improved
high-density power source. The mission can be accomplished with any >4 W/kg power source with a penalty
in travel time and available payload mass. The efficiency of the power distribution system is also key. A
20-cm or 30-cm ion thruster provides propulsion. Because of the anticipated long mission times and high Xe
throughput, spare thrusters are included. The thrusters
are mounted on a 2-axis gimbal to keep the thrust vector aligned with the center of mass. A conventional
aluminum cylinder forms the core of the structure. To
reduce the risk associated with a long mission, such as
one that would visit 2 or more small bodies, the spacecraft design is fully redundant wherever possible. Fig. 2

shows a view of the PARIS spacecraft. The large
communications antenna has electrically selected
feeds so that it can communicate with Earth over all
of the attitudes required for thrusting to a small body
such as an NEO. The spacecraft dry mass is estimated to be 530 kg, including contingency, and the
launch mass is 983 kg including 453 kg of xenon
fuel. Launch would be on an Atlas V 551 with a Star
48 upper stage. Launch C3 is 121.6 km2/s2. Electric
propulsion ∆-V is 8.3 km s-1. The nominal mission
would orbit a small body for a year, to fully characterize it, then use its remaining fuel to visit and orbit
a second small body to improve our understanding of
the diversity of these objects.
Summary: REP systems offer cost-effective opportunities to study multiple small bodies within a
single mission. Although REP missions are mass
constrained, they can bring a comprehensive payload
to explore NEO bodies, and have the potential to be a
valuable tool in their characterization. REP missions
are practical today, as long as the development of
advanced RPSs continues.
References: [1] Oleson, S.R., et al., AIAA-20023967, Proceedings of the 38th Joint Propulsion Conference, Indianapolis, Indiana, July, 2002. [2] Gold
R.E. et al., Proc. of the International Conference on
Low Cost Planetary Missions, p.349-353. Kyoto,
2005. [3] Fiehler, D., and Oleson, S., Acta Astronautica, vol. 57, 444-454, 2005. [4] Bonfiglio, E. P., et
al., AAS 05-396, Proceedings of the AAS/AIAA Astrodynamics Specialists Conference, Lake Tahoe,
CA, 2005.

Figure 2. Partial cutaway drawing showing two of the Radioisotope Power Sources and the components of the ion
propulsions system.

Workshop on Spacecraft Reconnaissance of Asteroid and Comet Interiors

39

A STUDY OF TECHNIQUES FOR SEISMOLOGY OF ASTEROIDS. R. Goldstein1, W. F. Huebner1, J. D.
Walker1, and E. J. Sagebiel1, 1Southwest Research Institute, 6220 Culebra Road, San Antonio, TX 78238,
rgoldstein@swri.edu, whuebner@swri.edu, jwalker@swri.edu, esagebiel@swri.edu
Introduction: Techniques to mitigate the potential
threat to Earth of an approaching Near Earth Object
(NEO) will require knowledge of the composition and
structure of the body. In particular, information on the
density, strength, and cohesiveness of the NEO will be
necessary. Active seismology appears promising as a
method of accomplishing such measurements. By
“active” we mean a source (i.e. an impactor, thumper,
or explosive) initiates a disturbance that propagates
though the body and is detected by several sensors
located on the body’s surface. We have considerable
experience in analyzing and modeling seismic signals
in small bodies [1]; this study deals with methods of
producing and recovering the seismic signals.
Versions of active seismology were used successfully on the moon during the Apollo 14, 16, and 17
missions. In fact, most of what we know about the
interior of the moon was obtained in this manner.
Note that although such other techniques as radio tomography from an orbiting or flyby spacecraft can also
provide some aspects of internal structure this method
is not useful for metallic objects.
Lander Packages: In the case of an NEO the difficulty of seismology lies in how to deliver and attach
the sensors to such a low gravity body with a surface
of a probably unknown nature. Providing a good
acoustic contact between the surface and the sensor is
a particular problem to solve. We have initiated a research program consisting of 1) Developing small lander packages and 2) Studying possible techniques for
anchoring and providing good acoustic contact for
these packages. We assume that the sensors and explosive signal source are launched to the body from an
orbiting parent spacecraft, which also telemeters a
source initiation signal and receives the seismic signals
from the lander packages. Each package of our current
baseline design consists of a commercial, off-the-shelf
MEMS-based multi-axis seismometer together with a
battery, associated electronics, and a telemetry system
for sending the seismic signals to the orbiting parent.
Since the MEMS-based sensors are very small and
require very little power the package can be made
small in size and low in mass. Thus several packages
can be carried by the parent spacecraft. Figure 1
shows a diagram (taken from the Applied MEMS Inc.
specification material) of the MEMS seismometer we
plan to use.
Attachment/Coupling Studies: The difficulty indesigning a strategy for attaching the sensor packages
and providing adequate acoustic coupling is exacer-

bated by the likelihood that the nature of the asteroid
surface may be unknown unless preliminary observations by a “scout” spacecraft is possible.

Figure 1. The circuit board of the MEMS sensor is
24.4 cm each side. The sensor itself is the yellow object on the right.
We assume the surface could range anywhere between a rubble pile with sandy deposits to a more cohesive structure. We have thus been considering use
of two basic techniques for attaching the packages and
providing adequate acoustic coupling: 1) impaling
with a type of spike, and 2) coupling with an acoustically conductive adhesive or fluid. Our plans include
testing these techniques in the Southwest Research
Institute’s seismic and gas gun facilities. Figure 1
shows a sketch of a concept for testing on a sandy or
gravelly surface. To simulate the low gravity at an
asteroid the test package is suspended from above to
allow it barely to touch the surface.

Figure 1. Schematic drawing (not to scale) of the proposed test setup for the case of the sensor package
resting on the surface. The package will be suspended
from above to simulate the very low gravity at an as-
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teroid. The “bed” will be mounted on a seismic shake
table to provide a controllable, known input signal.
A schematic block diagram of the electronics is
shown in Figure 2. The low resource requirements of
the MEMS seismometer allows a small, low power
system.

Figure 2. Example schematic block diagram of the
sensor package electronics.
Summary: We have been studying techniques for
performing seismology measurements on an asteroid in
order to determine the body’s internal structure. Such
information is necessary in order to be able to mitigate
the potential threat to Earth of an approaching NEO.
Reference: [1] Walker, J. D. et al., Global Seismology on Irregularly Shaped Bodies, 2006, this Conference.
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Comet and Asteroid Sample Acquisition, Containerization,
and Transfer for Sample Return
S. Gorevan, I. Yachbes, P. Bartlett, K.Zacny, G. L. Paulsen, T. Kennedy, B. Basso, J. Wilson
Honeybee Robotics, 460 West 34th Street, New York, NY 10001

Abstract
The authors have been instrumental in the development of three key sample return technologies. This
was accomplished through their work at Honeybee Robotics supporting the Champollion-Deep Space 4
(figure 1) mission when that mission was baselined as sample return. Additionally they have provided
support for the Mars Sample Return Mission 2001. Both missions were cancelled but not before an
autonomous spacecraft rendezvous and docking
interface, a hermetically sealable sample return canister, and a subsurface sample acquisition system
were developed.
When NASA decided that the Champollion
Deep Space 4 Mission would return surface and
subsurface samples from a comet, Honeybee Robotics was contracted to supply the Sample Acquisition and Transfer Mechanism (SATM) (figure 2),
a WEB (figure 3) docking interface, and a hermetically sealable sample return canister (SRC) (figure
4). The Champollion-DS4 mission in its sample
Figure 1: ST4/Champollion Mission Concept
Image courtesy of NASA/JPL

Figure 3: WEB docking system breadboard hardware.
Lander (left) near capture with return spacecraft

Figure 4: Overhead view of 6 sample storage locations

Figure 2: Sample Acquisition and Transfer Mechanism drilling sequence
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return configuration featured a surface lander that separated from a spacecraft that orbited the comet. The
SATM robotically drilled down to 1 meter below the surface and acquired samples in the drill tip. The
samples were transferred through mechanisms inside the SATM to the SRC. Dust mitigating seals developed by Honeybee allowed hermetic sealing to take place in a dusty environment. These seals were utilized by autonomously preloading the canister onto the comet surface to maintain the seal for the return
cruise. After the samples were collected and the canister was sealed, a portion of the lander with the SRC
lifted off from the comet surface to rendezvous and dock with the orbiting spacecraft. The SRC was
mechanistically transferred to the orbiting spacecraft for the return cruise. The enabling feature of the
WEB docking interface is the net like or spider web type capture element. This feature was unlike any
known docking interface and like a spider, it provided for a wide field of capture. Using titanium barbs
on the target spacecraft and a vectran web on the chase spacecraft, the target spacecraft was captured
when any barb passed the web plane. The flexible web is then retracted pulling the target spacecraft toward each other down a misalignment correcting cone. The WEB docking interface compensated and
corrected for extremely wide misalignments in x, y, z, pitch, and yaw and the web acted as a soft interface
providing for significant dynamic misalignment as well.
The WEB docking interface is a cost reducing simple way to safely insure precision autonomous
docking between two spacecraft. A sample return canister capable of preserving the sample during cruise
and designed to be easy to transfer from the small body surface could be enabling to a sample return mission. The same is true for the SATM which not only can service a sample return mission but can also
provide for the precision transfer of samples to instruments on board an in-situ characterization mission.
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Cometary Materials Considered- Halley – Enke-B/Grigg-Skjellerup- Borrelly- Eros. I. E. Harris St Lambert,
Quebec Canada.
Introduction: In order to appreciate the statistical
concern with data from the comets noted in respect of
Vega 1 data and Giotto data from comet Halley and
others, it is necessary to envisage the missions. The
best evidence is still the traverse of the probe through
the ion trail and the dust trail at the point of such traverse -in the case of Halley with Vega at about 500
kilometres from the nucleus and in the case of B/Grigg
-Skjellerup at a distance less that, a distance in which
some differences were noted resulting in a postulation
of mother molecules and daughter molecules. The
mass spectrometer would confirm what the spectrograph had shown and there would be a counting of
elemental atoms and molecules encountered in the tail
to give confirmation of the spectrographic data already
seen . However what we have is some operating stress
on the nucleus and on the the tails involving magnetopauses and magnetic and other changes in the tails, at
least, and neither instrument would pick up what could
be a statistical problem relating to how the nucleus is
being taken apart to create the dust and ion trails. As
mentioned there is evidence of changes even within
the tail itself at different distance from the nucleus.
The reduced quantities of some common elements
such as Fe in these statistics is an introduction to the
problem of the statistical problem in relation to a sample from this examination point of the nucleus. [1]
Heavy elements are present :
Taken from the same work the elemental abundances
of comet Halley were found as follows:
Element
H
C
N
O
Na
Mg
Al
Si
S
K
Ca
Ti
Cr
Mn
Fe
Co
Ni

Comet Halley
9.47
8.64
8.05
8.99
6.58
7.58
6.41
7.85
7.44
4.88
6.38
5.18
5.53
5.28
7.30
5.06
6.19

Sun
12.00
8.56
8.05
8.93
6.33
7.58
6.47
7.55
7.21
5.12
6.36
4.99
5.67
5.39
7.51
4.92
6.25

The elemental abundances in comet Halley, sun and
solar system, normalized to Mg 9 log N(H) =12.00.
However as a start, we have to look at what are the
prevalent molecules considered as forming comets to
see how the component is said to differ from normal
CI or CAI material.
Molecule

Abundence

H2O

100

CO
CO 2
H 2 CO
CH 2 OH
HCOOH
CH 4
NH 3

2-20
3
0.03-4
1-8
Less than 0.2
Less than 1
0.1- 1

HCN
N2

About 0.1
0.02-0.2

H2S
CS 2

About 0.2
o.1

OCS
SO 2
S2

Less than o.3
Less than 0.001
0.05

Method of observation
IR, products of
disassociation
(H, OH, O) in
UV visible, and
radio
UV, radio
IR
Radio, IR
Radio, IR
Radio
IR
Products of disassociation (NH,
NH 2) in UV
and visible
Radio
Products of ionization N 2 + in
visible
Radio
Products of disacciation (CS) in
UV
Radio, IV
UV
UV

Abundances of mother molecules known in comets
However this has to be compared with the spectrograph of various combinations detected in the comets
to give a better idea of what is in fact present, as follows
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Radical, ion or atom
Spectral domain
Radicals
CN
Visible, IR
C2
Visible, UV, near IR
C3
Visible
CH
Visible
OH
Near UV, IR, radio
NH
Visible
NH 2
Visible
CS
UV
Molecular ions
CH +
Visible
OH +
Visible
H2O +
Visible
CO +
Visible, UV
N2+
Visible
CO 2 +
Visible, UV
Atoms
H
Visible, UV
C
UV
O
Visible, UV
S
UV
Na, K, Ca, Cr, Mn, Fe, Visible comets near Sun
Ni,Cu, Co, V
Atomic ions
C+
UV
Ca+
Visible
As can be noted some of the heavier elements are
noted as present under the atoms detected. There was
upon review of these combinations and elemental
problems of abundance issue raised, for instance, the
isotope mesurement of carbon did not resemble that of
interstellar medium, or of solar sytem and as the compostion ratios did not resemble those either which
could be worked out given the material. Elsewhere in
the study of the data in the Jacques Crovisier and
Thérèse Encrenay it was said that from the isotope
measurements there was a clear anology between
cometary material and certain meteorites considered
primitive - therefore considering the presence itself of
some heavy elements as was noted in the data this
would certainly entail an elemental list of abundances
more like the Sun or CI .. There was other evidence
moreover of the disparity with the data and what could
be the nucleus in at least four other problematical considerations. The albeido of the nucleus was too low for
the amount of water ice. And at .0.04 it could be only
water ice coated with a crust or dark material presumeably carbon from the probe data.

The comet body was shown to be active in certain areas with gas and dust escaping, and this was difficult
to explain in terms of the body of water ice..
Another factor was that the expected temperature of
the sublimation of ice in a vacuum was 200 to 220 K
or about -53 degrees C . The temperature detected at
the surface of the nucleus was 300 degees K or about
27 degrees C - too high to explain sublimation of iceindicating other process. Also this would be an overall
temperature and perhaps not representative of the active areas, fully.
The rotation period of the comets is also a function of
velocity and material make-up and the rotational period of the body at 16 to 18 hours at the velocity of
100,00 miles an hour might indicate a heavier more
consistent body.
In summary there would seem to be a visible concern
or biase in the data which would opt for a more solid
nucleus of the comet with material coming off in particular process . Its importance is further on in the origin and reason for the occurrence of the comet ; and
whether they come as one or in tandam as an example
of the importance of the problem
[1] See Stuart Ross Taylor Solar System evolution - a new
Perspective Cambridge University Press 1992 and 1994 at pg
1 23 where the Fe/Si and Mg/Si ratios are discussed -noted to
be distinct from solar ratios and earth ratios and thought to
come from dust component only of comet.
[2] Stuart Ross Taylor op.cit at pg 124, Table 3.10.2
[3] Jacques Crovisier, Thérèse Encrenay Les comètes- Témoins de la naissance du systéme solaire Belin CNRS edition Paris 1995 tables at pgs 48 and 103.
[4] Stuart Ross Taylor op cit in discussion of gas composition at pg 123 and cosmochemistry problems on same page
and at pg 125 in discussioin of Fe/Si ratio and Mg/Si rations.
[5] Jacques Crovisier, Thérèse Encrenay op.cit a t pg 73.
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DIELECTRIC PROPERTIES OF CHONDRITES AND THEIR IMPLICATION IN RADAR SOUNDING
OF ASTEROID INTERIORS. E. Heggy1, E. Asphaug2, R. Carley3, A. Safaeinili4, and K. Righter5; 1Lunar and
Planetary Institute, Houston, TX, 77058-1113, USA (heggy@lpi.usra.edu); 2University of California, Santa Cruz,
CA, 95064, USA; 3University of Cambridge, Cambridge, UK; 4Jet Propulsion Laboratory, Pasadena, CA, 91109,
USA; 5NASA Johnson Space Center, Houston, TX, 77058-3696, USA.
Introduction: Over the past decades, radar
remote sensing techniques have provided new insights
into the surface and subsurface properties of the Earth,
Moon, Venus, Mars, and Titan. Its demonstrated surface and subsurface imaging capabilities and mature
spatialization techniques make it one of the most
prominent techniques for exploring the interior of asteroids and providing a first insight into their geophysical properties, including volumetric images of the
interior that assess their three-dimensional distribution
of complex dielectric properties that reflect their structural, mechanical, and compositional variations. Such
information is crucial for understanding the evolution
of those objects as well as the potential hazard associated with any potential collision with other bodies of
the solar system. The success of these radar investigations (as well as our understanding of the data acquired
by earlier Earth-based radar observations) is strongly
dependent on how the mineralogy, temperature, and
porosity of the local environment affect the interaction
of the radar wave with the surface and its propagation
vector in the subsurface. Unfortunately, we have yet to
characterize much of the potential parametric space
associated with any of these planetary bodies. This
research addresses this deficiency by determining the
electromagnetic properties of a broad range of asteroid-like materials, mainly chondritic meteorite materials.
Experimental Approach: The radar penetration depth in geological materials for a given frequency can be constrained by quantifying the total
signal loss affecting the radar wave during its propagation through the subsurface. Total signal loss can be
summarized as the sum of individual losses from the
surface reflection, geometrical spreading, electromagnetic attenuation, and scattering [1]. The amplitude of
each loss mechanism is frequency and target dependent. At low frequencies (e.g., 1–50 MHz) the electromagnetic attenuation dominates the total signal losses
and hence defines the penetration capabilities of a
sounding experiment [2]. The electromagnetic properties in this study case is defined in term of the knowledge of the dielectric constant of the different units
constituting the asteroid body and its evolution in term
of the composition, density, and temperature variations
among the structure. However, the parametric space
associated with these dielectric properties has yet to be
explored. In a first step toward addressing this defi-

ciency we experimentally measured the electromagnetic properties of a broad range of dry meteoritic
samples, mostly ordinary chondrites (LL5, L5, H5, and
mesosiderites) inferred to have a good compositional
analogy to asteroid material as observed from spectral
observations [3,4]. Measurements were performed at
room temperature using alternative current impedance
techniques to evaluate the dielectric constant, represented by a complex variable (ε/-i ε//).
9

8

LEW8532036
MET0126015
RKPA79015
MAC88122

7

ε

/

6

5

4
20e+6

40e+6
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80e+6

100e+6

80e+6
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Frequency in Hz
0,015

0,01
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0,005
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40e+6

60e+6
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Fig. 1: Dielectric constant (upper) and the loss tangent
(bottom) for dry chondritic samples in the frequency band 5–
100 MHz at room temperature.

Measurements were made in the frequency range
1 MHz to 3 GHz with the dielectric cell connected to a
high-precision impedance analyzer connected to a
guarded coaxial capacitive cell designed to avoid field-
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edge effects, which tend to reduce measurement accuracy. The use of guarded electrodes also prevents large
reading errors in the lower limit of the frequency band
where error exceeds 3%. Figure 1 summarizes some of
the measurement results in the frequency band from 5
to 100 MHz for four chondrite samples: MAC 88122
(LL5), MET 0126015 (L5), LEW 8532036 (H5), and
RKPA 79015 (mesosiderite) that are mineralogically
and petrophysically characterized and curated in the
Johnson Space Center meteorite database. We can
clearly observe that the dielectric properties follow
very closely the meteoritic classification with an increase of the dielectric constant as a function of the
iron oxide enrichment of each meteorite class. The
observed frequency dependence is very weak, suggesting a non-dispersive behavior for the chondrites. The
real part of the dielectric constant is confined between
~4.6 and 5.8 for our samples with the exception of the
mesosiderite, which contains a much higher amount of
iron oxides than the other three samples and has a real
value of ~8 at 20 MHz. While LL5, L5, and H5 samples can be viewed as representative of the outer layers
of an asteroid [3], mesosiderites can be assumed as an
analog to the denser metallic core material of an asteroid. The loss tangent values (bottom of Fig. 1), which
are defined as the ratio between the imaginary and real
part of the dielectric constant, are representative of the
amount of signal losses in the radar wave [5] as they
penetrate the asteroid outer layer to its central part. We
can clearly note that chondrites have a very low loss
tangent with an average value ~ 0.003 at 20 MHz for
the LL5, L5, and H5 samples. This implies that such
materials are very favorable to radar penetration.
In a first attempt to quantify this penetration
depth using the laboratory experimental results, we
calculated the theoretical two-way losses, αthl, in dB/m
and the associated theoretical penetration depth, δthl, in
meters using a simple propagation model [equations (A) and (B), which do not consider scattering or
magnetic losses] that integrates the dielectric constant
and the loss tangent of the investigated materials as
shown in Fig. 1. Hence for a given frequency, f, the
radar losses and penetration depth are only a function
of the permittivity as defined by equations (A) and (B):
α thl = 40 ×

2πf
c

ε/ ⎡
(A);
2
1 + (tgδ ) − 1⎤
⎦⎥
2 ⎣⎢

δ thl =

dBmax

α thl

(B)

Figure 2 shows the evolution of the radar penetration
as the function of the frequency for the average dielectric constant of 4.8 and loss tangent of 0.003 cited
above for LL5, L5, and H5 samples as investigated in
this preliminary study. The propagation model suggests that penetration depths of ~1000 m can be

achieved at 20 MHz for an orbital sounder having a
dynamic range of 60 dB.
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Fig 2: Penetration depth as a function of the frequency for
an average asteroid represented by a typical chondritic sample.

It should be noted that the results in Fig. 1 are expected to vary significantly as the geophysical condition of temperature and density change the dielectric
constant [6] and hence affect the penetration depth as
can be deduced from equations (A) and (B). More parametric measurements are being performed by our
team to quantify the effect of low temperatures and
low density (inferred as a closer case to the asteroid
environment) on the dielectric properties of asteroid
analog materials (i.e., chondrites). Primary results suggest that both conditions cited above tend to decrease
the dielectric constant and the loss tangent, which in
turn improves the radar penetration depth capabilities.
References: [1] Reynolds (1997) An Introduction
to Applied and Environmental Geophysics, Wiley,
Chichester, England. [2] Heggy et al. (2006) JGRPlanets, 111 (E6), E06S04. [3] Binzel et al. (1996)
Bull. Amer. Astron. Soc., 28, 1099. [4] Britt et al.
(1996) LPSC XXVI, Abstracts, p. 167. [5] Ulaby et al.
(1982) Microwave Remote Sensing, Vol. II. Artech
House, Norwood, MA. [6] Heggy et al. (2001) Icarus,
154(2), 244–257.
Acknowledgments: This work is supported by the
NASA Planetary Geology and Geophysics program
through grant PGG04-000-0059 and the research fund
of the Lunar and Planetary Institute.
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DIELECTRIC PROPERTIES OF DIRTY-ICE AND FDTD SIMULATION OF RADAR PROPAGATION THROUGH
COMET NUCLEI GEOELECTRICAL MODELS TO SUPPORT RADAR-PROBING INVESTIGATIONS OF COMET
1
2
3
1
3
67P/CHURYUMOV-GERASIMENKO. E. Heggy , R. Carley , W. Kofman , S. M. Clifford , A. Herique , I. P. Wil-

liams4, and A. C. Levasseur-Regourd5; 1Lunar and Planetary Institute, Houston, TX, 77058-1113, USA
(heggy@lpi.usra.edu); 2University of Cambridge, Cambridge, UK; 3Laboratoire de Planétologie de Grenoble, Bât. D
de Physique, B.P. 53, 38041 Grenoble Cedex 9, France; 4Astronomy Unit, Queen Mary College, Mile End Road,
London E1 4NS, UK; 5Service d’Aeronomie, BP 3, 91371, Verrieres le Buisson, France.
The 90-MHz radar-wave experiment, CONSERT
(COmet Nucleus Sounding Experiment by Radio wave
Transmission), on board Rosetta (ESA, 2004) is expected to probe the nucleus of comet 67P/ChuryumovGerasimenko (67P/C-G) to reveal information on its
physical properties, composition, and internal structure
through the radar inversion of the dielectric properties
as deduced from the radar transmitted and backscattered echoes [1]. Hence the achievement of this task
requires an adequate knowledge of the dielectric properties of such objects to constrain the ambiguities on
future data inversion. As primitive building blocks of
the solar system, an understanding of the composition
and structure of comets will shed light on the conditions in the early planetary nebula at the time of planet
formation.
The propagation of radar waves through the nucleus of comet 67P/C-G will be affected by the geometrical and petrophysical properties of the internal
structure, as well as by its dielectrical properties determined by the nucleus porosity and composition.
This investigation constrains the uncertainties of the
dielectrical properties of comet-like materials inferred
to be ice mixtures (dirty ice) and assesses the potentiality of recognition of structural elements in the comet
nucleus with a radar experiment such as CONSERT.
Geoelectrical models of sections of a comet nucleus,
representative of existing theories of comet nuclei, will
be presented to determine the effect of structural features such as layering and inclusions on the amplitude
and losses of simulated transmitted and reflected radar
waves as will be observed by CONSERT. Complex
values of dielectric permittivity assigned to these models are based on laboratory dielectric measurements of
a porous mixture of ice and dust as well as comparative values deduced from dielectric mixture law. We
have used two types of dust in this study: meteoritic
dust extracted from the grinding of different type of
chondrites, and a typical basaltic dust extracted from
the Craters of the Moon Volcanic Field in Idaho, USA.
Radar simulations at 90 MHz were carried out using the Finite Difference Time Domain (FDTD)
method, which reproduce the transmitted and reflected
electric field as a function of time. These results confirm that structural differences such as layers and in-

clusions are discernable from the comparison between
transmitted and reflected radar signals.
Geoelectrical Models: In this investigation, the
composition of comets is considered as a porous mixture of ice and dust, with values of complex permittivity measured and calculated for different porous mixtures of ice and dust. The principal ice in comets
(~80%) is thought to be amorphous water ice [2] with
minor constituents of carbon dioxide, carbon monoxide, and some organic species making up the remaining volatile content. Cometary dust, as observed in
comet comae [3] and from Deep Impact [4], is a mixture of micrometer-sized grains of crystalline silicates
such as pyroxene and olivine, with a composition
range similar to that encountered in carbonaceous
chondrites, along with smaller amounts of “light element” dust (carbon, hydrogen, oxygen, and nitrogen)
in the form of complex or simple molecules. The dust
content of comets may comprise up to 75% of the mass
and 50% of the comet volume [5]. Non-gravitational
effects on the motion and orbit of comet 67P/C-G have
been used to place observational constraints on the
density and porosity of the comet nucleus. The bulk
density has been estimated with an upper limit of
600 kg m–3, and the porosity as much as 70% [6].
Table 1 summarizes some of our dielectric measurements (real and imaginary parts in separate tables)
at 90 MHz for ice mixtures with different type and
mass concentration of dust inclusions at a temperature
of –60°C and an average porosity of 55%.

Basalt
LL5
H5
Basalt
LL5
H5

0%
2.67
2.67
2.67
0%
0.008
0.008
0.008

25%
3.62
3.21
4.21
25%
0.04
0.012
0.056

50%
3.84
3.44
4.33
50%
0.053
0.034
0.066

75%
4.03
3.72
5.11
75%
0.085
0.047
0.091

Table 1: Measured dielectric properties of ice-dust mixtures (dirty-ice). Real part (upper) and imaginary part (bottom) at 90 MHz.

We considered in this preliminary study the dust to
be basalt and chondrite inclusions into the pure ice.
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For the chondrite dust we mainly considered typical
chondrites from the LL5 and H5 classes. Different
layers of the comet were simulated using different ice
contaminated samples with different porosity levels
ranging from 30% for the inner part to 70% to the
outer part of the comet. Those parametric and frequency dependent measurements are then integrated in
potential scenarios of the comet geoelectrical model
that will serve as a support for the CONSERT data
acquisition plan and analysis. Additionally, those
geolectrical models are used as the entry parameter to
the Finite Difference Time Domain (FDTD) simulations that help us understand the radar return from the
sounding experiment.
FDTD Simulations: The FDTD algorithm uses
the time-varying incident waveform to calculate the
magnitude of the electric and magnetic fields within
each “Yee cell” by solving Maxwell’s equations. To
simulate the electromagnetic wave emitted from the
lander at the surface of the comet, a Gaussian pulse
waveform, 15 ns long with a central frequency of 90
MHz, was applied to a model linear antenna aligned in
the x direction in the center of the surface of the model
geometry. The geoelectrical models were “meshed”
into a three-dimensional grid of cubic “Yee” cells
0.25 m in size, each with specified electromagnetic
properties. This dimension gives the calculation stability recommended value of ~10 cells per wavelength in
the bulk of the material [7]. Reflections from the
boundary of the simulation space were minimized by
applying a Perfect Matching Layer (PML) algorithm
that absorbs the electromagnetic fields at the boundaries of the simulation space with six layers of progressively decreasing permittivity. The magnitude of the
total (scattered and incident) electric field in the two
cross polarizations Ex and Ey were recorded at the top
and bottom of the geoelectrical model to allow observation of the reflected and transmitted waveforms.
Results and Discussion: Simulation of the propagation of radar waves through different comet nuclei
models has shown that it is possible for a radar experiment like CONSERT to distinguish structure in the
comet nucleus by analysis of the amplitude and losses
of the reflected and transmitted radar signals.
Although this study was only carried out for discrete sections of the comet model, it is clear that radar
propagating through a body with different features
such as layering and/or inclusions will present significantly different transmitted and reflected signals characteristics, allowing a non-ambiguous interpretation of
the internal structure given an appropriate knowledge
of the geoelectrical model of the comet. Of the models
studied in this investigation, representing theoretical

models of comet nuclei structure, the distinguishing
features for each can be summarized:
Homogeneous nucleus: A reflected radar signal
would only show reflections from a thick (>10 m) dust
layer, and very small signals, particularly in the case of
a very porous nucleus, from the other side of the comet
due to the small dielectric contrast. The broadening of
the waveform in transmission would also be related to
the dielectric permittivity (determined by porosity and
composition) of the comet nucleus. As reflections from
a homogeneous nucleus are limited, the Ey component
of the radar signal would be much smaller than the Ex
component.
Layered nucleus: The presence of layers larger
than the radar wavelength could be detected from reflected radar signals, but could be difficult to infer
from the transmitted signal only. Thin, irregular layers
representing heterogeneities within the comet nucleus
would result in more reflection, scattering, and depolarization of the radar signal, similar to that produced
by small inclusions.
Nucleus with inclusions: Inclusions in the comet
nucleus cause reflections that result in a distorted
waveform, and Ey component comparable in magnitude to the Ex component of the electric field. Inclusions significantly larger than the wavelength of
propagation result in fewer reflections within the bulk
of the nucleus, presenting a more homogeneous structure. This investigation has shown that large-amplitude
transmitted and reflected signals could indicate the
presence of many small inclusions, or fewer rocky
inclusions, in the background icy matrix. This ambiguity could be resolved by constraints on the density and
porosity.
The validity of the geoelectrical models presented
in those simulations is based on the present-day
knowledge of comet structure and composition. The in
situ measurements carried out by the Rosetta lander
will be able to offer improved estimates of the surface
composition useful for radar data interpretation.
References: [1] Kofman et al. (1998) Adv. Space
Res., 21(11), 1589–1598. [2] Rickman H. (1993)
Cometary nuclei, in Asteroids Comets Meteors (A.
Milani, ed.), Kluwer, Dordrecht. [3] Langevin Y. et al.
(1987) Astron. Astrophys., 187, 761–766. [4] Harker
D. E. et al. (2002) Astrophys. J., 580, 579–594.
[5] Sykes M. V. and Walker R. G. (1992) Icarus, 95,
180–210. [6] Davidsson J. R. and Gutiérrez P. J.
(2005) Icarus, 176, 453–477. [7] Yee K. S. (1966)
IEEE Trans. Antennas. Propag., 14(3), 302–307.
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POSSIBLE USE OF SURFACE CO2 DETECTION VIA INFRARED SPECTROSCOPY TO INFER
ASTEROID VOLATILE COMPOSITION. 1C. A. Hibbitts, 1Johns Hopkins University Applied Physics Laboratory, 11100 Johns Hopkins Rd., Laurel Md., 21045. karl.hibbitts@jhuapl.edu.
Introduction: Understanding the volatile content
of asteroid surfaces could enable inference into interior
compositions and structures. The presence of CO2 in
the surface of an asteroid would be evidence of a
cometary component, its spectral characteristics would
reflect the composition of the host material, and if its
spatial distriubiton could be mapped, it would potentially provide insight into the presence of a remnant
CO2 reservoir.
Passive optical remote sensing is a powerful technique for surveying and characterizing asteroids. In
particular, reflectance spectroscopy has provided insights into the general surface composition– basaltic,
hydrous, anhydrous. The hydration state has been
inferred through the presence of the ~3-micron water
of hydration absorption feature [1,2]. The depth of the
3-micron band various within the C-class of asteroids,
with the G subclass generally have a deeper band (> ~
7%)) than the other subclasses (< ~ 3%), consistent
with CM chondrites. Similarly, the larger M-class
asteroids appear hydrated, while the smaller M-class
have shallower or no 3-micron absorption bands [3],
suggesting the larger hydrous M-class asteroids may
be primitive. However, the less hydrated small M asteroids may simply have remained cold and ice could
exist in their interiors [4]. Within the main belt, asteroids that are more affected by Jupiter (low Tisserand
parameter) tend to be colored consistent with more
primtive - redder and low albedo. Most asteroidal objects with Tj <3 have dark comet like albedos whereas
only a few with Tj>3 do [5]. This suggests that asteroids affected by strong interactions with Jupiter tend to
be more volatile rich than other asteroids. In fact, some
extremely volatile-rich asteroids (main belt comets)
can even possess tails and comas [6,7].
Discussion: Infrared measurements of CO2 at ~
4.25 µm in the surfaces would indicate the subsurface
had (and may still have) a significant cometary component, even if not currently active. Observations of
the Galilean satellites by NIMS show that CO2 may be
trapped into a surface, to exist stably for ‘over geologic timescales’ at temperatures well above the point
where CO2 ice would rapidly sublimate [8,9]. The
spectral and spatial nature of the CO2 on the Galilean
icy satellites also imply that the CO2 is endogenic, having outgassed from the interiors [10]. Furthermore, the
largely-undifferentated interior of Callisto [11] continues to outgass CO2, perhaps from a water-ice/CO2
clathrate or solution [12] whereas the subsurface of
Ganymed appears depleted [13].

The possibility that asteroids may contain a significant cometary componet suggests that CO2 will be
present on these more volative rich asteroids. CO2 can
remain physisorbed onto structurally complex clays for
hours or longer when below 150K and has a spectral
shape that depends on temperature as well as on the
composition of the host material [14]. The spectral
similarity between the nonice materials on the Galilean
satellites (especially Callisto) and C-type asteroids
[e.g. 15], suggests a compositional similariy. Thus, it is
also possible asteroidal CO2 would stably entrap into
the asteroid surface so that if CO2 exists or existed in
the interiors of asteroids, some will also be observed in
the surface.

Transmission spectra of CO2 physisorbed onto a thin
sample pellet of powdered Ca-montmorillonite at room
temperature (black line) and at 125K (gray line). The
cold spectrum is similar to the shape of the feature on the
Gallilean and Saturnain satellites. Stability at 125K to <
150K at ~ 1E-6 torr is > few hours.

References:
[1] Lebofsky et al, (1981) Icarus, 48, 453-459. [2]
Rivkin et al., (2003) Met. &Planet. Sci., 38, 13831398. [3] Rivkin et al., (2000) Icarus, 145, 351-368.
[4] Jones, et al., (1990) Icarus, 88, 172. [5] Fernandez
et al., (2001) ApJ., 53, L197. [6] Hsieh et al., (2004)
Astron. J., 127, 2997-3017. [7] Hsieh, J and D. Jewitt,
(2006) Science 312, 561-563. [8] Carlson, (1996) Science, 274, 385-388; [9] McCord et al., (1998), JGR,
103, 8603-8626. [10] Hibbitts et al., (2000) JGR, 105,
22541-22557. [11] Anderson et al., (1998) Science,
280, 1573-1576. [12] Moore et al., (1999), Icarus,
140, 294-312. [13] Hibbitts et al., (2003), JGR, 108,
5036. [14] Hibbitts et al., (2006) LPSC XXXVII, abstract# 1753. [15] Calvin et al., (1991) Icarus, 89, 305317.
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WHAT ARE THE BULK PROPERTIES OF ASTEROIDS AND COMETS? Keith A. Holsapple, University
of Washington 352400, Seattle, WA 98195. holsapple@aa.washington.
We now know a lot less about asteroids than we
used to. Now we know they are not just big rocks:
they come in many different forms and structure. We
study their cratering and disruption, and design missions for science and for mitigation, but we know very
little about the structural properties that determine
these processes. And the success of any mission that
actively interacts with their surface depends crucially
on that structure.
One of the more fundamental classifications of
these processes is the strength/gravity one. On Earth,
cratering at small scales is strength dominated, but at
large sizes it is gravity dominated. That transition occurs for craters of about 100 m, and scales as the inverse of the gravity for other bodies. For the catastrophic disruption of asteroids, the estimates for such a
transition vary widely: from bodies with diameters as
low as 100's of meters up to bodies with diameters of
several 10's of km.
Deep Impact adds a new twist to this uncertainty.
It has been widely reported that it was gravity dominated, based on observations of the ejecta plume. But
I have concluded that there is no reason to suggest that
the crater was gravity dominated. Furthermore, most
of the outcome of Deep Impact is at odds with the
conventional picture of cratering, including the ejecta
velocities and the time scale of the plume. And the
momentum imparted to Tempel 1 was from 20 to 200
times that of the impactor! It is more likely that the
impact triggered the intrinsic energy of a comet outburst event.
This strength/gravity question is especially important regarding the protection of the Earth from the impacts of asteroids or comets. For small bodies a
breakup is a distinct possibility. That threshold could
be as low as the gravitational binding energy, which,
for a 100 m object, is less than 102 erg/g! Or, if it is
held together with strength, that energy could be several 106 erg/gm. In fact, the 370 kg Deep Impact impactor could break up a 600 m diameter object with
mass density of 2 g/cm3 if that object were only gravitationally bound! Could a simple science impactor
such as envisioned for the ESA Don Quijote mission
actually break up the target body? We don't really
know.

And how do we land on and hold on to these bodies? Concepts such as space tugs, massive mass drivers, and the Bruce Willis concept of drilling into their
surface to plant a nuclear bomb all require withstanding reaction forces and some method of attachment.
Imagine putting your tent stakes into a dry sand surface even with 981 cm/s2. Then take that gravity away
and imagine the state of that sand! There is little point
to driving a piton into such a surface.
I shall review what we know and do not know
about the gross structure of asteroids and comets, and
discuss the implications regarding a number of proposed science and mitigation missions. The planning
and success of any mission must address those bulk
properties of asteroids and comets.
This research was sponsored by NASA Grant NAG5-11446
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Laboratory Simulations of Seismic Modification on Small Bodies. N. R. Izenberg1, O. S. BarnouinJha2 1noam.izenberg@jhuapl.edu, 1,2The Johns Hopkins University Applied Physics Laboratory, 11100
Johns Hopkins Road, Laurel, MD
Introduction. Impact-induced seismic modification of small bodies in the solar system is
probably a significant contributor to observed
surface morphologies, and may be strongly affected by interior structure. To better understand
how such a process actually operates on and in
asteroids, we have constructed a seismic simulation mockup (SSM) and are conducting shaking
experiments. Initial results indicate that seismic
signals on a mostly competent body such as Eros
can significantly alter surface morphology, generating downslope mass movements and modify
or erase features in regolith.
Impacts on small bodies produce potentially
substantial seismic signals [1-4]. Laboratory
simulations of events on small bodies are providing insight on the connection between the
competence or connectedness of asteroid interiors (shards vs. rubble-piles) and surface features
(e.g. regolith development and modification,
boulder distribution, “pond” development and
crater degradation) [5,6]. Experiments like these
could provide clues for better interpreting how
asteroid interior structure influences observed
surface morphology. Laboratory simulations
may also inform development of active experiments for future asteroid exploration.
Seismic simulation mockup. The vibration
lab at the Johns Hopkins University Applied
Physics Laboratory (APL) is a spacecraft testing
facility and a level 300,000 clean area. Reasonable precautions must be taken to keep particulate debris from the air and surfaces of the facility. The vibration tables (a T4000 shaker table)
can be configured to induce both vertical and
horizontal accelerations of up to a few gravities
over amplitudes of a few centimeters. The SSM
is essentially a 1 meter square, 40 cm deep
Plexiglas sandbox, boltable to the table, designed to handle the accelerations of simulated
seismic events. A Mylar lid prevents dust from
escaping the experiments [7].
Initial experiments were conducted in open
air conditions, using playground sand as a regolith simulant. We created angle of repose slopes
and morphological features such as ridges and
craters, and subjected them to simulated seismic

signals including single jerks and sustained
shaking of varying magnitudes and directions.
Initial, intermediate, and final conditions were
measured, and the experiments were recorded on
analog video. Examples runs are shown in Figures 1 and 2.
Observations. The validation experiments
have uncovered a number of empirical results
we intend to quantify more rigorously with upcoming runs. Single jerks or seismic accelerations directing into a slope, in the upslope direction, do not induce much regolith movement on
angle of repose slopes. Primary accelerations
downslope or along slope both are much more
effective at inducing downslope movements of
material, as general creep downslope, larger
landslides, or slumps of large amounts of slope
material. Continuous oscillations of low acceleration do very little to modify slopes, but larger
accelerations flatten regolith slopes rapidly and
produce a hummocky “dynamic topography”
that stays relatively unaltered even though the
entire surface is moving relatively rapidly.
Larger pebbles move downslope at lower
rates than smaller and lighter materials, and during rapid shaking, lighter, though not necessarily
larger materials move constantly on the quaking
surface. Crater forms, when subjected to single
jerks exhibit landslide features primarily in the
direction of the initial acceleration. Crater rims
soften quickly, and only a few small or one large
jerk can turn a crater in regolith into a dimple or
make it disappear altogether.
Upcoming experiments include vertical shaking and mixed regolith (sand and larger materials) experiments. We will also be employing a
high-speed camera to scale our experiments to
lower gravity conditions.
References: [1] Richardson et al. (2004), Science, 306 1526-1529; [2] Thomas & Robinson
(2005), Nature, 436, 366-369; [3] Greenberg et al.
(1996), Icarus, 120, 106-118; [4] Horz & Schall
(1981), Icarus, 46, 337-353; [5] Cheng et al. (2002),
Meteorit. Planet. Sci. 37, 1095-1105; [6] Robinson et
al. (2002), Meteorit. Planet. Sci. 37, 1651-1684. [7]
Izenberg & Barnouin-Jha (2006) LPSC 37 #2017.
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Fig. 1. Constant seismic shaking perpendicular to slope
direction. Constant shaking of relatively small amplitude results in slope-flattening, convection of materials
near barriers, and development of a “dynamically stable” surface topography.

Fig. 2. Single seismic jerks of a crater form soften
rim features and induce small slope failures and slides
parallel to the direction of the primary seismic signals.
Several jerks, (or a very few powerful jerks) “ghost” or
remove the crater completely.
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PROBING THE DEAD COMETS THAT CAUSE OUR METEOR SHOWERS. P. Jenniskens, SETI Institute (515 N. Whisman Road, Mountain View, CA 94043; pjenniskens@mail.arc.nasa.gov).

Introduction: In recent years, a number of mi-

the lack of current activity of 2003 EH1, the

nor planets have been identified that are the par-

stream was probably formed in a fragmentation

ent bodies of meteor showers on Earth. These

event about 500 years ago. Chinese observers

are extinct or mostly-dormant comets. They make

noticed a comet in A.D. 1490/91 (C/1490 Y1) that

interesting targets for spacecraft reconnaissance,

could have marked the moment that the stream

because they are impact hazards to our planet.

was formed.

These Near-Earth Objects have the low tensile

In 2005, a small minor planet 2003 WY25 was

strength of comets but, due to their low activity,

discovered to move in the orbit of comet D/1819

they are safer to approach and study than volatile

W1 (Blanpain). This formerly lost comet was only

rich active Jupiter-family comets. More over, fly-

seen in 1819. A meteor outburst was observed in

by missions can be complimented by studies of

1956, the meteoroids of which were traced back

elemental composition and morphology of the

to a fragmentation event in or shortly before 1819

dust from meteor shower observations.

[3]. It was subsequently found that 2003 WY25

Meteor shower parent bodies: The first object
of this kind was identified by Fred Whipple in

had been weakly active when it passed perihelion
[4].

1983, when he realized that 3200 Phaeton moved

Since then, the Daytime Arietids have been

among the Geminids [1]. The association was

found to be associated with the Marsden group of

long disputed because the minor planet had the

sungrazers [5], the alpha-Capricornids are asso-

taxonomic type of an asteroid (type B) and the

ciated with 2002 EX12, a weakly active comet at

meteoroids had a relatively high density. Both

perihelion [5], and the Sextantids are from 2005

aspects are now thought to be due to the low

UD [6]. In all cases, the association has been es-

perihelion distance (q = 0.14 AU) of the orbit. At

tablished with reasonable certainty due to un-

perihelion, they are heated to ~700 K, causing

usual orbital elements or the observation, or be-

sintering of the dust grains into more solid parti-

cause of observed cometary activity from the pro-

cles.

posed parent body. The list is increasing steadily.

The uncertainty was resolved in 2004, when a

The observed meteor showers all have a rela-

second such "asteroidal" looking minor planet

tively recent origin. The Andromedids date from

2003 EH1 was identified as the parent body of the

1843, the Phoenicds from 1819, the Quadrantids

Quadrantid shower [2]. The unusually steep incli-

from 1490, the Daytime Arietids from a time after

nation of the orbit (72ο) and its orientation made a

AD 1059. The Geminids date from around AD

chance association unlikely (chance of about 1 in

1030. These dates define a historic event, the

10 ). The stream is massive and about 500 years

scars of which may still be recognized on the mi-

young, based on the dispersion of orbits. Given

nor planet.

5
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Type of fragmentation: Based on the number

References: [1] Whipple F.L. (1983) IAUC

of showers of this type, this meteoroid stream

3881, 1, 1983. [2] Jenniskens P. (2004) AJ 127,

formation mechanism is more important than wa-

3018. [3] Jenniskens P. and Lyytinen E. (2005)

ter vapor drag of dust particles proposed by

AJ 130, 1286. [4] Jewitt D. (2006) AJ 131, 2327.

Whipple in 1950.

[5] Jenniskens P. (2006) Meteor showers and

The most pressing issue is to discover the

their parent comets. Cambridge University Press,

mechanism that is behind these fragmentation

Cambridge. [6] Ohtsuka K. (2005) Yamamoto Cir-

events. One clue from the meteor shower obser-

cular 2493, p. 2., November 14, 2005, S. Nakano

vations is the fact that the total mass of the mete-

ed., Oriental Astron. Assoc. [7] Jenniskens P.

oroid stream is often of the same magnitude as

(2005) Meteor showers from broken comets. Ab-

that of the remaining minor planet. That suggests

stract to conference Dust in Planetary Systems,

that the fragmentation is due to the shedding of

Kaua'i, Hawai'i, Sept. 26-30, 2005. [8] A'Hearn

cometesimals, rather than catastrophic fragmen-

M.F., et al. (2005) Science 310, 258.

tation.

Additional Information:

More on this in: P.

The first direct evidence of this formation

Jenniskens, 2006. Meteor Showers and their

mechanism may have been detected during the

Parent Comets. Cambridge University Press (in

9P/Tempel 1 encounter of NASA's Deep Impact

press).

mission. Two regions on the comet surface were
identified

as

the

potential

scars

of

such

cometesimal shedding, each representing the
loss of an ~0.5 km fragment [7]. It was later found
that at these sites water ice is exposed near the
surface [8]. The ice can be due to recondensation
of a seep from a reservoir below the surface. The
shedding of a cometesimal could have brought
the reservoir to the surface, covering fresh ice by
fallen back debris.
In this light, many of the surface features of
other comets, such as 81P/Wild 2, are probably
the result of cometesimal shedding.
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COLLISIONAL EVOLUTION OF COMETS
Z. M. Leinhardt and S. T. Stewart, Department of Earth and Planetary Sciences, Harvard University, 20 Oxford
Street, Cambridge, MA 02138 (zoe@eps.harvard.edu, sstewart@eps.harvard.edu).
Introduction: To further our understanding of
the initial conditions that produced our solar system
we have begun to model the chemical and physical
evolution of Oort Cloud comets and Kuiper Belt
Objects (KBOs): the oldest, most volatile-rich, and
most pristine objects in our solar system. Comets and
KBOs are nearly as old as the Solar System and are
the remnant building blocks of planets; thus they
provide fundamental information about the initial
conditions for the formation of planets. The parent
bodies of KBOs were most likely formed in the outer
regions of the Solar System while comets were most
likely scattered into their current orbits by the giant
planets. Neither comets nor KBOs have been
perfectly preserved. Their surfaces have been
weathered by high-energy particles, photons, and
micrometeorites. Furthermore, impacts within the
Kuiper Belt and between cometesimals (protocomets) before scattering to the Oort Cloud are likely
to have significantly altered the bulk chemical and
physical properties from their initial state. We have
begun conducting direct numerical simulations of
collisions between cometesimals to investigate the
evolution of the bulk properties of these objects. Our
long-term goal is to determine the composition of the
early protoplanetary nebula by modeling the
evolution of cometesimals into present-day comets.
Numerical Method:
The simulations are
conducted using a shock physics code, CTH [1],
which is coupled to an N-body gravity code, pkdgrav
[2-4]. This method allows detailed modeling of the
impact including heating, phase changes, and mixing
of material as well as gravitational reaccumulation
[Fig. 1].
CTH is a well tested Eulerian grid code that
includes adaptive mesh refinement [Fig. 1a-b], which
allows for the detailed modeling of impacts and
cratering events. CTH also has the capability of
modeling heating, multiple materials, mixed
materials, and phase changes.
Once the initial shock wave and accompanying
refractory wave have progressed through the target it
is no longer necessary or practical to continue the
simulation with CTH. At this point most of the shock
induced physics is complete and gravity is the
dominant force. Thus, the last output of CTH is run
through a translator in order to convert the Eulerian
grid data into Lagrangian particles, creating initial
conditions for pkdgrav [Fig. 1c]. The gravitational

evolution of the post-impact material is modeled
under the constraints of self-gravity and physical
collisions. The material of the original target and
projectile are modeled as indestructible spheres that
collide with one another inelastically. The particles
cannot be fractured nor can they merge with one
another.
Experiments: In previous work we tested our
numerical method by conducting a series of
catastrophic disruption simulations between single
material asteroid-like bodies. These tests have
confirmed that our hybridized numerical method
produces results (mass of the largest post-collision
remnant) consistent with other earlier numerical
experiments [5-7]. Previous methods have not
followed the gravitational reaccumulation; thus, in
these cases the largest post-collision remnant is
determined by ballistic equations. In our simulations
the mass of the largest post-collision remnant is
measured directly.
In this paper we will present results from three
dimensional off-axis collision experiments between
basalt and ice bodies. In these simulations we will
follow the location and degree to which the
reaccumulated material is shocked by the initial
impact event. We will also determine the percentage
of volatile loss do to the impact.
This study will determine the compositional
distribution on the surface and interiors of the
collision remnants, which may help explain the color
diversity in the Kuiper Belt when surface weathering
is taken into account. Future work will investigate the
effect of various mixed internal configurations of ice,
basalt, and micro- and macro-porosity on collision
outcome with a primary goal to determine the level of
devolatilization from collisional evolution. This
future study will help to explain why none of the four
comet nuclei that have been observed in detail
(Tempel 1, Wild 2, Borrelly, and Halley) look similar
either in surface features or shape.
Conclusions: New hybridized shock-N-body
simulations will allow us to constrain the
composition of the protoplanetary nebula of our own
solar system. These simulations will show how small
bodies in our solar system evolve and to help explain
the diversity of objects in the Kuiper Belt.
References: [1] McGlaun, J.M., S.L. Thompson,
and M.G. Elrick (1990) Int. J. Impact Eng. 10, 351360. [2] Stadel, .G. (2001), Ph.D. thesis, U.
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Washington. [3] Richardson, D,C., et al. (2000)
Icarus 143, 45-59. [4] Leinhardt, Z.M., D.C.
Richardson, and T. Quinn (2000) Icarus 146(1), 133151. [5] Benz, W. and E. Asphaug (1999) Icarus 142,
5-20. [6] Melosh, H.J. and Ryan E.V. (1997) Icarus
129, 562-564. [7] Leinhardt, Z.M. and Stewart S.T.
(2006) LPSC 37, 2414.

a)

b)

d)

c)

Fig. 1: An example of a hybridized impact simulation between two ice spheres. Frames a) and b) are modeled using
the shock physics code CTH in 3-D, the plots are slices through the center of the impact along the y=0 plane. Frame
c) is modeled using the 3-D N-body gravity code pkdgrav. Frame a) shows the initial condition in CTH. The grey
sphere is a 50-km radius target, the black sphere is a 14-km radius projectile with an impact speed of 1.8 km/s. The
grid overlayed on the frame represents the initial adaptive mesh refinement. Frame b) shows the result of the impact
after 60 seconds. The hot color map shows the areas of highest pressure between 105 (blue) and 109 dynes/cm2
(green). Frame c) shows frame b) converted into N-body particles and represents the transition from CTH to the
gravity code pkdgrav. Frame c) is again a slice through the 3-D object along the y=0 plane. The colored particles
represent grid blocks. These particles are color coded with respect to peak pressure attained over the first 60 seconds
after impact (red = high pressure, blue = low pressure).
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Large Adaptive Optics Survey of Asteroids (LAOSA): Size, Shape, and Occasionally Density via Multiplicity.
F. Marchis1 , M. Baek1, J. Berthier2, P. Descamps2, D. Hestroffer2, M. Kaasalainen3, F. Vachier2, 1University of
California at Berkeley, Department of Astronomy, 601 Campbell Hall, Berkeley CA 94720, USA (fmarchis@berkeley.edu, mbaek@berkeley.edu), 2Institut de Mécanique Céleste et de Calculs des Éphémérides (IMCCE),
UMR-CNRS 8028, Observatoire de Paris, 77 Av. Denfert-Rochereau, F-75014 Paris, France (lastname@imcce.fr),
Department of Mathematics and Statistics, Gustaf Hallstromin katu 2b, P.O. Box 68, FIN-00014 University of Helsinki, Finland (mjk@rni.helsinki.fi).

Database: We retrieved all asteroid observations
from Gemini and European Southern Observatory
(ESO) archive database, which were recorded within
the last three years using the adaptive optics (AO) systems available on the Very Large Telescope (VLT-8m
UT4) and the Gemini North 8m telescope. We also
included our own observations taken with the Keck-II
AO system. Because of their large apertures, the angular resolutions on these near infrared images (1-2.5
µm) are close to the diffraction limits of the telescopes
(~0.06 arcsec for VLT and Gemini, and ~0.05 arcsec
for Keck at 2.1 µm). At the time of writing, this large
database (named LAOSA) includes 1013 observations
corresponding to 347 observed asteroids, which consists of 29 Near-Earth Asteroids, 300 main-belt asteroids with mv<14, 18 Jupiter Trojan and 1 Centaur. We
summarized below the main results obtained after a
global analysis of this database, and subsequently considered the case of multiple asteroids
Analysis: All frames were processed and analyzed
following the method as described in [1]. For each
frame, we have estimated the minimum size of a satellite that can be positively detected with the Hill sphere
of the system by estimating and modeling a 2-σ detection profile: on average, a moonlet located at 2/100 x
RHill (1/4 x RHill) with a diameter larger than 10 km (4
km) would have been unambiguously detected. The
calculation of an upper limit of detection for each asteroid is crucial considering that new, high performance AO facility, such as Laser Guide Star or larger
aperture telescope (TMT-30m) will soon be available.
The publication of previous surveys will help to optimize the target lists for possible new search programs.
The apparent size and shape of asteroid was estimated by fitting an ellipsoid function on the deconvolved frame. 199 main-belt asteroids with an angular
diameter larger than ~60 mas (corresponding to D >80
km at the average distance of 1.9 AU) are resolved.
Result: The analysis of this large database is still in
progress. Based on a relative small sample of 41 Keck
AO observations of 33 asteroids [1], we can conclude
that the average size of the asteroids is in agreement
with IRAS radiometric measurements [2], although
asteroids with D<200 km were typically underesti-

mated by 6-8%. Nevertheless, the size a/b ratio for
most of the asteroids were in close agreement with
those derived from lightcurve measurements in the
literature [3].
Comparison with 3D-lightcurve inversions. 9
Metis, 52 Europa, 87 Sylvia, 130 Elektra, 192 Nausikaa, 423 Diotima, and 511 Davida were compared with
lightcurve inversion model [4]. The deconvolved images are similar to the lightcurve models validating
both techniques (see Fig. 1). The AO images also allowed us to remove the ambiguity of photometric mirror pole solution inevitable for asteroids moving close
to the plane of the ecliptic (52 Europa and 192 Nausikaa).
Multiplicity in the main-belt. We confirmed the existence of moonlets around 22 Kalliope, 45 Eugenia,
87 Sylvia, 107 Camilla, 121 Elektra, 130 Elektra, 283
Emma, 379 Huenna, 702 Pulcova, 3749 Balam, 4674
Pauling, and the binary nature of 90 Antiope. These
binary systems were discovered in 1999-2005 using
various AO systems by two teams led by W. Merline
(SWRI) and J.-L. Margot (Cornell U.). Several AO
images suggest the existence of other binary systems.
Additional observations will be recorded using mostly
the Keck AO system to confirm these discoveries. The
percentage of binary main-belt asteroids, considering
our limit of detection, is estimated to 6%. The ratio of
contact binaries based only on the Keck survey, which
provides the best angular resolution, is surprisingly
high (6%), suggesting that non-single configuration is
common in the main-belt.
Diversity of the orbits in the main-belt: The orbits
of several main-belt binary systems were derived based
on a campaign of observations using the AO systems
available on the VLT in 2004 [5] and in progress at the
Gemini telescope. The orbits of 45 Eugenia and 121
Hermione moonlet companions (~5% the size of the
primary) [6] are quasi-circular with a low inclination.
They are located well inside the Hill sphere of the primary (~2/100 x RHill). The circular and equatorial orbits of (87) Sylvia I Romulus (P =3.65 days, a =1360
km) and (87) Sylvia II Remus (P =1.38 days, a = 706
km, so ρ = 1.2 g/cm3), the first multiple asteroidal system discovered [7], are also similar to the orbit of 107
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Camilla moonlet (P =3.71 day, a = 1240 km, ρ = 1.9
g/cm3). This finding suggests that these four binary
systems share a similar origin, most likely the result of
a disruptive collision of a parent asteroid. In contrast,
other binary asteroidal systems show some significant
differences in several properties such as eccentricities
and/or semi-major axes. 283 Emma's companion has
an eccentric orbit (e ~0.11), with P =3.38 days and
a =600 km, leading to an extremely low density (ρ=
1.1 g/cm3) considering DIRAS= 148 km. 379 Huenna's
moonlet revolves in ~82 days, much farther from its
primary (a =3,380 km, corresponding to 1/7 x RHill)
describing an eccentric orbit (e ~0.25). Its density of
1.2 g/cm3 is derived for this C-type asteroid (DSpitzer
=102.4 km). Its moon size is estimated to be ~5 km.
3749 Balam, the smallest asteroid of our binary survey
(D ~7 km) is a difficult binary system. Preliminary
analysis suggest that its ~3-km size moonlet orbits at
1/5 x RHill (a ~ 290 km) in 80±20 days (with e ~0.30.9). Because the eccentricity and the size of the primary are poorly constrained, a large uncertainty remains on the density. We are also finalizing the analysis on the orbits of 130 Elektra and 702 Pulcova, including recent observations taken at Gemini.
The case of 90 Antiope doublet asteroid. The longterm adaptive optics (AO) campaign of observing the
double asteroid 90 Antiope carried out from 2003 to
2005 permitted the prediction of the circumstances of
mutual events occurring during the July 2005 opposition [6]. This was the first opportunity to use complementary lightcurve and AO observations to extensively
study the 90 Antiope system, an interesting visualized
binary doublet system located in the main-belt. The
combined use of these complimentary observations has
enabled us to derive a reliable physical and orbital solution for the system (shapes, surface scattering, bulk
density, and internal properties).
Our model is consistent with a system of slightly
non-spherical components, having a size ratio of 0.954
(with Ravg = 43 km, separation of 170 km), and exhibiting equilibrium figures for homogeneous rotating bodies. A comparison with grazing occultation event lightcurve suggests that the real shapes of the components
do not vary by more than 4 km with respect to the
Roche equilibrium figures. The J2000 ecliptic coordinates of the pole of the system are λn = 200±0.5° and
αn = 38±2°. The orbital period was refined to P =
16.5051±0.0001 hours, and the density is found to be
slightly lower than previous determinations, with a
value of 1.19±0.03 g/cm3 [8].
References: [1] Marchis, F. et al. (2006) Icarus, in
press. [2] Tedesco, E.F. et al. (2002) Astron. J.,
123,1056-1085. [3] Harris A.W & B.D. Warner (2006)
Minor Planet lightcurve parameters, web page.

[4] Kaasalainen, M. et al. (2002) Icarus 159, 369-395
[5] Marchis, F. et al. (2005), ACM meeting abstract.
[6] Marchis, F. et al. (2004), AAS, DPS meeting, 36.
[7] Marchis, F. et al. (2005), Nature, 436, 822-824. [8]
Descamps, P., (2006), Icarus, submitted [9] Torppa et
al. (2003), Icarus 164, 364-383.
Acknowledgement: This work is based on AO observations collected at European Southern Observatory,
Chile (070.C-0746, 070.C-0458, 071.C-0669, 072.C0016, 072.C-0753, 073.C-0851, 073.C-0062, 074.C0502, 074.C-0052, 077.C-0422) and using Archive
database of Gemini. It was partially supported by the
National Science Foundation and Technology Center
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Figure 1: (9) Metis observed with Keck AO system at 2.1 µm
with a pixel scale of 9.94 mas. The deconvolved image is at the top.
The asteroid is nearly seen from the pole (viewing angle of 20°).
Surface marking with contrasts up to 50% are clearly detected on
this image. A comparison with the apparent shape and orientation
with [9] shape model, pole solution and known lightcurve rotational
phase confirms the accuracy of their model. The bottom 3D-model
displayed Metis asteroid with the clearly wrong solution.
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THE POTENTIAL PUSH AND PULL OF THE DEVELOPMENT AND
CONSTRUCTION OF SOLAR POWER SATELLITES TO EARTH ORBIT
COLONIZATION AND INNER SOLAR SYSTEM COLONIZATION: ASTEROIDS AS A
SOURCE OF CONSTRUCTION MATERIAL. A. A. Mardon1, 1Antarctic Institute of Canada, Honourary Professor Penza State Pedagogical University (Director, PO Box 1223, Main
Post Office, Edmonton, Alberta, CANADA. T5J 2M4. E-mail: amardon@shaw.ca ).
Introduction:
Currently the worlds
manned space exploration is several decades
behind where it was predicted to be when the
Apollo missions started in the 1960’s.
Why?
Simply because aside from some interest
in remote sensing and telecommunications in
Earth Orbit there is no ecomomic necessity to
go into space even though as with all colonization initiatives they usually benefit the parent nation that embarks on those endeavors.
To only do science in space is not enough
of a economic or social push and pull to get a
real permanent foothold in space. The development and construction of Solar Power Satellites might be that societal push pull to get a
real manned foothold into space.
Currently the majority of our worlds civilization is based on both solid carbon and hydrocarbon sources of energy. It is obvious to
even an elementary student that this situation
of what our world’s energy supply is based
on will not last forever it might not even last
for more than at the most another generation.
The United States and the West is fighting its
second ‘oil’ war in half a generation. If the
ecomoic resources that were devoted to prop
up our carbon based energy civilization was
instead used to develop alternative energy
supplies especially Solar Power Satellites
then it might be possible to avert a global energy catastophe by the end of this generation.
Solar Power Satellites are a viable technically possible technology that with cooperation and integration of the world’s various
space capable nations could start to produce
energy being beamed back to Earth within ten
years.

Technological Elements of Solar Power
Satellites:
The gravity well of the Earth would mean
that it would make sense for the raw material
for some of the construction material to come
to GEO from either Asteroids or from the
Moon. Material shipped from the surface of
the Moon would also have a gravity well to
contend with although it would be a smaller
one than the gravity well for material sent up
from Earth.
This is why the geochemical understanding of asteroids must occur so that they might
be developed as a resource that has less requirements for delta V’s than the equivalent
mass lifted off from the Earth’s surface.
Conclusion: If Solar Power Satellites
were constructed it would mean a permanent
presence of man in space at the same time as
averting the potential catastrophe of our
world’s energy supply and consumption being reduced.
The quarries of Earths future structural development in Earth Orbit and in Inner Solar
System development will definitely be the
Asteroids in the Inner Solar System.
References: [1] Greenspon J. A. & Mardon A. A. (2004) LPSC XXXIIIII #1343. [2]
Mardon A. A. & Greenspon (2006) The 30th
Symposium on Antarctic Meteorites, National
Institute of Polar Research, Tokoyo.
Acknowledgements: This paper was supported by the Antarctic Institute of Canada.
Dedicated to C. A. Mardon.
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THE IMPORTANCE OF METEORITE RECOVERY AND UNDERSTANDING ASTEROID
GEOLOGY FOR INNER SOLAR SYSTEM RESOURCE DEVELOPMENT. A. A. Mardon1, 1 Antarctic
Institute of Canada (Director, Post Office Box 1223, Main Post Office, Edmonton, Alberta, CANADA. T5J
2M4. Email: aamardon@yahoo.ca ).
Discussion: It has been proposed that an
eventual non-terrestrial source of strategic mineral
resources could come from the asteroid belt.[1]
The only significant material geological samples
from the asteroid belt are from meteorites. They
can compare the spectral signature of the meteorite
samples and then compare it to the spectral
signature of the large asteroids in the asteroid belt.
The asteroid belt is closer to Low Earth Orbit
(LEO) then the surface of the Earth in terms of the
energy required to move mass. Ts being based on
the Delta Velocity force that is required to get to
low Earth Orbit from the Earth’s surface compared
to the Delta Velocity force needed to get to Low
Earth Orbit from the Asteroid belt. Long term
resource and distribution and development of inner
solar system geological resources depend on an
understanding of the chemical and geochemical
nature of objects that would be mined in the inner
solar system especially the asteroid belt.
Terrestrial sources of strategic minerals is
decreasing and ultimately the only new source of
new mineral deposits for Earth and Earth orbit is
the asteroid belt. The gravitational well from the
Moon’s surface to Low Earth Orbit is also more
costly then from the Asteroid Belt.
Trojans as Resource: The Trojan asteroids are
also a potential source of materials. Also we would
like to not have all of eggs in one basket in case of
a cosmic disaster on the Earth. Within the next
several centuries space could be utilized for the
development of resources that could be used to
develop build energy producing systems such as
Solar Power Satellites that could beam energy back
down to the Earth from Low Earth Orbit. The
infrastructure in Low Earth Orbit to develop Solar
Power Satellites would need substantial
construction materials that might be acquired from
the Asteroid belt. It might seem very speculative
but meteorites are a ‘Poor Man’s Space Probe’ and
with the over 30,000 distinct separate meteorite
samples that have been recovered it would seem
that we have just to today enough separate samples
to do geochemical analysis for several generations.
With the advent of Antarctic meteorites the mass of
material is the problem the samples are being
recovered quicker then they can be looked at by
scientists in detail.

The next step is a greater emphasis on learning
and understanding the geology of the various
asteroid bodies that would likely be quarried for
use in the near future for potential LEO
construction and maybe for rare strategic mineral
resources transported back the Earth’s surface.
Conclusion: Space to any extent will only be
colonized when there is a need for the resources of
the inner solar system for mans push out to find
new planetary homes. Sadly, the push and pull of
the history of exploration shows that true
colonization not just exploration occurs when
economic incentives and/ or geo-political
considerations occur: not because of any potential
scientific benefits.
References: [1] Mardon A. A. et al. (1990)
Canadian Mining Journal, April, 43.
Research Support: This abstract was supported
with the generous support of the Antarctic Institute of
Canada. Dedicated to C. A. Curry & M. G. Knowler.
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EUROPEAN PROJECTS TO FURTHER OUR UNDERSTANDING OF THE IMPACT RESPONSE, THE
SURFACE AND INTERIOR PROPERTIES OF SMALL BODIES FROM SPACE. P. Michel, Côte d’Azur
Observatory (UMR 6202 Cassiopée/CNRS, B.P. 4229, 06304 Nice Cedex 4, France, michel@obs-nice.fr).

Introduction: In recent years, two projects of
space missions devoted to small bodies have been discussed within the European Space Agency and among
the European community of planetary scientists. One
of this project, the Don Quijotte concept, is currently in
Phase A and is aimed at testing our ability to deflect a
small asteroid. The other project, a sample return mission to a pristine Near-Earth Object, has been indicated
among the priorities in ESA Cosmic Visions 20152025, and will be the subject of a proposal by the
European community. A summary of these projects in
their current state is presented.
The Don Quijotte Mission : In January 2004, ESA
established an international panel, called NEOMAP
(Near-Earth Object Mission Advisory Panel), consisting of six European scientists active in studies of NearEarth asteroids, with the task of advising ESA on costeffective options for participation in a space mission to
contribute to our understanding of the terrestrial impact
hazard and the physical nature of asteroids. Of three
rendezvous missions reviewed, the Panel considered
the Don Quijote concept, a test of deflection of an asteroid, to be most compatible with the criteria and priorities established in this framework. Don Quijote consists of two satellites launched in separate interplanetary trajectories. One is planed to be insterted into orbit
around a 500 meter-size asteroid, the other 500 kg one
will arrive a few months later and will collide with the
asteroid at 10 km/s in order to make a small deflection
measured by the orbiter. This project has the potential
to teach us a great deal, not only about the internal
structure of a NEO, but also about how to mechanically interact with it. It is thus the only mission that
could provide a vital missing link in the chain from
threat identification to threat mitigation. Considering
possible participation from countries outside Europe,
the Panel felt that the Don Quijote concept is compatible with current interest and developments elsewhere
and may readily attract the attention of potential partners. Following an invitation to tender and the subsequent evaluation process, three industrial teams have
been awarded a contract to carry out the mission
phase-A studies until the end of 2006.
A Sample Return Mission to a Pristine NEO : ESA
Cosmic Vision 2015-2025 aims at furthering Europe’s
achievements in space science, for the benefit of all
mankind. The plan has been created by the scientists.
Then, ESA’ multinational Space Science Advisory
Committee prepared the final plan, which contains a

selection of themes and priorities. In the theme concerning how the Solar System works, a Near-Earth
Object sample return mission is indicated among the
priorities. A proposal had been initiated by Dr. A. Barucci (Meudon Observatory, France) and serves as a
basis to make a new study of Sample Return mission
within a large European community and possible collaboration with the Japanese Space Agency JAXA to
reply to the ESA Cosmic Vision AO. The principal
objectives are to investigate on 1) the properties of the
building blocks of the terrestrial planets; 2) the major
events (e.g. agglomeration, heating, ..…) which ruled
the history of planetesimals; 3) the primitive asteroids which could contain presolar material unknown in
meteoritic samples; 4) the organics in primitive materials; 5) the initial conditions and evolution history of
the solar nebula; and 6) how they can shed light on the
origin of molecules necessary for life.
These projects appear clearly to have the potential to
revolutionize our understanding of primitive materials.
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CARBON-BEARING SPHERULES AND THEIR SOURCES IN ASTEROIDS. Yasunori Miura, Inst. Earth
Sciences, Graduate School of Science & Engineering, Yamaguchi University, Yoshida 1677-1, Yamaguchi,
753-8512, Japan, yasmiura@yamaguchi-u.ac.jp
Introduction: Carbon-bearing spherules can be
found as product of shock wave explosions from
carbon-bearing materials found on the Earth, which are
mixed with Fe and Ni from meteoroids [1-3]. Content
of carbon in micro-spherules is considered to be strong
indicator of materials and their sources during shock
wave explosions. The purpose to this paper is to
elucidate carbon contents and sources of carbonbearing spherules on asteroids, which are applied from
data on spherules on the Earth measured with using
non-destructive and in-situ analyses of analytical
scanning electron microscopy [1-3].
Three-types of carbon-bearing spherules on the
Earth: There are major three sources of carbon at
carbon-bearing spherules found on the Earth as
follows:
1) Carbon from air molecules.
2) Carbon from carbonate rocks.
3) Carbon from meteorites or comets.
If there is no carbon in target materials of shock wave
explosions as in the above first case, all sources of
carbon-bearing spherules of Fe-rich composition are
supplied from carbon oxides in air which is low
carbon-content of spherules due to low contents of
carbon in N2 and O2-rich atmosphere of the Earth. If
carbon-rich meteorites and comets collide to
carbon-free target rocks of granite or sandstone on the
Earth as in the above third case, all sources of
carbon-bearing spherules of Fe-rich composition are
supplied from carbon in meteorites and comets which
is intermediate carbon-content of spherules, because
carbon content of carbonaceous chondrites (ca. 4 % in
total content [4]) mixed with Fe show limited source
during impact explosion, and because carbon in comets
without any Fe can easily vaporized to air molecules
during explosions. If any kinds of projectiles of
meteorites hit carbon-bearing rocks of limestone as in
the above second case, carbon-rich spherules can be
formed from wide target rock with carbon during
expanded impact explosions. Carbon content of
carbon- bearing spherules formed during shock wave
explosions on the Earth can be classified as the
following three types [1-3]:
1) Low carbon content of air explosions.
2) Intermediate carbon content of impacts from
meteorites to carbon-free rocks.
3) High carbon content of impacts to
carbon-bearing carbonate rocks.

Carbon-bearing Spherules on asteroids: As
asteroids have no air carbon, there are no
carbon-bearing spherules of above first case with low
carbon content on asteroids. As the parent body of
carbonaceous chondrites is considered to be localized
or irregularly distributed carbon-bearing target rock
due to its density and material circulation. Although
carbonaceous chondrites have a few carbon content [4]
which is lower than carbonate rocks of limestone,
carbon-bearing spherules formed by impact with
carbonaceous chondrites will reveal intermediate type
of carbon content on target rocks of carbon-free
asteroid parent body. Carbon oxides in comets without
major Fe can easily vaporized to air molecules during
impact explosions:
1) No low carbon content of air explosions type
in asteroids.
2) Probable intermediate carbon content of
impacts with carbonaceous meteorites and
carbon-free rocks on asteroids.
3) No high carbon content of impacts to carbonbearing carbonate rocks on asteroids.
Carbon for life on cyclic planet of the Earth: The
Earth reveals two types of carbon circulation systems
as follows [5] :
1) Large circulation of materials system: This
type can be found among air (gas state), sea
water (liquid state) and rocks (solid state)
due to change of carbon for three states.
Among them carbonate rocks of limestone
and calcite mineral group (as bio-minerals)
can be formed during sea water (liquid)
state. This indicates that formation of
bio-minerals of limestone is required for sea
water on the planet.
2) Small circulation of material system: This
type can be found between air (gas state)
and water (liquid state) in living-species and
plants of photosynthesis.
Application of carbon cycle system to asteroids:
Two complicated carbon cycle systems on the Earth are
inevitable for living species as background
environments (in large circulation system of parent
body) and real active environments (in small
circulation system of living species). These two
circulation systems cannot be found on any types of
asteroids or comets even if there is any carbon or
organic molecules (as in carbonaceous meteorites).
Carbon cycle systems on asteroids are summarized as
follows:

Workshop on Spacecraft Reconnaissance of Asteroid and Comet Interiors

1) No large carbon cycle system among three states on
asteroids as large environments.
2) No small carbon cycle system between two states on
asteroids as small environments.
In short, any life organics will not be expected from the
asteroids and comets due to no material circulation
system (Table 1).
Table 1. Summary of carbon-bearing spherules on
asteroids.
1) Carbon-bearing spherules:
Intermediate content of carbon.
2) Source of carbon:
Mainly from projectiles of
carbonaceous meteorites and/or
comets.
3) Life organic carbon materials:
No formation due to no materials
circulation system on asteroids.
Summary: The present results are summarized as
follows (cf. Table 1):
1) There are major three sources of carbon and carbon
content at carbon-bearing spherules found on the Earth.
2) There is no low carbon content of air explosions
type in asteroids. Probable intermediate carbon content
of impacts with carbonaceous meteorites and
carbon-free rocks will be found on asteroids.
3) There is no high carbon content of impacts to
carbon-bearing carbonate rocks on asteroids.
4) From large circulation of materials system of the
Earth found among air (gas state), sea water (liquid
state) and rocks (solid state), formations of
bio-minerals of calcite-group minerals and limestone
is required for sea water on the planet. From small
circulation of material system of the Earth, active
change between air (gas state) and water (liquid
state) in living-species and plants of photosynthesis
is inevitable for life organic materials.
5) As there are no large and small carbon cycle
systems among three states on asteroids, any life
organic materials will not be expected from asteroids
and comets
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ENHANCING SCIENTIFIC RECONNAISSANCE OF SMALL BODIES USING RADIOISOTOPE
ELECTRIC PROPULSION. Louise. M. Prockter, Robert E. Gold, Ralph L. McNutt, Jr., and Paul H. Ostdiek,
Johns Hopkins University Applied Physics Laboratory, MP3-E178, 11100 Johns Hopkins Road, Laurel, MD 20723,
U.S.A., Louise.Prockter@jhuapl.edu.
Introduction: In the last two decades, a number
of small bodies have been explored to differing degrees by spacecraft (Table 1). The majority of these
missions have involved flybys, and only one, the
NEAR mission, has involved extended observations
at a small body. While the data acquired during flybys has greatly enhanced our knowledge of small
bodies, the knowledge gained from the year-long
study of the asteroid 433 Eros has clearly demonstrated the value of spending extended periods of
time carrying out reconnaissance of an object [1]. For
example, the data obtained at Eros enabled the determination of an appropriate site for landing, and
could equally well have enabled the optimal choice
of sampling sites or locations for landed packages
such as geophones.
In order to undertake comprehensive reconnaissance of a small body to determine its interior structure, we would argue that flybys are insufficient, and
that only extended orbital missions can enable the
appropriate science return.
In many cases, radioisotope power supplies are
enablers for small-body missions, especially those
further out in the solar system, and propulsion is the
significant technical driver. Radioisotope-Electric
Propulsion (REP) can enable many of these missions
by combining a small (~500 kg dry mass) spacecraft
with a focused payload (~50 kg) and advanced ra-

dioisotope power sources for a mission cost on the
order of that for a New Frontiers mission [2]. REP
systems may, in addition, allow extension of the science goals in the recent report published by the National Research Council "New Frontiers in the Solar
System: An Integrated Exploration Strategy" (the
“Decadal Survey”) [3] by enabling orbital missions
of bodies for which only flyby missions are possible
with chemical propulsion. REP systems can also enable an interstellar precursor mission, the subject of a
more recent NRC report “Exploration of the Outer
Heliosphere and the Local Interstellar Medium” [4].
The key reason why REP spacecraft would be
ideal for characterization of small bodies such is their
capability of orbiting more than one body in a single
mission. Rather than sending numerous spacecraft,
with the associated development, assembly, test,
launch and operations costs for each, a REP spacecraft could visit at least 2, and possibly more, bodies
for the cost of only one mission. Furthermore, most
technology for this class of missions already exists;
the only technology development required is that of
the next generation Stirling Radioisotope Generator
(SRG), which is currently in NASA’s technology
plan, and so is already underway. With continued
development, REP missions could be available for
small body characterization within the next decade.

Target
Giacobini-Zinner

Type
Comet

Halley

Comet

Agency
NASA
Japan
Japan
USSR
USSR
NASA
ESA
NASA
ESA
NASA
NASA
NASA
NASA
NASA

Gaspra
Grigg Skjellerup
Ida
Mathilde
Eros
Borelly
Tempel 1

S-Asteroid
Comet
S-Asteroid
C-Asteroid
S-Asteroid
Comet
Comet

Spacecraft
ICE
Suisei
Sakigake
Vega 1
Vega 2
ICE
Giotto
Galileo
Giotto
Galileo
NEAR-Shoemaker
NEAR-Shoemaker
Deep Space 1
Deep Impact

Table 1: Previous small body missions.

Year
1985
1986
1986
1986
1986
1986
1986
1991
1992
1993
1997
1999
2001
2005

Type of Encounter
Tail fly-through
Hydrogen corona imaging
Sunward flyby
Flyby
Flyby
Distant observations
Nucleus flyby
Flyby
Flyby
Flyby
Flyby
Orbit for 1 year
Flyby
Comet impact
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Exploration of small bodies using REP: We
have been investigating mission concepts that use
small electric propulsion engines, ~1 kWe radioisotope power, and low-mass spacecraft construction
techniques [Gold et al., this meeting]. Our objective
is to find practical missions to high-priority targets,
with reasonable travel times and a reasonable science
payload. The high power-to-mass ratio of planned
radioisotope power systems enables New-Frontiers
class missions that carry a significant science payload
to new destinations. The PARIS (Planetary Access
with Radioisotope Ion-drive System) spacecraft take
advantage of high-efficiency SRGs or new thermoelectric converters to provide the power for an electric
propulsion system. These low-thrust missions
launched to a high C3 are especially effective for
exploring objects in shallow gravity wells in the outer
solar system.

Fig. 1. Candidate payload instruments from the
MESSENGER mission to orbit Mercury
In order to investigate how the surfaces of small
bodies relate to their interiors, we consider a focused
PARIS mission with a payload that can map the ele-

mental and mineralogical composition of the surface
of a small body (Fig. 1, Table 1), however, some or
all of the proposed instruments could be exchanged
for lidar or radar experiments, or seismic sensors that
could be deployed from orbit.
Since REP missions are mass constrained, the
payload must consist of highly miniaturized instruments to enable a comprehensive set of measurements. We have selected a suite of candidate instruments from those currently in flight on NASA’s
MESSENGER Mercury orbiter mission [5], since
these instruments are already miniaturized to accommodate the MESSENGER mass constraints.
Table 2 lists the candidate payload and its mass,
power, and bit rate. During cruise, the science data
rate to a Near Earth Object or Trojan asteroid is approximately 100 bits per second. Fig. 1 shows model
drawings of the candidate payload components.
About 900 W of power are required for this mission.
References: [1] Veverka J. et al., NEAR at Eros:
Imaging and Spectral Results, Science, 22, 289, 2088
– 2097, 2000. [2] Oleson, S.R., et al., Radioisotope
electric propulsion for fast outer planetary orbiters,
AIAA-2002-3967, Proceedings of the 38th Joint Propulsion Conference, Indianapolis, Indiana, July,
2002; Gold R.E. et al., A PARIS mission to the Jovian Trojan Asteroids, Proc. of the International Conference on Low Cost Planetary Missions, p.349-353.
Kyoto, 2005. [3] Belton, M. et al., New Frontiers in
the Solar System, Solar System Exploration Survey
Space Studies Board National Research Council,
July, 2002. [4] Exploration of the Outer Heliosphere
and the Local Interstellar Medium, Committee on
Solar and Space Physics, Space Studies Board National Research Council, 2004. [5] Gold, R. E., et al.
The MESSENGER Science Payload, Proc 5th IAA
Intnl Conf. on Low-Cost Planetary Missions, ESTEC,
Noordwijk, The Netherlands, 24-26 September 2003,
ESA SP-542, November 2003.

Table 2. Candidate Payload

PAYLOAD
Mercury dual imaging system (MDIS)
Mercury atm & surface composition spectrometer (MASCS)
Gamma-ray & neutron spectrometer (GRNS)
Energetic particle and plasma spectrometer (EPPS)
Dual data processing units
Total
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MASS (kg)
6.8
3.1
13.4
2.6
3.3
32.9

POWER (W)
6.7
5.9
23.6
6.4
4.2
52.1

DATA
12000
1000
1000
1000
30
15030
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IMPACT GENERATED SEISMIC ACTIVITY ON FRACTURED-MONOLITH ASTEROIDS:
A
SEISMIC PROPAGATION THEORY. J. E. Richardson1 and H. J. Melosh2, 1Center for Radiophysics and Space
Research, 310 Space Sciences Building, Cornell University, Ithaca, NY 14853, richardson@astro.cornell.edu;
2
Lunar and Planetary Lab, University of Arizona, Tucson, AZ 85721. jmelosh@lpl.arizona.edu.
Fractured Asteroids: The Galileo images of 951
Gaspra and 243 Ida, as well as the NEAR-Shoemaker
observations of 433 Eros, revealed highly battered
objects, with extensive systems of ridges and grooves
on their surfaces, several large concavities (presumed
to be from impacts [1,2]), and highly irregular shapes;
indicative of some structural strength [3-10]. Rather
than being single stone monoliths or highly pulverized
`rubble-piles,' these features suggest that these asteroids are something in between. Further work characterized an entire spectrum of asteroid structural types,
called `gravitational aggregates', which span the extremes from monolith to rubble-pile [11]. Britt, et al.
[12] identified a transition group in the central region
of this spectrum, called `fractured monoliths' and
placed 951 Gaspra and 243 Ida into this transitional
category, where 433 Eros likewise falls.
The Lunar Crust Analogy: While describing the
geology of 243 Ida, Sullivan, et al. [6] suggested a
likely similarity between the internal structure of a
fractured S-type (stony) asteroid and the uppermost
crustal layers of the Earth's moon [13]. Both are composed of silicate rock, presumably began as monolithic
structures, and have since been exposed to impactor
fluxes of similar power-law distribution for millions to
billions of years [14]. This similarity should produce
similar fracture structures within each, consisting of
(1) a thin, comminuted regolith layer on the surface,
(2) a highly fractured mixture of rock and regolith beneath (a `megaregolith' layer), and (3) a decreasing
gradient of fractured bedrock below. In the case of the
upper lunar crust, this fracture structure extends to
depths of about 20-25 km [14], but in the case of asteroids the size of Gaspra, Eros, and Ida, this fracture
structure should extend throughout the body.
Seismic Theory Development: This type of structure provides us with an advantage in modeling the
seismicity of fractured asteroids, in that the seismic
behavior of the upper lunar crust in response to impacts was well characterized during the Apollo era.
These lunar seismic studies showed that the dispersion
of seismic energy in a fractured, highly scattering medium becomes a diffusion process: which can be modeled mathematically using either analytical or numerical techniques [13,15].
Application to 433 Eros: In our previous work
[15], we successfully used this form of seismic energy
diffusion theory to investigate the 'global' morphological effects of impact-induced seismic acttivity on frac-

tured asteroids, and on 433 Eros in particular. The
primary question under study was whether (or not)
impact-induced seismic shaking could destabilize
slopes and cause gradual downslope regolith migration, degrading and eventually erasing small impact
craters -- and producing the observed paucity of small
craters on this body. This modeling work produced
excellent agreement with the empirical observations,
particularly with regard to the time evolution of crater
morphology and the statistics of the impact cratering
record. Nevertheless, we noted that there is considerable uncertainty with regard to the asteroid's actual
seismic and regolith properties: we based our results
on values appropriate to the upper lunar crust. The
next logical phase would be to obtain direct, in situ
measurements of the asteroid's regolith properties and
it's seismic response to either natural or artificial impacts.
Future Missions: This modeling work also demonstrated the potential of seismic studies of asteroids
to investigate their interiors. Such studies could not
only give us information about the internal structure of
these bodies; such as major fracture boundaries, internal stratigraphy, voids, and small-scale fracture spacing; but could also provide information about composition, elastic response, and seismic dissipation properties. Both reflection and standard seismological techniques could be employed, building upon our experience with the Apollo seismic experiments and taking
advantage of the advances that have occurred in the
field since that time.
References: [1] Greenberg, R., et al. (1994)
Icarus, 107, 84-97. [2] Greenberg, R., et al. (1996)
Icarus, 120, 106-118. [3] Belton, M. J. S., et al. (1992)
Science, 257, 1647-1652. [4] Belton, M. J. S., et al. (1996)
Icarus, 120, 1-19. [5] Carr, M. H., et al. (1994) Icarus, 107,
61. [6] Sullivan, R., et al. (1996) Icarus, 120, 119-139.
[7] Prockter, L., et al. (2002) Icarus, 155, 75-93. [8]
Zuber, M. T., et al. (2000) Science, 289, 2097-2101.
[9] Wilkison, S. L., et al. (2002) Icarus, 155, 94-103.
[10] Thomas, P. C., et al. (2002) Icarus, 155, 18-37..
[11] Richardson, D. C., et al. (2002) Asteroids III, 501515. [12] Britt, D. T., et al. (2002) Asteroids III, 485500. [13] Toksoz, M. N., et al., (1974) Rev. Geophys.
& Space Phys., 12-4, 539-566. [14] Ivanov, B. A., et
al. (2002) Asteroids III, 89-101. [15] Richardson, J. E.,
et al. (2005) Icarus, 179, 325-349.
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Radio Reflection Tomography: A Technique to Reveal the Interior of Asteroids and Comets. A. Safaeinili, Jet
Propulsion Laboratory, California Institute of Technology, M/S 300-319, 4800 Oak Grove Dr., Pasadena, California,
91109. ali.safaeinili@jpl.nasa.gov.
Introduction: Radio Reflection Tomography
(RRT) is a uniquely capable technique for imaging the
interior structure of any small, isolated geological body
with size smaller than 2 km. An HF RRT mission consists of a HF radar sounder that transmits pulses between 1-30 MHz and receives echoes all around an
asteroid or a comet. Today's space-qualified radar
sounder instrument technology is mature thanks to
recent HF radar instruments like Mars Advanced Radar
for Subsurface and Ionospheric Sounding (MARSIS)
aboard Mars Express spacecraft [1] and the SHARAD
(Shallow Subsurface Radar) instrument aboard
NASA's Mars Reconnaissance Orbiter. The recent results from MARSIS, which is developed jointly by
NASA/JPL and ASI, has demonstrated the power of
orbital radar sounders to reveal the hidden geologic
structures below the surface of Mars.
RRT Technique: The requirements for a successful RRT mission are:1) Precise a posteriori knowledge
of spacecraft ephemeris in the asteroid coordinate system, 2) A dense coverage on a closed surface around
the object, 3) radio wave penetration within the object
(no necessarily through the eniter object), 4) A proper
choise of radar frequency band(s) to allow optimum
penetration and imaging resolution and 5) imaging
algorithms that will transform time-domain radar echoes to the volumetric images of the asteroid’s interior.
At JPL, our spacecraft navigation team has demonstrated that it is able to orbit a small object and collect
data as demonstrated by the NEAR mission with precise a posteriori ephemeris knowledge which is key in
coherent radar imaging and required by the RRT imaging technique [2] Optical navigation achieves this
requirement with large margin, along a polar orbit with
the asteroid spinning underneath. Our team has also
designed schemes to achieve dense coverage around
the object under a number of case studies for objects
with sizes between 500 m and 1000 m.
The radar frequency selection is a function of asteroid composition class and size. We are currently
developing wideband HF radar technology that is able
to address the RRT instrumentation needs. The dielectric properties of asteroid samples are also being investigated in order to evaluate radar penetration depth
and imaging sensitivity. The RRT investigation is not
only a structural probe of an asteroid's interior, but also
a compositional probe that gives an inside view.

The final component of an RRT imaging system is
the ground processing software that operates on the
individual echoes and produces a volumetric image of
dielectric contrast within the object. The mathematical
and physical foundations of the RRT imaging technique are well understood and have been applied to a
range of applications such as industrial non-destructive
testing [3], ground penetrating radar [4], and medical
ultrasonic imaging and more relevant is the radargrams
generated recently by MARSIS instrument which
demonstrate the functionality of the key ingredient of
the RRT processor.
Impact: The RRT technique will provide the first
data that directly senses the interior structure and composition of asteroids. This is significant for science as
well as for strategies required to deal with the hazards
of Near-Earth Objects (NEOs) and will provide information required for mining comets and asteroids for
resources such as ice in support of human exploration.
Asteroids and comets also provide information about
the early solar system and how larger bodies accrete
from smaller components.
Acknowledgement: The research described in this
paper was carried out by the Jet Propulsion Laboratory,
California Institute of Technology under a contract
with the National Aeronautical and Space Administration.
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ROTATIONAL DAMPING AND EXCITATION AS PROBES OF THE
INTERIOR STRUCTURE OF ASTEROIDS AND COMETS. N. H. Samarasinha
The rate of damping of energy for an asteroid or a comet in a non-principal axis spin state
depends on the size, spin rate, degree of excitation as well as the internal structure. On
the other hand, rate of rotational excitation for a rigid body depends on the external
torques, spin rate, and the moments of inertia of the body.
I will discuss spacecraft reconnaissance and ground-based observational opportunities
where rotational damping and excitation could be used as probes to infer structural
parameters of asteroids and comets.
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BRIGHTNESS/COLOR VARIATION ON ITOKAWA: SPACE WEATHERING AND SEISMIC
SHAKING. S. Sasaki1, M. Ishiguro2, H. Demura3, N. Hirata3, T. Hiroi4, M. Abe5, S. Abe6, H. Miyamoto7, J. Saito5,
A. Yamamoto8, K. Kitazato5, R. Nakamura9, 1RISE Project Office, National Astronomical Observatory of Japan,
Oshu, Iwate 023-0861, Japan (sho@miz.nao.ac.jp), 2School of Earth and Environmental Sciences, Seoul National
University, Seoul 151-742, Korea, 3The University of Aizu, Fukushima 965-8580, Japan, 4Department of Geological
Science, Brown University, Providence, RI 02912, U.S.A., 5 The Institute of Space and Astronautical Science, JAXA,
Kanagawa 229-8510, Japan, 6Graduate School of Science and Technology, Kobe University, Nada, Kobe 657-8501,
Japan, 7Department of Geosystem Engineering, The University of Tokyo, Tokyo 113-8656, Japan, 8Remote Sensing
Technology Center of Japan, Roppongi, Tokyo 106-0032, Japan, 9National Institute of Advanced Industrial Science
and Technology, Ibaraki 305-8568, Japan.
Introduction: Hayabusa is a Japanese engineering
spacecraft by ISAS/JAXA aiming at sample return
from S-type asteroid (25413) Itokawa [1]. Itokawa is a
small near Earth asteroid (550m x 300m x 240m). Between September and November 2005, Hayabusa observed Itokawa’s surface by Asteroid Multiband Imaging CAmera (AMICA) and Near Infrared Spectrometer
(NIRS). AMICA has a wide bandpass filter and seven
ECAS-compatible narrowband filters: 380 (ul), 430 (b),
550 (v), 700 (w), 860 (x), 960 (p), and 1010 nm (zs)
[2]. Spectral range of NIRS is between 760nm and
2100nm. From 7km, AMICA observed the whole surface of Itokawa with resolution 70 cm at solar phase
angle around 10 degree. The highest resolution during
close approaches was less than 1cm [3].
Brightness/color variations on Itokawa: Itokawa is
heterogeneous in both color and brightness (Fig. 1) [3].
The brightness difference is approximately 10-20% on
distant images and as high as 30% on close-up images.
Brighter areas usually correspond to at locally elevated
zones and at gravitationally steep zones, although
some steep zones are not bright. Brighter areas are
bluer and darker areas are redder in color [4, 5]. No
previously observed asteroids show such large variations in both of these characteristics. These variations
may be due to the space weathering process [6].
Muses Sea area on Itokawa is displayed in Fig. 2.
Muses Sea (the landing site) is composed of cm-sized
pebbles which should have transported from other areas. Shirakami is one of the distinctly brightest regions on Itokawa. In this region, the brightest area (a)
has very steep slope, which is steeper than a typical
angle of repose of granular materials. The elevated
zone with moderate slope angle (b) consists of boulder-covered dark areas (10m-scale patched areas) and
boulder-poor bright areas. Typical boulder size on the
dark patched area is about 1m. The neighbouring
darker area (c) is covered continuously with numerous
boulders. The morphology here suggests that the
bright surface of Shirakami was formed by removal of
the superposed dark boulder rich layer. The area (a) is
a totally excavated whereas the area (b) is partially

excavated due to boulder movements. In Fig. 2,
brightness of of Yatsutagake (d) might be also explained by excavation of a darker superposed layer. At
the foot of Shirakami and Yatsugatake extends a darker and boulder-rich zone (denoted by e). Figure 3 is a
close-up image of the elevated area to the north of the
Muses Sea. Here are observed bright patched surfaces
of a few meter scale. Some boulders on brighter surface are dark, which would suggest darker materials
should superpose on brighter materials.
Space weathering and seismic shaking: In comparison with color observation [4, 5] and experimental data
[7, 8], we consider that the darker materials experienced more space weathering than the brighter materials. High resolution images suggest that boulders’
surface was optically weathered. After the emplacement of boulders, Itokawa’s surface was weathered by
micrometeorite impacts (and irradiation by highenergy particles). Then, dark weathered boulder-rich
surfaces were removed, leading to the exposure of underlying relatively fresh bright area (Fig. 4). Probably Itokawa shows brightness/color heterogeneity because it is too small to be covered with regolith.
Although there are a couple of apparent bright craters
which would be explained by direct excavation, most
of bright areas might not be related to local impact
events. Seismic shaking or tidal distortion during
planetary encounter would be possible cause of surface
movements of dark bouldered layer. Since clear
brightness difference prevail on all over Itokawa, the
seismic shaking may have been a single event. The
observed morphology that locally elevated regions are
bright could be explained by the seismic shaking (E.
Asphaug, personal comm.), since surface motion at
elevated region would be stronger though concentration of internally propagating waves. The fact that the
brighter areas are striking at both ends of Itokawa
could be explained by the shaking process, since the
both ends have relatively low escape velocity and concentration of propagating waves could be expected.
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Figure 1 Composite color images of Itokawa constructed from b-, v-, and w-band data. Top: Eastern
hemisphere including the Muses Sea. Bottom: Western hemisphere. The contrast adjustment was done in
each image to enhance the color variation [3].
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Figure 3 Close-up v-band image of a region to the
north of the Muses Sea (just to the east of Usuda boulder). Scale in the figure is 10 m. The brightness contrast is enhanced in this image for clarity.
(ST_2530292409).

Figure 4 A model of brightness heterogeneity on Itokawa’s surface. After the boulder emplacement, the
surface layer with boulders are weathered. Then,
seismic shaking or planetary encounder would move
the surface dark layer, leading to excavate underlying
fresh bright materials.
Figure 2 The Muses Sea area on Itokawa where detailed feature of Yatsugatake-Shirakami region is involved. The smooth area is the Muses Sea which includes possible landing spot of Hayabusa (denoted by
a white stellar mark). Yatsugatake is a bright rough
ridge to the west of the Muses Sea. A white rectangle
is the area of Fig. 3. (ST_2474731509)
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GLOBAL GARDENING ON ASTEROIDS. D.J. Scheeres, U. Michigan, Ann Arbor (scheeres@umich.edu).

Abstract The environment NEA live in subject them to a variety of perturbations that can change their rotational angular
momentum. These range from subtle changes over time due to
YORP torques to abrupt changes due to planetary flybys. As
the angular momentum of an NEA changes, the configuration
of the components of the NEA may also change once certain
energetic thresholds are crossed. These reconfigurations can
be global, meaning that major changes in the orientation of
the body’s components may occur, potentially exposing material previously contained in the body interior and burying
previously exposed material. This abstract discusses the basic
mechanics that govern such global reconfigurations by exploring the minimum energy configurations of contact binary NEA.
The implications for the study of asteroid interiors is clear.
Background Recent images of Itokawa and Eros as well as
many results obtained from radar astrometry of asteroids show
that these bodies can have distinct components that rest on
each other, so called contact binaries. The poster child of such
contact binaries is now Itokawa and its “head” and “body” [1].
Given the wealth of data we have on this body’s size, shape,
mass and apparent rubble pile structure means it will also be
the focus of future research on this topic.

Figure 1: Itokawa with its two components highlighted
The ability of rubble pile asteroids to retain a characteristic
shape in the presence of gravitational attraction of the other
parts of the asteroid implies that they must have some internal
strength. The ability of a rubble pile to sustain internal stresses
is well established by the work of Holsapple [2], and thus there
is no controversy with a body being a contact binary and for
the different components of that body being rubble piles.
If two rubble piles can retain their characteristic, distinct
shapes while in contact with each other, then they can also
retain their characteristic shapes if shifted relative to each other
or if they have slow impacts on the order of orbital speeds.
Indeed, the stresses placed across the two components when in
orbit will be lower than the stresses placed across them when
they are in extreme close proximity – lying on each other.
Based on these observations, it is feasible to treat the geometrically separate components of observed asteroids as coherent structures, and model them as rigid bodies as a first

approximation. Of course, such a model neglects the rubble
pile structure of these systems at some level – but is supported
by the basic observations that asteroids retain their coherent
structure even when in contact with each other. On the other
hand, if one rejects the rubble pile hypothesis for these NEA,
or assumes that the components of a contact binary are indeed
monolithic, then the rigid body assumption is uncontroversial.
External Perturbations to Angular Momentum The angular momentum of NEA are subject to changes over time,
due to planetary flybys and solar irradiation [3,4]. Close flybys of planets can change the total angular momentum of an
asteroid abruptly, causing it to spin much faster or slower and
inducing tumbling, all over a time interval on the order of an
hour. Such changes will provide discrete jumps in total angular momentum and energy that may induce an immediate
response in the system. Conversely, the effect of solar irradiation can also influence the total angular momentum of an
object, forcing it’s spin to accelerate or decelerate depending
on the details of its shape and obliquity. This leads to a gradual
build-up or decrease in angular momentum, creating a system
that may maintain its configuration beyond the point where it
is no longer in a minimum energy configuration. If placed into
such a situation it will be energetically unstable, and any small
event or impulse such as an impact or distant planetary flyby
may force the system to seek out a new configuration.
Energetics of Finite Bodies Given the above discussion, we
apply our model of contact binary asteroids as composed of
rigid bodies of finite size resting on each other. This current
discussion only uses ideal shapes, such as spheres and ellipsoids, in order to make general observations. For real asteroid
systems it is expected that local topography will play an extremely important role in constraining and controlling asteroid
evolution.
For simplicity we will consider a binary system consisting
of a sphere of radius R and an ellipsoid with semi axes α1 ≥
α2 ≥ α3 . Due to the symmetry of the ellipsoid, the relative
equilibria that can exist between these two bodies can be easily
enumerated. We define the mass fraction of the system to be
ν = Ms /(Ms + Me ), 0 ≤ ν ≤ 1, where Ms is the mass
of the sphere and Me is the mass of the ellipsoid. If the
components have equal density, the radius of the sphere is
R = (α1 α2 α3 )1/3 (ν/(1 − ν))1/3 . We make no assumption
about the relative size of the sphere and ellipsoid, and our
discussion is relevant for the entire range of a small sphere and
large ellipsoid to a large sphere and small ellipsoid.
For a sphere and ellipsoid resting on each other and uniformly rotating, the sphere must be located along a principal
axis of the ellipsoid and the system must be rotating about one
of the principal axes of the ellipsoid. We will generally assume
that the system will rotate about the maximum moment of inertia of the system, which reduces the possible configurations
to be considered. If the sphere rests on the α3 axis, the system
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will rotate about the α3 axis or the α2 axis, depending on the
mass fraction and ellipsoid parameters. If the sphere rests on
either the α2 or α1 axis the system rotates about the α3 axis.
To formally compute the stability of these different configurations is difficult, however since we have identified a discreet
set of equilibria, it is possible for us to delineate the minimum
energy configuration that such a system can have. We consider the energy of different configurations at a constant value
of angular momentum to find the minimum energy configuration. Then we studied how this minimum energy configuration
changes as the angular momentum is increased. Assuming an
angular momentum, H, we can define the energy of the possible resting configurations. Then, as H changes we can identify
the different configurations that result in a minimum energy.
At an angular momentum of H = 0 the minimum energy
configuration has the sphere resting on the α3 axis of the ellipsoid for any α1 ≥ α2 > α3 . This remains the minimum
energy configuration when the system rotates slowly. Conversely, for large enough H (but less than the value for which
the components orbit each other) the minimum energy configuration always consists of the sphere lying along the α1 axis
of the ellipsoid, the entire system rotating about the α3 axis
of the ellipsoid. This result holds for all values of ν and all
α1 > α2 > α3 .
For systems with ν  1, (small spheres on a large ellipsoid) these results are easy to imagine. When not spinning
the minimum potential point on the body is always along the
minimum axis. Thus small particles will preferentially move
towards the polar regions. As the body rotates more rapidly,
due to increases in its rotational angular momentum, the minimum energy point on the asteroid will shift at some point, in
the limit always lying at the long ends of the spinning ellipsoid
[5]. These energetic transitions are independent of the mass
ratio, and thus for systems with ν ∼ 1, ellipsoidal rocks will
move from resting on their minimum axis for slow rotation
rates towards the sphere equator where they will stand on end
as the angular momentum reaches a large enough value. For
any of these cases, if the rotation rate increases to the fission
limit, the components would naturally separate and the system
would transition smoothly into an equilibrium orbital configuration. Such orbital configurations may be stable or unstable,
depending on the mass fraction and shape of the ellipsoid.

new minimum energy configurations once certain thresholds
are crossed. Rather, surface topography and the rubble pile
structure of these bodies themselves will hinder the system
from smoothly seeking out its minimum energy state. Also,
local concentrations of mass and deviations from such ideal
shapes can change the minimum energy configurations in ways
that have not been studied to date. Due to these considerations,
under an increasing angular momentum load an asteroid may
easily be pushed beyond its energetic threshold where it will
be lying in a formally unstable state. The system would then
be lying in a state similar to a “perched rock,” waiting for a
sufficient energy pulse to allow it to seek out its global minimum configuration. Such a transition could be initiated by a
small impact or a relatively distant planetary flyby.
If the angular momentum is deposited by a close planetary
flyby, it also coincides with a large scale jostling of the system
which may precipitate a change of configuration into its minimum energy state at the same time that the system is given a
new minimum energy state. For either scenario we can have
global changes in the system configuration with components
being transfered from one region to another. If these components are rubble piles, then as they move relative to each other
they should also loose material from their surface leaving boulders and other debris from one component on the other. This
would provide a surface mixture of rubble from both bodies.
It will also expose previously covered material which would
have been, by definition, in the interior and cover material that
previously was on the surface.
Such reconfigurations can work in either direction, should
the angular momentum of an asteroid be decreased due to
YORP or a flyby the system can also collapse back into a lowrotation rate minimum energy configuration. Thus over long
time spans it is possible for an asteroid consisting of multiple
components to have them shift back and forth in a cycle of
changing minimum energy configurations. This action would
tend to mix material from the interior and surface regions,
implying that when we look at an asteroid we look at its insides
as well as its outsides. This is what we call global gardening.
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Real-World Considerations For real asteroids it is implausible to assume that bodies will slide across each other into
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Introduction: One way to obtain interior information from asteroids and comets is through seismology.
Global seismological studies of Earth have a long history and many methods are highly developed but rely
on the nearly spherical shape of our planet. To date,
all small bodies that have been imaged are very irregular in shape. Work has been performed in doing seismology computations on irregularly shaped bodies and
433 Eros has been used as an example since the surface geometry was well characterized by the NEAR
mission [1]. Computations with various assumed internal structures of Eros have produced different seismological output showing that different internal properties can be recognized through seismology. Of interest is the fact that the whole asteroid body can be
“rung” and it is possible to determine the natural harmonic frequencies which are an aid to determining the
internal structure.
Mission: An asteroid mission would include a satellite orbiting the asteroid for deploying the explosives
and seismometers and controlling the experiment and
relaying information back to Earth. Seismometers
would be placed on the surface of the asteroid – attaching the seismometers to the surface is one of the research areas for a seismology mission. The asteroid
would then be vibrated by an explosive. The produced
seismic waves would shake the seismometers and that
information would be transmitted to the orbiting satellite to relay the data to Earth ground stations.

compute loads transferred by both. One of the items
investigated was the role of the surface material in the
seismic loading. Four different materials have been
examined: solid rock, fragmented rock, a lunarsurface-like regolith, and finally a low density distended material. The latter material was available as
sophisticated material models have been developed to
understand the impact damage caused to space shuttle
thermal tiles [2]. The density of the material is
0.18 g/cm3 and it is delicate and crushable.

Figure 2. Velocity contours showing the spherically
expanding seismic loading wave transferred to rock by
explosive.

Figure 1. Schematic of a seismology mission.
Seismological Loading: Both explosives and impactors can be used to produce the seismic load. Computations with the hydrocode CTH were performed to

Figure 3. Top figure shows radial moment and lower
figure downward momentum for loading of rock and
regolith surfaces.
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Asteroid Oscillations: The explosive loading
computations performed in CTH require a zoning resolution that is not reasonable to maintain for the entire
asteroid body (in particular, it is driven by the centimeters size of the explosive which is much smaller than
the hundreds or thousands of meters size of the asteroid). Thus, the seismic source is quantified by downward momentum and the moment in the perpendicular
directions or tangent plane. These values are then
transferred to LS-DYNA, a finite element code where
the whole body of the asteroid was modeled.
In previous work, geometrically simpler shapes
(bricks and spheres) were computed and compared
with known analytical solutions. Agreement between
the computations and analytic results is excellent for
the resonant frequencies computed through both the
eigenvalue solver and through the Fourier transform of
the seismometer traces. This agreement is a verification of the modeling technique.
For this work, a three-dimensional solid model of
Eros was developed based on the surface shape as provided by NEAR data. The asteroid material was
treated as elastic and the seismic wave propagation
emanating from the source location and traveling
throughout the asteroid body was computed. The
loads were applied and the surface motion (accelerations, velocities and displacements) were examined at
various locations as an indication of seismic data.
Of interest for a seismological mission is determining the interior structure and material properties of the
asteroid. In particular, we wish to know the local density, strength, and cohesiveness. Three different internal structures for Eros were assumed and modeled as
examples of possible structure. In the first case, Eros
was modeled as a single solid rock, with isotropic and
homogeneous material properties. As a second case, a
large fracture near the center of Eros was assumed. As
a third case, a regolith layer was placed on the surface
of Eros. For these three geometries, seismic computations were performed.
The various acceleration traces and frequencies
were compared, showing differences. The differences
in seismic traces and in modal frequencies show that
seismology can characterize the interior of Eros in
particular and other asteroids in general. Though the
inversion problem is not trivial (i.e., determining the
internal structure from the seismic traces), what has
been demonstrated is that current computational tools
are able to address complicated irregular bodies and
compute seismic propagation and normal mode vibration frequencies. Thus, the tools exist that will allow a
detailed evaluation of seismic data from an asteroid.
Those tools may also be used to design an optimal
seismology experiment, including the distribution of
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the seismometers and loading locations based on a
handful of assumed internal geometries. Such an approach to mission design could greatly aid in the return
of useful data.

Figure 4. Two views of the model of Eros. The first is
a surface view with numerical seismometer locations
identified. The second is a cutaway of one of the models showing the surface regolith layer and then interior
rock.

Figure 5. Fourier transform of one of the seismometer
locations showing the solid Eros (offset) compared to
the fractured Eros.
References: [1] Walker J. D., Sagebiel E. J. and
Huebner W. H. (2006) Adv. in Space Research, 37,
142-152. [2] Walker J. D. (2003) Report of the Columbia Accident Investigation Board, Vol. 2, 360-390.
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57 Jupiter-family comets

Cumulative Number

Introduction: The physical nature of cometary
nuclei remains one of the most important unresolved
mysteries in solar system science. However, it is
slowly yielding to investigations by ground-based observers as well as in situ observations by flyby spacecraft. The picture that is emerging is providing us with
new insights into the nature of these primitive bodies.
Size Distribution: The sizes of cometary nuclei
are estimated through a variety of techniques. These
include: 1) direct imaging by spacecraft; 2) simultaneous visual and IR imaging that permits a solution for
both the size and albedo; 3) IR imaging providing an
estimate of the nucleus radius; 4) HST imaging of
comets close to the Earth and subtraction of the coma
signal; 5) CCD imaging of distant nuclei, far from the
Sun where they are likely to be inactive, and using an
assumed albedo of typically 4%; and 6) radar imaging.
Of these techniques, (5) is the most widely used,
followed closely by (4). Although both techniques
rely on an assumed albedo, the consistency of results
from numerous observers as well as the confirmation
of size and shape estimates from flyby spacecraft show
that they are indeed reliable. Spacecraft have only
imaged four cometary nuclei to date.
We have compiled a catalog of CCD, IR, HST, and
spacecraft measurements of the dimensions of cometary nuclei [1]. The catalog contains 120 measurements of 57 Jupiter-family and 4 Halley-type comets.
The data have been normalized to an assumed albedo
of 0.04 except in cases where the albedo was directly
measured. We find that the cumulative number of
Jupiter-family comets (JFCs) at or larger than a given
radius can be described by a power law with a slope of
−1.73 ± 0.06 (Figure 1). This corresponds to a slope
of −0.35 ± 0.01 for the cumulative luminosity function
(CLF), similar to values found by other researchers [24], which range from −0.32 to −0.38, with the exception of [5] who found a slope of −0.53 ± 0.05.
Typical values of the CLF slope for Kuiper belt
objects (KBOs) are −0.64 to −0.69 [6,7]. The shallower slope of the JFCs, which are considerably
smaller than the observed KBOs, is likely due to a
change in the slope of the KBO size distribution at the
smaller sizes of JFCs [8]. The JFC size distribution
may also evolve from its primitive value in the Kuiper
belt due to physical evolution as the nuclei lose mass
through sublimation and fragmentation.

Fit to 39 JF comets
1.4 < r < 6 km

10

Slope = 1.73 +/- 0.06
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Figure 1. Cumulative size distribution of Jupiter family-cometary nuclei [1]. The least-squares fit is to the
39 nuclei with radii between 1.4 and 6 km. The data
are observationally incomplete at radii < 1.4 km.
Nucleus Structure: The best models for the
physical structure of cometary nuclei are the “fluffy
aggregate” of Donn and Hughes [9] and the “primordial rubble pile” of Weissman [10]. These models
suggest that comets are formed by the accretion of icy
planetesimals at low encounter velocities, that did little
to heat or crush the icy-conglomerate material. Since
the comets are stored in low temperature environments
and possess little self-gravity, this primitive, low density structure is believed to be preserved to the present
day.
We now recognize that comets in both the Kuiper
belt and the Oort cloud have likely undergone considerable collisional processing, in situ in the Kuiper belt
in the case of ecliptic (Jupiter-family) comets [11], or
during the ejection process from the giant planets region for the isotropic (Oort cloud and Halley-type)
comets [12]. The consequences of this collisional evolution for the structure of present-day observed nuclei
have not yet been explored.
The four cometary nuclei observed to date show
vastly different shape and surface morphologies,
though this may be due in part to the sharply different
resolutions of the imagery for each nucleus. Comet
1P/Halley most clearly appears to be a rubble pile
structure, with large topographic features and, at least,
a binary shape. 19P/Borrelly also has a binary shape
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but has a smoother surface with less topography and
some evidence of erosional processes.
Comet 81P/Wild 2 has a fairly spheroidal shape but
a very unusual surface morphology, covered by numerous shallow and deep depressions that may be either eroded impact craters or sublimation pits, or some
combination of the two. Large blocks protruding from
the surface also suggest an underlying rubble pile
structure. The orbital history of 81P/Wild 2 suggests
that it may be a relatively young JF comet, new to the
terrestrial planets region, and thus the surface may
preserve features that are truly primitive.
The highest resolution images to date are of the nucleus of comet 9P/Tempel 1. These images reveal a
complex surface morphology with strong evidence for
erosional and geologic processes. There also appears
to be two relatively well defined and large impact craters on the surface. Apparent layering in the surface
images may be primitive, but more likely is further
evidence of erosional processes acting on the nucleus.
Some surface features on Tempel 1 resemble those on
Borrelly and this may be consistent with both nuclei
being older and more evolved, having had a long residence time in the terrestrial planets zone.
Nucleus Density: Densities of cometary nuclei are
not well constrained. Most measurement methods are
indirect, involving, for example, the modeling of nongravitational forces on the nucleus based on its orbital
motion and outgassing rate. These estimates have
ranged from 0.1 to 1.5 g cm-3 [13-15]. The tidal breakup and re-assembly of comet Shoemaker-Levy 9 into
~21 major fragments in 1992 provided another means
of indirectly estimating the bulk density of the nucleus,
yielding values between 0.6 and 1.1 g cm-3 [16].
Most recently, the Deep Impact encounter with
comet 9P/Tempel 1 obtained an estimate of the bulk
density of the nucleus by observing the expansion of
the dust plume resulting from the spacecraft impact. A
value of 0.35 ± 0.25 g cm-3 was found [17]. This result is dependent on key assumptions about the impact
event, namely that it was a gravity-dominated rather
than strength-dominated impact.
Indirect lower limits on the density of nuclei can be
obtained by studying their shape and rotational properties, if one assumes that they are strengthless rubble
piles held together only by self-gravity. This method
is analogous to that used for small asteroids, which
shows a sharp cut-off in bodies > 150m diameter and
with rotation periods < 2.2 hours.
A similar spin-period cut-off limit for cometary
nuclei was first suggested by [18, 19], but at the longer
period of 5.6 hours, which corresponds to a density
lower-limit cut-off at 0.6 g cm3. This continues to be
supported as the cometary nucleus lightcurve sample
continues to grow. Data on 20 cometary nuclei are
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shown in Figure 2 [20], along with contours of nucleus
bulk density. Only one object shows a rotation period
that would require a bulk density > 0.6 g cm-3 (rotation
period < 5.6 hours). That object is 133P/Elst-Pizarro,
which is in an asteroidal orbit and apparently a member of the Themis collisional family in the main belt.
It is most likely that 133P is a volatile rich asteroid that
has suffered a recent impact exposing buried volatiles.

Figure 2. Measured rotation period versus axial ratio
for 20 Jupiter-family nuclei [20]. If these objects are
strengthless rubble piles held together only by their
own self-gravity, then the data imply lower limits on
the bulk density of the nuclei, shown by the contours.
This work was supported by the NASA Planetary
Geology & Geophysics and Planetary Astronomy Programs and was performed in part at the Jet Propulsion
Laboratory under contract with NASA. SCL gratefully
acknowledges support from the UK Particle Physics
and Astronomy Research Council.
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Introduction: Interest is growing in Near Earth
Objects (NEO), particularly the class of Potentially
Hazardous Asteroids (PHA). The U.S. Congress has
mandated that NASA survey 90% of NEOs down to
100m size. However, telescopic surveys will be insufficient to characterize the full range of properties of
these objects. This is particularly true if it becomes
necessary to mitigate a threat. For the latter task detailed data, particularly on internal properties, is
needed from in situ measurements.
NEOs are known to vary widely in their constitution, varying from loose agglomerations of rubble to
more rigid structures of frozen volatiles to dense metallic bodies. Assessing the size, mass, and effective
impact energy depends on these unknown mass and
structural properties. The remote sensing surveys to
date give us information on size/albedo properties of
NEOs but are unable to measure the mass and structural properties. In situ measurements such as NEAR,
Stardust, and Deep Impact do give us evidence to the
mass, composition, and structural properties of NEOs,
but to date have been too limited a sample size to characterize the broad population of NEOs observed in
remote sensing surveys.
The first step is to develop a complementary, coordinated strategy of remote sensing surveys and in situ
missions. This could leverage existing detection survey techniques, but would best be augmented by more
extensive surveys using higher-resolution systems with
spectroscopic capabilities. This detailed spectroscopic
database would be complemented in parallel with statistically significant in situ sampling of the objects by
impactors, orbiting missions, and landers.
What is needed is an affordable approach to sample
in situ a large number of representative NEOs to build
a database of their mass and structural properties. This
in situ database could then be correlated with the much
larger telescopic database to provide: 1) an improved
statistical assessment of overall NEO risk, 2) an improved assessment of the risk associated with any specific NEO discovered to be on a likely path to impact
the Earth, and 3) a better understanding of effective
mitigation techniques.

Mission Possibilities: The recent Deep Impact
mission showed the feasibility and effectiveness of this
direct sensing approach to determine chemical constituents and structural properties. Additionally, we
can assess the masses of NEOs by orbiting missions as
was done by the NEAR spacecraft. With today’s
rather costly spacecraft approach it is likely that few, if
any small NEOs will be studied in detail. The development of very small (10s of kilogram), low-cost (tens
of millions of dollars US) changes this situation. The
objective is to use the in-situ measurements on a fairly
large number of bodies, say ten to twenty or so, to better determine mass and structural properties.
Small satellites and microsatellites, built to common specifications and produced in assembly line
fashion, should be able to deliver the needed performance at an affordable price. To study a meaningful set
of NEO objects, we would suggest at least ten objects,
including one or more from each major class. This
would require at least one, and probably several spacecraft per object. New technologies, including electric
propulsion and high efficiency chemical microthrusters can enable a small spacecraft to have 2000
m/sec or more delta-v maneuver capability. These
spacecraft could weigh as little as 20 kg and could be
launched as auxiliary payloads on boosters carrying
large satellites into GEO-transfer (or lunar transfer)
orbits.
The small spacecraft could carry specialized instruments to image or measure infrared or radar characteristics of an object. From such data general mass
properties and Yarkovsky-related parameters might be
deduced. Two or more such spacecraft could enable an
impact mission by one with the other able to measure
results. The latter spacecraft could attach itself or kilogram-class nanosatellites to the surface to obtain detailed seismological data. Overall mission cost could
be as low as $20M per asteroid. We propose that
NASA consider beginning a series of low-cost NEO
characterization missions as a key part of its new NEO
program as mandated by the U.S. Congress.
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Itokawa: a Sub-km, S-type, Rubble Pile Asteroid Investigated by Hayabusa.

1. Mission Overview
Launched by the M-V-5 rocket on the 9th May
2003, JAXA/ISAS’s engineering demonstration
spacecraft “Hayabusa” arrived at the Gate Position,
an altitude of about 20 km near the sub-earth point of
the near-Earth asteroid 25143 Itokawa on the 12th
September 2005. Then it moved to the Home
Position for hovering at 7-km altitude from the
surface to start scientific observations on the 30th
September 2005. On the 8th to 28th October, the
spacecraft departed to “tour” maneuvres to lower
altitudes and various solar phase angles in order to
acquire images of the polar regions, finer surface
topography and with different light conditions.
Based on the topographic and spectroscopic data for
operational safety and engineering feasibility, as well
as scientific significance, the smooth terrain “Muses
Sea” was selected as the sampling site and the
spacecraft attempted two touch downs on the 20th
and 25th November, respectively [1-7].
Observational instruments onboard the Hayabusa
spacecraft included a telescopic multi-band imager
with filters (AMICA), a near-infrared spectrometer
(NIRS), a laser ranging instrument (LIDAR), and a
X-ray fluorescence spectrometer (XRS). A
micro-rover “MINERVA”, carrying a pair of
stereoscopic imaging cameras and one other camera
as well as thermometers was released toward
Itokawa, but its landing was not successful.
Sampling during each touch down should have
been made by shooting small projectiles onto the
asteroid surface and collecting their ejecta through a
1-m long, funnel-like horn attached to the asteroid
face of the spacecraft. However, it was found that
the projectile firings during the first touch down was
aborted while those during the second touch down
have still not been confirmed due to the
communication problem ocurred after the ascent.
During the first touch down, the spacecraft hopped at
least twice and stayed on the asteroid’s surface for
about a half hour. Thus it is plausible that some
surface samples at slow, uplifted velocities reached
inside the sample canister during this, unexpectedly
long landing under the microgravity condition.
After the ascent from the second touch down,
the spacecraft suffered from the difficulty with its
attitude control capability due to leakage of reaction
control system fuels in addition to malfunctions of
two out of three reaxruib wheels. Yet the spacescraft
is still capable of controlling three-axis stabilized
attitude control with ion engines and Xe gas jet from
neutralizers so that the return trip to the earth will
start from February 2007. Hence the return of the
spacecraft with the sampling capsule to the earth has
been postponed from the original plan in June 2007
to June 2010.

2. Global Properties of Itokawa
Itokawa is an Apollo type asteroid. The
orbital elements are a=1.324 AU, e=0.280, i=1.622
deg., q=0.953 AU, Q=1.695 AU, and the rotational
period is 12.1324 hours. The spectroscopic type is
S(IV).
The dimension of Itokawa found by
Hayabusa is 535 m, x 294 x 209 m. Pre-arrival,
predicted values were confirmed by Hayabusa for the
rotation period, its retrograde rotation and the spin
pole orientation being approximately normal to the
ecliptic. Mass,is estimated as (3.510±0.105) x 1010
kg by GM measurement from the spacecraft attitude
with LIDAR and Doppler radio science. The three
dimensional model gives the total volume of (1.84
±0.092) x 107 m2; hence the bulk density is estimated
as (1.90±0.13) g/cm3.
The near infrared spectra show that are only
slight differences in absorption band center position
depending on respective locations. This result
shows that there is not much difference in the
constituent material as a function of location. This
inference is also supported by the X-ray spectrometer
data that shows no apparent difference in elemental
abundance between the eastern or western sides.
Results of both instruments are consistent with
mineralogy and major compositions of ordinary
chondrite meteorites. If we assume the grain
density of LL chondrites for that of Itokawa, the
macro-porosity of this asteroid becomes ~40 %,
which is by far the largest porosity value among
S-type asteroids observed so far and rather closer to
C-type astreroids (Fig. 2).
Itokawa’s global shape appears to be a
contact binary composed of two parts called a “head”
(smaller one) and “body”(larger one) of a “sea otter”
(Fig.1). The surface of Itokawa exhibits a clear
dichotomy divided into two distinct types of terrain:
“the rough terrain”, which exhibits rough topography
mostly due to the existence of numerous, large
boulders, and “the smooth terrain”, which is mainly
comprised of flat, smooth region.
3. The Muses Sea
The smooth region covers about 20 % of the
total area and is distributed in two distinct areas: the
“Muses Sea” is located between the head and the
body and connected to the south polar region and the
“Sagamihara” area surrounding the north polar
region; these regions are filled with size-sorted,
cm-order gravel in the lowest potentials. This is far
larger than sub- mm regolith powders filling in ponds
on (433) Eros. The Muses Sea holds a few boulders
larger than several meters across, some of which are
surrounded by dips or depressions. These rocks,
tens of cm in size, often have rounded corners, flatter
faces down and tend to flock together. All of the
smooth terrains are concentrated in local lows of
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gravity-centrifugal potential and the Muses Sea has
the minimum over the entire surface of Itokawa.
These facts suggest a possible comminution and
transportation process of regolith materials between
the surrounding rough terrains and the Muses Sea
smooth terrain. The boundaries between the rough
and smooth regions are relatively sharp.
Large impact craters with typical bowl shapes are
less than any other asteroids previously observed in
the similar spatial resolutions.
Some facets
observed on Itokawa are probably of impact origin
after the formation of Itokawa, and some could be
surface features of the embedded large fragments.
These features might be due to relatively recent
geological activities (e.g., seismic shaking) generated
by external energy sources such as meteoroid
impacts and planetary perturbation. This opens a
new research area of “microgravity geology”, which
is crucial to better-understand connection between
geochemical results of meteoritic analyses and
geological features measured by spacecraft,
especially for primitive, undifferentiated objects.
Due to the low escape velocity of Itokawa (i.e.,
10-20 cm/s), most of the fine ejecta in cratering
having higher velocities would have easily escaped
from the surface. Only larger fragments with lower
velocities than this escape velocity could have
remained on the surface. This may explain why
Itokawa’s surface has relatively rough surface;
several very large boulders were found particularly
on the western side (the region of longitude 180-360
deg.) while no such large boulders exist on the
eastern side (longitude 0-180deg.). The maximum
boulder size is about 50 m near the terminator.
Large pinnacles were also found in the “neck” region
on the western side. An empirical relationship is
known between the size of an impact crater and the
maximum size of ejected fragments. The large
boulders on Itokawa could not be produced from any
of Itokawa’s existing craters and hence these
boulders are likely related to a large catastrophic
collision event associated with formation of the
present Itokawa.
On the19th November, the first touchdown
(TD1) resulted in a cancelled projectile firing
because the fan beam sensor apparently detected an
obstacle and avoidance maneuver was conducted.
The emergency ascent was autonomously cancelled
and the spacecraft continued to free-fall to Itokawa’s
surface. At 21:10, the sampler horn touched and
then rebounded on the asteroid surface. At 21:41 to
22:15, the spacecraft landed on the south west of the
Muses Sea until an emergency ascent was conducted.
A temperature profile from the XRS thermal
radiator was monitored during the TD1 phase. Its
temperature increased by thermal emission from the
asteroid surface as the spacecraft descended but it
stopped increasing at 28±2 m altitude above the
Muse Sea, the radiator temperature almost reached
thermal equilibrium so that the emission temperature
from the Muses Sea area below the spacecraft was
estimated at 310±10 K. At the solar distance of ~1

AU, this result favors in brecciated rocks or/and a
coarse-grain-filled surface with the thermal inertia
(Γ= 102~103 Jm-2s-0.5K-1) that is between monolithic
rocks and powdery surface like lunar regolith.
4. Rubble Pile Structure
Major geological features of Itokawa discovered
by Hayabusa include contact-binary appearance, high
macro-porosity value, rough terrain filled with too
large boulders uncovered by fine regolith, smooth
terrain filled with cm-sized pebbles in local lows, no
global ridges, and so on. All of these lead to a
conclusion that Itokawa is the first convincing
example of a rubble pile asteroid that spacecraft ever
visited.
Together
with
experimental
and
computational analyses, as well as information from
retrieved samples (such as microporosity of samples)
its internal structure can be investigated in detail.
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Fig.1: Itokawa’s global shape

Fig.2: Mass-macroporosity plot by asteroid types

Fig.3. Close-up image of the Muses Sea field.
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TECHNOLOGIES FOR FUTURE ASTEROID EXPLORATION: WHAT WE LEARNED FROM
HAYABUSA MISSION. M. Yoshikawa1, H. Yano2, J. Kawaguchi2, A. Fujiwara2, M. Abe2, T. Iwata2, Y. Kawakatsu2, S. Tanaka2, O. Mori2, T. Yoshimitsu2, Y. Takagi3, H. Demura4, T. Noguchi5, H. Miyamoto6, 1Japan Aerospace
Exploration Agency (3-1-1, Yoshinodai, Sagamihara, Kanagawa 229-8510, Japan, makoto@isas.jaxa.jp), 2Japan
Aerospace Exploration Agency, 3Toho Gakuen University, 4The University of Aizu, 5Ibaraki University, 6The University of Tokyo.
Introduction: Hayabusa spacecraft, which is the
asteroid sample return mission of Japan, finally arrived
at its destination Asteroid (25143) Itokawa in September 2005. We were surprised to see the image of Itokawa, because we found a lot of boulders instead of
craters (Fig.1, left). We discovered many new things
about the very small-sized asteroid Itokawa from the in
situ observations. Also we have had many experiences
and learned a lot about exploration of small asteroid.
Although Hayabusa is still on the way to the Earth, we
are now considering future asteroid sample return missions.
Hayabusa Mission Over View: Hayabusa was
launched in May 2003, and after executing the Earth
Swingby in May 2004, it arrived at Itokawa in September 2005. At first, Hayabusa observed Itokawa in
detail by using four science instruments, the mass was
estimated, and the shape model was created. Then in
November 2005, several rehearsals descents and two
touchdowns were done. First touch down was not performed as planed sequence, but second touch down
was almost perfect. However, after this touch down,
some troubles occurred and the departure from the
asteroid was delayed. Therefore the return of Hayabusa
to the earth is delayed three years, ant it will be in 2010.
Although we are not sure whether some surface materials were collected or not, we are now working to send
Hayabusa back to the earth.
Next Missions: We have been considering the
post Hayabusa mission much before Hayabusa's arrival
to the asteroid[1]. This is because we think that asteroid
is the key object to understand the origin and evolution
of the solar system. Since the results of Hayabusa were
very impressive and important from the point of the
planetary science, we are now attempting to start next
mission as soon as possible. We call the next mission
as Hayabusa-2. This spacecraft is basically the same as
Hayabusa. Of course we modify several points where
there were problems. But the model is almost same, so
we can save time to manufacture it, and we are hoping
that we can launch it in 2010 or 2011. The target is
again small near earth asteroid but C-type. So we look
forward to seeing how the small C-type asteroid looks
like (Fig.1, right).
Also, we are considering another sample return
mission, which we call it as "Hayabusa Mark-II" tenta-

Fig.1 Composite image of Hayabusa and Itokawa (left),
and Hayabusa-2 and a certain C-type asteroid (right).

Fig.2 One of the examples of Hayabusa Mark-II.

tively. Hayabusa Mark-II is not the copy of Hayabusa,
but it is much-advanced mission both in the sampling
and the remote sensing. For example, we want to challenge sampling with preserving depth profile and to get
much more detailed data of the sampling sight. In addition, we also investigate the possibility of sample returns from two different asteroids by one spacecraft
(Fig. 2).
We believe that the exploration of asteroids will
provide us a lot of new discoveries and we are happy
to discuss about the international collaborations for
missions to small bodies in the solar system, because
there are lots of them and we can know their real
nature after we explore at least several of them.
References: [1] H. Yano, M. Abe, A. Fujiwara, T.
Iwata, J. Kawaguchi, Y. Kawakatsu, O. Mori, S. Tanaka, M. Yoshikawa, T. Yoshimitsu, H. Demura, H.
Miyamoto, T. Noguchi, Y. Takagi and the
JAXA/ISAS Minor Body Exploration Working Group.
(2006) COSPAR 2006, B0.4-0020-06.
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MICROGRAVITY ROBOTICS FOR SAMPLING AND IN-SITU SCIENCE MISSIONS. Kazuya Yoshida,
Tohoku University, Graduate School of Engineering, Dept. of Aerospace Engineering, Aoba 6-6-01, Sendai 9808579, Japan, yoshida@astro.mech.tohoku.ac.jp
Introduction: Detailed exterior appearance, surface material compositions and key evidences to infer
the interior of some of the asteroids and comets have
been revealed by recent space robotic probes. Particularly in 2005, a couple of challenging attempts have
been successfully conducted and then enlarged our
view of minor bodies. One is Deep Impact mission to
collide and create a crater on comet 9P/Tempel 1. The
ejecta from the crater were observed from the spacecraft itself and a number of telescopes on Earth and in
space, then their volatile compositions were quantified
[1]. The other is Hayabusa mission to asteroid (25143)
Itokawa. The target is a tiny S-type asteroid but after
the close encounter observation, Itokawa turned out to
be a rubble pile of loose-packed rocks that we have
never seen closely before. Hayabusa also conducted a
touch-and-go type of proximity operation. The purpose
of the operation is to collect material samples from the
surface and bring them back to Earth. To know the
result of this challenging sample-return attempt, we
have to wait until the spacecraft’s safe return though,
the robotics based navigation and sampling technology
has been proven [2].
As technology candidates for follow-on minor
body missions, there are a variety of designs studied in
robotics community. One aspect of the study is the
improvement of the impact sampling probe to conserve
the geological stratigraphy of the target from outer
surface to interior. Another aspect is a stable mobility
on microgravity surface for in-situ observation and
analysis on different locations specified by scientists.
In this paper, the author will make a quick review
on the design consideration of the touch-and-go type
of impact sampling selected for Hayabusa and the
process of design evaluation. Then the focus will be
extended to a possibility of surface locomotion by a
robotic devise.
Sampling Strategies: Key consideration in the
sampling on a minor body is versatility to microgravity environment and unknown hardness of the
surface. As a general discussion, the strategies depicted in Figure 1 have been discussed as possible
candidates for the Hayabusa mission [3]. (a) Drilling
is a common idea to obtain core samples from surface
to interior. However to achieve the drilling, the spacecraft must be anchored firmly on the surface to accommodate the reaction. Both drilling and anchoring
will be possible on soft surface, such as the surface of
a comet, but difficult on an asteroid. (b) Penetrating a

sampling probe into the target from some distance can
be a promising idea. If properly designed, samples will
be packed in the penetrator keeping the geological
stratigraphy, and if tethered they can be retrieved. In
this strategy, the spacecraft needs hovering over the
sampling site, then deploy and retrieve a tethered object, which will involve design complexity. (c) If a
bullet or cannon-like projectile is projected with certain velocity, the surface will be crashed and fragments
are ejected. An idea is to combine Deep Impact-like
impact crash and Stardust-like dust collection technologies. But since the sample collection will be conducted at some distance from the impact site, the registration of the original sample location is difficult. (d)
Another idea is to collect the crushed fragments on or
at close vicinity of the surface. In this option, the
spacecraft is required to make physical contact with
the surface although, samples are efficiently collected
from a specific point of interest on the surface. For the
Hayabusa spacecraft we selected this strategy, and a
number of tests were conducted to refine this design in
terms of amount of sample collection and spacecraft
safety in the touch-and-go maneuver [3].

Figure 1: Sampling strategies on a minor body

Solar Paddle

Reentry Capsule
Sampler horn
Figure 2: Design configuration of Hayabusa probe
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Surface Mobility: As a challenging option, Hayabusa carried a tiny robotic system named Minerva
that weighs less than 1 kg, yet capable to locomote on
the surface of the target asteroid. The principle idea of
the Minerva locomotion is to use an internal reaction
wheel to tumble the robot body itself, then hit and hop
over the microgravity surface. It has a drawback that
the destination of each hopping maneuver is difficult
to control, but this unique robotic devise must have
provided amazing close-up pictures of the Itokawa
surface. However, unfortunately, Minerva did not arrive on the Itokawa surface because of difficulty in the
descending maneuver of Hayabusa on Nov. 12, 2005.
Another idea for surface mobility is to employ articulated mechanism like limbs of a human body or an
insect or a spider. Those living creatures can hold on a
rough surface and climb a rocky wall. This becomes
much easier in microgravity environment [4]. Figure 3
describes a conceptual design and its hardware test bed.
In the presented design, the rock-climber robot has six
articulated limbs. In principle, three limbs are use to
hold the surface while another three can move toward
arbitrary direction. Such a robotic system could offer
more of proximity surface science opportunities in
near future though, since the robot has 18 active joints,
the complexity in design and control is a drawback that
we have to solve as an engineering issue.
References: [1] Special Issue on Deep Impact
(2005) Science, Vol 310, Issue 5746, 14 October 2005.
[2] Special Issue on Hayabusa at Asteroid Itokawa
(2006) Science, Vol 312, Issue 5778, 2 June 2006.
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Figure 3: Conceptual design (top) and laboratory test
bed (bottom) for a rock-climber type of articulated
robotic surface locomotion system

