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Introduction: Missions such as Deep Interior [1],
which would have mapped the interior of a small as-
teroid 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 stereo-
photoclimometry and navigation estimation to small
bodies have proven to be more than adequate for satis-
fying 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 Ito-
kawa. 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 excur-
sions to higher phase locations to obtain varying illu-
mination conditions, and away from the equator to
obtain polar data. On November 4, 9 and 12, the
spacecraft made approaches to the asteroid in prepara-
tion for touchdowns on November 20 and 26.

A set of about 800 landmark maps (L-maps) was
constructed from the science images using stereopho-
toclinometry [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 naviga-
tion images from the November 12 approach deter-
mined the spacecraft trajectory and enabled a solution
for Itokawa’s mass..

Illuminated Itokawa GTM and corre-

Figure 1.
sponding 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 urad from L-map correlation, less than
a sixth of the best previous value. Work is now un-
derway to incorporate NEAR laser altimeter ranges as
a data type to improve the spacecraft ephemeris.

NEAR images Shape model

4

Figure 2. NEAR images and illuminated Eros GTM.

The Gravity harmonics predicted from a homoge-
neous GTM are much closer to the observed values
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than those of previous models, indicating a more uni-
form interior mass distribution [3]. It is believed that

the remaining residuals are due to noise in the determi-
nation 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 dy-
namics and Doppler. Some sort of ranging device,
either laser or radar, is essential. Initially, tha body-
relative spacecraft locations are found through a com-
bination 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 topog-
raphy 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 urad 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 er-
rors. In order to minimize these errors for the Hay-
abusa 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 ade-
quately modeled. This would provide about quarter
wavelength position uncertainties for a 50 Mhz ground
penetrating radar.

References: [1] Asphaug, E., et, al, Exploring Aster-
oid Interiors: the Deep Interior Concept , LPS XXXIV
Abstract #1906. [2] Gaskell, R.W., J. Saito, M. Ishi-
guro, T. Kubota, T. Hashimoto, N. Hirata, S. Abe, O.
Barnouin-Jha, and D. Scheeres, Global Topography of
Asteroid 25143 Ttokawa, 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 seismol-
ogy, from which most of our knowledge of the interior
structure of the Earth is derived. Seismology provides
information about the mechanical properties of geo-
logic 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 den-
sity is known. Measurements of body wave amplitude
and attenuation as a function of distance provide in-
formation on the anelastic response of the object, re-
lated to the packing, cohesion and coupling between
particles. Mechanical discontinuities in the interior of
the asteroid will produce scattering of the seismic sig-
nals, resulting in an extended envelope of acoustic
noise after the first arrivals of the body waves. Obser-
vations of the period and decay of whole-body oscilla-
tions 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 measure-
ment 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 experi-
ment 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) displace-
ments. 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 de-
tected using established technology. For smaller bod-
ies, the risk can be mitigated by using a variety of
source energies and employing sensitive (but fragile)
detectors sensitive to accelerations as small as 107 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 sta-
tions consisting of identical sources/receivers on oppo-
site 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 ampli-
tudes of the signals traversing the interior and the sur-
face of the asteroid. In this way, the source accelera-
tions can be measured accurately even though the cou-
pling 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 satu-
rate during the impact of the instrument onto the sur-
face 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 at-
tenuation 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 experi-
ments can be inexpensive, made up of simple explo-
sives 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 dy-
namic processes such as cratering, ejecta dynamics,
and seismic shaking. With a history of terrestrial, lu-
nar, 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,'P. Bartlett?, K. Zacny', S. Gorevan® ‘Honeybee Robotics, P.O. Box 370, Moffett Field, CA,
94035 USA, > Honeybee Robotics, 60 W. 34" St., New York, NY, 10001.

Introduction: For the purposes of planetary explo-
ration, 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 devel-
oped for planetary exploration. From the perspective
of comet and asteroid study, one of the principal de-
sign factors is the very low gravity, which will have
major implications on the interaction between a pene-
trator 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 stan-
dardized, pointed cone at one end, to measure soil
strength. The maximum depth to which such a pene-
trometer 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 im-
plies, the SCP is pushed into the soil with a static
force. In terrestrial applications, the static force gener-
ally 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 over-
burden 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 lig-
uefaction 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 cur-
rently 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 ham-
mer onto the rod would not supply enough kinetic en-
ergy, 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 subsur-
face 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 en-
ergy, 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 mecha-
nism 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) devel-
oped 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 cur-
rently 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 mis-
sions, 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 penetrome-
ters 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 pene-
trometer would require a propulsion system to acceler-
ate 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 | Proposal Topic A05-125 Pro-
posal Number A052-125-3631 [4] Richter, L., et al.
(2001) Adv. Space Research vol. 28, No. 8,pp. 1225-
1230 [5] Mizutani, H., et al. (2005)
http://www.ias.ac.in/jessci/dec2005/ilc-22.pdf
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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 charac-
terization of small bodies. PARIS (Planetary Access
with Radioisotope lon-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 pay-
load to be carried for a reasonable (e.g., New Frontiers-
class 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, al-
though 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 tech-
nology development required is that of the next genera-
tion SRG, although this is currently in NASA’s tech-
nology plan. With continued development, REP mis-
sions could be available for NEO characterization
within the next decade.

PARIS Missions: The combination of radioisotope
power sources (RPSs) with electric propulsion tech-
niques and Evolved Expendable Launch Vehicles
(EELVs) enables a new class of space missions to the
outer solar system. These radioisotope-electric-
propulsion (REP) missions appear to fit within the
NASA New Frontiers class of medium-sized planetary
missions. These low-thrust systems can operate for du-
rations of several years to achieve very large velocity
changes (A-V) of the order of 10 km s™. 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 ini-
tial 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. Be-
cause they are low-thrust spacecraft, pure REP systems
that do not have chemical thrusters to make rapid veloc-
ity changes, are best suited to orbital missions around

bodies in small gravity wells. This propulsion ap-
proach 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 com-
promise 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 ra-
dioisotope thermoelectric generator (RTG) that was
used to power the Galileo, Ulysses, and Cassini mis-
sions used decay heat from ***Pu 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 (MMRTGQ), 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.

Stirling converter

Control electronics Heat source

Fig. 1. First-generation Stirling power source.

Propulsion system: Ion and Hall-effect thrusters
have been under development for many years. Elec-
tric thrusters have been used for station keeping of
geosynchronous spacecraft, where low thrust is ap-
propriate. The Deep Space 1 mission was the first
application of electric thrusters to interplanetary mis-
sions. Current models of electric thrusters are suffi-
cient 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 mis-
sions 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 de-
sign. The team examined options ranging from how the
spacecraft could be built today from existing compo-
nents 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 tech-
nologies could significantly reduce the travel time
and/or increase payload capacity. The spacecraft pre-
sented 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 accom-
plished with any >4 W/kg power source with a penalty
in travel time and available payload mass. The effi-
ciency of the power distribution system is also key. A
20-cm or 30-cm ion thruster provides propulsion. Be-
cause 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 vec-
tor 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 space-
craft design is fully redundant wherever possible. Fig. 2

Spacecraft Reconnaissance of Asteroid and Comet Interiors (2006)

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 esti-
mated 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 C; is 121.6 km?/s®. Electric
propulsion A-V is 8.3 km s”'. The nominal mission
would orbit a small body for a year, to fully charac-
terize 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 op-
portunities 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., ATAA-2002-
3967, Proceedings of the 38th Joint Propulsion Con-
ference, 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 Astronau-
tica, vol. 57, 444-454, 2005. [4] Bonfiglio, E. P., et
al., AAS 05-396, Proceedings of the AAS/ATIAA As-
trodynamics Specialists Conference, Lake Tahoe,
CA, 2005.

: / Thrusters
e

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

propulsions system.
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A STUDY OF TECHNIQUES FOR SEISMOLOGY OF ASTEROIDS. R. Goldsteinl, W. F. Huebnerl, J. D.
Walker', and E. J. Sagebiel’, 'Southwest 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 success-
fully 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 to-
mography 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 dif-
ficulty 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 re-
search program consisting of 1) Developing small lan-
der packages and 2) Studying possible techniques for
anchoring and providing good acoustic contact for
these packages. We assume that the sensors and ex-
plosive 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 in-
designing 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 observa-
tions by a “scout” spacecraft is possible.

Top Side Sensor Side

Figure 1. The circuit board of the MEMS sensor is
24.4 cm each side. The sensor itself is the yellow ob-
ject on the right.

We assume the surface could range anywhere be-
tween a rubble pile with sandy deposits to a more co-
hesive 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 acousti-
cally 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.

Test Package T
Suspension

Tetrahedral Test
Package

Figure 1. Schematic drawing (not to scale) of the pro-
posed 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.
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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 Seis-
mology on Irregularly Shaped Bodies, 2006, this Con-
ference.
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Comet and Asteroid Sample Acquisition, Containerization,
and Transfer for Sample Return

S. Gorevan, 1. Yachbes, P. Bartlett, K.Zacny, G. L. Paulsen, T. Kennedy, B. Basso, J. Wilson
Honeybee Robotics, 460 West 34™ 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 can-
ister, 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 Ro-
botics was contracted to supply the Sample Acqui-
sition and Transfer Mechanism (SATM) (figure 2),
a WEB (figure 3) docking interface, and a hermeti-
cally 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 Mecha-
nism 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 devel-
oped by Honeybee allowed hermetic sealing to take place in a dusty environment. These seals were util-
ized 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 to-
ward 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 mis-
sion. 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 trav-
erse -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 spectro-
graph 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 magneto-
pauses 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 sam-
ple 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:

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
Cl or CAI material.

Molecule Abundence Method of ob-
servation

H20 100 IR, products of
disassociation
(H, OH, O) in
UV visible, and
radio

CO 2-20 UV, radio

CO?2 3 IR

H2CO 0.03-4 Radio, IR

CH?2OH 1-8 Radio, IR

HCOOH Less than 0.2 Radio

CHA4 Less than 1 IR

NH 3 0.1-1 Products of dis-
association (NH,
NH 2) in UV
and visible

HCN About 0.1 Radio

N2 0.02-0.2 Products of ioni-
zation N 2 + in
visible

H2S About 0.2 Radio

CSs2 0.1 Products of dis-
acciation (CS) in
uv

OCS Less than 0.3 Radio, IV

SO 2 Less than 0.001 | UV

S2 0.05 uv

Element Comet Halley Sun
H 9.47 12.00
C 8.64 8.56
N 8.05 8.05
0 8.99 8.93
Na 6.58 6.33
Mg 7.58 7.58
Al 6.41 6.47
Si 7.85 7.55
S 7.44 7.21
K 4.88 5.12
Ca 6.38 6.36
Ti 5.18 4.99
Cr 5.53 5.67
Mn 5.28 5.39
Fe 7.30 7.51
Co 5.06 4.92
Ni 6.19 6.25

Abundances of mother molecules known in comets
However this has to be compared with the spectro-
graph of various combinations detected in the comets
to give a better idea of what is in fact present, as fol-
lows
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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

H20 + Visible

CO+ Visible, UV

N2+ Visible

COo2+ Visible, UV
Atoms

H Visible, UV

C uv

0] 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 com-
postion 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
Thérése 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 con-
siderations. 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 presume-
ably carbon from the probe data.

Spacecraft Reconnaissance of Asteroid and Comet Interiors (2006)

The comet body was shown to be active in certain ar-
eas 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 ice-
indicating other process. Also this would be an overall
temperature and perhaps not representative of the ac-
tive areas, fully.

The rotation period of the comets is also a function of
velocity and material make-up and the rotational pe-
riod 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 par-
ticular process . Its importance is further on in the ori-
gin 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, Thérese Encrenay Les cométes- Té-
moins de la naissance du systéme solaire Belin CNRS edi-
tion Paris 1995 tables at pgs 48 and 103.

[4] Stuart Ross Taylor op cit in discussion of gas composi-
tion 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, Thérése Encrenay op.cit a t pg 73.
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