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A geophysical understanding
of small Near-Earth Objects is
required before we can mean-
ingfully pursue technologies
for impact mitigation via diver-
sion, disruption, or resource
exploitation. The goal of this
workshop is to lay out the
scientific and technological
requirements for spacecraft
and groundbased reconnais-
sance, for laboratory research
and theoretical modeling, and
for in situ exploration of near-
Earth comets and asteroids.
It will conclude with a recom-
mended timeline for satisfying
those requirements by 2030.
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Direct measurements of the surface properties and interior structures of asteroids and
comets should be fundamental elements of future spacecraft missions to these primitive
solar system bodies, according to participants in a scientific workshop held in Arlington,
VA, from September 3-6.

Such information is vitally important for preparing a variety of approaches for the
diversion of Near-Earth Objects which may someday threaten Earth. Evidence presented
at the workshop suggests that gentle thrusts applied for decades, rather than traditional
explosives, are likely to be needed to change their orbital paths. This will require early
detection together with knowledge of their geologic properties.

Sponsored by NASA, the workshop was designed to find common ground among
researchers on the reconnaissance and exploration of Near-Earth Objects. “Unlike
volcanoes or earthquakes, the NEO hazard was only recently identified, and we have just
begun to understand its implications,” said meeting organizer Erik Asphaug of the
University of California at Santa Cruz. “This is the only major natural hazard which can,
in principle, be made predictable and even eliminated if we find the dangerous ones and
learn how to modify their orbits over time.”

Astronomers have determined precise orbits and estimated the sizes of approximately
1,500 Near-Earth Objects (NEOs), according to conference presentations. More than 600
of the estimated 1,000 asteroids larger than one kilometer in diameter (a size that could
cause widespread calamity on Earth) have been detected so far. This represents good
progress toward the goal mandated by Congress for NASA to discover 90% of these



objects by 2008. While no known asteroid is on collision course with Earth, ongoing
detection should alert us to serious threats.

Significant topics of discussion at the workshop included large uncertainties in the state
of scientific knowledge of asteroid surfaces, despite great advances in recent years. There
is increasing evidence that most asteroids larger than a few hundred meters have complex
interiors and may be loosely bound conglomerates which might resist explosive
diversion. To almost everyone’s surprise, about a sixth of NEOs are now observed to
have moons, which would complicate any effort to change their orbits.

While scientific goals of researching the early history of the solar system and mitigation
goals of protecting the Earth are very different, the kinds of asteroid studies needed to
address both goals are largely identical, several participants noted. “Learning more about
them is the first step,” Asphaug said. Gathering a wide variety of measurements is critical
for fully understanding the history and properties of NEOs, given their great diversity and
their many observed dissimilarities from presumed analogues like the surface of the
Moon.

Because we know so little, physical characterization was seen by researchers as going
hand-in-hand with potentially useful technological developments. For example, a large,
lightweight solar concentrator was discussed that could vaporize a small surface area for
measurements of composition; thrust from the escaping material could be measured to
test concepts for solar-powered asteroid deflection.

Because close-calls are far more likely than actual impacts, attendees also discussed the
deployment of radio transponders for precision tracking of dangerous objects. Many
researchers expressed the need for high-performance propulsion systems that could
power a spacecraft to a rapid rendezvous with an NEO.

Ground-based observatories such as the proposed 8.4-meter Large Synoptic Survey
Telescope (a high priority in the most recent Decadal Survey of astronomy by the
National Academy of Sciences) can be effective tools to detect 80-90% of the NEO
population down to a diameter of 300 meters within about a decade of full-time
operations. A spacecraft orbiting close to the Sun and looking outward in tandem with
such a telescope might reduce this time to five years. NEOs in this size range can cause
widespread regional damage on Earth, although the workshop scientists agreed that the
detailed effects of impacts of any size remain poorly understood.

Ground-based radar observations of close-approaching NEOs will also remain a uniquely
important and flexible method to study a variety of objects, attendees agreed. Radar is
capable of imaging and accurately tracking the closest Earth-approachers.

Few countries outside of the United States are spending significant resources on the NEO
hazard, and this international imbalance must be remedied if the threat is to be fully
understood within the next few decades, according to several speakers. For example,
there are currently no active ground-based NEO searches in the Southern Hemisphere.



Despite the spectacular success of NASA’s recently concluded Near Earth Asteroid
Rendezvous mission, and excitement surrounding Japan’s upcoming MUSES-C mission
(the first-ever sample return from an asteroid, to be launched in December), researchers
agreed that more substantial investigations are required if we are to learn how to change
an asteroid’s orbit.

Scientists must take better advantage of opportunities to explain new detections and their
related risks to the media and the public, attendees agreed. With advanced search systems
coming on line, asteroids will be discovered at an increasing rate, with orbits which may
initially appear dangerous. Only detailed follow-up on a case-by-case basis can prove
each new discovery to be non-threatening. This process must be communicated more
carefully, scientists agreed, in the manner that hurricanes are tracked by the weather
service until the “all-clear” is announced.

The workshop was attended by 70 scientists from the United States, Australia, Europe
and Japan. It was co-sponsored by Ball Aerospace, Science Applications International
Corp., Lockheed Martin Corp., the National Optical Astronomy Observatory and the
University of Maryland. A formal report on the workshop will be submitted to NASA by
the end of 2002.

NOAO is operated by the Association of Universities for Research in Astronomy
(AURA), Inc. under cooperative agreement with the National Science Foundation. Last
updated 6 September, 2002.



SIZES AND STRUCTURES OF COMETS AND ASTEROIDS: WHAT IS WORTH MITIGATING, AND

HOW?
asphaug@es.ucsc.edu

Once every 20,000 years, a huge rock mass slams
into an ocean basin with little or no warning, generat-
ing a tsunami with wave energy equivalent to ~3 gi-
gatons of TNT. Hundred meter high waves propagate
across the impacted ocean basin, obliterating coastal
cities in their wake. Hundreds of millions of lives are
lost, and the cost in purely economic damage is in the
trillions of dollars. Yet we do almost nothing about it.

I am talking about volcanic island landslides.
Waves spawned by once-per-20,000 year collapses of
volcanic mountain flanks (Cumbre Vieja, Kilauea, etc.)
are about the same wave energy as would be spawned
by a 600 m diameter asteroid (S. Day, pers. comm.
2002). Interestingly, 20,000 years is also about the
mean recurrence interval for 600 m NEO impacts.
Smaller island collapses (e.g. Ritter Island, 1888) are
certainly more frequent than Tunguska-type airbursts,
and probably cause at least as much potential harm.
And the largest volcanic events, such as the Siberian
flood basalts which may have conspired to end the
Permian, are about as rare and evidently as deadly as
the largest impact events in the present solar system.

These numbers are all quite rough, and the parallels
not entirely satisfactory (for instance, asteroids can hit
suddenly and anywhere). But it helps objectively con-
strain our concern with NEOs. They do represent the
one potentially catastrophic natural disaster that we
think we can mitigate, yet mitigation has its own costs
and risks, and if those costs overwhelm the costs of the
underlying fundamental research, and if those risks
outweigh the hazard they are aiming to subdue, there is
little point. At some small diameter, we all agree,
mitigation is not worth the trouble. What size is that?
In my talk I hope to address this with some precision,
or at least with some geophysical motivation.

Any proposed mitigation scenario will be enor-
mously expensive to develop; $10G (~15% the cost of
Space Station) is probably a fair estimate of the cost to
deflect or disrupt a 300 m diameter NEO with appro-
priate lead time. In comparison, ~3% of this amount
would support a Discovery-class telescope interior to
Earth (orbiting at Venus L2, say) capable of telling us
with near certainty in two decades that nothing out
there larger than 300 m is going to hit us before the
next century. Of course, we face a ~1/500 chance of
learning bad news instead of good from such a survey
— i.e. that we need to prepare for a 300 m impact be-
fore 2100 — but then we’ll know. From a purely fiscal
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perspective, it makes 500/3% = 20,000 times more
sense to pursue advanced reconnaissance of NEAs,
than to pursue any engineered mitigation solution be-
fore its time. Reconnaissance is such an enormous
bargain that any money spent elsewhere, if taken from
the same pool of funds, is folly. This argues strongly
for putting the NEO search in a protected budget, so
that it does not compete with vastly more expensive,
and in the end probably unnecessary, initiatives related
to hazardous NEOs.

Yet we must speculate “what if 2002 NT7 was
headed our way in 2019”. Thermonuclear asteroid
mitigation — perhaps our only hope, foday, in that one-
in-a-million dire circumstance — can easily be devel-
oped alongside existing weapons testing and develop-
ment programs. Indeed, research in this area can be
continued, and even promoted, in a manner that affirms
Article IV of the Outer Space Treaty (prohibiting
weapons in space) and which affirms the present Com-
prehensive Test Ban Treaty. Thermonuclear weapons
design is done in the modern era by computer model-
ing, coupled with field- and lab-testing of individual
deployable components in a manner that does not yield
an explosion. Of particular relevance is the United
States Department of Energy Accelerated Strategic
Computing Initiative which oversees modeling efforts
using the world’s fastest supercomputers to perform
high-fidelity simulations running advanced 3D ther-
mophysical and nuclear reaction codes.

DoE-ASCI is a well-established and well-funded
research program that is already perfectly suited to
oversee model development and testing of any thermo-
nuclear asteroid mitigation scenario, alongside the
DoE’s banner goal to “shift promptly from nuclear
test-based methods to compute-based methods” (see
http://www.lanl.gov/projects/asci).

Of course, blowing up asteroids with weapons of
mass destruction is a last resort and would be an em-
blem of our ignorance — the above is not a responsible
plan for the long term human future. The far more
likely scenario is that we shall detect all significantly
hazardous bodies soon enough, and learn how to divert
them in a controlled manner. One need not be branded
a blind optimist to presume that advanced and benign,
perhaps even profitable technologies for NEO mitiga-
tion shall be developed in the coming centuries, so that
thermonuclear asteroid mitigation never happens. In
the year 25,000 — the average time between now and




the next 300 m asteroid strike — we will presumably
have better tools. But in the interim it is a rational
safeguard to learn the detailed effects of high energy
explosions on asteroids by combining existing models
for asteroid impact disruption with existing national
security computations related to weapons performance.

But any model is only as good as its boundary con-
ditions, and any mitigation modeling program would
have to be complemented by extensive field reconnais-
sance of asteroids and comets. Which brings us back
to the scientific requirements that are the subject of this
conference: how do we adequately characterize an as-
teroid’s geology.

Rational NEO mitigation priorities are therefore
approximately as follows: (1) Link NEO impact pre-
dictions to existing warning centers, as this can be
done at almost zero cost immediately (e.g.
http://www.prh.noaa.gov/pr/ptwc/aboutptwe.htm). (2)
Complete the NEO catalog down to about 300 m, for
about $300M, within about 30 years. (3) Determine
detailed geological characteristics, for a wide range of
comets and asteroids, down to sizes of a few 100 m.
The latter folds in superbly with the goals of solar
system exploration, especially since we now know that
NEOs are objects from the main belt and beyond, de-
livered to our doorstep for free.

These priorities alone are going to represent an up-
hill but worthy battle for tax dollars. Going another
step — trying to deploy intervention mitigation at this
time, beyond the conceptual stage — will be a dramati-
cally unsound investment until these first three steps
are complete, and may in fact hinder their timely com-
pletion by competing for funds. Moreover, and per-
haps most seriously, it may elicit a suspicion regarding
the honest goals of planetary science, if comparable
plans are not also laid out for volcanologists to miti-
gate the impending collapse of Cumbre Vieja.




LANDER AND PENETRATOR SCIENCE AT NEOS. A. J. Ball, Planetary and Space Sciences Research Insti-
tute, The Open University, Walton Hall, Milton Keynes MK7 6AA, U.K. Email: aj.ball @open.ac.uk.

Introduction: Some investigations of the surface
or sub-surface of Near-Earth Objects that are needed to
support mitigation demand contact with the surface.
Based on discussions at the workshop, the main exam-
plesare:

e Seismic tomography, requiring both sources and
receivers, to examine the internal structure of
NEOs and look for cracks and voids that may in-
fluence the mitigation strategy and its effects.

e Surface and sub-surface mechanical properties
measurements, to determine the material’s re-
sponse to drilling, digging, hammering, impacts,
explosive detonations, etc. The type of measure-
ments performed would depend on the mechanical
interaction involved in the mitigation strategy be-
ing pursued.

* Measurements of sub-surface thermal properties
and volatile content, with a view to using non-
gravitational forces (outgassing) for mitigation.

e Emplacement of aradio beacon to help refine pre-
dictions of aNEO’s orhit.

There are of course many other potential investiga-
tions requiring surface contact that appear to be rather
less important for mitigation, being motivated wholly
by science. Examplesinclude:

e Sub-surface sample acquisition

»  Contact or close-up compositional measurements

e Microscopic or sub-surface imaging

e Other in situ physical properties measurements, for
example some electromagnetic techniques such as
complex permittivity and magnetic susceptibility
measurements.

Discussion of these thus falls outside the scope of
this abstract. However, as concepts for mitigation de-
velop, it is possible that additional requirements for
surface or sub-surface investigation will emerge. It is
aso possible that scientific and mitigation-related in-
vestigations will be combined in asingle mission.

Of the many concepts for ‘surface missions, this
abstract focuses on ‘payload delivery’ penetrators, soft
landers, and surface and sub-surface mobility, with
particular reference to the four main mitigation-related
investigations listed above. Mission objectives may of
course be best achieved by other, possibly simpler,
means, as illustrated by many previous missions and
proposals (examples in brackets):

«  Destructive impact of spacecraft for study of the
resulting crater or eecta, or to act as a seismic
source (Apollo [1], Lunar Prospector [2], Deep

Impact [3], BepiColombo [4], Clementine 2, Don
Quijote)

» Passive projectiles, for the same reasons as above
or to act as target markers or reflectors (MUSES-C
[5,6], Aladdin [7])

e ‘Touch-and-go’ measurements, e.g. for surface
sampling (HERA [8])

e Tethering / anchoring to secure a spacecraft at a
particular location (Phobos DAS, Rosetta Lander
[9], ST-4 Champollion [10])

» End-of-mission landings for descent imagery and
possible extended mission operations on the sur-
face (NEAR [11])

» Hovering at very low altitude (<100 m), for remote
investigation of the surface (active or passive); low
surface gravity means that minor body surface
missions do not necessarily require landing! (Pho-
bos1 & 2[12], MUSES-C[13])

Seismic Tomography: This technique has been
developed for terrestrial applications [14] and is analo-
gous to what might be performed to study the interior
of a NEO (being complementary to gravity field meas-
urements and penetrating radar, which would probably
be done in parallel by an orbiting spacecraft) [15]. At
least one commercialy-available three-dimensional
tomographics technique (3dT) can probe sub-surface
structures and look up to 150 m ahead of tunnel faces.
Transducers for the transmission and detection of seis-
mic signals are placed at a number of locations across
the surface or within a series of boreholes. Data re-
ceived from the detectors (large quantities by space-
craft standards) is then inverted using ‘ray paths (state-
of-the-art software) and converted into 3D images.
Low seismic velocities represent cavities or low den-
sity material, while high velocities represent strong,
dense material.

At least three seismic stations would be required
(ideally several more). Since they could presumably be
distributed across an object’s surface to provide ray
paths through its deep interior, boreholes would not be
necessary, although the stations may need to penetrate
alayer of regolith to be sufficiently coupled to the ma-
terial.

Possible seismic sources include the impact of
other stations of the network as they arrive, the ham-
mering of ‘mole’ penetration mechanisms (that may be
employed to achieve deeper penetration and better
coupling) and end-of-life explosive detonation of other
stations, as well as more conventional transducers.
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Inversion of the seismic data would require knowl-
edge of the object’s shape and the location of each sta-
tion, as well as precise timing information on the
source impulses. Station orientation information would
not be required if compressive, ‘P waves aone are
used (as opposed to transverse, ‘'S waves).

Mechanical Properties. Measurements of me-
chanical properties may be necessary to understand the
response of the object’s materials to particular opera-
tions involved in mitigation. The best approach may be
to perform essentially the same operation as might be
done on a threatening NEO, thus avoiding uncertainties
arising from the choice of a predictive model and the
assumptions made.

Some basic constraints on mechanical properties
(on scales from global to microscopic) may be gained
from interpretation of remote measurements (from
Earth-based telescopes as well as spacecraft), model-
ling, laboratory simulations, analysis of meteoritic ma-
terials and from the seismic tomography experiment
described above. These may be sufficient for the pur-
poses of mitigation, so while dedicated instrument
mechanisms optimised for mechanical measurements
are conceivable, it may be more efficient to simply
perform operations similar to those envisaged and
monitor the appropriate parameters. Predictions can
then be made for comparable cases.

Soil mechanics properties may vary widely over the
surface of a NEO (as suggested by NEAR’s imagery of
Eros), and between different NEOs, so a thorough as-
sessment of such properties would require visits to
multiple locations on multiple objects. In addition, as
much contextual information as possible should be
obtained at the same locations. This would help us un-
derstand what features affect the mechanical properties
at a particular location—otherwise one isrestricted to a
purely statistical approach.

Linking mechanical properties to other features ob-
servable remotely (e.g. thermal, optical, radar) via ap-
propriate models of the material’s microstructure and
surface processes—and obtaining ‘ground truth’ verifi-
cation of these links—seems worth pursuing if re-
motely-sensed maps of predicted mechanical properties
are required, e.g. to select an appropriate landing site.
This suggests a requirement for a series of instru-
mented mobile devices to make a standard set of me-
chanical and other measurements at a series of loca-
tions across the surface. ‘Hoppers' such as those built
for the Phobos 2 and MUSES-C missions—PrOP-F
[16] and MINERVA [17] respectively—seem particu-
larly suited to this approach. Indeed, PrOP-F carried a
penetrometer and other sensors to carry out a sequence
of mechanical, thermal and electromagnetic measure-
ments at each landing site [18].

Some useful soil mechanics information can be
gained by careful measurement of any dynamic opera-
tions such as landing, impact penetration, anchoring,
drilling, hammering and ‘touch-and-go’ procedures.
Sensors to measure force, torque, acceleration, velocity
or displacement can be used to extract information on
strength properties, texture and layering. An exampleis
the ANC-M accelerometer of the MUPUS experiment
mounted in the harpoon anchor of the Rosetta Lander
[19]. Interpretation of such data can be difficult, how-
ever, since the operation monitored is unlikely to be
optimised for scientific measurements (e.g. the geome-
try may be complex). Another issue for impact accele-
rometry measurements is the high sampling rate re-
quired to achieve good spatial resolution at high impact
Speeds.

Self-inserting ‘moles’ have the potential to measure
a profile of mechanical and other properties as they
advance through the host material, however like many
techniques the properties of interest can be disturbed
by the instrumentation, requiring modelling and careful
experiment design and data analysis. An instrumented
mole has been suggested for measurement of the heat
flow and regolith properties on Mercury [20].

A further point worth highlighting is that mechani-
cal measurements performed in the low surface gravity
environment of NEOs may generate reactive forces or
torques that must be balanced (e.g. by anchoring) to
avoid gjecting the vehicle from the surface. Moles re-
quire aninitial insertion force until they start to grip.

Sub-surface Thermal Properties and Volatile
Content: In order to predict the effect of heating on
the material of a NEO (e.g. by concentrated sunlight)
and the prospects for producing useful non-
gravitational forces from outgassing, it is necessary to
know something about its thermal properties. For ex-
ample, how effectively could heat be transported from
the surface to deeper layers where volatiles (e.g. water
ice) may be present?

The measurement of sub-surface thermal proper-
ties—temperature profile and thermal conductivity (or,
more easily, diffusivity)—can be achieved at a par-
ticular location by means of a string of heatable ther-
mal sensors such as the PEN therma probe of the
MUPUS experiment on the Rosetta Lander [21] or the
mole- and tether-based sensors proposed for heat flow
measurement on the surface of Mercury [20]. The
MUPUS PEN probe is a 10 mm-diameter composite
tube incorporating a 32 cm-long Kapton sheet, onto
which 16 titanium heatable thermal sensors have been
laser-sputtered. The thermal probe will be deployed to
a distance of ~1 m from the lander (away from its
shadow) and hammered into the cometary surface by
means of an electromechanical hammering mechanism.



The sensors are used to measure the temperature pro-
file, however the probe itself unavoidably creates a
thermal ‘short circuit’ that must be corrected for by
modelling. Heating individual sensors and monitoring
the resultant rise in temperature over time enables the
local thermal diffusivity to be measured. Heating a
long line of such sensors would approximate the line
heat source technique for thermal conductivity meas-
urement. Measurements of other physical properties
including bulk density and penetration resistance are
important in the analysis of such thermal data.

Thermal measurements can also be used to deduce
the presence of volatiles, via their effect on the thermal
conductivity and energy balance. Heat from thermal
sensors can cause volatiles such as water ice to subli-
mate, increasing the thermal conductivity of the mate-
rial far beyond that of the ‘dry’ material. It is also pos-
sible to distinguish between volatile species (e.g. be-
tween water ice and CO,) by virtue of their different
sublimation temperatures.

Radio Beacon: If aNEO is predicted to undergo a
close planetary encounter that could divert it onto a
collision course with the Earth, its predicted future
orbit will be extremely sensitive to the parameters of
the close approach. To assess whether or not the NEO
will pass through the ‘keyhol€e’ putting it on a collision
course thus requires extremely accurate knowledge of
its current orbit. One way to achieve this is to fix a
radio beacon to the NEO to transmit a stable radio sig-
nal that can be used for range and Doppler tracking by
ground stations, in the same way as for interplanetary
spacecraft.

Delivery of along-lived station to the surface and
anchoring it there to transmit a tracking signal over an
extended period of time would thus be required. A
similar experiment was planned for the fixed landers of
the Phobos 1 & 2 missions[12].

Payload Delivery Penetrators: These are bullet-
shaped vehicles designed to penetrate a surface to em-
place experiments at some depth. The basic technology
for these has existed for several decades [22,23,24],
however only in the mid-1990s did proposals for their
use begin to be adopted for actual flight.

Impact speeds range from about 60 to 300 ms?,
depending on factors such as the desired depth, the
mass and geometry of the device, the expected surface
mechanical properties, the shock-resistance of internal
components, and constraints imposed by the entry and
descent from orbit or interplanetary trgjectory. Addi-
tional impact damping may be included in the form of
crushable material (e.g. honeycomb or solid rocket
motor casing), sacrificial ‘cavitator’ spikes protruding
ahead of the penetrator's tip (e.g. Luna-Glob high-

speed penetrators, with speeds exceeding 1.5 kms?)
and gasfilled cavities (e.g. Mars 96 penetrators).

Masses have ranged from the tiny DS-2 Mars Mi-
croprobes at 2.5 kg each (excluding aeroshell) to 45 kg
each for the Mars 96 penetrators (4.5 kg payload).

Penetrators may consist of a single unit, or a den-
der forebody and a wider aftbody linked by an umbili-
cal tether, the two parts separating during penetration
to leave the aftbody at the surface. Expected forebody
penetration depths have ranged from ~0.5m for the
Mars Microprobes (impacting at ~190 ms™) up to 4-
6 m for Mars 96, with 1-3 m expected for the single-
body Lunar-A penetrators (13 kg each, 140 mm di-
ameter, impacting at ~285 m s™). Power is provided by
batteries or RTGs. The DS2 Mars Microprobes
nomina lifetime was only a few hours, while the Lu-
nar-A penetrators are expected to have enough power
for about a year. Transmission of data back to Earth is
usually by means of an omnidirectional antenna and a
relay spacecraft.

Experiments flown on (or proposed for) penetrators
include the following:

e Accelerometry / gravimetry / tiltmeter

e Therma sensors (temperature profile, thermal
conductivity / diffusivity, heat flow)

e Imaging

¢ Magnetometer

e Permittivity / conductivity sensors

*  Seismometer

e Spectrometers (y ray, neutron, o / proton / X-ray,

X-ray fluorescence, etc.)

»  Sample collection for evolved gas analyser / spec-
troscopic analysis

e Penetrators with combined sampling and pyro-
technic return

» Explosive charge

e Meteorological sensors (not applicable to atmos-
phereless bodies such as NEOs of course!)

Many of the penetrators flown or proposed have
technological features that may be applicable to NEO
missions. These include propulsion for braking or ac-
celeration, attitude control, low-temperature shock-
resistant components, miniaturisation, and experiments
for seismology, thermal and mechanical properties and
water ice detection. Sadly, neither the Mars 96 pene-
trators nor the DS-2 Mars Microprobes completed their
missions—L unar-A now has the task of demonstrating
penetrator technology on another world for the first
time. The following list gives key references for pene-
trator missions and proposals:

*  Mars 96 Penetrators [25]
« DS-2MarsMicroprobes [26,27]
e Lunar-A Penetrators[28]
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* Vesta/ Mars-Aster Penetrators [29,30]

e CRAF/ Comet Nucleus Penetrator [32]

* BepiColombo Mercury Surface Element—Pene-
trator Option [31] and Hard Lander/Penetrator
Option [33]

e Luna-Glob High-Speed Penetrators [34,35] and
Large Penetrators/ Polar Station [36,37]

Soft Landers and M obility: The first soft landers
for asteroid-like worlds were those of the Phobos 1 & 2
missions. Both spacecraft carried a fixed lander (the
DAS, or Long-term Autonomous Station), while Pho-
bos 2 also carried a mobile lander or ‘hopper’ (PrOP-
F) [16]. Sadly, both missions were lost before either
type of lander was deployed.

The payload of the Phobos DAS comprised TV
cameras, the ALPHA-X  spectrometer, the
LIBRATION optical sun sensor, a seismometer, the
RAZREZ harpoon anchor penetrometer and a celestial
mechanics experiment. The lander would have an-
chored itself to the surface and deployed solar arrays,
and was expected to survive for several months.

PrOP-F was 0.5 m in diameter, had a mass of 50 kg
including a 7 kg payload. Measurements were to be
made at several locations within ~1 km of the initial
landing site, spending 20 min at each site. The near-
spherical lander had four ‘whiskers' to turn itself back
onto its circular base after each landing, in order to
bring its sensors and foot-like hopping mechanism into
contact with the surface. Power from the batteries was
expected to last at least 4 hours. PrOP-F's payload was
as follows. ARS-FP apha-X-ray spectrometer, mag-
netometer, Kappameter magnetic permeability / sus-
ceptibility sensor, gravimeter, temperature sensors,
conductometer, and mechanical sensors (incl.
penetrometer).

The Japanese misson MUSES-C, as well as hov-
ering close to the surface of its target asteroid and gen-
tly touching the surface to acquire samples, will also
carry a ‘hopper’ called MINERVA, much smaller than
PrOP-F with a mass of 0.55 kg [17]. Its payload com-
prises 3 CCD cameras, thermal sensors, mechanical
sensors and sun sensors. It will draw power from solar
cells and has an internal motor-driven rotary hopping
mechanism that is able to provide some degree of di-
rectional control for the hopping. Also planned for
MUSES-C but later cancelled was NASA's MUSES-
CN nanorover. Its planned payload comprised a multi-
band camera, a near-IR point reflectance spectrometer,
an APX spectrometer and a laser ranging system. The
problem of mobility on minor bodies is addressed by
reference [38]. New concepts for minor body surface
mobility include the three-legged ‘rock crawler’ from
ISAS.

The idea of self-inserting ‘moles’ to deploy ex-
periments underground or acquire samples has been
around for many years in various forms, e.g. [39], but
only recently has a mole been adopted for actua flight,
in this case for sub-surface sample acquisition on Mars
[40]. Other types of mole have been proposed, for ex-
ample the Inchworm Deep Drilling System concept
[41]. The mole-based experiment for heat flow and
regolith properties measurements on Mercury [20] il-
lustrates some of the potential for integrating a suite of
sensors into amole for in situ experiments.

The cometary mission Rosetta includes a 90 kg
lander with a 26 kg payload designed to carry out a
wide range of investigations on the nucleus of comet
46P/Wirtanen, including imaging, sample analysis and
physical properties measurements [42]. On touchdown
the Rosetta Lander will anchor itself to the surface; the
10 payload experiments include several that might be
adaptable for use in mitigation studies on NEOs. These
include MUPUS (thermal and mechanical properties of
surface and sub-surface material), CONSERT (radio
tomography of the nucleus interior), SESAME (in-
cluding CASSE sensors for measurements of the
acoustic properties of the near-surface layers) and SD2
(sampling drill).

Technology developed for NASA's cancelled ST-4
Champollion mission might also be adapted for use in
mitigation studies on NEOs, including the Comet
Physical Properties Package (CPPP) and the pyrotech-
nically-driven telescopic anchoring spike [10].

Discussion: NEO mitigation studies by surface
missions are likely to include seismic tomography and
measurements of mechanical and therma properties
and volatile content. Such experiments should be per-
formed on a set of example objects reflecting the diver-
sity of the NEO population. There is choice of surface
mission architectures to achieve such goals, namely:

» Single fixed surface station—good for detailed
composition measurements by on-board sample
analysis

* Mobile surface station—good for coverage of sur-
face properties at varied locations

* Network of surface stations—good for tomogra-
phy as well as coverage
Of these, the scientific requirements of surface-

based NEO mitigation studies seem best served by a
network of fixed surface stations, possibly supple-
mented by a mobile surface element for improved cov-
erage of particular properties, and/or the capability for
sub-surface mobility (perhaps a penetrator forebody
that is also amole?).

Fixed soft landers may need anchoring, of course—
indeed this is essential on fast-rotating NEOs. Surface



mobility would appear difficult for such bodies—per-
haps this is an area for future investigation? A require-
ment for anchoring immediately implies a need for
some form of attitude control, to ensure correct de-
ployment of the anchoring system.

The likely requirements for anchoring, good seis-
mic coupling, and sub-surface measurements of me-
chanical and thermal properties and volatile content al
point towards penetrators rather than soft landers as the
appropriate vehicles for surface-based NEO mitigation
studies.

The low escape velocity of NEOs means that a
penetrator’s impact speed has to be achieved either by
on-board propulsion—resulting in extra mass and
complexity—or with the arrival speed of the carrier
spacecraft. A high-speed flyby scenario would seem to
be ruled out, given the resulting short duration window
for data relay and other measurements, as well as the
possible need to perform initial mapping of the NEO to
enable impact site selection. A separate spacecraft sent
to rendezvous with the NEO could perform these func-
tions, however. On the other hand, if the required
penetrator impact speeds are not much larger than
60 ms?, the carrier could arrive at such a relative
speed, deploy its salvo of penetrators and then fire its
thrusters to achieve rendezvous.

Practical considerations for penetrators include the
availability of ground test facilities capable of accom-
modating the appropriate impact speed, projectile mass
and diameter and representative targets. Simulation
tools are clearly important, given the cost of impact
tests. All system and payload components must have
sufficient shock resistance, and shear forces must be
considered as well as axial loads, an issue related to the
provision of attitude control of the penetrator.

In summary, investigations related to NEO mitiga-
tion will require surface and sub-surface instrumenta-
tion where other means cannot meet the requirements.
Many of the component technologies exist already but
technological development and mission studies are
currently needed in a number of areas.
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UNDERSTANDING THE DISTRIBUTION OF NEAR-EARTH OBJECTS. W. F. Bottke, Southwest Research Institute,
Boulder, CO 80302, USA, (bottke@boulder.swri.edu), A. Morbidelli, Observatoire de la Cote d’ Azur, Nice, France, R. Jedicle,
Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ 85721.

The orbital and absolutemagnitudedistribution of the
NearEarthObjects(NEOSs)is difficult to compute partly be-
causeknowvn NEOsare biasedby complicatedobserational
selectioneffects but also becauseonly a modestfraction of
the entire NEO populationhas beendiscovered so far.  To
circumwent theseproblems,we have usednumericalintegra-
tion resultsand obsenational biasescalculationsto createa
modelof theNEO populationthatcouldbefit to known NEOs
discoreredor accidentallyrediscoeredby Spacevatch. This
methodnotonly yieldsthe debiasearbital andabsolutemag-
nitude distributions for the NEO populationwith semimajor
axisa < 7.4 AU but alsotherelative importanceof eachNEO
replenishmensource.

We list a few of our key findings here, with a full ac-
countinggivenin Bottke etal. (2002a,lcarus156,399). Our
best-fitmodelis consistenwith 960 + 120 NEOshaving abso-
lute magnitudeH < 18 anda < 7.4 AU, with approximately
55% found so far. Our computedNEO orbital distribution,
whichis valid for bodiesasfaintasH < 22, indicateghatthe
Amor, Apollo, andAtenpopulationsontain32+1%, 62+1%,
and6+1% of the NEO population respectiely. We estimate
thatthe populationof objectscompletelyinside Earths orbit
(IEOs)arisingfrom our NEO sourceregionsis 2% the sizeof
theNEOpopulation.Overall,ourmodelpredictghat37 +8%,
25 + a3%, 23 + 9%, 8 + 1%, and6 + 4% comesfrom the
ve resonancethe intermediate-sourc#lars Crossing(IMC)
region (i.e., a populationof Mars-crossingsteroidswvith per
iheliong > 1.3 AU locatedadjacento the mainbelt), the 3:1
resonancaheoutermainbelt,andtheJupiterfamily cometre-
gion, respectiely. Theinflux ratesfrom themainbeltneeded
to keepthe NEO populationin steady-statés 790 4 200 ob-
jectsperMyr. 72%of theseobjectscomefrom the outermain
belt, where chaotic diffusion of objectsis strong. We also
estimatethatthereare60 + 51 extinct cometswith H < 18
in the JFC-NEOregion. Thisvaluecorrespond$o 200 + 160
km-sizedcometsin the JFCregion, with 78% of thembeing
extinct comets.

Applying the resultsof this model,our teamhasalsode-
velopedamethodfor determiningthe debiasedilbedo/orbital
distribution of the NEOs(Morbidelli etal., 2002,Icarus158,
329.). Ourwork shavs thatanobsenrationallycompleteNEO
populationwith diameterD > 0.5 km shouldcontain53%
bright objects(e.g., S-typeasteroiddike 433 Eros)and47%
dark objects(e.g., C-type asteroiddike 253 Mathilde). By
combiningour orbital distribution modelwith our albedodis-
tribution model,and assuminghat the densityof bright and
dark NEOsis 2.7 and1.3 g cm™3, respectiely, we estimate

thatthe Earthshouldundego a 1000megaton(MT) collision
every 64,000years. On average,the bodiescapableof pro-
ducing1000MT blastsarethosewith H < 20.5; only 18%of
themhave beenfoundsofar.

We have alsocombinedour debiasedNEO populationre-
sultswith a suney simulatorin orderto investigatethe time

neededby existing NEO suneys to find 90% of the NEOs
largerthan1 km diameter In our mostrealisticsurney sim-
ulations,we have modeledthe performanceof the LINEAR

suney over the 1999-2000(inclusive) period (Jedicle et al.

2002, Icarus,in press.). Testsindicatethat our suney sim-
ulator doesa reasonablgob at reproducingLINEAR’s NEO
detectionoverthistimeframe. For thisreasonwe have some
confidencehatextendingour simulatorresultsinto the future
will alsoproducerealisticresults.

Our resultsindicatethat existing sureys (as of January
2001)will take another33 £ 5 yearsto reach90% complete-
nesdor D > 1 kmasteroidsOurpredictedimescaldo reach
the Spacguardgoalis longerthanotherrecentestimatese-
causeour undiscoered NEOs have a very different orbital
distribution thanour discoreredNEOs. Corversely adwvances
in sunwey technologyover the last 6-12 monthshave allowed
LINEAR to improve their limiting magnitude(J. Evans,per
sonal communication),suchthat they can now find fainter
objectsthanthey couldasof January2001. We arestill inves-
tigating the implicationsof their changegandimprovements
madeto otherNEO sunweys), but our testresultssuggesthat
the Spacguardgoalcouldbeachisredassoonas2014,better
thanthe2035estimategivenabove. We believe thisissuewill
needto be continuallyrevisited over the next several yearsas
suneys getbetteratfinding NEOs.

We have not yet attempteda cost-benefianalysis put our
resultssuggesthatalocal-areanetwork of telescopesapable
of coveringmuchof thesky in amonthto limiting magnitude
V ~ 21.5 may be administratvely, financially and scientif-
ically the bestcompromisefor reaching90% completionof
NEOslargerthan1 km diameterby 2008. We find that dis-
tributing suney telescope longitude/latitudemay produce
a25%savingsin thetime neededo reachtheSpacguardgoal.
Thisvaluecanbeusedo assestherelative merits of asouthern
hemispherdEO suney againstactorslik e cost,time needed
to reachoperationaktatusgtc. Ourresultsalsoindicatethata
space-baseshtellitesurnvey onanorbitinsideEarthorbit (e.g.,
perihelionnearMercury) would offer significantadvantages
overterrestrialsuneys, suchthata Discovery-classmissionto
discorer NEOsmight bewarranted.

For moreinformationon thesetopics,pleasego to:

http://www.obs-nice.fr/morby/ESA/esa.html
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ABSTRACT

The threat of possible collision of asteroids and
comets with our planet has reached an international
stage sincel990 when U.S.A. Congress set up a
dedicated committee for the analysis and the
assessment of this problem. The U.N. organized a
congress later on to summarize the current
knowledge on this subject as well as the
European Council recommended its member
states to conduct studies to further deepen the
understanding in terms of tackling and solving
this kind of problem interesting the entire world.
IMPACT is the acronym for “ International
Monitoring Program for Asteroids and Comets
Threats “ coming out as proposal from a study
funded by the italian region PIEMONTE
throughout the Civil Protection Bureau and
performed by the Planetology Group of the
Astronomical Observatory of Torino (Italy) for
the scientific side and Alenia Spazio for the
engineering part.

They have carried out a series of analyses aimed
at contributing in subsequent steps to the solution
of the two fundamental problems associated to
the potential impact threat: the assessment of the
numbers of killers/terminators and the impact
rates from one side and the development of the
idea of considering space segments for
supporting activities of discovery as well as the
physical and mineralogical characterization
using satellites in orbit around the Earth.

The present paper will ponder a synthesis of the
activities performed during this and other
additional studies also funded by the European
Space Agency where the space technology
appears to offer a great contribution if
conveniently integrated with the Earth networks

for Potentially Hazardous Asteroids ( PHA )
detection.

THE THREAT

The highly spectacular collision between comet
P/Shoemaker-Levy 9 and Jupiter might be
already forgotten, but recently two asteroids such
as 2002 MN on June 14" passed at 74.000 miles
and 2002 EM7 on March 8th, passed within
288.000 miles of the Earth, have recently
brought to the public opinion’s attention and
highlighted a well known general problem whose
practical consequences , however , have never
been examined in sufficient detail, namely that
the Earth may directly collide with heavenly
bodies.

The potential Earth impactors are objects such as
asteroids and comets which belong to our Solar
System having the orbit passing near to our
planet or crossing its orbit ; for this reason In the
literature they are known as N.E.O. (Near Earth
Object ) as well as E.C.A. ( Earth Crossing
Asteroid ).

Scientists and astronomers supported by
numerous enthusiast private amateurs are making
surveys of the sky for detecting those objects and
studying NEO characteristics ; some of them
have been discovered and analyzed but the
common understanding is that the discoveries are
still far from the preliminary estimate done by
scientists as E. Shoemaker, E.J.Opik and many
others.

Only one third of the 1 km diameter class
asteroid is well known.

The close call of June 14th with the football-
field sized asteroid is important because of the



risk associated to the mass non negligible
(diameter within 50 and 120 meters) or 70-100
meters, following other source, and the estimated
velocity of 23.000 miles per hour and for the fact
that we did not even see it, it had passed us only
three days after.

Worries about an asteroid collision with Earth
have grown in part because a better detection net
has revealed how many close calls our planet has
had. In any case both the 2002 MN and the
previous 2002 EM7, that passed within 288.000
miles of Earth, came from “blind spot” near the
sun and have not been detected until several days
after they passed.

Many scientist are oriented to the discovery of
these objects because very few of them have
been discovered.

Some other scientists are focusing their attention
on the assessment of the potential damage
coming from an impact of the asteroid or the
comet with the Earth. In this case is of extreme
importance define the dimensions of the celestial
body , the orbit and the velocity along the orbit
and the chemical/mineralogical composition for
computing the impact energy and the related
release methodology. Having understood that the
impact energy is very important and of the order
of thousands megatons equivalent is coming
important “ to characterize “ the object, defining
size, inertial characteristics and average density.
For the above reason it is important to discover
the NEO from 1 km in diameter and above
(because to them is connected a cataclysm that
will terminate the life on the Earth surface) but is
important in any case investigate the celestial
bodies of 0.5 km because they are not less
hazardous and also the 100 m in diameter
because they could kill millions of persons and
destroy entire cities and surroundings.

Then the problem focusing the attention of many
scientists has to be how to detect and study the
NEO.

A SPACE SEGMENT FOR
MONITORING THIS THREAT

The main consideration for using space and then
satellites in orbit is coming directly from the
scientists themselves that are requiring time for
observation in the major institutes, where sun
and the other planets are observed with priority.
The apparent solution would be to build up other
telescopes specifically utilized for the NEO
discovery , follow-up and characterization.

The second point is also given by the scientists

complaining for the scarce possibility of
observation in relationships with the weather
conditions, light pollution and atmospheric
absorption for observation in the visible as well
as in the infrared wavelengths.

A telescope in orbit around the Earth such as the
Hubble Space Telescope working orbit in the
visible or as IRAS and ISO with infrared
telescope, thermally controlled in a specific
dewar , are example of what can be obtained,
even if the cost is well higher than a ground
based telescope.

The availability in terms of operability of the
satellite is full for the whole day for the period of
on orbit lifetime , that might be ranging from two
to five years without any interruption. The
orbital position is also offering additional
features as well as the possibility to observe
specific objects near to the sun that cannot be
detected by ground observatories.

The period of time necessary for detecting all the
asteroids is of the order of twenty/thirty years
considering the number of 1500/1600 bodies and
the rate of discovery of LINEAR organization at
level of forty per year , excluding the celestial
bodies of medium /long period that appear every
fifteen or more years. The same results can be
obtained in orbit in a shorter period of time, in
relationships with potential threat represented by
the fact that till now only one third of the
asteroids are known.

IMPACT AS INTEGRATED SYSTEM
FOR THE NEO MONITORING

The first line of defense is the ability to discover
the NEOs, to compute their orbital parameters
and to simulate their evolution with time; this
allows forecasting possible perturbations to their
orbits, usually arising from close encounters with
the major planets, and the resulting trajectory
disruptions which may eventually lead to
collisions with the Earth.

As repeatedly stressed, in order to better assess
the hazards associated with possible collisions
between the Earth and the NEOs, their physical
and chemical characterization is as important as
their discovery.

One way to improve the precautionary measures
in response to the NEO threat is definitely the
possibility to improve the above mentioned
activities as well as the various tools of
discovery, namely at least six ground based, 2 m
telescopes capable of spotting object with
magnitude 22-24, corresponding to about 100 m



Impactor diameter.

As pointed out in the previous chapter, the use of
artificial satellites may extensively support and
complement the ground-based instruments,
thereby enhancing the overall discovery and
monitoring capabilities. A well coordinated
network including mission control, spacecraft
management and data analysis centers may well
be a stable, viable structure with both a space
and a ground segment and would be able to meet
the protection and security requirements. This is
precisely the approach Alenia Aerospazio has
studied and developed. Where as:

» the asteroid impact hazard is a global issue and
the actions undertaken to tackle it require a broad
participation towards a common goal;

* NEO discovery, continuous monitoring and
follow-up characterization costs are high and can
best be shared at the international level by
exploiting different sinergies;

* active defense research and testing are delicate
issues and are best accepted if widely included in
the framework of a common goal with
worldwide participation.

Astronomical Observatory of Torino and Alenia
Aerospazio have proposed the “IMPACT”
project, for International Monitoring Program for
Asteroid and Comet Threats, aimed at
developing a world-wide system to protect the
Earth from the NEO/ECA/ECC hazard. The
IMPACT system envisages the following main
elements:

» the Scientific Center, i.e. the hub of the system,
where the main command, control, data
collection and analysis, data archiving and
distribution functions are carried out;

» a set of ground stations which receive the
scientific and housekeeping data from various
satellites and from the STONE (for Satellite To
Observe Near Earth ) satellite;

» a set of specialized centers (NSF, for NEO
Study Facilities) supplying specific services such
as local data archiving and distribution;

» the STONE satellite or other Earth-orbiting
satellites which observe the sky and return their
data to the ground;

» external institutions, such as the Public Safety
Protection Offices of various countries and
professional and amateur astronomer centers,
which make use of the data and services
generated by the IMPACT system.

The IMPACT system would meet Civil
Protection requirements for hazard forecasting,
throughout asteroid identification and
characterization, impact timing and effect
assessments, and population type, density and

economy data integration, thereby allowing alert
plans to be prepared to reduce the consequences
of a possible impact. The system would also
ensure support to the surveillance function, i.e.
the continuous monitoring of the ongoing events
and the evolution of possible criticalities, risk
alert and hazard warning.

As far as crisis and crisis aftermath management
is concerned, the IMPACT system could only
provide its mscientific and communication
facilities to support status assessments and co-
ordination efforts of pre-existing networks. In
fact, to date no active defense is available against
NEO impacts, although the day is not far when
NEO studies , asteroids characteristics data base
will allow our missiles (nuclear as well as not)
or other means to be used to protect our planet
from the impact hazard.

The system proposed by Alenia Aerospazio will
take maximum advantage of the experience of
our Company in such areas as ground station
development, scientific satellite development and
Earth observation satellites such as the Cosmo-
Skymed network and Envisat.

The system as proposed might be considered as
an initial step towards a more sophisticated alert
organization with a chain of sentinel satellites
around the Earth and /or space stations with
scientific equipment and acting as control center
or some dedicated platforms, co-orbiting with
Space Station and integration devices to be used
as countermeasures in case of possible impact.
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PHYSICAL CHARACTERIZATION OF NEOs BY MEANS OF REMOTE OBSERVATIONS FROM
SPACE. A. Cellind, M. Delbd, K.Muinoner, E.F. Tedesco S.D. Pric& M. Egarf, M. Ragnf, L. Bussolin6.
YINAF-Torino Astronomical Observatory?Observatory, University of HelsinkfTerraSystems, Inc*Air Force
Research LaboratorjiJniversity of Perugia’Alenia Spazio.

Introduction: The general concept of a dedicated NEOs, however, are difficult to obtain. The only really
space-based observatory for NEO physical characteri-productive way seems in principle to be direct explora-
zation and discovery of new objects belonging to or- tion andin situ experiments, implying that dedicated
bital classes difficult to observe from the ground (At- space missions to a forcedly limited sample of objects
ens, IEOs) is presented. The purpose of such a missiorare strongly needed. There is a wide agreement amon
would be to derive sizes and surface albedos using theghe scientific community that this is the best conceiv-
radiometric technique, and to discover a large fraction able way for obtaining data crucially needed for the
of the existing Atens and IEOs during an operational development of reasonable mitigation strategies. How-
lifetime of a few years. We are currently conducting a ever, this does not mean that we are currently in an er
study funded by the European Space Agency to asses# which remote observations are no longer useful. We
the options and do preliminary design and perform- should take into account two basic facts. First, the
ance trade-off analyses for this kind of mission. Initial NEO population is intrinsically heterogeneous, includ-
results indicate that observations spanning a wave-ing objects believed to have experienced very differen
length interval including the peak thermal emission histories. For instance, the cometary contribution to the
between 5 and 12 microns, are needed and suitable ttNEO population at different sizes is still a controver-
attain the scientific goals of the mission. Intrinsic ad- sial subject, although it is generally believed that bod-
vantages of a space-based platform for reaching theies of asteroidal origin dominate the NEO inventory
above-mentioned objectives are discussed, as well aglown to sizes around 1 km. In any case, it is clear tha
the technical problems to be solved, and an assessmerthe number of bodies which can be reasonably pre
of the overall costs. It seems likely that current tech- dicted to be target of rendez-vous missions will be in
nology is mature for conceiving a relatively cheap mis- any case small, and not sufficient to cover the whole
sion, in which most of the temperature requirements range of diversity thought to be present in the NEO
are met by means of passive cooling. This can be posfopulation. Second, we should not overemphasize whe
sible if the spacecraft orbits sufficiently far from the we really know at present about the physical properties
most intense sources of heat. Different orbital options of NEOs. The situation in the field of physical charac-
for the satellite are being investigated with the leading terization is currently much worse with respect to dis-
candidates being orbits around the L2 Lagrangian covery rate and orbital determination. In a situation in
points of either the Earth or Venus. Both options pre- which even a reliable determination of the absolute
sent advantages and drawbacks that must be carefullynagnitude of the objects is subject to considerable er
assessed rors, of the order of 0.5 mag typically, it is clear that it

NEO Physical Characterization: Physicalcharacteri- is even more difficult to obtain good determinations of
zation of NEOs is essential for a better understanding basic physical parameters like the size and the surfac
of the properties and histories of these objects, and toalbedo. Sizes, for instance, cannot be determined sir
develop credible techniques for hazard mitigation. ply by knowledge of the apparent brightness and dis:
Many of the relevant physical parameters describing tance of the objects, because the apparent brightness
the internal structures of NEOs can only be accurately strongly dependent on the albedo, which varies over ¢
derived from local "in situ" investigations by space Vvery wide range among NEOs (between 0.05 and 0.4)
probes. For instance, it is widely accepted that one ofMoreover, the quoted uncertainties on the absolute
the most critically missing pieces of information con- magnitudes also contribute to unacceptably high uncer
cerns the internal structures of these bodies. Are theytainties in the size determination. As a matter of fact,
mostly consolidated bodies, or are they highly frag- sizes and albedos have been measured for only a ve
mented, porous “rubble piles”? Being able to give a minor fraction of the whole sample of known NEOs.
satisfactory answer to the above question is of the The number of objects with a reliably measured albedc
highest importance for the development of credible is about 50, against a population of more than 200(
hazard mitigation strategies, and would also imply a objects. This introduces some relevant uncertainties
huge step forward in our general understanding of about the predicted inventory and size distribution of
NEOs, their likely origin and the histories of their par- the population, and consequently on the impact hazarc
ent bodies. Information about the internal structures of which is obviously dependent on the number of poten-



tial impactors in different size ranges. Therefore, we albedo measurements of NEOs by adopting the mos
are convinced that remote sensing is still, and will re- suitable observing techniques to reach this goal. This
main also in the near future, absolutely necessary toconclusion is also in agreement with some statement
provide valuable information on the distributions of and recommendations issued at the end of the Eric
important physical parameters such as size, geometricSpace Chemistry School, July 2001, on “The Physical
albedo and spectral reflectance. The most debatedProperties of Potential Earth Impactors: Know Your
problem in this respect is to evaluate what kind of ob- Enemy”: “The most crucial datum needed for assessing
serving facility can best meet the needs of NEO physi- the NEO hazard is the size of the objects. This informa
cal characterization. Currently, most physical data tion is lacking for the majority of known NEOs and is
about NEOs have been obtained from spectrophotome-the highest measurement priority after discovery and
try and spectroscopy at visible wavelengths. In other orbit determination”

words, we know mostly the colors and in some cases The Role of Radiometry: Radiometry, spectros-
the visible spectra of a sample of about 200 objects.copy, photometry, polarimetry and radar experiments
This is sufficient to derive a general taxonomic classi- are the most important techniques which can be (an
fication of these objects. It should be taken into ac- are) used for the purposes of NEO physical characteri
count, however, that in some cases an ambiguity re-zation. Each technique has its own advantages an
mains, since there are taxonomic classes, like,/5,M drawbacks, needs different instrumentation, and is abl
which cannot be distinguished on the basis of visible to provide different kinds of information. In principle,
colors or spectra, alone. Additional information on the all the above techniques should be used, since the
objects’ albedo is needed in these cases, but this isicely complement each other. Among them, photome-
rarely known in the case of NEOSs. In the case of maintry and spectroscopy must be discarded as priman
belt asteroids, it is known that different taxonomic tools for the determination of sizes and albedos, for the
classes are characterized by different ranges of albedoreasons explained above. Among the remaining tech
In this way, apart from the cases of the E,M,P objects, niques, thermal radiometry is the most efficient means
knowledge of the taxonomic classification can be in of gathering data on the sizes and albedoes for signifi
principle sufficient to have some estimate of the aver- cant numbers of NEOs in relatively short times. This is
age albedo of the corresponding objects, and this camalso shown by the fact that the vast majority of data or
be used, knowing at the same time also the absoluteasteroid sizes and albedos have been collected so fi
magnitude H, to derive reasonable estimates of theby means of radiometric observations (IRAS and MSX
sizes. This could also be applied to NEOs in principle, catalogs [2]). Thermal radiometry is based on the fact
since the determination of colors and/or spectra neededhat both the amount of scattered sunlight from the sur
for taxonomic classification can be done using sizeableface of an object and its thermal emission at IR wave:
telescopes. This kind of albedo and size estimate islengths depend on the size and albedo of the body. Th
very indirect, however, and not very precise due to the situation is complicated by the fact that the thermal
fact that among the members of any given taxonomic emission is also determined by the distribution of the
class the corresponding albedo range is often not negli-temperature on the object’s surface, but it is true that ir
gible, leading to intrinsic uncertainties in the resulting principle a simultaneous measurement of the visible
size estimates. Moreover, some recent observations ofand thermal IR fluxes from an object leads to the si-
NEOs using the radiometric technique (see below) for multaneous determination of its size and albedo, if
the determination of sizes and albedos, has evidencedome reliable model of the thermal properties of the
several cases in which the measured albedo turns out tsurface is available. The so-call&iandard Thermal

be very unusual fobodies belonging to some given Model(STM) has been successfully applied in the past
taxonomic class [1]. This might be due to the fact that in the reduction of IRAS data, whereas more recently ¢
NEOs are characterized by different surface properties,new model (NEATM) more specifically suited to the
being on the average younger and smaller than maincase of NEOs, which are on the average much smalle
belt asteroids of the same taxonomic class. Whateverthan the observed main belt asteroids, have likely dif-
the reason of these apparent discrepancies, if confirmederent regolith properties and are observed over mucl
by further observations, they would imply in any case wider ranges of phase angles (the Sun- object — Eart
that albedos and sizes of NEOs derived from taxonomyangle) has been developed and applied to NEO radic
are affected by high relative errors. Based on the abovemetric observations [3]. The main problem of radiome-
considerations, and taking into account that sizes andtry is that the thermal emission of the objects peaks ir
albedos are very important physical parameters characthe region around 1@m, where the absorption and
terizing the objects, we are convinced that highest pri- emission from the Earth’s atmosphere constitutes ¢
ority should be given in the near future to the task of major problem for the observations. For this reason,
obtaining an extensive data-set afcurate size and the vast majority of radiometric data for the minor bod-



ies of the solar system has been obtained so far byorder of the flux from a 10 magnitude star at the same
space-based instruments, like IRAS, MSX and 1SO. wavelengths. This means that the stellar backgrounc
This is a first important reason to seriously take into contamination is substantially reduced when observing
account the possibility of developing a NEO-dedicated at thermal IR wavelengths, even at low galactic lati-
space-based observatory. tudes.
Rationale for a Space-Based ObservatorySome

obvious advantages of a space-based instrument with
respect to conventional ground-based telescopes are a o-19)
high duty cycle, the lack of limitations due to the pres- g
ence of the atmosphere, and a wide sky coverage, in- ¢ w=|
cluding regions of the sky at small heliocentric elonga- ;
tions. The latter, is a fact of primary importance. The
reason is that a space-based observatory, in addition to
observing known objects in order to measure their sizes
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and albedos, can in principle more readily detect ob- R 7
jects having orbits that are mostly or totally interior to . T e e

the Earth's orbit. These objects, Atens and IEOs, are ot M ey O 1008
difficult to observe from the ground. As a matter of Figure 1

fact, we are still waiting for the discovery of the first
IEO, in spite of the fact that these bodies must exist,
since integrations of the orbits of known NEOs indicate
that during their evolution these objects spend some
fractions of time as IEOs [4]. Apart from Atens and
IEOs, moreover, it should also be taken into account
that simulations carried out recently by Chesley and co-
workers, and presented at the Arlington workshop,
show that current ground-based searches are not able t . .

e major sources of heat, in order to perform most of

discover all the potential impactors hidden in the NEO the necessary cooling (telescope optics, baffle) pas

population, one reason being also that these objects . . .
should be detectable in advance mainly in the regionss'vely' without the need of heavy (and expensive) tanks

between 90 and 120 degrees from the Sun, where cur®f ydrogen or helium. Only the IR array needs to be
rent surveys, including LINEAR, do not observe effi- 00led to temperatures of the order of 20K by means o
ciently. On the basis of all the above considerations, we2Ctive devices, such as  inverse Brayton cryocoolers
believe that the development of a dedicated space-1n€ IR array should ideally have a cut-off wavelength
based observatory would be well justified by the fact Slightly beyond 10-11 mm. This makes HgCdTe ar-
that such facility could perform efficiently two separate fays ideal candidates, but other options are also poss
tasks, namely the determination of sizes and albedosPle and are currently under consideration. Two main
and the discovery of objects visible from the Earth at OPtions are under scrutiny for the focal plane assembly
small solar elongation angles. No ground-based obser-(1) @ visual + IR option, in which observations are also
vatory can conceivably be built or improved in order to carried out simultaneously at visible wavelengths by
accomplish the same tasks above with the same effi-adding a CCD detector. This option would be better in
ciency as a dedicated satellite. It should also be takenPrinciple for carrying out radiometry, limited spectro-
into account a number of other advantages of a spacePhotometry and for astrometric purposes. (2) A purely
based telescope working at IR wavelengths. First of all, IR sensor. This option makes sense mainly in the cas
the size of the telescope could be modest, of the ordewhere another independent satellite is launched to pel
of 70 cm. The reason is that NEOs are relatively bright form near-simultaneous NEO observations at visible
at wavelengths around 1@m. Figure 1, taken from  wavelengths, thus allowing use of a smaller telescope
[5], shows as an example the predicted spectral energy(not larger than 60 cm) for the IR spacecraft.
distribution for an object 1 km in diameter, observed at ~ Orbital Options: Since the main goals of the mis-
opposition at a distance of 2 AU from the Sun (1 AU sion are the derivation of size and albedo for the larg:
from the Earth). It is easy to see that NEOs, independ-est possible number of known objects, and the detec
ently of their taxonomic type, are relatively bright in tion of the maximum possible number of new Atens
the thermal IR. At visible wavelengths the reflectance and IEOs, we are currently simulating the expected
flux is similar to that from a 20 magnitude star, performances for a number of different scenarios. First
whereas the thermal flux around 10 mm is of the samesince the IR sensor must be locatedffam the major

General concept:We are currently working for a
general concept of mission, with the support of the
European space Agency. The basic idea is to have
low-cost mission which should be an ideal complement
of the activities performed from the ground. This could
be accomplished by means of a modest-size telescog
60-80 cm in diameter) conveniently located far from
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Figure 2. Results of a simulation of observations from L2 of Figure 3. Results of a simulation of observations from
Venus L2 of the Earth

heat sources, like the Earth itself, in ordeperform  these two possible orbital options, using the same cod
efficiently with passive cooling of most of the payload, already developed by [6] in a preliminary assessmen
we are considering orbits librating around the L2 La- of the performances of a space-based NEO surve:
grangian point of both the Sun-Earth and the Sun- compared with those of ground-based surveys. As al
Venus systems. Both options have advantages andexample, some preliminary results of this new analysis
drawbacks. In the case of the Earth L2 option, the ad-are given in Figure 2 for the case of an Aten searct
vantages are a cooler thermal environment, a muchcarried out from the L2 point of Venus, looking around
easier telemetry of the data, and a simpler orbital trans-gpposition. In particular, we give histograms of the
fer from the Earth. The drawbacks are the need to SyS-apparent V magnitudes, phase angle and solar elong:
tematically observe a region of the sky close to the Suntion of the objects at the epochs of first detection.
(typically down to 40 - 50 degrees) to discover Atens Moreover, we give also a plot of the cumulative com-
and IEOs, the fact that the objects are observed at larggyleteness of the discoveries as a function of time. We
phase angles (the Sun - asteroid — spacecraft angle)ysed the same orbital and size frequency distribution:
and exhibit on the average slower orbital motionS, for the Atens and IEOs as previous|y adopted in [6]
making the derivation of the orbits intrinsically more The simulations assume that the satellite scans ever
difficult. In the case of the Venus L2 Option, the advan- five days an area having a width of 30 degrees in ec|ip.
tages are that one can observe around the oppositionjc |ongitude, and 90 degrees in ecliptic latitude. Figure
point, the objects are brighter and move faster, Venus3 js the same as Figure 2, but this time the simulation:
has a faster orbital motion allowing the satellite to scan mimic a survey from the L2 point of the Earth, moni-
the sky at a higher rate. The drawbacks are a more dif+oring a region centered around the point on the eclip-
ficult data telemetry situation, and a longer and more tic 60 degrees away from the Sun (and again, 90 de
expensive orbital trip from the Earth to the final desti- grees wide in ecliptic latitude).

nation. Moreover, the thermal environment is gener- Next DevelopmentsThe study is just at its begin-
ally worse due to the fact of being closer to the Sun ping. While the general concept of the mission is al-
(the flux of photons is about twice as intense as that atready generally sketched, much work is needed to bet
the distance of the Earth). In order to better quantify ter define the most critical technical details. In particu-
the above qualitative considerations, we are currently |ar an assessment of the cooling concept and its de
simulating the efficiency of an Aten/IEO search from mands in terms of power must be accomplished, a



well as a choice of the detectors. Some recent HgCdTe
multi-layer sensors, able to measure the thermal flux
simultaneously in two or even three separate bands
between 5 and 1@m seem very promising candidates
for this mission, in order to apply the NEATM thermal
model. One of the most critical open issues, however,
seems to be that of the computation of the orbits of the
new Atens and IEOs detected by the satellite. Since
ground-based follow-up of these objects seems very
difficult and unlikely in principle, it should be very
important to demonstrate that the satellite alone can be
able to obtain observations sufficient for the purposes
of orbit determinations. We plan to apply for these
purposes the most updated techniques of orbit compu-
tation, like the Probability Ranging method developed
by K. Muinonen and coworkers. All the above analyses
will also be used to decide what is the better orbital
option for the satellite (Earth or Venus L2 options).
Finally, an assessment of the cost will be decisive to
demostrate whether the development of a space-based
observing facility for NEO physical characterization
can really be a reasonable and cost-effective option, as
we tend to believe.

References:[1] Delbo M. et al. (2002Proc.of the
ACM Conf, ESA SP-50 press. [2] Tedesco E. F.et
al. (2002)AJ, 123,1056-1085. [3] Harris A. W. (1998)
Icarus 131,291-301. [4] Michel P. et al. (200®arus
143,421-424. [5] Price S. D. and Egan M. F. (2001)
Adv. in Space Re&8, 117-1127. [6] Tedesco E. F. et
al. (2000)Placet. Space Sci. 4801-816.



What we Know and Don't Know about Asteroid Surfaces
Clark R. Chapman (Southwest Reearch Inst., Boulder)

One of the most fundamental aspects of mitigating an impact threat by moving
an asteroid involves physical interaction with the asteroid. Whether one is bathing
the asteroid surface with neutrons, bolting an ion thruster or mass driver onto the
surface, or trying to penetrate the surface in order to implant a device below the
surface, we need to understand the physical attributes of the surface. Of course,
we must understand the surface of the particular body that, most unluckily, is
eventually found to be headed for Earth. But, in the meantime, it will advance our
ability to design experiments and understand data concerning the particular body if
we have thought, in advance, about the range of surface properties we might
encounter.

We already know, from meteorite falls, that asteroidal materials can range from
strong nickel-iron alloy (of which most smaller crater- forming meteorites, like
Canyon Diablo, are made) to mud-like materials (like the remnants of the Tagish
Lake fireball event). But the diversity could be even greater, especially on the
softer/weaker end of the spectrum, because the Earth's atmosphere filters out such
materials. That is why many meteoriticists doubt that we have any macroscopic
meteorites from a comet. We could readily expect some icy, snowy, frothy, and
dusty materials on the surfaces of asteroids and comets, and perhaps still stranger
materials (e.g. with the structure of styrofoam).

A common framework for thinking about asteroid surfaces is to extrapolate
from our very extensive knowledge of the lunar regolith. Indeed, there is a
considerable literature concerning asteroid regoliths (mostly published in the
1970s and 1980s) based on theoretical extrapolation from lunar regolith models
and on inferences from what are termed "regolith breccia" meteorites. These
studies suggested that we should expect both similarities and differences from our
lunar experience, for asteroids several km in diameter and larger. Less thought
was given to smaller asteroids, except that at small sizes there must eventually be a
transition to a "bare rock in space."

The Earth-approaching asteroid Eros is large enough that it was expected to
have a roughly lunar-like regolith, although perhaps somewhat coarser and less
well mixed. A major surprise from the NEAR Shoemaker mission to Eros is that
its surface is totally unlike the Moon's, particularly at spatial scales of centimeters
to tens of meters -- just the scales relevant for human interaction with an asteroid.
The Moon is covered with a well-churned regolith (basically a dusty and sandy
soil, with occasional larger rocks and boulders, especially near recent craters large
enough to have penetrated the several-meter-deep regolith down to bedrock), and
its surface is characterized by innumerable small craters. Eros, on the other hand
and despite its lunar-like appearance at spatial scales larger than ~100 meters, has
been found to have relatively few craters tens of meters in size, and almost no
craters cm to meters in size. Instead, the surface of Eros is dominated by countless
rocks and boulders, except in localized flat areas (nearly devoid of both craters and
rocks) that have been called "ponds". (Examples of high-resolution views of Eros
are shown below, with lighting from the right. The top view is the fifth last picture



of Eros’s surface, showing a surface strewn with rocks and boulders, the largest
about three meters across. The final frame shows the transition to a flat terrain,
probably a “pond”-like surface within a small crater in which NEAR Shoemaker
landed; a basketball has been inserted for scale.)

The lesson is that extrapolations from meteoritical and lunar studies proved
wrong. Evidently, our generalized understanding of the processes that shape
asteroid surfaces is wrong in one or more fundamental ways. The way that we can
really tell what an asteroid surface is like is to measure it directly rather than to
theorize about it.

It is tempting to draw inferences from the NEAR Shoemaker data about what
the surfaces of asteroids, or at least of S-type asteroids, are like. Indeed, it is the
best evidence that we have. But, as indicated above, the NEAR Shoemaker
surprises are not yet understood, although some hypotheses have been offered.
And there is much that we don't know. The ponds are thought by many to be
deposits of fine particulates (e.g. electrostatically levitated dust), but our best
resolution is only a couple of cm and we do not even know for sure that these
surfaces aren't solid and hard. Although the NEAR Shoemaker spacecraft landed
on Eros' surface, we never got to see the gouges it may have made.

Even once the NEAR Shoemaker data are thoroughly analyzed, it is not clear
how relevant the interpretations will be for asteroid mitigation, which will
certainly involve much smaller bodies. In terms of self-gravity, the multi-hundred-
meter body we might want to deflect from Earth impact is as different from Eros
as Eros is from the Moon. These bodies will likely have essentially no modern
regolith on them at all. But there may be legacy regoliths, evolved on the larger
bodies from which the small bodies were formed...or almost any kind of
unexpected structure.

Although it would seem to be imperative to understand the nature of the surface
of any body we want to deflect, our knowledge may always be imperfect. Thus
the best deflection technology would be one that is least sensitive to differences in
the nature of the target. Those technologies that are inherently low thrust and that
distribute force across the broadest cross-section of the body would seem to better
meet such an objective.






IMPLICATIONS OF THE NEAR MISSION FOR INTERNAL STRUCTURE. A.F. Chengl
"The Johns Hopkins University Applied Physics Laboratory, Laaurel, MD 20723, andrew.cheng@jhuapl.edu

On 14 February 2000, the Near Earth Asteroid
Rendezvous spacecraft (NEAR Shoemaker) began the
first orbital study of an asteroid, the near-Earth object
433 Eros. Almost a year later, on 12 February 2001,
NEAR Shoemaker completed its mission by landing on
the asteroid and acquiring data from its surface.
Previously, on June 27 1997, NEAR performed the
first flyby of a C-type asteroid, 253 Mathilde. These
two asteroid databases provide a basis for inferences to
be made regarding physical properties and internal
structure relevant to mitigation.

Results from NEAR Shoemaker's study of Eros
include the following (reviewed, e.g., by Cheng 2002).
The bulk density is 2.67 +/- 0.03 g cm”, almost
uniform within the asteroid. No evidence was found
for compositional heterogeneity or an intrinsic
magnetic field. The surface is covered by a regolith
estimated at tens of meters thick. A small center of
mass offset from the center of figure suggests
regionally nonuniform regolith thickness or internal
density variation. Blocks have a non-uniform
distribution consistent with emplacement of ejecta
from the youngest large crater. Some topographic
features indicate tectonic deformations. Several
regional scale linear features have related orientations,
suggesting a globally consolidated internal structure.
Structural control of crater shapes hints that such

internal structure is pervasive.

Eros is interpreted to be extensively fractured but
without gross dislocations and/or rotations (Prockter et
al. 2002) - it was not disrupted and reaccumulated
gravitationally. Some constraints can be placed on its
strength. The consolidated interior must support a
shear stress at least on the order of a few bars. Crater
morphologies can be interpreted as suggesting a
"strength" near the surface of a few tens of kPa.

The NEAR flyby of Mathilde revealed a heavily
cratered surface with at least 5 giant craters, close to
geometric saturation (see, e.g., review by Cheng 2002).
Mathilde’s density was unexpectedly low at 1.3 +/- 0.3
g cm”, indicating a high porosity. Such a porosity may
be consistent with a rubble pile structure. This high
porosity is key to understanding Mathilde's collisional
history, but there are structural features, such as a 20-
km long scarp, and polygonal craters indicating that
Mathilde is not completely strengthless (Thomas et al.,
1999). At least one of Mathilde’s structural
components appears coherent over a few tens of km.
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Examples of linear structural features on Eros. These ridge and groove systems areat least several km long
and display topographic relief on the order of 100 m (e.g., Cheng et al. 2002). The ridge called out in the
figure is approximately coplanar with an 18 km-long ridge system on the opposite side of Eros, suggesting a
through-going fracture, and supporting the inference that Eros is not a rubble pile (e.g., Prockter et al.,
2002). The 5 km crater Psyche is also called out in the image.



EARTH IMPACTORS: ORBITAL CHARACTERISTICS AND WARNING TIMES. S. R. Chesley, Jet Propul sion Laboratory,
California Institute of Technology, Pasadena, CA 91109, USA, (steve.chesley@jpl.nasa.gov), T. B. Spahr, Center for Astrophysics,

60 Garden Street, Cambridge, Massachusetts 02138, USA.

1 Introduction

The most important requirement, scientific or otherwise, for
any impact mitigation is the recognition of the hazard, since,
in the absence of a perceived impact risk, there is neither the
incentive nor the capability to address the threat. Therefore,
the success of any potential mitigation effort will rely heavily
upon our ability to discover, track and analyze threatening ob-
jects. In this presentation we will consider the effectiveness
of the present surveying and monitoring capabilities by bom-
barding the Earth with a large set of simulated asteroids that is
statistically similar to the impacting population.

2 Derivation of Synthetic Impactors

To start, we wish to form a large set of "typical” impactors, and
for this purpose we begin with the debiased NEA population
model developed by Bottke et al. (2000). Starting with 10°
values for semimajor axis a, eccentricity e and inclination 4
that represent the Bottke et al. NEA distribution, we generated
~ 2x 108 NEAs by adding uniformly distributed longitudes of
ascending node 2 and arguments of perihelion w. This initial
NEA set was first reduced to about 58,000 objects for which
the minimum orbital separation, or MOID, is low enough to
permit an impact. In this development we call this very low-
MOID subset of the NEASs the Potentially Hazardous Asteroids
(PHASs), although this is a non-standard usage. According to
this definition, the Bottke et al. model predicts about one PHA
for every 4000 NEAs.

We next sampled 1000 impactors from among the PHAs
according to the fraction of their orbital period that they spend
within the capture cross-section of the Earth’s orbit, a value
that can range from as much as a few percent for Earth-like
orbits down to 10~ for low-MOID cometary orbits. This
hazard fraction f is similar to the impact probability per node
crossing, and is distinct from, for example, the Opik (1951)
or Wetherill (1967) impact probabilities, which average the
impact probability over the precession cycle of the object. De-
riving the impactors in this way allows for the more hazardous
orbital classes, such as low inclination, Earth-like or tangential
orbits, to have appropriately increased prominence among the
simulated impactors.

3 Impactor Orbital Characteristics

It can be instructive to compare the orbital characteristics of
the entire NEA population with the PHAs and the debiased
impactors. Figure 1 compares the distributions of a, e, ¢, g and
@, where g and @ are the perihelion and aphelion distances,
respectively. From this figure and from Table 1, it is clear
that the impacting population has several distinct features. For
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Figure 1: Orbital characteristics of NEAs, PHAs and im-
pactors.

instance, Earth-similar orbits are prominent among the im-
pactors, as evidenced by the relative excess of impactors with
a ~ 1 AU, low e and low 7. Indeed, low-inclination orbits
are strongly predominant among the PHAs, and even more
so among the impactors. We also note that shallow crossing
orbits, i.e., those with either ¢ or @ within 0.05AU of the
Earth, have a substantially increased prominence among the
impactors. The interior shallow crossers, in particular, have a
ten-fold increase in the impacting population, when compared
to the PHA population.

In general, the encounter and impact velocities of the PHAs
are significantly greater than those of the impactors. Figure 2
compares the cumulative distributions of impact and encounter
velocities between the PHA and impactor sets. The impact ve-

Table 1: Orbital characteristics of NEA subpopulations.

NEAs PHAs Impactors

%) (%) (%)

Shallow Crossers
Interior (Q < 1.05 AU) 1 1 11
Exterior (g > 0.95 AU) 8 22 38
Deep Crossers 61 77 53
Atens (a < 1 AU) 7 7 23
Low inclination (< 5°) 6 25 38
Low V. (< 10 km/s) - 15 53



4 IMPACTOR OBSERVABILITY

locity, which is a good indicator of the AV cost for spacecraft
rendezvous (and hence impact mitigation), has a median about
5 km/s less for impactors than for PHAs. This is due to the
predominance of low-z shallow-crossing orbits for impactors.
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Figure 2: Cumulative distributions of impact and encounter
velocities for the PHA and impactor sets.

Carusi et al. (2002) describe a simplified formula for com-
puting the velocity change required to deflect an asteroid by
a given distance within a specified time interval. Using their
approach, we can compute the required AV to deflect each
impactor as a function of lead time. Taking the geometric
mean of these values we find the relation

0.035 m/s
AV = —T
where T is the number of years before impact that the impulse
is applied. This is half the value offered by Ahrens and Harris
(1994), a very good agreement considering that the disper-
sions around this geometric mean are more than an order of
magnitude.

To this point, we have attached no sizes to our set of
impactors, and in fact we really don’t need to do so, although
we will assume that all have the same absolute magnitude.
For this approach to be meaningful we have to accept the
hypothesis that there is not a correlation between size and orbit
among the NEAs, so that the synthetic impactor set represents
the true impactor population, no matter the size. Thus, with
this approach, we assume that our impactors are statistically
similar to the next 1000 impactors at a given size or in a given
size range.

4 Impactor Observability

With our impactors in hand, we wish to see how and where they
are observable in the decades leading up to collision. Toanswer
this question, we selected the LINEAR Experimental Test Site,
near Socorro, New Mexico, as the observing location. We

consider an object observable if it is situated at least 60° from
the Sun, with proper motion in the range 0.05-10.0°/day and
at no more than 3 air masses. Furthermore, it must be brighter
than the detection limit of the supposed survey telescope.

The question of whether an object is bright enough de-
pends directly upon its assumed size and upon the survey’s
assumed limiting magnitude, or depth. In preparing the eph-
emerides, we only calculated the difference between the visual
magnitude and the absolute magnitude, S = V — H. Givenan
assumed absolute magnitude H and survey limiting magnitude
Viim, the object is considered bright enough to be detected if
S + H < Viim, or equivalently if S < Vi, — H. For this
report, we will vary the assumed H, while assuming a survey
depth of Vi;,,», = 20 throughout. This allows us to frame our
results in terms of absolute magnitude, rather than the much
less intuitive V;;,,», — H. However, this also means that any of
these results can be applied to a different survey depth simply
by incrementing or decrementing the quoted H-value.

Figure 3 indicates the sky-plane density of the 1000 im-
pactors over the 100-year period leading up to impact. The plot
indicates clearly that, for a V;;,, = 20 survey, the most favor-
able region to search for H = 18 impactors is near the ecliptic
between solar elongations of 60° and 90°. There is also a
modest concentration at opposition that stems from the fact
that objects are brightest at full phase. On the other hand, the
low elongation peaks are present because the sky density of ob-
jectsismuch higher as we look through the “belt” of impactors.
However, as the elongation increases, the increasing density
of objects is eventually overcome by the decreasing bright-
ness due to phase losses. These phase losses are more severe
for smaller objects, and the corresponding plot for H = 20
shows the low-elongation peaks are less significant than the
opposition peak. For H = 22, the low-elongation peaks are
no longer significant. We note that this sky distribution differs
significantly from similar plots for the NEA population be-
cause the impactors tend toward lower inclinations and lower
relative velocities.

Another approach to plotting the sky density of impactors
is to weight them according to their likelihood of collision.
In other words, instead of weighting all objects equally when
accumulating the results, we can weight them according to
the hazard fraction f described in Sec. 2. The result of
this alternate approach, which can be thought of as mapping
impact probability onto the sky, is presented in Figure 4 for the
same data set used in Fig. 3. The results indicate clearly that
the hazard-density approach even further accentuates the low-
elongation regions over the opposition region, as compared
to the impactor-density plots. Indeed the hazard density is
predominantly at low elongation for sizes as small as H = 22.

For various reasons, searching the near-sun region is more
operationally challenging than searching near opposition, where
present survey efforts have been concentrated. Also, current
survey strategies are tailored towards fulfilling the Spaceguard
goal of finding all NEAs larger than 1 km in diameter, and
searches for NEAs, as opposed to impactors, are clearly the
most productive around opposition since so many NEAs are of
the Amor class, with orbits completely exterior to the Earth’s.
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Figure 3: Sky-plane distribution of H = 18 impactors at LIN-
EAR’s ETS, assuming a survey depth of Vi;,,, = 20.

On the other hand, a search for large impactors is not expected
to find such an object over human timescales, simply because
large impacts are so rare. However, if a large NEA is set to
impact the Earth in the next century it will most readily be
detected far from opposition, as we show in the next section.

5 Survey Simulations

Given ours set of impactors, one can ask whether and when they
would be discovered by various NEO surveys with differing
sky coverages and faint limits. To this end, we simulated two
fictitious NEO surveys over the century prior to impact. The
first survey, dubbed “OPPOSITION,” is based loosely on the
strategy and capability of the LINEAR system (Stokes et al.,
2000), the world’s most prolific discoverer of NEOs. OP-
POSITION covers the ecliptic and opposition regions heavily
with modest coverage at higher ecliptic latitudes, but no cov-
erage at solar elongations less than 90°. The survey model
assumes 75% clear weather and some down time due to lunar
interference. Figure 5 indicates the distribution of the mean
time between detection by OPPOSITION for the synthetic im-
pactors at various sizes. We note from this chart that the mean
time between detection for most impactors larger than H = 20
will be a few decades or less.

Another interesting result that can be extracted from the
data is the detection lead time. Figure 6 depicts the fraction

Sky Hazard Density, H =18

Ecliptic Latitude (deg)

Ecliptic Longitude (deg from opp.)

Figure 4: Sky-plane distribution of impactor hazard. Same
as Fig. 3, except the residence times in each bin are weighted
according to the associated hazard fraction f for that object.

of impactors that were serendipitously detected by OPPOSI-
TION before impact as a function of the time until impact
and as a function of absolute magnitiude. For example, the
plot indicates that 48% of H = 24 impactors will be detected
sometime in the century leading up to impact, and that only
20% will be detected in the last year before impact. Simi-
larly we can see that, for H = 20 objects, about a third will
be serendipitously detected in the last month before impact,
whereas 12% will be detected in the last week befor impact.
Differencing these two numbers tells us that roughly 20% of
previously undiscovered H = 20 impactors will be detected
with 1-4 weeks of warning time, which, in principle, could
be sufficient to mount an effective evacuation of the impact
region or threatened coastal regions.

Figure 6 also indicates that OPPOSITION would only de-
tect 98% of objects, no matter the size. This is because the
survey never looks beyond 90° from opposition, and so some
shallow-crossing interior objects rarely enter the search region.
To further consider this point we tested a second survey strat-
egy, with equipment and location similar to OPPOSITION.
However, this survey, which we call “NEAR-SUN,” never
searches near the opposition region, instead concentrating ex-
clusively on the high denstity regions indicated in Figs. 3 & 4.
Specifically, NEAR-SUN trolled for impactors within 15° of
the ecliptic and at solar elongations ranging from 60° to 110°.
Figure 7 compares the two surveys’ impactor completeness as
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Figure 5: Histogram of mean time T; between detections for
impactors at various absolute magnitudes, for the OPPOSI-
TION survey. Objects that escaped detection over the entire
simulation are included in the 100-year bin.

a function of time prior to impact for several different impactor
sizes. From that plot it is clear that NEAR-SUN beats OPPO-
SITION at detecting large impactors (H < 18), especially
when the completeness exceeds 80%. But for smaller objects
the phase losses prevent NEAR-SUN from discovering objects
as rapidly.

We can measure survey completeness by the number of
objects detected, as in Fig. 7, or we can measure completeness
by the percentage of the aggregate risk detected, in much the
same way as Fig. 4 projected the risk onto the sky. The result of
this approach is given in Fig. 8, where we can see that, despite
its very limited sky coverage, NEAR-SUN is markedly better at
detecting the most hazardous large impactors, even excelling
as faint as H = 20. Note also that the 2% of impactors
that went undetected by OPPOSITION during the 100-year
simulation actually comprised about 6% of the hazard. This is
because the interior shallow-crossing objects that were missed
hold a disproportionate share of the aggregate impact risk.

The obvious conclusion from these results is that the near-
sun region should not be neglected when searching for large
impactors. However, given that this region of sky is only
observable for a few hours each morning and evening, the
remaining telscope time could be used for an opposition-type
survey, thus concentrating on the two most productive areas of
sky to survey for the most hazardous objects. We also remind
the reader that the size results given in this section are for a
survey depth of Vi;,, = 20. For a fainter survey, the absolute
magnitudes need to be adjusted accordingly. For example, if
we extend the survey to V;;,, = 24, the proposed limit of the
recently announced PanSTARRS project, then Fig. 8 indicates
that the NEAR-SUN strategy would be more effective than
OPPOSITIONs for all sizes of interest (H < 24).

Fraction Detected Later Than (OPPOSITION)

Cumulative fraction

Time from impact (yr)

Figure 6: The fraction of impactors serendipitously detected
later than a given time before impact, for the OPPOSITION
survey.

6 Warning Time: Post-Detection Issues

The detection lead time is important in determining the time
available for mitigation, but it is not the only factor. There are
several hurdles to be crossed before an object is announced to
the community. The first among these is the recognition that
an object has unusual motion. If a survey makes this deter-
minaion it calls out the detection when forwarding the data to
the Minor Planet Center (MPC). If the MPC staff agrees with
the assessment then it is placed on the WWW NEO Confir-
mation Page for verification by other observers. If the object
is followed and confirmed to be an NEA then the MPC will
issue a discovery announcement. At any of these steps a po-
tential impactor detection could be scrapped and thus escape
discovery. It is well known that this actually happens, but it is
very difficult to assess the extent to which these factors delay
discovery of NEAs.

There is also some delay between the discovery of the as-
teroid and the recognition that it poses a threat worthy of mit-
igation. The idea of continually monitoring the ever-evolving
asteroid orbit catalog for possibilities of impact is fairly new,
and the first automatic collision monitoring system was fielded
less than three years ago. Today there are two independent and
parallel systems, at JPL* and the Univ. of Pisa?, that are oper-
ating continuously to scan for potential impacts. These efforts
have been very successful at detecting potentially hazardous
future encounters for newly discovered asteroids and reporting
the results to the NEO community. Follow-up observers have
responded enthusiastically with observations that permit the
hazard assessment to be refined and usually eliminated.

lhttp://neo.jpl.nassa.gov/risk
2htt p:// newt on. dm uni pi . it/ neodys
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Figure 7: Comparison of OPPOSITION and NEAR-SUN sur-
vey performance, in terms of impactor completeness.
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OPTIMAL INTERCEPTION AND DEFLECTION OF EARTH-APPROACHING ASTEROIDS USING LOW-
THRUST ELECTRIC PROPULSION. B. A. Conway, Dept. of Aeronautical & Astronautical Engineering, University of Illi-

nois, Urbana, IL 61801. bconway@uiuc.edu

Introduction: The spectacular collision of the Shoemaker-
Levy 9 asteroid with Jupiter in July 1994 was a dramatic
reminder of the fact that the Earth has experienced many
similar events and will continue to. A consensus is develop-
ing that while the probability for collision is low the potential
for destruction is immense and thus some resources should
be devoted to threat detection and possible interdiction. In
this work optimal (minimum-time) trajectories are deter-
mined for the interception of asteroids which pose a threat of
collision with the Earth. An impulsive-thrust escape from the
Earth is used initially to reduce flight time but is followed
with continuous low-thrust propulsion using values of thrust
and specific impulse representative of electric motors. The
continuous optimization problem is formulated as a nonlinear
programming problem using the collocation method in which
the differential equations of motion are included as nonlinear
constraint equations. The use of low-thrust propulsion after
Earth escape is shown to dramatically decrease the mass of
the interceptor vehicle at launch, or alternatively, dramati-
cally increase the payload mass for a given total interceptor
mass.

One method suggested for the prevention of the collision
of an asteroid with the Earth is to deflect it from its course,
perhaps using the explosion of a nuclear weapon. Solving the
optimal control problem to maximize explicitly the miss
distance of the asteroid is problematic, but a two-stage ap-
proach in which the time to interception, for a given intercep-
tor launch date, is first minimized and then the direction of
the deflecting impulse is optimized to maximize the subse-
quent deflection should in principle yield nearly the same
result. Optimizing the deflection for a given date of intercep-
tion is shown to require only the asteroid orbit state transition
matrix, that is, it is independent of the trajectory of the inter-
cepting vehicle.

Method: The spacecraft is assumed to depart the Earth using
an impulse, perhaps provided by the upper stage of its launch
vehicle. The position in low-Earth orbit and direction of the
impulse are chosen by the optimizer. Once independent of
Earth, the spacecraft uses low-thrust, electric propulsion to
take it to asteroid interception in minimum time. With thrust
on, the orbit elements are continually varying The variational
equations used are those for the equinoctial elements.

The problem is then to choose the time history of the
thrust pointing angles f(in-plane) and y (out-of-plane) in
order to minimize the performance index, which is the time
of flight, subject to satisfaction of the system variational
equations, the system initial condition constraints,

and the terminal constraint (of interception):

The problem is solved using the method of direct colloca-
tion with nonlinear programming (DCNLP) [1-3]. In this
solution method the continuous problem is discretized by
dividing the total time into "segments" whose boundaries are
termed the system "nodes". Each state is known only at dis-
crete points; at the nodes and, depending on how the problem
is formulated, at zero, one, or more points interior to a seg-
ment.

The discretized problem becomes a nonlinear program-
ming (NLP) problem. The parameters are the state variables
(which are the 6 spacecraft orbit equinoctial variables + the
thrust acceleration) at the nodes and center points of the
segments and the control variables (the two thrust pointing
angles) at the nodes, center point, and collocation points of
each segment. There are a few additional NLP variables such
as the final time and the 2 initial pointing angles for the hy-
perbolic excess velocity of Earth escape. The system nonlin-
ear constraints are the "defect" equations which enforce satis-
faction of the differential equations, the initial condition con-
straints and the conditions for interception.

Example: Optimal trajectories have been found for the inter-
ception of Earth-approaching asteroid 1991RB [4]. Its orbit
elements are, as of 9/15/1991,
a=14524 AU, e=.4846,i=19.580 °
Q=359.599 °, w=68.708 °, M =328.080 °
which are very typical of Earth approaching asteroids. This
asteroid approached the Earth to within .04 AU, or 15 lunar
distances, on 9/19/1998. It is assumed for the following ex-
ample that launch from Earth takes place 6 months prior to
the close approach, that is, on 3/19/1998. A constant thrust
-5
acceleration of 8.46 - 10 g is assumed and the specific
impulse of the electric motor is 4000 sec. The resulting opti-
mal trajectory is shown in Figure 1. The time of flight is
2.5096 TU = 145.9 days. The time histories of the optimal
thrust pointing angles are shown in Figs. 2 & 3.
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Using values for structural coefficient and specific impulse
representative of current technology, we have shown that a
two-stage conventional chemical rocket duplicating the mis-
sion shown in Fig. 1, i.e. intercepting the asteroid in the same
146 day flight time, would have a payload of approximately
1 to 2% of mass at ignition. However, the much more effi-

cient low-thrust vehicle would have a payload mass of ap-
proximately 12% of mass at ignition, a very substantial im-
provement.

Maximization of the Deflection: Work has also been done
on the problem of optimizing the deflection of the dangerous
asteroid, at the time of its close approach to Earth, by a given
impulse applied at an earlier time. [5] We assume that a
collision (or near-collision) is imminent, i.e. will occur be-
fore the asteroid has made another complete revolution about
the sun. We show that a near-optimal determination of the
direction in which an impulse should be applied to the aster-
oid, as well as the resulting deflection, can be found without
any explicit optimization. The method is easily applied to the
true, three-dimensional geometry of the problem.

At the time of interception t( the system state transition

matrix ®f t, t determines the perturbation in position

0
(dr) and velocity (8v) which will result at time t due to a

perturbation in position and velocity applied at ty , [6] i.e.,
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Therefore
OT(t) = [R] 6v0 (to)

where the @ matrix is the system state transition matrix and
R is a 3x3 submatrix of this square matrix.
We want to maximize

|6 I‘(tC )| = max ([R] 6'VO ) where the time of inter-

est, tc, is the time of close approach to Earth. Equivalently
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form is maximized, for given gy, if gy, is chosen parallel to

gv T
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we may maximize . This quadratic

T
the eigenvector of [R] [R] that is conjugate to the larg-

T
est eigenvalue of[R] [R] This yields the optimal di-

rection for the perturbing velocity impulse, 3 which will be
expressed on the space-fixed basis since this is the basis on
which [R] is implicitly expressed.

Figure 4 shows the maximum amount of deflection
which can be obtained, at what would otherwise be the time
of close approach to the Earth, as a function of the interval
between interception and close approach of the asteroid
1991RB (on 19 September 1998). The impulse is assumed to
be applied to the asteroid in the direction chosen, as de-



scribed in the previous section, to maximize the deflection at

the subsequent close approach. The figure shows that, if the

asteroid is reached several months before the time of colli-

sion, each 1 m/sec of velocity change imparted to the aster-

oid may yield a deflection distance comparable to the width

of the Earth.
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Physical properties of comets and asteroids inferred from fireball observations
M. Di Martino, INAF - Osservatorio Astronomico di Torino, 10025 Pino Torinese, Italy, dimartino@to.astro.it

Introductioireballs (or bolides) are very im-

portant events to derive basic physical information on
near-Earth objects in a size range for which detection
using conventional astronomical techniques is particu-
larly difficult. The observable features of these events
can provide relevant information about the physical
properties of their parent bodies, and their likely ori-
gin. This may be important, for instance, to better
evaluate the relative abundance of bodies having a
likely cometary origin.
At the same time, a better estimate of the frequency of
fireball events can put essential constraints on the gen-
eral trend of the near-Earth object (NEO) size distribu-
tion, by providing data referring to an interval of the
mass spectrum that is very poorly known at present.
The major problem in fireball observations, however,
is that currently only a minor fraction of the events are
actually detected and recorded, and detections occur
mostly in the form of serendipitous discoveries made
mainly by classified satellites devoted to other pur-
poses, thus natural events, like bolides and airbursts,
may be either overlooked or ignored. The situation can
drastically improve if dedicated observing facilities
will be developed. Due to the large areas of sky to be
monitored for efficient fireball detection, the develop-
ment of a dedicated space-based system is strongly
needed.

The influx of cosmic material on the Earth: The
interplanetary material falling on the Earth each year
(averaging the influx over 100 years) is estimated to be
about 24,000 tons, and it is known that interplanetary
objects of decameter size of probable cometary origin
form the most important part of this influx (about
80%). Nevertheless, they are also the least known
population of interplanetary bodies. This is due to the
inherent difficulty to carry out systematic and global
observations using the present ground-based instru-
mentation and classified satellite data.

Bodies with mass larger than about 0.1 kg produce
fireballs, and our knowledge on them comes mainly
from photographic observations. Meteors brighter than
magnitude —17 are called superbolides, while those of
about magnitude —4 and brighter are called bolides or
fireballs.

The association of a meteor to its parent body
comes first of all from a dynamical aspect. The calcu-
lation of its orbit from the observed dynamical pa-
rameters may allow associating these bodies to comets
or asteroids, but a definitive confirmation of the actual
nature of the original meteoroid can come only from
the analysis of the recovered meteorites. In other
words, meteoroid orbits cannot be solely used to clas-
sify bodies of decameter size as cometary or asteroidal.

Meteor observatiomihe atmospheric interaction
of meteoroids is a primary tool to characterize their

population, including dynamical, physical and chemi-
cal properties. The parameters we can obtain from
meteor observation are: velocity, trajectory, beginning
and terminal (end) heights of the luminous phenome-
non, luminosity (lightcurve), and spectrum. From these
data, the most important problems in the physics of
meteors we have to solve are the determination of their
mass, density, structure and chemical composition, but
this is a challenging task.

To obtain these values, we need good and precise
observations of the meteor phenomenon; moreover, we
need homogeneous material for statistical purposes.
The comparison between observed and theoretical
(modeled) values allows us to obtain information on
the principal physical characteristics of meteoroids
(size, bulk-density, structure, strength and porosity).

Observation of fireballs can provide us data to test
theories for fragmentation, which can be also valid for
larger bodies. The monitoring by space-based sensors
of the whole globe, with the aim at following the at-
mospheric trajectories of decametric size meteoroids,
certainly is the best way of getting direct data on these
bodies. We have to collect data on largest bodies ob-
servable in the atmosphere, which finally may overlap
with those available on smallest asteroids observed by
ground-based NEO discovery programs.

Bolide detection from space-based sensors: Sat-
ellite sensors currently detect bolides with peak bright-
ness greater than about —17 visual magnitude, record-
ing some 30-50 such events each year. Events of this
size are believed to represent impact of masses 1,000
kg and larger. In general, they are not associated with
meteor showers, so are called sporadic. Events devel-
oping energies of about or larger than 10™kt (about 10°
J = 1kt = 4.185x10"” J) are estimated about 10,000-
30,000 per year (for comparison, typical shower mete-
ors have kinetic energies of about 1-10 J). Initial ki-
netic energies of the events detected by satellite-based
sensors are equivalent to energy of 0.05-40 kt. For
typical velocities of 15-20 km/s, this corresponds to
masses in the range of 1-1,000 tons.

The advantages of satellite observations are obvi-
ous. Meteoroids deposit most of their kinetic energy at
altitudes below 60 km (mainly between 30 and 45 km),
the observations can be made 24 hours a day, above
cloud decks, and through a thin atmosphere shell. Ad
hoc imaging visual and IR systems could certainly im-
prove the present detectability rate. Moreover, more
precise trajectories (relying on multiple satellite obser-
vations) and information on atmospheric impacts of the
smallest NEOs could be collected. Such a space system
could help to fill in the gap between telescopic obser-



vations of NEOs and the smallest cosmic planetary
bodies, thus allowing to obtain the missing data be-
tween 10’ and 10° kg mass interval and defining the
size distribution of NEOs at these sizes. In addition,
the knowledge of the minimum dimensions of the
bodies that can reach the ground is extremely impor-
tant to assess the minimum risk threshold. Giving a
more accurate account of this population of small
bodies may provide the opportunity to predict the
probability of their impact.

Eventually, the virtually unrestricted viewing from
space would permit accurate spectral measurements
over a wide range of wavelengths, from the ultraviolet
to the infrared. These would be a useful tool in deter-
mining the chemical compositions and the tempera-
tures of the fireballs, deriving information about the
parent body, and thereby in obtaining clues as to the
type of object the parent body was.

Conclusion: Data obtained by visible and infrared
sensors placed on-board spacecrafts, as those that will
form in the next future the Galileo European GPS sat-
ellite constellation, which will cover continuously the
entire globe from an height of about 23,600 km, would
be one of the best possibility to monitor meteor phe-
nomena developing relatively high energies. Moreover,
a global and systematic monitoring of the Earth globe
from space could allow obtaining statistically signifi-
cant information on the size-frequency distribution of
impacts and probability on the occurrence of Tun-
guska-class airbursts.

We have to consider also that such a space system
would be a powerful tool in helping to avoid misidenti-
fication of bolide detonations as a nuclear attack - with
the connected global security implications - especially
in the case of potential combatant nations having nu-
clear weapons but that do not dispose of sophisticated
surveillance systems. Mitigation, in fact, means also to
protect us from possible “secondary” consequences
due to the interaction of relatively large cosmic bodies
with the atmosphere.
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Introduction: The mass driver reaction engine is
one kind of electromagnetic rocket. Sequentially ener-
gized circular drive coils form the barrel of the engine.
These coils accelerate a solid or liquid propellant car-
ried in the bucket coil down the barrel of the engine.
The bucket coil surfs on a traveling magnetic wave
produced by the drive coils. Dynamic magnetic levita-
tion prevents the bucket's touching the walls of the
engine's barrel. Laser sensors measure the velocity of
the bucket and dynamically adjust the drive coils' fir-
ing. The engine is thus compensates automatically for
faulty coils, capacitors, or other components.

Early designs were aimed at transporting tens or
hundreds of thousands of tons of aluminum, silicon,
and glass from the lunar surface to geostationary orbit
in support of solar power satellite construction.[1] It
soon became obvious that the new high-performance
mass drivers were well-suited to moving asteroids for
mining purposes and for planetary defense.[2]

Mass drivers have some singular advantages for a
long duration mission in an unforgiving environment.
They are rugged. Their use does not require protection
against high temperatures. They can convert electrical
energy to thrust with an efficiency of more than 95%.
The design of mass drivers has benefited enormously
from recent advances in solid-state power switching
devices and in ultracapacitors. A space engine could
use off the shelf components. Because of its inherent
rugged construction, mass drivers should be able to be
relied on for the years long thrusting necessary to di-
vert global killer asteroids.

Mass drivers are unique among engines already de-
veloped for deep space transportation in that, unlike
other concepts, they do not require bringing along
large masses of special propellants.

The major advantage of this approach is that all the
energy can come from the sun and all the reaction
mass is obtained from the mass of the asteroid itself.
The only mass that needs to be transported to the as-
teroid is that of the processing equiptment, power sup-
ply and acceleration coils which convert electrical en-
ergy to kinetic energy.

For the rare objects that could cause global dam-
age, warning-times are likely to be long and the mass-
driver can be used effectively to avoid impacts. To
give an idea of the power required to operate the mass-
driver, consider a NEO with mass one billion tons, a

mass driver with a throw-velocity of 100 meters per
second and a system efficiency of 50 percent, and a
warning-time of ten years. Then the power required to
move the object by 5 earth-diameters and safely avoid
the impact will be 140 kilowatts. This is a modest
amount of power that could easily be supplied by solar
collectors or by a small nuclear reactor. Such a mass
driver engine would fit comfortably in the back seat of
a car.

SSI researchers at Princeton University have de-
veloped critical mass driver subsystems to technology
readiness level 6 under contract to NASA and with
private funding.[3] Specific impulse greater than hy-
drogen oxygen chemical rockets is achievable but ap-
pears unnecessary for the purpose of moving asteroids
or comets.[4]

Such a machine could be a bit better or a bit worse
depending on the talent of the engineer, but we expect
no fundamental show stoppers to the construction of an
engine adequate to deflect even large asteroids, given a
reasonable lead time. No design surprises are expected,
a mass driver of adequate performance should be able
to be constructed with straightforward engineering.
The use of a superconducting bucket coil appears to
offer improved performance relative to ohmic bucket
coils.[5]

Mass drivers do not require a nuclear power source,
a solar power source similar to that used on the inter-
national space station will be sufficient to power the
mass driver during its operational lifetime.

Historical note on mass drivers:

1953 Arthur C. Clarke, now Sir Arthur, describes
an electromagnetic catapult for launching material
from the moon in the Journal of the British Interplane-
tary Society.

1974 Gerard K. O'Neill describes a lunar catapult
called a mass driver. The first mass driver is built at
MIT in 1975.

1979 to 1981 the Space Studies Institute builds
mass driver model II at Princeton with funding from
NASA and private sources.

1981 to 1983 A new magnetic field geometry ma-
chine called the long wave pull only mass driver in-
creases performance and simplifies design using ohmic
buckets.

1983 SSI completes Mass Driver III at Princeton.
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2001 Space Studies Institute and Carnegie Mellon
University’s Robotics Institute begin collaboration on
mass driver setup and operation.

Mass Driver Model 111

the background. The drive coils form the barrel of the
mass driver engine in the foreground. Power cables
trail off to the right.

Remarkable progress was made in reducing the size
and weight of the mass driver over the course of a
nine-year development program. Dr. Brian O'Leary at
the Space Studies Institute pointed out the utility of
mass drivers for returning small asteroids to high Earth
orbit for use in a program of solar power satellite con-
struction in 1979.{2] Following the publication of that
article, mass drivers decreased in size and complexity
and the threat of near Earth objects began to be appre-
ciated, making his conclusions all the more relevant.

Mass Drivers Applied to Planetary Defense.
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Conclusions:

Optimum energy efficiency uses low ejecta veloc-
ity

Despin is cheap relative to deflection

Thicker regolith may be an advantage: larger quan-
tities of reaction mass are required for high energy ef-
ficiency

Robust design for mass driver attachment and of
reaction mass processing and loading are critical

Power supply mass can be traded for mining ma-
chinery mass at a cost of lower energy efficiency

Two mass drivers, one for despin and one for ve-
locity change may be optimal

A solar array like that used on ISS would be suffi-
cient to deflect a 1 Km object in ten years

It is recommended that this little studied approach
receive research funding. One key issue that deserves
examination is the design of mass drivers which are
optimized towards low velocity ejecta since these de-
signs convert the highest percentage of the collected
solar energy to momentum transfer to the asteroid.

References: [1] O’Neill, G. K. (1975) Science 190,
943-947. [2] O’Leary, B. (1977) Science 197, 363 —
66. [3] Snively, L. O. and O’Neill, G. K. (1981) Space
Manufacturing 3, 391 — 401. [4] O’Neill, G. K. (1977)
Astronautics and Aeronautics 16, 324 — 32. [5]
Snively, L. O. (1989) Space Manufacturing 7, 246 -
251
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Initial analysis of the numerically integrated, radar-based
orbit of asteroid (29075) 1950 DA indicated a 20-minute inter-
val in March 2880 during which the 1.1-km object might have
an Earth impact probability of 0.33%. This preliminary value
was supported by both linearized covariance mapping and
Monte Carlo methods. The dynamical models, however, were
limited to gravitational and relativistic point-mass effects on
the asteroid by the Sun, planets, Moon, Ceres, Pallas, and
Vesta. Subsequent extended modeling that included perturba-
tions likely to affect the trajectory over several centuries gen-
erally implies a lower calculated impact probability, but does
not exclude the encounter <http://neo.jpl.nasa.gov/1950da>.
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Figure 1: Arecibo (2380 MHz, 13 cm) delay-Doppler echo-power image of
1950 DA on 4 March 2001, from a distance of 0.052 AU (22 lunar distances).
Vertical resolution is 15 m and horizontal resolution is 0.125 Hz (2.2 mm/s in
radial velocity).

Covariance based uncertainties remain small until 2880
because of extensive astrometric data (optical measurements
spanning 51 years and radar measurements in 2001), an
inclined orbit geometry that reduces in-plane perturbations,
and an orbit uncertainty space modulated by gravitational res-
onance <http://neo.jpl.nasa.gov/1950da/animations.html>.

This resonance causes the orbit uncertainty region to
expand and contract along the direction of motion several
times over the next six centuries rather than increase secularly
on average, as is commonly the case. As a result, the 1950 DA
uncertainty region remains less than 20,000 km in total extent

until an Earth close-approach in 2641 disrupts the resonance.
Thereafter, the same uncertainty region extends to 18 million
km along the direction of motion at the Earth encounter of
2880.

Because of the quality of the dataset, we examined 11
factors normally neglected in asteroid trajectory prediction to
more accurately characterize trajectory knowledge. These fac-
tors include computational noise, Galilean satellite gravity,
galactic tides, Poynting-Robertson drag, major perturbations
due to the gravitational encounters of the asteroid with thou-
sands of other asteroids, an oblate Sun whose mass is decreas-
ing, planetary mass uncertainties, acceleration due to solar
wind, radiation pressure and the acceleration due to thermal
emission of absorbed solar energy [Table].

Each perturbation principally alters the along-track posi-
tion of 1950 DA, either advancing or delaying arrival of the
object at the intersection with the orbit of the Earth in 2880.
Thermal radiation (the Yarkovsky effect) and solar pressure
were found to be the largest accelerations (and potentially can-
celling in their effects, depending on which of two possible
radar-based pole solutions is true), followed by planetary mass
uncertainty and perturbations from the 64 principle perturbing
asteroids identified from an analysis of several thousand.

The Earth approach distance uncertainty in 2880 is deter-
mined primarily by accelerations dependent on currently
unknown physical factors such as the spin axis, composition,
and surface properties of the asteroid, not astrometric mea-
surements. Several additional conclusions are evident from the
1950 DA case.

This is the first case where risk assessment depends on
the object’s global physical properties. As a result of such
dependency, no specific impact probability is quoted here
since the results would vary with our assumptions of numerous
unmeasured or unconfirmed physical and dynamic models.
However, within decades, thousands of other asteroids will
have astrometric datasets of quality comparable to 1950 DA’s
and similarly have their long-term collision assessments lim-
ited by physical knowledge. This will be a substantial change
compared to the present discovery-phase, where orbit uncer-
tainties for newly discovered objects are defined by measure-
ment uncertainties and the time-spanned by the astrometric
data.

Gravitational amplification of perturbations (due to close
planetary encounters) means dynamics that are practically
negligible, even over hundreds of years (including solar pres-
sure and Yarkovsky), become factors that must be included to
correctly assess impact hazard for an object having planetary
encounters.
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Yarkovsky accelerations require
measurement since they differ signif-

Trajectory propagation factor
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icantly for each individual body,
being a function of spin-pole, mass
and global surface properties.

(B) Galactic tide

(D) Solar mass-loss

Solar radiation pressure poten-
tially cancels Yarkovsky for one of
the two most likely 1950 DA pole
solutions, producing an impact sce-
nario similar to the initial detection
case. If the other pole solution is true,
the two perturbations would add,
delaying 1950 DA arrival such that
impact in 2880 would be unlikely

(Fig. 2)
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Figure 2: 500 point Monte-Carlo region from north of ecliptic plane when Earth
passes through the descending orbit track of 1950 DA on 16 March 2880. Sepa-
rate offset lines show possible biases caused by the Yarkovsky force only (Y)
and then all other combined (C) perturbations. Y, marks the result for the direct-
rotation radar-pole case for the case where surface thermal conductivity is 0.1 w/
mK. Vertical lines on Y denote the extent of variation found due to the surface
thermal conductivity for that case. The vertical bars on either side of the nominal
point C depict the Monte Carlo region along-track shift for *30. planetary
masses. A bulk density of 3 g/cc is assumed, this being the lower bound implied
by the observed 2.1216 hour rotation period. This illustrates how Yarkovksy
accelerations could potentially act to counter the other perturbations by advanc-
ing the 1950 DA trajectory region forward on its orbit track, as well as how
manipulation of surface properties could be used to redirect (over centureies) an
asteroid on an impact trajectory.

1950 DA’s trajectory dependence on physical properties
also illustrates the potential for hazard mitigation through
alteration of asteroid surface properties in cases where an
impact risk is identified centuries in advance. Trajectory modi-
fication could be performed by collapsing a solar sail space-
craft around the target body, or otherwise altering the way the
asteroid reflects light and radiates heat, thereby allowing sun-
light to redirect it over hundreds of years.

The next radar opportunity for 1950 DA will be in 2032.
The cumulative effect of any actual Yarkovsky acceleration
since 2001 might be detected with radar measurements
obtained then, but this would be more likely during radar
opportunities in 2074 or 2105 (or earlier if space-based sys-
tems become available). Ground-based photometric observa-
tions might better determine the pole direction of 1950 DA
much sooner.

Reference: Giorgini, J., et al, Science 296, 132-136 (2002).
http://neo.jpl.nasa.gov/1950da
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Introduction: A vital prerequisite for the devel-
opment of an effective mitigation strategy for hazard-
ous near-Earth asteroids (NEAs) is a thorough under-
standing of their physical nature and mineralogical
composition. The known NEA population contains a
confusing variety of objects: there are many different
“animals in the zoo” of near-Earth asteroids. Some
NEAs are thought to be largely metallic, indicative of
material of high density and strength, while some oth-
ers are carbonaceous and probably of lower density
and less robust. A number of NEAs may be evolved
cometary nuclei that are presumably porous and of low
density but otherwise with essentially unknown physi-
cal characteristics. In terms of large-scale structure
NEAs range from monolithic slabs to rubble piles and
binary systems. The rate of discovery of NEAs has
increased dramatically in recent years and is now seri-
ously outstripping the rate at which the population can
be physically characterized. The NEA population is
still largely unexplored.

Which physical parameters are most relevant for
mitigation considerations? Preventing a collision with a
NEA on course for the Earth would require total de-
struction of the object, to the extent that the resulting
debris poses no hazard to the Earth or, perhaps more
realistically, deflecting it slightly from its catastrophic
course. In either case accurate knowledge of the ob-
ject’s mass would be of prime importance. In order to
mount an effective mission to destroy the object
knowledge of its density, internal structure, and
strength would also be required. Deflection of the ob-
ject from its course would require the application of an
impulse or continuous or periodic thrust, the magnitude
and positioning of which would depend on the mass
and its distribution throughout the (irregularly shaped)
body and on the spin vector. In either case mitigation
planning takes on a higher level of complexity if the
Earth-threatening object is a rubble pile or binary sys-
tem.

A very important question is how remotely-sensed
parameters relate to the physical properties relevant to
mitigation scenarios. For instance, what can we learn
about the shape, mass or structure of an asteroid from
optical photometry, thermal-IR photometry, reflectance
spectroscopy, radar observations, etc.? The current
techniques used in the remote sensing of asteroids that
are most relevant to mitigation considerations are dis-
cussed.

Optical photometry: Optical photometry is a very
important source of information on the rotation rates
and shapes of asteroids. Repeated observations of the
rotational lightcurve of a NEA during one or more ap-
paritions can lead to a very accurate rotation period
and an estimate of the spin-axis orientation. Given suf-
ficient resolution of lightcurve structure the basic shape
of the body can be derived via lightcurve-inversion
techniques [1].

A rapidly developing field in which optical light-
curve studies have played a major rdle is that of binary
near-Earth asteroids. Multiple periodicity in lightcurves
has been observed in a number of cases, which cannot
be attributed to the effects of shape or a complex rota-
tion state. The most plausible cause is the presence of a
companion satellite or moon with mutual eclipses and
occultations giving rise to extra dips in the lightcurve.
Analysis of such lightcurves can reveal the period of
revolution of the system and, via Kepler’s Third Law,
the mean bulk density of the bodies.

TABLE 1

Binary Near-Earth Asteroids

NEA Prot LCamp. Dens. Type Notes
[h]  [mag] [gmem?]

3671 Dionysus 271 0.16 2.0 EMC? PHA
54071992 AX 255 0.3 (23)  (S)
313451998 PG 252 0.13  (22) S

351071991 VH 262 0.1 1.6  -— PHA
1994 AW{ 252 016 2.1  -- PHA
1996 FG3 359 009 1.6 C PHA
1999 HF| 232 013 35 EMP

1999 KWy 277 013 2.7 Q PHA
2000 DP1(7 278 022 1.8 C PHA
2000 UG 1 4447 010 15 QR PHA
2001 SLg 240 009 1.9

Based on the web list of P. Pravec:
http://www.asu.cas.cz/~asteroid/binneas.htm

Typical error in density ~ £50%. PHA = potentially hazard-
ous asteroid (MPC definition).

Table 1 lists currently known or suspected binary
NEAs and the rotation periods of their primaries, light-
curve amplitudes, and densities. Bulk densities derived
from binary lightcurves are generally low compared to
the reference densities of the mineral mixtures of which
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asteroids are composed, suggestive of high porosities.
Furthermore, the rotation periods are just a few hours
and the lightcurve amplitudes are nearly all less than
0.2 mag. These data suggest that binary NEA primaries
have significant internal cavities, rotate at a rate just
below the threshold for break-up via centrifugal force
of a strengthless body, and are nearly spherical in
shape, characteristics indicative of consolidated rubble
piles.

Recent radar observations have confirmed the pres-

ence of binary systems in the near-Earth asteroid popu-
lation [2 and references therein]. The rubble-pile hy-
pothesis offers a convincing explanation for the forma-
tion of binary NEAs: a close approach of a rubble pile
to a planet may result in partial disruption of the aster-
oid via a sudden increase in its spin rate. A large frag-
ment that drifts away from the rubble pile in this man-
ner may then remain gravitationally bound to the reset-
tled pile as a moon.
If this model of binary asteroids is correct it is vital to
establish the probability that the next large Earth-
threatening asteroid will be a binary rubble-pile system,
since it is hard to imagine a more difficult scenario for
mitigation planners to deal with. Investigating the
physical characteristics of rubble piles and NEA binary
systems, about which very little is known at present,
and devising appropriate mitigation strategies, should
be assigned a high priority on the mitigation agenda.

Since shape, rotation rate, spin-vector orientation,
density, and possible binary and/or rubble-pile nature
are all crucial parameters for space-mission and mitiga-
tion planning, lightcurve observations are a relatively
cost-effective way of obtaining mitigation-relevant
information about a large number of objects. Much can
be done with 1m-class telescopes and modest CCD-
cameras, although a large amount of observing time
over several years is required to obtain reliable data,
e.g. spin vector orientation, on some objects, depend-
ing on their lightcurve amplitudes and orbital geome-
tries. Furthermore, accurate work on the 1-m class tele-
scopes typically used for such observations is limited
to objects brighter than V ~ 18.5. Larger telescopes are
rarely used for such observations so information on the
large number of small, but still potentially dangerous,
NEAs with diameters less than 300m is lacking.

Reflectance spectroscopy: Spectroscopy is the
main source of information on the mineralogy of aster-
oid surfaces. Analysis of asteroid spectra at modest
resolution in the range 0.3 — 1.1 um in terms of absorp-
tion band depth, spectral slopes, positions of maxima
and minima, etc. reveals details of mineralogical com-
position and allows asteroids to be classed into taxo-
nomic types according to their spectral features. Inves-
tigations of the mineralogical composition of asteroids

are greatly aided by extending the spectral range into
the near-infrared (e.g. to 3 pum).

Spectra of asteroids are compared with those of min-
eral mixtures and meteorite material to identify their
most probable composition. A serious problem in the
taxonomic classification of reflectance spectra is the
mineralogical ambiguity of featureless spectra. Miner-
als such as enstatite, and other iron-free silicates, met-
als, and dark, organic-rich carbonaceous material all
display similar relatively featureless spectra but have
very different compositions and albedos. Therefore, it
may not be possible on the basis of reflectance spec-
troscopy alone to establish whether an Earth-
threatening asteroid were a massive metallic object or a
fragile, porous cometary nucleus of relatively low den-
sity. Such objects would presumably demand very dif-
ferent mitigation approaches. In order to distinguish
between the different taxonomic types giving rise to
featureless spectra the geometric optical albedo of the
object is required. Albedos are most often determined
via a combination of optical and thermal-IR observa-
tions.

Thermal-infrared spectrophotometry: The opti-
cal brightness of an asteroid depends on the product of
its geometric albedo and projected area; these parame-
ters cannot be individually determined from optical
photometry alone. If, however, observations of the op-
tical brightness are combined with measurements of the
object’s thermal emission, both its albedo and size can
be individually derived. The largest database of aster-
oid albedos and diameters compiled to date is based on
thermal-infrared photometry with the IRAS satellite of
some 1800 (mostly main-belt) asteroids [3].

While thermal-infrared measurements have pro-
vided the vast majority of asteroid albedo determina-
tions to date, the extension of the thermal-infrared, or
radiometric, technique to NEAs is not straightforward.
Complications arise in the thermal modeling of NEAs
due to their often irregular shapes, compared to ob-
served main-belt asteroids, apparent wide range of sur-
face thermal inertias, presumably reflecting the pres-
ence or absence of a dusty, insulating regolith (small
objects may have insufficient gravity to retain colli-
sional debris), and the fact that they are often observed
at large solar phase angles.

The problem of irregular shape can be largely over-
come by combining thermal-infrared observations with
lightcurve-tracing optical photometry obtained at about
the same time. The optical photometry allows the infra-
red fluxes to be corrected for rotational variability.

One approach to the thermal modeling of NEAs
that appears to be successful in most cases is a modifi-
cation of the so-called standard thermal model (STM)
to allow a correction for the effects of thermal inertia,
surface roughness, and rotation vector. The STM was
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designed for use with large main-belt asteroids and
incorporates parameters that apply to asteroids having
low thermal inertia and/or slow rotation observed at
solar phase angles of less than 35° [4]. In the near-
Earth asteroid thermal model (NEATM) [5] the model
temperature distribution is modified to force consis-
tency with the observed apparent color temperature of
the asteroid, which depends on thermal inertia, surface
roughness, spin vector, and solar phase angle. The
model thermal continuum is fitted to the observed
thermal-IR fluxes obtained at several wavelengths
around the thermal peak in the range 5 — 20 um. For
further details see [5], [6], [7].

Given sufficient observing time on suitable tele-
scopes, thermal-IR observations offer a means of ob-
taining the sizes and albedos of a significant sample of
the NEA population. Since mass is proportional to di-
ameter cubed, the size-frequency distribution of the
NEA population is of critical importance to the impact-
hazard issue. Since asteroids have albedos, p,, ranging
from a few percent to about 60%, measurement of ab-
solute brightness (H-value) alone allows the diameter
to be determined to an accuracy no better than a factor
of 2, and the mass to an accuracy no better than a fac-
tor of 8.

In order to be able to interpret the number/H-value
distribution of the NEA population in terms of a size-
frequency distribution, the albedo distribution is re-
quired [8]. There is some evidence of a size-
dependency of asteroid albedos that might reflect the
effects of space weathering [6], [9]. Collisional frag-
ments from the break-up of larger bodies would be
younger and therefore have had less exposure to space
weathering and thus have brighter surfaces. Continuous
collisional processing may therefore give rise to a gen-
eral dependence of albedo on size. In the case of NEAs
the effects of space weathering, or rather the lack of it,
may blur the albedo/taxonomic class associations fa-
miliar from studies of main-belt asteroids and compli-
cate the interpretation of reflectance spectra in terms of
mineralogical composition. For these reasons, the study
of NEA albedos is of crucial importance to NEA im-
pact-hazard and mitigation considerations.

Radar observations: Radar is a very powerful
technique for investigations of NEAs, not only for as-
trometric purposes but also for obtaining information
on their sizes, shapes, and surface properties. Given
adequate signal/noise so-called “delay-doppler” images
of objects can be constructed that can show small-scale
structure such as craters on their surfaces. However,
due to the inverse 4™-power dependence of echo
strength on distance, delay-doppler imaging is re-
stricted to those NEAs making very close approaches
to the Earth. Radar results have revealed that NEAs
have shapes ranging from almost spherical to very

elongated and irregular and have recently confirmed
the existence of NEA binary systems [2].

The use of radar in the framework of NEO hazard
assessment and mitigation is described in detail else-
where in these proceedings. For the purposes of the
present discussion we note that results from other ob-
serving techniques can greatly assist the interpretation
of data from radar investigations and vice versa: The
analysis of radar data is aided by the results of light-
curve observations, which can provide valuable input
on spin vectors and shapes for the radar modeling. Ra-
dar observations combined with optical lightcurve data
often provide independent constraints on asteroid sizes
for comparison with diameters obtained from infrared
spectrophotometry (see above). The comparison of
optical and radar albedos provides insights into the
nature and composition of asteroid surfaces.

Summary and Discussion: A wealth of informa-
tion on the mitigation-relevant physical properties of
large numbers of NEAs can be obtained from the di-
verse observing techniques available at Earth-based
observatories, as summarized in Table 2.

TABLE 2

Summary of Mitigation-Relevant Information Obtainable
from Earth-Based Observations of NEAs

Optical photometry Reflectance Thermal-infrared spec- Radar

(lightcurves) spectroscopy trophotometry
® Rotation rates e Minera- ® Sizes ® Accurate
® Shape estimates logical e Optical geometric astrometry
® Spin-axis orienta- composition albedos (p,) (composi- ® Sizes
tion tion) o Radar albedos
o Identification of o (Future: thermal (composition)
binaries inertia; mineralogical o Shapes

o Identification of
binaries (densities)

e Densities
(from modeling
of binary-system
lightcurves)

composition from
wavelength-dependent
emissivity?)

Progress in this endeavor is limited, however, by
the restricted access to the relevant telescopes due to
the observatories’ observation-proposal review proce-
dures, which are designed to maximize overall scien-
tific return in astronomy in general and do not, at pre-
sent, make allowance for the special circumstances of
the NEA hazard assessment/mitigation task.

An important aspect of the application of astro-
nomical remote-sensing techniques to the investigation
of NEAs is the interdependency of the various tech-
niques described above for the interpretation of obser-
vational data. A comprehensive understanding of the
nature of NEAs requires a combination of virtually all
observing techniques available. Rendezvous missions
can provide “ground truth” for a few objects and thus
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aid in the accurate interpretation of Earth-based re-
mote-sensing data, but for a thorough understanding of
the diverse physical characteristics of the overall popu-
lation of NEAs, which is vital for the development of
an effective mitigation strategy, collaborative interna-
tional Earth-based observation programs are essential.

References: [1] Kaasalainen M. et al. (2002) in
Asteroids I1l, (W. Bottke et al. eds.), pp. 139-150.
Univ. Arizona Press. [2] Margot J. L. (2002) Science,
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Rep. PL-TR-92-2049, Phillips Lab., Hanscom Air
Force Base, MA. [4] Lebofsky L. A. et al. (1986)
Icarus, 68, 239-251. [5] Harris A. W. (1998) Icarus,
131, 291-301. [6] Harris A. W. and Lagerros J. S. V.
(2002) in Asteroids I11, (W. Bottke et al. eds.), pp. 205-
218. Univ. Arizona Press. [7] Delbo M. and Harris A.
W. (2002) Meteoritics and Planet. Sci., in press. [8]
Werner S. et al. (2002) Icarus, 156, 287-290. [9]
Binzel R. P. et al. (2002) in Asteroids Il1, (W. Bottke et
al. eds.), pp. 255-271. Univ. Arizona Press.



Speed limits of rubble pile asteroids: Even fast rotators can be rubble piles. K. A. Holsapple, University of
Washington, Box 352400, Seattle, WA 98195 holsapple(@aa.washington.edu

Introduction: (At the mitigation conference, my presenta-
tion included two topics: the observations that support many as-
teroids having a rubble pile structure, and the implications of that
on mitigation scenarios. This is a summary and some recent ex-
tensions of the first topic: on the spin states of asteroids. The
second topic is reported separately.)

The spin states of asteroids are limited by the internal
stresses produced by the centrifugal forces due to spin. An
oft-quoted result ([1] and others) is that a rubble pile,
strengthless material can not have a period less than about
2.1 hours (11 rev/day maximum). Faster spins produce
centrifugal tensile forces at the equator greater than com-
pressive gravity forces, so material would be flung off.

That analysis was for spherical bodies, and [1] suggested a
linear reduction of maximum spin with increasing aspect
ratio for elongated bodies.

A plot shown by several at the conference is shown in
figure 1 (This version was obtained from the website of
Petr Prave(I:J. See alscl)n[2])
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Figure 1. Spin versus size of asteroids. The speed limit of 11
rev/day is shown by the horizontal dashed line. The dozen as-
teroids at the left with diameters less than 150 meters have
spins up to 100 times that limit, they are called the ‘fast rota-
tors’. The recently discovered asteroid 2001QES84 is the first
larger asteroid with a spin above the limit.

It presents the data of spin rate versus diameter for about
1000 asteroids. This plot has two features that should be
noted. The first is the fact that, indeed, all asteroids larger
than 1km (and all except one larger than 150m) are below
the critical spin limit. This is taken as a major indicator of
their possible rubble pile structure. Second, all recently
discovered asteroids less than 150m in diameter have spins
significantly in excess of that speed limit. Those must have
some cohesion, and they are often referred to as ‘mono-
lithic rock fragments’.

The strength of asteroids is an important property for all
dynamical processes involving evolution, disruption,
cratering and mitigation methods. Thus, what do these spin
observations tell us about the strength and internal struc-

ture? What bounds do they give? The answer can be ob-
tained by a detailed study of the complete three-
dimensional stress state induced by a given shape and spin.
This is a report on an analysis of that spin data, and a com-
parison of the data with new analyses of the internal stress
states introduced by the spin of asteroids.

History. Considerations of the stresses in bodies with
gravitational forces and spin date all the way back to New-
ton, 1687, who first considered the equilibrium shape of the
Earth. He made the very simplifying assumption that an
oblate earth could be analyzed as a fluid. Later studies by
Maclaurin, Jacobi, Roche, and Poincare continued along
the same lines: limiting the analysis to fluid bodies, but
considered a variety of ellipsoidal shapes.

More recent studies have assumed linear elastic bodies,
and have determined the internal stress state for arbitrary
ellipsoidal bodies with spin. Then, after the elastic analy-
sis, an additional assumption is required about the strength
model, and different strength models give different results.
An important and often overlooked limitation of these ap-
proaches is an implicit assumption that removal of the
gravity and spin forces would return the body to a state
with zero residual stresses. That assumption is unlikely to
be valid considering the complex history of asteroid forma-
tion and environment.

The spin limit of [1] and others considers the uniaxial
forces only, and not the actual three-dimensional stress
state. Therefore, it was known that it provided only an es-
timate of the actual limit.

Limit Stress States: A more general approach [3] con-
siders complete 3D stress states, and limit states without the
need to consider the history of stress and internal residual
stresses. While the stresses in a body due to given loads
depends upon the stress-strain behavior of the material, the
limit stresses of an elastic-plastic body do not depend on
the intervening stress-strain behavior. That feature is at the
heart of the so-called limit analysis methods of plasticity
theories. For that reason, limit stress states can be derived
without consideration of possible residual stresses, or of the
stress-strain behavior below the limits.

The analysis in [3] determines the stresses in a spinning,
cohesionless ellipsoidal body at the limit spin states. While
the cohesion is zero, the ‘strength’ is most certainly not
zero. The model is that of a Mohr-Coloumb material, in
which the maximum shear stresses increase linearly with
the pressure, the coefficient being determined by the so-
called ‘angle of friction’. Thus, the ‘strength’ is not zero
under non-zero confining pressure. This is the model most
commonly used for geological materials.

In general, the speed limits obtained are functions of
both size and shape, so a plot of the spin limits would need
to be plotted as a function of both. The figure 1 shown
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above is a projection into the spin-size plane of such a 3D

plot. However, for the cohesionless case, the results are 10004 l 587 astexoidstotal
. . . . . . +Eghesion (dynes/cmA2)
independent of asteroid size, so the meaningful plot is the ]
. . . . . . F0.1
maximum spin versus the ellipsoidal aspect ratio, for vari- oot ™S Jbed
ous values for the ‘angle of friction’. Assuming a prolate RN - T N—
body for simplicity, for which the two smaller diameters = P e
. . . -: 77777 47*; "'1 i — _ —— :
are the same, figure 2 shows the limit spin states deter- g 104 i R T 2
. . . o s P aE A e B i
mined by the analysis, as well as asteroid data. 2 ;‘ 1t ie**}i‘{fﬁ Q% 5 by
. R P = )
G% | * '*+$+ + %
5 I
: * . * E100
$=90° 2.1 hr period 0.1 } o T +
1 Prolate Bodies bmc (Harris) :
C-Types NG ; =100
B8 sTypes e 2.6 hrs 001 — e S
%_5 01 1.0 10.0 1000 10000
gfm‘ Diamster (km)
3804 Permissible Figure 3. Spin limit curves for spherical asteroids as a
L fR?gtiO" o function of size for a cohesive, Mohr-Coloumb material
Tiction angle=3 . . . .
b.g K with different values for the cohesion and an angle of fric-
00 tion of 30°. The Pravec data for actual asteroids is super-

00 [ : :
Aspect Ratio b/a
Figure 2. Limit spin states for a cohesionless Mohr-Coloumb
ellipsoidal body, for different angles of friction. The high-
lighted region shows the permissible states for an angle of fric-
tion of 30°. Superposed are the data for about 800 asteroids
segregated into four taxonomic groups. These are the larger
asteroids only, the recently discovered small fast-rotators are
off this curve at the top. It is seen that almost all of these large
asteroids all are within the spin limits determined.

The one-dimensional spin limit estimate of [1] is shown
at the top right. The complete analysis is seen to lower this
limit, with now a minimum period of 2.6 hours for a
spherical body, reducing to a minimum period of about 5
hours, for very elongated bodies, with a diameter ratio of 4
or 5 to 1. However, although the new analysis is much
more refined, the bottom-line conclusion is little changed.
That is, the data of almost all larger asteroids are within the
limits imposed by a cohesionless body. That suggests, but
does not prove, that the larger asteroids are indeed rubble
piles.

Fast Rotators: Now, what about the “fast rotators”?
While they clearly must have cohesive strength, how much
is required? I have since the conference just completed an
analysis extending that of [3] to include both cohesion and
friction components of strength. The complete analysis
will be in a forthcoming paper, but results are presented
here.

In this more general case the results for maximum spin
depend on both shape and diameter, so can be plotted in
two ways. Assuming a spherical shape, the limits depend
only on size. These limits as a function of diameter are
shown superposed on the above plot in figure 3:

posed. The fast rotators are the dozen points at the upper
left.

These results are very interesting. First, note that, just
as for impact cratering, there are two regimes. For the
larger asteroids, the cohesion is of no consequence for the
range of cohesion considered here. The ‘strength’ of these
asteroids is a result of the angle of friction and the gravita-
tional compressive pressures. Further, there is no size de-
pendence in this “gravity regime”. Then, for the smaller
asteroids in which the gravitational pressures are small, the
results depend only on the cohesion, in what can be called a
“strength regime”.

Even more important, note the cohesion required for the
fast rotators. A cohesion of only 10* dynes/cm” is all that is
required for the observed spins. While an elongated body
reciuires a little more strength, a value of, say, a few times
10" dynes.cm” is sufficient to hold all of these bodies to-
gether! A sample of a material with a cohesion of only 10
could not even withstand terrestrial gravity without col-
lapsing if it were over 5 cm in height!

This result shows that calling these bodies “monolithic’
and “shards” and “rocks” is not warranted from the actual
data. Statements in the literature referring to the asteroids
smaller than a few hundred meters in diameter as “intact,
internally monolithic bodies that retain the tensile strength
to rotate at such extreme rates” cannot be defended. In-
stead, these small asteroids might also be rubble pile bod-
ies, with only an almost negligible strength. A Mohr-
Coloumb model with a cohesion of a few times 10
dynes/cm’ gives a bound on spin that is clearly above all
observations, and smoothly connects the data from the
small to the large asteroids.

4
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The Deflection of Menacing Rubble Pile Asteroids. Keith A. Holsapple, University of Washington,
Box 352400, Seattle, WA,98195 (holsapple@aa.washington.edu).

Introduction: For a couple of decades now, re-
searchers have taken seriously the notion that impacts
on the earth of large asteroids or comets has occurred
in the past, and will, without active intervention, occur
again; with devastating affects on the earth and all liv-
ing creatures. About ten years ago, researchers [1,2,3]
suggested and studied a number of ways that an aster-
oid could be diverted from an impending collision with
the earth by pushing it sufficiently to change its course,
making it miss the earth.

The methods envisioned included the use of nuclear
explosives, the impact by large masses at high veloci-
ties, the blowing off of material by either the concen-
tration of solar energy using giant mirrors or by zap-
ping it with lasers, and more mundane methods such as
simply attaching a propulsion device or throwing dirt
off at sufficient velocity to escape the asteroid.

Among the methods suggested, it is generally accepted
that with only a very short warning time, such as a few
years, only the nuclear bomb approach would work.

The analysis of the various methods relies on data
accumulated for cratering, disruption and material
properties of terrestrial materials. In most cases those
are for silicate materials with mass densities of 2-3
g/em’. However, it is becoming generally accepted
that many of the asteroids are re-accumulated rubble
pile bodies of very low density and strength. The
comets are certainly thought to have that structure.
Therefore, I report here some initial studies of the ef-
fects of a low-strength porous structure on the various
mitigation methods.

Background:

Modeling of porous materials. Various models of
the thermodynamical behavior of porous materials
were developed several decades ago, in response to
interest in porous materials as a method to protect
weapons systems from the damaging influences of the
x-ray deposition from nuclear bombs. One of the most
used is the “p-alpha” model developed by Walter
Herrmann at Sandia. It is a component of the Sandia
WONDY and CTH wave codes which are used by
many in the planetary impact community.

The mechanical behavior of the model is essentially
the same as an elastic-plastic model, but for the dilata-
tional (pressure-volume) component, not the deviatoric
shear component of plasticity theories. The model as-
sumes that the material is comprised of small particles
of normal solid” density piia (say about 3 g/cm”)
separated by intervening pore spaces. That gives a net
mass density of a lower value pporous: The ratio
Psolid/ Pporous 1S the parameter a, the distension ratio
. Then, as pressure p is applied, the material perma-
nently crushes to a larger density as the pores collapse.
That crush behavior is defined by a curve of a versus

pressure p. If the pressure is removed, there is a small
elastic recovery, but no change in the permament
crush.

The thermodynamic assumptions are that the inter-
nal energy is contained in the solid particles, so that the
energy per unit mass of the solid particles and the po-
rous material are the same. The pressure of the porous
material is a factor 1/a of the pressure of the solid par-
ticles.

Inherent in this model is the assumption that this
crush behavior is instantaneous. That is a consequence
of the assumption that the particles are small, so that
the time scale of pressure equilibrium of the particles is
negligible compared to time scales of a problem. For
larger particles, this model would not be appropriate.

Experiments in porous materials. Few experiments
have been made of impacts into highly porous, low
strength materials. There are those reported in [4] for
moderately porous materials, and, more recently, those
by Housen [5] and Housen and Holsapple [6], and
those by Dan Durda [7] in highly porous materials.
One should note the wide range of results these inves-
tigations produced, because there are many different
types of ‘porous materials’. In [4], the results by
Shultz are not different in nature from those for con-
ventional materials: craters form primarily by excava-
tion. Shultz assumes that conventional gravity scaling
defines extrapolations to low gravity. In [6] craters are
also formed, but mostly by compaction, not by exca-
vation. Strength scaling is found for low gravity.
Durda, in [7] shoots projectiles entirely through open-
pore foam materials with no cratering at all, but at an
impact velocity lower than those of interest.

Consequences for mitigation: The effects of po-
rosity are primarily due to a very low strength, and due
to the energy absorption properties of a crushable ma-
terial. For that reason, there is little affect on the ‘low
force, long time’ methods such as mass drivers and
propulsive methods. The only issues for those methods
would be the difficulties of anchoring devices on a
very low strength regolith. The focus here is on the
impulsive methods, which are discussed in turn.

Impact Methods. The deflection of an asteroid by
an impactor is a result of the momentum transferred to
the target asteroid by the impact of a mass at a high
velocity, several tens of km/sec. The velocity of the
asteroid need change by only a few cm/sec to make it
miss the earth, if it is done a decade or so before an
impending impact with the earth [1]. For an impact
into most materials, a large amount of ejecta is thrown
out as a crater forms. Some of that ejecta will re-
impact the asteroid, and some will escape into space.
There is no net change in momentum of the asteroid
from the ejecta that re-impacts, but there is a contribu-
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tion from the ejecta that escapes. Further, on a 10 km
asteroid the escape velocity is only a few m/s, so most
of that ejecta escapes. Thus, the total momentum
change of the target asteroid is that of the impactor,
plus that of the ejecta that escapes.

The momentum transferred from the impactor is
simply its mass m times its velocity U. The most di-
rect way to calculate the momentum of the ejecta is
from a plot from experiments of the velocity of the
ejecta versus the mass of that ejecta. The figure 1
shows such a plot, it is a scaled plot of the mass of
ejecta with speed greater than a velocity v versus that
velocity v.
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Figure 1. The mass of ejecta with velocity >v as a function
of v, from experiments and calculations. The ordinates of the
points at the left approach the total crater mass due to exca-
vation. Plotted in this scaled way, the data for all non-porous
materials are on one curve, and the data for the moderately
porous materials on another. Results for velocities for very
porous materials have not been obtained, but the component
of excavation has been determined to be very small for those
materials [4]. A possible line for those materials is also indi-
cated.

Without describing the details, the momentum of
the ejecta can be determined from this plot. For the
curve labeled ‘non-porous’, the result is about /3 mU,
or 13 times the momentum of the impactor. (The fact
that impacts into non-porous materials impart a mo-
mentum change that is many times that of the impactor
is called ‘momentum multiplication’) On the other
hand, for the curve labeled ‘porous’ the result is only
0.2 mU. Adding back the impactor momentum, the
total momentum change of the asteroid would be, in
these two cases, /4 mU and 1.2 mU. Obviously, for an
even higher porosity target, the momentum of the
ejecta becomes of no consequence, and only the mo-
mentum m U of the impactor is transferred to the aster-
oid. This is a what is called a ‘perfectly plastic’ im-
pact.

A direct consequence of this result is that, without
the momentum multiplication factor of /4, the mass
required to change the velocity of an asteroid by /0
cm/sec for a given impact speed increases by a factor
of 14. In [1,2,3] the mass required to deflect a / km
asteroid with an impact velocity of /0 km/s is esti-
mated to be from 200 to 1500 tons. The integration of
the upper curve of figure 1 gives 700 tons. Then, for a
porous asteroid, these masses get multiplied by a factor
of 14, to give a requirement of about /0 kt mass, an
unreasonably large number to deliver to the asteroid, at
least for a single impact.

Surface or subsurface Nuclear Exposions. 1 know of
no calculations or experiments for explosions in highly
porous materials. While there are numerous experi-
ments for cratering by explosives in dry sands, those
sands do not have the low crush strength that produces
large compression craters and the small amounts of
ejecta compared to the highly porous materials. How-
ever, there are experiments for impacts into low
strength, highly porous materials [6], and it is com-
monly thought that there is a close analogy between
impacts and explosives buried a small distance under
the surface. Therefore, as a crude estimate, the explo-
sive methods might also be decreased in efficiency by
a factor of 15 or so. In[1] it is determined that to de-
flect a I km asteroid by a surface-burst nuke would
require a 90 kt device. If this is increased by a factor
of 15, it would then require a megaton device for a /
km asteroid, and a gigaton device for a /0 km asteroid.
A gigaton in a single device is larger than ever devel-
oped, and larger that most would think is prudent to
develop. Clearly, much more analysis and experi-
mentation is needed for explosions in porous materials.

Standoff nuclear explosions. There is doubt about
energy deposited directly into an asteroid, because of
the possibility of splitting it into two or more parts,
which then still might impact the earth. Consequently,
it has been suggested to use a nuclear explosion at
some distance from the asteroid. The energy from the
device, largely in the form of x-rays and neutrons,
streams out to intercept the surface of the asteroid,
heating a surface layer a few tens of cm thick almost
instantaneously. That heated material will then ex-
pand, and, if it has little strength, will be blown off the
surface into space. That imparts a momentum to the
asteroid.

I have used the WONDY code with the p-alpha
model to calculate the amount of momentum for both
porous and non-porous materials. There is a dramatic
change when the porosity and low strength are in-
cluded. I revisited the case favored in [1] with a
standoff distance of 0.4 times the asteroid radius. For a
I km asteroid, that required a device with a yield of



100 kt to 1 Mt. The heated layer is 20 c¢m thick, which,
assuming a uniform energy deposition, attains an ini-
tial specific energy of 2 10° ergs/g, well below the melt
or vaporization energy of silicates. (For an asteroid
with porosity, that depth is increased to include the
same amount of heated mass.) For a solid material, the
resulting pressure is about 10" dynes/cm’ or 10 kbars.
However, at that same specific energy in a material
with porosity, the pressure is reduced to only the crush
pressure of 10, or 10 bars. That factor difference in
pressure of /000 reduces the momentum imparted by
the blowoff by a factor of 7000. Therefore, the pre-
dicted change of velocity of /0 cm/s by that device is
reduced to only a negligible 0.0/ mm/s. Conversely,
the device required for deflection using the standoff
mode is increased by a very large factor, which would
likely become unreasonably large.

This reduction in effectiveness is a direct conse-
quence of the magnitude of the pressure that the heated
layer develops when it is heated. That pressure, multi-
plied times a time interval equal to a transit time for a
wave to travel across the heated layer, times the area of
heated material, is the momentum transferred to the
asteroid.

Figure 2 shows the pressure developed as a function
of the energy per unit mass deposited into a heated
material, both for a conventional solid material and for
p-alpha porous materials. At the specific energy of 2
10", the porous curves are about a factor or /000 less
than the solid curve, resulting in that 7/000:1 reduction
in transferred momentum.
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Figure 2. The pressure in a material instantaneously
heated to a given energy per unit mass. Curves are for a
solid material, and for porous materials with different poros-
ity . It is assumed that crushing begins at a pressure of 10’
dynes/cm’ and is completed at the pressure of 10°.

The physical reason for this large effect can be de-
scribed. When a porous material is heated to give a

pressure above its crush pressure, the solid particles
can, according to the p-alpha model, instantaneously
expand into the pore space. Even a pore space that is
10% of the volume will allow the solid particles to
expand by /0%. A change of density of /0% in a solid
gives a reduction in pressure of /0% of the bulk
modulus, which is on the order of several times 70"’
dynes/cm’. Therefore, the reduction in pressure is on
the order of 70"’ dynes/cmz, or to the crush pressure,
whichever is greatest. That is almost all of the pres-
sure originally in the solid particles. It is noted that the
important property leading to that large reduction in
pressure and transmitted momentum is not especially
the porosity, but the crush pressure. In a material like a
dry sand, the crush pressure is on the order of 70° so
this effect is still present, but reduced to a factor of 70
or so.

Laser and concentrated solar heaters. These meth-
ods also rely on the heating of surface material with
resultant blow-off and momentum transfer. However,
they are different from the case of a nuclear standoff
explosion in that the time scales of energy deposition
may be longer, the penetration depths much more
shallow, and the specific energies are high enough to
vaporize material. Unfortunately, the only calculations
and experiments are again for non-porous and strong
materials. For example, in [2] are reported experi-
ments using a high-powered laser focused on a basalt
target. Again, I know of no experiments or calcula-
tions in highly porous materials, but they could be
done fairly easily. Thus, much more analysis and ex-
perimentation needs to be done before we can consider
these methods to be viable.

Summary: Porous, low-strength materials are
very effective at absorbing energy. That is why they
are used for packing materials and for protection from
impacts. They were contemplated during the cold war
as a way to protect weapon systems from x-ray depo-
sition from nuclear weapons. It should therefore come
as no surprise that it is hard to divert a porous asteroid
or comet. From the estimates derived here, all of the
short-time, large-impulse methods may be of question-
able effectiveness. Even for a non-porous asteroid, the
presence of a low porosity regolith only a few cm
deep could lead to these same problems. That leaves
the low force, long time methods. However, even in
those cases the problems of anchoring devices to the
surface may make them very difficult. If a 10 km as-
teroid with our name on it is discovered in the next few
years, there is no method contemplated that will surely
work to divert it.

A focused program of synergistic laboratory ex-
periments and code calculations could clarify the
questions raised here. Missions to asteroids and com-



ets can determine more about their actual structure, if
their surface is poked or impacted. Such progrmas
must be a component of larger programs to study the
issues of the mitigation of the effects of large body
impacts into the earth.

There is much research to be done. “We knew a lot
more about asteroids 10 years ago than we do now”

[8].
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Introduction: Currently, various ideas for the di-
version and/or disruption of hazardous asteroids and
comets exist. Among them are systems that might be
technologically feasible at present, such as chemical
rocket engines, kinetic energy impacts, and nuclear
explosives. Others are currently under development
and might be possible with some effort, e.g. solar con-
centrators and mass drivers. Some systems seem to be
too far off to be realized in the required size for the
task of NEO deflection within the next decades, such
as solar sails, laser systems, and the utilization of the
Yarkovsky effect. Besides, there are also futuristic
technologies such as eaters, “cookie cutter”, and the
use of antimatter. The use of solar sails would proba-
bly demand for large and heavy mechanical structures
and might thus never become a realistic mean for miti-
gation. The same can be expected from the utilization
of the Yarkovsky effect, e.g. covering an object with
dirt. Further, the interaction of kinetic energy impacts
or nuclear explosives strongly depends on the interior
structure of the object. Here, two mitigation concepts
will be discussed that could become attractive alterna-
tives in the mitigation of hazardous objects: the solar
concentrator and the mini-magnetospheric plasma pro-
pulsion.

Mitigation Strategies and Techniques: Gener-
ally, mitigating the impact hazard could be either done
by deflecting the threatening object from its collision
course or by destroying the object itself. In case of
NEO deflection one can further distinguish between
the long-term application of a continuous small thrust,
and the sudden application of a large impulsive thrust.
In the first case, the NEO would be propelled for a
period of several months. Ideally, the force would be
applied through the objects center of mass parallel or
anti-parallel to its velocity vector, which would in-
crease or decrease the semi-major axis of the NEO
orbit. Thus, the arrival at the intersection point with
Earth’s orbit would be delayed or advanced respec-
tively. This kind of orbit alteration could only be ap-
plied if sufficient warning time in the order of magni-
tude of a decade is given. Here, one could possibly
deal with solar concentrators, attached thrusters, mass
drivers, or lasers.

If a lesser time is available, the orbit has to be
changed rapidly. Dealing with the worst case we
would have to apply our mitigation means in the very
last orbit before the collision. Here, the correction

force should be applied in an almost perpendicular
direction with respect to the NEO velocity vector [1].
The only possible means for conducting such a high-
energy interaction would be either nuclear explosives
or kinetic energy impactors. For both techniques the
danger of an uncontrolled fragmentation of the NEO
has to be considered. The size of the fragments that
remain on a collision course with the Earth is a critical
factor. Only fragments smaller than some 30 m burn
up in the atmosphere. Larger objects could penetrate
the atmosphere and if many, could cause a series of
impacts over large territory (firestorm).

Scientific Requirements: All the mitigation tech-
niques mentioned above have in common that they
require specific knowledge of the target object. For an
efficient application of any mitigation technique the
dynamic properties of the object must be known, e.g.
orbit, albedo, size, shape, mass, and state of spin. This
data is generally gathered by means of remote sensing,
including measurements by ground-based and Earth-
orbiting telescopes, or spacecraft flyby and rendezvous
missions [2]. When dealing with high-energy interac-
tions, such as surface and sub-surface nuclear explo-
sions or kinetic energy impacts, the interior structure
of the object will dramatically affect the efficiency of
the interaction. Porosity (rubble pile structure or po-
rous regolith) could decrease the efficiency of a kinetic
energy impact and a surface nuclear explosion by a
factor of 5 and 100 respectively [3]. To gather the
relevant information about the interior, precursor mis-
sions are mandatory. Seismic investigations would
reveal material strength parameters for dense objects
such as metallic or stony asteroids. On the other hand,
radio tomography could detect the state of fracture.
However, if we cannot gain the required interaction
data, short-term deflection methods would imply a
very high risk and a low probability for a successful
diversion maneuver.

Thus, the necessity of conducting short-term de-
flection missions has to be reduced. The best effort
would be an intensified search for NEOs down to 100
or 200 m. Since these small objects are both, more
numerous and fainter than the 1 km NEOs of NASA’s
current goal, such a survey would last several decades.
In the meanwhile we cannot rule out the possibility of
an Earth impact. This situation demands for a simulta-
neous physical characterization of NEOs and an analy-
sis of suitable mitigation technologies along with the
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surveys. In the following, two mitigation options will
be discussed, which could become of importance for
means of mitigation and exploration as well. The first
technology is a solar concentrator, which could be
used to analyze surface properties of NEO’s and to
demonstrate deflection capabilities at the same time.
The second system could be of importance for both
reconnaissance and mitigation: the mini-magneto-
spheric plasma propulsion.

Solar Concentrator: The application of solar con-
centrators for NEO mitigation was discussed first by
Melosh et al. [4]. The basic idea of this technology is
to concentrate solar radiation onto the NEO surface
with a lightweight (parabolic) reflector (figure 1). De-
pending on duration and intensity of illumination, the
material within the spot will be heated up and vapor-
izes. The evaporated material accelerates to a speed of
about 1 km/s and delivers an impulse to the NEO. Al-
though the generated thrust is small (tens to hundreds
of N) it will suffice to deflect the NEO from its colli-
sion course with Earth if sufficient lead-time is given
(years). Such a system could be operated for the dura-
tion of several months, which would lead to a slight
increase in semi-major axis of the PHO when the
thrust vector is aligned with the orbital velocity vector
of the NEO.
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Fig. 1: Working principle of solar concentrator.

Physical Processes: The following equations and
numbers are applicable for a parabolic solar collector.
Simplified equations for the estimation of vapor pro-
duction rates and thrust are adopted from Melosh et al.
[4]. Here, the mass flow rate dm/dt of the ejected mate-
rial is given by the light intensity P divided by the heat
of vaporization H, which is a function of the thermo-
dynamic properties of a specific material. H values
have been derived from meteorite data given in Remo
[5] and are summarized in table 1. Note that the data
was gathered under terrestrial conditions (atmospheric
pressure). Melting and boiling points might differ for
vacuum conditions.

The vaporization energy for water ice is assumed
as H=3 MJ/kg [4]. Further, the ejection velocity v is
supposed to be the molecular speed of vapor molecules
(> 1km/s). Finally, the generated specific thrust F

[N/m®] normal to the NEO surface is given as the
product of vapor mass flow rate dm/dt, ejection veloc-
ity v, and a numerical factor B = 0.5 that accounts for a
hemispherical spread of the vapor: F = B*(dm/dt)*v =
p*v*P/H. The light intensity P is a function of the so-
lar constant S =3 10* W at a distance R from the sun,
the diameter of the solar mirror Dy, the spot diame-
ter Do and the reflectance y (about 0.85 for alumi-
num-coated foils): P = S*w*Dzmmr/Dzspot/Rz.

Stony meteorites FeNi meteorites
Melting point 1350...1800 K 1770 K
Boiling point 2960 K 3510K
Average spe- 900 J/kg/K (s) <700 J/kg/K (s,1)
cific heat 1100 J/kg/K (1) <400 J/kg/K (g)
Heat of vapori- | ¢ 5 \ryq 6.4 MI/kg
zation
Heat of fusion 0.27 MJ/kg 0.27 MJ/kg
Estimated en-
ergy for vapori- | 9.3 MJ/kg 9.1 MJ/kg
zation

Tab. 1: Thermal properties of stony and FeNi meteorites,
according to [5].

Melosh et al. examined the influence of the light
intensity on the start-up time for evaporation [4]. They
found that this time t increases for decreasing intensi-
ties P as t~P? (e.g. 10™s for 10° W m™ and 1 s for
10’ W m™). This has to be taken into account when
dealing with NEO’s where the surface constantly
moves beneath the spot depending on the NEO rota-
tion period, the spot latitude, and the NEO shape. This
performance is also strongly influenced by the thermal
conductivity of the surface material. Here, the differ-
ence between stony (1.5 to 2.4 W/K/m) and iron-nickel
asteroids (about 40 W/K/m) becomes obvious. Simple
numerical computations affirmed the dependency that
was found in [4]. As a result, a 200 m diameter collec-
tor (at 1 AU sun distance and 1 km distance towards
the asteroid) would vaporize surface material of a
stony asteroid within 3.5 to 7.5 minutes (lower limit:
p=2g/em’, A=2W/m/K and upper limit: p=3.8g/cm’,
A=2.4W/m/K). The vaporization process for a metallic
object would take about 2 to 3 hours (p=4.7g/cm’,
A=40W/m/K and p=7.7g/cm’, A=40W/m/K). Extend-
ing the concentrator to 500 m diameter these start-up
times for vaporization of metallic objects would reduce
to 200 and 300 seconds respectively. This shows the
importance of the thermal properties of the objects
surface. Considering objects with regolith layers, the
thermal conductivity would be further reduced. Thus a
regolith layer would increase the concentrator per-
formance.
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Concentrator Properties: Focusing solar radiation
onto a spot on the surface of a NEO can be done in
two ways: by reflection or refraction. For refraction a
Fresnel lens could be used, which may consist of a
lightweight polymer foil with engraved concentric
refracting rings. A reflecting solar collector could be
either a large parabolic mirror or an array of small
parabolic or plain facets. A typical value for the reflec-
tance is 0.85 for aluminum-coated foils. Higher values
of up to 0.95 are technically feasible.

When operating a solar collector system close to a
NEO the pointing accuracy is an important issue, be-
cause of the orbital movement of NEO and collector
system towards each other, as well as the NEO rota-
tion. Due to the generally non-spherical shape of the
NEO and the properties of the collector surface, focus-
ing mismatches will occur that have to be considered
in advance in the system layout. A disadvantage of the
concentrator is the disturbing force due to the solar
pressure that acts on the large mirror surface. For ex-
ample, a 100 m diameter concentrator implies 0.07 N
of thrust at 1 AU when directly pointing towards the
sun. To partly counteract that force we suggest align-
ing it with the gravitational force of the NEO. But, a
much larger portion of pressure might result from the
up-streaming vapor. This vapor stream poses a key
problem during operation, too. The pollution of the
collector surface due to the evaporated NEO material
(vapor and debris) would result in a degeneration of
the optical components [4]. This implies a threat to the
mirror when partly exposed to the vapor jet. Particles
moving at high speed could penetrate the mirror foil
while slower particles could deposit on the mirror sur-
face. This would be in addition to the vapor deposition
on the reflecting surface. These procedures would
negatively impair the efficiency of the mitigation
(comparable to the degradation of solar cells on a
spacecraft). Most probably the vapor plume expands
towards a hemispherical vapor cloud, whose dust con-
centration depends on the distance and direction from
the spot.

Concentrator Protection Devices: To avoid too
many losses the mirror should be positioned outside of
the main evaporation plume whose main elongation is
assumed to be normal to the surface tangent. There-
fore, Melosh et al. proposed a free-flying secondary
mirror that redirects the focused beam and allows lo-
cating the primary mirror far away from the evaporat-
ing site. The secondary mirror would be much smaller
than the primary mirror and could be exchanged if
polluted. The use of secondary and tertiary mirrors to
protect the primary one does not necessarily improve
the situation since then the problem is handed over to
those mirrors. The extent of degradation of reflectivity

is not well known by now. Further analysis and simu-
lations are needed to gain data close to reality. Never-
theless, it has to be guaranteed that the mirror foil will
not disrupt if hit by debris. This could be achieved
through a honeycomb cell structure of the foil where
the propagation of fissures stops at the boundary of the
cell. If these cells are small enough, the damage by
penetration could be minimized. Besides, some simple
and therefore low-cost options to avoid or slow down
degradation are: (1) The use of double-sided primary
and secondary mirrors for simply switching to a new
second mirror surface, which doubles the operating
time. (2) The use of several transparent foils to cover
the mirrors, which will be stripped off when polluted.
This approach extends the operating time depending
on the number of removable foils, but each foil re-
duces the efficiency of reflectivity by a small factor.
(3) The use of a movable transparent protecting foil,
which covers the mirror surface like a blind. If the
active area is polluted the foil will be rolled to one side
while a fresh foil is pulled out of a protecting drum on
the other side. The efficiency of reflectivity is only
reduced by one foil. The operating time increases ac-
cording to the amount of protecting foils available.

These mechanical protection concepts will increase
the overall system mass slightly, but they might be
essential for a successful operation. Further, the use of
secondary mirrors allows for optimal thrust vector
orientation. Several secondary mirrors on the same
orbit around the NEO would enable a quasi-constant
operation. Another important aspect could be the use
of non-imaging mirrors as proposed in [4].

Systems Performance Simulation: In Voelker [6]
design proposals and mass models for various solar
concentrators have been derived. To give an example
of the concentrator capabilities, a small system has
been chosen that would fit into the limited payload

Mirror foil

Supporting system
(ion propulsion etc.)
Telescopic rod

Fig. 2: System design of parabolic solar concentrator [6].
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capacity of current available launchers. Here, we con-
sider a 100 m diameter facet concentrator system (fig-
ure 2), which would weigh about 2000 kg (spacecraft
and concentrator). At a 1 AU solar distance such a
concentrator would produce a 10 m spot onto the NEO
surface, which is equivalent to 220 N of force when
applied to a silicate material. From the NEA database,
which is maintained at the European Asteroid Re-
search Node (E.A.R.N) by Gerhard Hahn [7], one
PHA has been selected for demonstration: 2000 WCl.
Assuming that this object belongs to the C-type group
(albedo of 0.04), its diameter is approximately 210 m
(H=22.5). Further, the density is assumed to be
3 g/cm®. Figure 3 is a plot of the orbital evolution of
this object. Here, the unperturbed orbit has been com-
puted until the year 2010. Then, the deflection (220 N
parallel to orbit velocity) has been applied for the du-
ration of 400 days followed by a 10 years coasting
phase. The orbital evolution has been compared to the
unperturbed orbit. Here, the orbital displacement
means the distance between diverted and unperturbed
NEO positions at given epochs. As a result of the in-
teraction, the semi-major axis is slightly enlarged caus-
ing a delay of the perturbed object along its orbit path
with respect to its unperturbed position. As a conse-
quence the displacement of the NEO from its unper-
turbed orbit increases constantly with time. This con-
firms the importance of an early discovery and interac-
tion. The variations in the plot are due to perihelia
(ups) and aphelia passes (downs). After 10 years of
coasting phase the miss distance would be about 100
Earth radii.
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Fig. 3: Simulation of orbital displacement of 2000 WCI (C)
after solar concentrator interaction.
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Solar Concentrators for in-situ experiments: For
technology demonstration a small space-probe could
be built at low costs within short time. A deployable
4 m diameter concentrator would probably weigh less
than 4 kg and could be easily attached to a small
spacecraft such as the proposed NEOX. When
equipped with instruments, e.g. a mass spectrometer,
material properties of the target NEO could be studied,
too. At a 1 AU sun distance, such a small concentrator

would excavate a 1 m deep hole when applied to a
comet, or a 20 to 30 cm deep hole for a stony asteroid
respectively. Thus, one could prove and demonstrate
the deflection capabilities of solar concentrators along
with the conduction of scientific experiments. Before,
extensive ground experiments under vacuum condi-
tions should be conducted to examine dedicated ther-
mal properties of meteoritic materials and to under-
stand the process of vaporization (e.g. shape of vapor
plume, vapor deposition process, etc.).

Magnetospheric Plasma Propulsion: The idea of
magnetospheric plasma propulsion is related to the
solar sail concept concerning that both tap the ambient
solar energy to provide thrust to a spacecraft. But, so-
lar sails suffer from their mechanical structure — if
large spacecraft or even small asteroids have to be
propelled, physical limits will be reached, e.g. the sys-
tem mass and problems accompanied by deploying
that large structures. Thus, Winglee et al. [8] invented
a revolutionary propulsion concept for interplanetary
space missions, the Mini-Magnetospheric Plasma Pro-
pulsion (M2P2). Here, an electromagnetic coil gener-
ates a magnetic field that thereupon is enlarged due to
the injection of plasma. This magnetic bubble will in-
tercept the solar wind, which at a distance of 1 AU has
a particle density of about 6 cm™ and moves at speeds
of 300 to 800 km/s. This results in a constant dynamic
pressure of 2 nPa. If the magnetic field cross section is
large enough a continuous force (few to tens of N)
could be provided. We propose to use such a system
for NEO diversion. Although the generated thrust is
low, this system could be operated for a long duration
(several months) to divert a PHO. One significant
problem is the attachment of this propulsion system to
the NEO. Anchoring might work when dealing with a
slow rotator. Another weak point might be the force
alignment. When operating with small thrust over long
periods the force should be aligned with the NEO’s
velocity vector. But, for the mini-magnetospheric
plasma propulsion, the largest portion of the generated
force will point in radial direction (sun-NEO direc-
tion). To increase the performance, the magnetic axis
could be tilted 45° into the solar wind, which would
result in a larger magnetosphere (because the magnetic
field is stronger at the poles) and an azimuthal force
component (lift) [8].

Systems Performance Estimation: A hypothetical
system has been scaled based on the system character-
istics given in [8]. Here, we assume a 60 km artificial
magnetosphere. To maintain the electromagnetic field
and to generate the plasma one would require about
7 kW of power, which could be provided by a radioac-
tive isotope power system weighing about 1.2 tons.
Together with the equipment (electromagnetic coil and
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RF antenna) and the “fuel” for a one year operation
one would probably end up with a 3 ton spacecraft.
Assuming an efficient coupling to the asteroid from
the previous example a force of 90 N radial and 11 N
azimuthal could be delivered. The corresponding or-
bital evolution is plotted in figure 4. Note that 2000
WCI is now considered as an S-type object (albedo of
0.20). Thus, its size decreases from 210 m to only
90 m. This explains why a similar performance is
achieved with a much smaller force (actual tangential
component 11 N vs. 220 N in example for the solar
concentrator).
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Fig. 4: Simulation of orbital displacement of 2000 WC1 (S)
after interaction with magnetospheric plasma propulsion.

Magnetospheric Plasma Propulsion for NEO Ex-
ploration:  According to Winglee et al. the M2P2
could become revolutionary propulsion for interplane-
tary travel. Small spacecraft of 100 kg or 200 kg mass
could be accelerated to speeds of 75 km/s or 50 km/s
respectively. This would enable us to conduct explora-
tion missions to asteroids and comets in a much faster
way. Objects could be explored that are not accessible
with current propulsion systems and the additional
help of gravity assists. Even if a coupling to NEO’s for
deflection purposes was not feasible, this propulsion
system would be of great importance for reaching the
hazardous object to apply a suitable technique. For
example, kinetic energy impacts would highly profit
from the enormous relative speed available by the
M2P2.

Summary: In this work two future mitigation
technologies have been proposed and investigated: the
solar concentrator and the magnetospheric plasma pro-
pulsion. A small solar concentrator (4 m diameter,
deployable) could be attached to a small spacecraft to
conduct physical characterization at a NEO and to
demonstrate its deflection capabilities at same time. If
successfully developed and tested, the mini-
magnetospheric plasma propulsion could be of impor-
tance for both reconnaissance and mitigation. An
overview of both systems, relevant physical parame-
ters for the interaction, a brief conceptual analysis, and
examples for orbit diversion have been presented.
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1. INTRODUCTION

A common concern of the general public today, one which
receives much attention in the press, is the peril of an as-
teroid or comet colliding with the Earth. In recent years,
block-buster movies such as Armageddon and Deep Impact
have raised public awareness of the issue. While the general
public can be assured that astronomers are actively searching
for such potentially hazardous objects, how well is this being
accomplished?

Over the last few years, a number of surveys have been im-
plemented to search for Near Earth Objects (NEOs). These sur-
veys are optimized to find Near Earth Asteroids (NEAS), small
objects on nearly circular orbits with short periods. These
surveys have been very successful at finding NEAs, with dis-
covery rates of hundreds per year, and it is believed that most
large NEAs have been or will soon be found. Combining
this large detection rate with statistics on the rates of impacts
gleaned by counting craters on the Earth, the Moon, and other
solar system bodies makes the impact hazard from asteroids
reasonably well understood.

In contrast, the impact hazard posed by comets is still
quite uncertain. Due to their large rates of motion across
the sky, differing locations on the sky, and extended, diffuse
appearance, comets are difficult for traditional NEO surveys to
detect. The long periods of many comets make it impossible
to approach mitigation of the cometary hazard in the same
way as for NEAs and Jupiter family comets. Additionally,
the size and composition of typical cometary nuclei are not
well understood. These factors combine to make it difficult
to estimate the fraction of the NEO hazard due to comets. In
hopes of better understanding the cometary hazard, and thus
the NEO hazard as a whole, this work examines the comets
discovered by survey and by non-survey astronomers since 1
January 1999.

A preliminary study of comets discovered from 1990 to
1998 found that there were 31 non-survey discovered comets
(comets discovered by amateurs or by professional astronomers
not part of a search for NEOs) with perihelion distance q <
2 AU, of which 25 were discovered by amateurs. Of the 25
amateur discoveries, 11 had q < 1 AU. Additionally, 6 of the
31 non-survey discoveries (2 of 25 amateur discoveries, 4 of 6
professional discoveries) should have been in the field of view
of at least one of the following surveys prior to discovery:
the Palomar Digital Sky Survey (DPOSS), the Second Palo-
mar Observatory Sky Survey(POSS ii), or the Second Epoch
Southern Red Survey (AAOR), however the matching frames
have not been re-searched to find the comets. The relatively
large number of potentially hazardous comets discovered by
amateurs from 1990-1998 encouraged us to undertake a more
thorough study of the properties of survey and non-survey
discovered comets.

Thiswork presents a study of the comets discovered since 1
January 1999, the date being chosen to mark the point at which

Survey Discoveries Co-Discoveries
LINEAR 64 6 (4 NEAT, 1 LONEOS,
1 Spacewatch)
NEAT 18 4 (LINEAR)
LONEOS 17 2 (LINEAR, Catalina)
Spacewatch 5 1 (LINEAR)
Catalina 4 1 (LONEOS)
BATTERS 1 0
Total 109 7

Table 1: Statistics of survey discovered comets since 1 January
1999

most of the NEO surveys were operating at relatively high effi-
ciency. The sungrazing comets discovered by SOHO/LASCO
during this time were disregarded, as they were all too small
to have been visible from the Earth when they were far enough
from the Sun to be detectable by surveys, nor did any sur-
vive perihelion passage during this time. However, the two
comets discovered by the SWAN instrument on SOHO were
included. Additionally, three comets (P/2000 ETgo P/Kowal-
Mrkos, P/2000 S2 P/Shoemaker-LINEAR, and P/2000 SO253
P/Anderson-LINEAR) were removed because they were all re-
apparitions of previously observed comets, and therefore not
new discoveries. After removing the SOHO/LASCO comets
and the previously observed comets, a sample of 136 newly
discovered comets remained.

The sample of 136 comets was then divided into two
groups: those discovered by surveys intentionally searching
for comets and other NEOs, and those not discovered by such
surveys. The survey sample contained 116 comets, includ-
ing discoveries by LINEAR (Lincoln Near Earth Asteroid
Research), NEAT (Near Earth Asteroid Tracking), LONEOS
(Lowell Observatory Near Earth Object Survey), Spacewatch,
Catalina Sky Survey, and BATTERS (Bisei Asteroid Tracking
Telescope for Rapid Survey). A breakdown of discoveries by
each survey can be seen in Table 1. The remaining 20 comets
were found by amateurs or by professional astronomers not
part of NEO surveys.

The samples of survey and non-survey discovered comets
were compared to better understand the selection effects which
cause the surveys to miss some comets. The effects of perihe-
lion distance, g, on discovery are discussed in §2, the effects of
peak brightness on discovery are discussed in §3, the effects of
inclination, i, on discovery are discussed in §4, and the effects
of position on the sky prior to discovery are discussed in §5.

2. PERIHELION DISTANCE, q

An obvious selection effect is that it is easier to discover
comets which are closer to the Sun, since comets are brightest
at small heliocentric distances. Additionally, since brightness
decreases as the square of the distance, comets which pass
close to Earth near perihelion will appear brighter than comets
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Figure 1: Cumulative number of comets discovered since 1
January 1999 with perihelion distance less than a given dis-
tance. Top panel: Survey discovered comets. Middle panel:
Non-survey discovered comets. Bottom panel: Ratio of non-
survey discoveries to the total number of discoveries (survey
plus non-survey) interior to a given perihelion distance.

which pass farther away. These factors combine to make it
easiest to to detect comets with small perihelion distances,
however other factors can counteract this. Among these are
their large rates of motion across the sky, differing locations on
the sky, and extreme variation in brightness throughout their
orbits. To analyze the dependence on perihelion distance, the
cumulative number of comets discovered with perihelion dis-
tance less than a given distance is plotted in Figure 1.

In Figure 1, the top panel shows the cumulative number
of discoveries by surveys while the middle panel shows the
cumulative number discovered by non-surveys. The bottom
panel gives the most revealing look at the relative distribu-
tions of q in the survey and non-survey samples. This plot
shows the ratio of non-survey discoveries to the total num-
ber of discoveries (survey plus non-survey) interior to a given
perihelion distance. The bottom panels reveals that all of the
comets with g < 0.5 AU and nearly 60% with g < 1 AU were
found by non-surveys. Few comets were found with large per-
ihelion distance, thus the ratio in the bottom panel remains
nearly flat beyond q > 4 AU.

Thus, the bottom panel of Figure 1 graphically demon-
strates that non-survey observers are much better than the NEO
surveys at detecting comets which pass close to the Sun. Half
(10 of 20) of the non-survey detections had g < 1 AU, while
only 8 of 116 survey detections had q < 1 AU. Beyond 3 AU,
only 5 comets were discovered by non-surveys, whereas 53
were discovered by surveys, and 10 of the 11 discoveries with
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Figure 2: Cumulative number of comets discovered since 1
January 1999 brighter than a given magnitude. Top panel: Sur-
vey discovered comets. Middle panel: Non-survey discovered
comets. Bottom panel: Ratio of non-survey discoveries to the
total number of discoveries (survey plus non-survey) brighter
than a given magnitude.

g > 4 AU were made by the surveys.

3. PEAK BRIGHTNESS

Similar to the selection effects favoring the discovery of
comets with small perihelion distances is the preference for
the discovery of brighter comets. Comets which have intrin-
sically brighter peaks are more likely to be detected for two
reason. Most obviously, it is easier to detect brighter ob-
jects. Additionally, intrinsically bright comets are generally
brighter than a given threshold for a longer period of time.
Thus, for magnitude limited observations, bright comets will
remain above the brightness threshold longer, increasing the
chance of their discovery.

Using JPL’s Horizon’s Ephemeris generator, ephemerides
were computed for 134 of the 136 comets discovered since
1 January 1999 (C/2000 S5 and C/2000 X3 were not in the
database), and the peak brightness was determined for each.
The cumulative number of comets discovered with peak bright-
ness brighter than a given magnitude is plotted in Figure 2. As
in Figure 1, the top panel shows the cumulative number of dis-
coveries by surveys, the middle panel shows the cumulative
number of discoveries by non-surveys, and the bottom panel
shows the ratio of non-survey discoveries to the total number
of discoveries (survey plus non-survey) which peak brighter
than a given magnitude.

Comparison of the top two panels in Figure 2 reveals that
the non-survey detections were roughly constant across the
magnitude range, while the survey detections were weighted
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Figure 3: Histogram of inclination of comets discovered since
1 January 1999. Top panel: Survey discovered comets. Middle
panel: Non-survey discovered comets. Bottom panel: Ratio
of non-survey discoveries to the total number of discoveries
(survey plus non-survey) in each histogram bin.

toward the faint end. That is, the non-survey discoveries in-
cluded roughly equal numbers of bright and faint comets, while
the surveys detected more faint comets than bright comets.
This analysis is reinforced by the bottom panel of Figure 2,
which indicates that non-survey discoveries represent ~50%
of the total number of discoveries brighter than 13*® magni-
tude, while representing only ~20% of the discoveries brighter
than 20%® magnitude. Alternatively, there were 90 survey dis-
covered comets with peak magnitude fainter than 15" mag-
nitude, while only 7 non-survey discovered comets with peak
magnitude fainter than 15¢* magnitude. Thus, it appears that
non-survey observers are much better than NEO surveys at
detecting intrinsically bright comets.

4, INCLINATION, i

The effect of inclination on the detection of comets by
NEO surveys or by non-survey observers is not as obvious
as the effects of perihelion distance and magnitude. Slightly
different than Figures 1 and 2, Figure 3 shows a histogram
of survey discoveries in the top panel, a histogram of non-
survey discoveries in the middle panel, and the ratio of non-
survey discoveries to the total number of discoveries (survey
plus non-survey) in each histogram bin in the bottom panel.

Looking at the top two panels in Figure 3, both the survey
and non-survey discoveries were relatively constant for all in-
clinations, however there were slightly more discoveries hav-
ing i < 30° and slightly fewer discoveries having i > 120°.
The bottom panel of Figure 3 indicates that there were rela-
tively more non-survey discoveries at high inclination (50° —
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Figure 4: Position on the sky for 12 months prior to discov-
ery for survey discovered comets brighter than 16" magni-
tude. The red triangles represent the discovery date. Points
are spaced every 5 days.

90°) than at other inclinations. This apparent increase in de-
tections at high inclinations may indicate a preference for non-
survey observers to discover comets at high inclinations, how-
ever, if high inclinations were favorable for the detection of
comets by non-survey observers, a similar peak in the ratio of
discoveries for 90° — 130° (highly inclined, retrograde orbits)
would be expected. The small number of observations may
be responsible for this discrepancy, or there may be selection
effects influencing the discovery of highly inclined retrograde
comets such as morning/evening discoveries or predominantly
northern/southern hemisphere visibility, however they are be-
yond the scope of the current work. In any case, we conclude
that there are no strong inclination preferences in the discov-
ery of comets by either survey or non-survey observers.

5. POSITION ON THE SKY

The segment of each comet’s orbit for up to 12 months
prior to discovery during which it was brighter than 16* mag-
nitude is shown in Figures 4 (survey discovered) and 5 (non-
survey discovered). The positions are plotted relative to the
Sun in 5 day intervals, and the large red triangles represent the
discovery date.

The positions on the sky at the time of discovery are spaced
throughout the latitude-longitude plane in both figures, how-
ever there are more survey discoveries above 0° latitude, and
more non-survey discoveries below 0° latitude. These distri-
butions are likely due to the geographic location of the ob-
servers. Most NEO surveys are located in the northern hemi-
sphere, thus scanning the northern sky much more thoroughly
than the southern sky, and being unable to scan some parts of
the southern sky at all. As a result, more comets are missed
by the surveys in the southern sky, making it more likely that
they will be discovered by non-survey observers.

6. CONCLUSION
Despite the increased number of comet detections over the
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for non-survey discovered comets brighter than 16*® magni-
tude. The red triangles represent the discovery date. Points
are spaced every 5 days.

last 4 years due to the proliferation of NEO surveys, amateur
astronomers continue to find a significant number of comets
with small perihelion distances. During the period 1990 —
1998, 25 comets with g < 2 AU were discovered by amateur
astronomers, an average of 2.77 per year. From January 1999
until August 2002, 10 comets with g < 2 AU were discovered
by amateur astronomers, an average of 2.73 per year. While
the statistics are small, this indicates that the discovery rates
of amateur astronomers are unaffected by the NEO surveys,
and thus the surveys are not finding many of the potentially

hazardous comets.

Comparison of the 136 comets discovered since 1 Jan-
uary 1999 reveals that non-survey observers are much bet-
ter than the surveys designed to search for NEOs at finding
bright comets with small perihelion distances (q < 2 AU).
Since large comets are generally brighter, and in order for a
comet to collide with the Earth it must have g < 1 AU, the
comets which the surveys are missing are precisely the ones
that most need to be detected.

Since the beginning of 1999, 10 of the 18 newly discov-
ered comets which reach perihelion interior to the Earth’s orbit
were not found by the NEO surveys, but rather by non-survey
observers. This large fraction of missed comets by the sur-
veys indicates that the hazards of impacts by comets are still
very uncertain due to selection effects of the surveys. These
selection effects cause NEO surveys to miss bright comets
with small perihelion distance. There does not appear to be a
strong preference for any particular inclination, however more
comets are missed in the southern sky than the northern, un-
derscoring the need for dedicated near Earth comet surveys in
the southern hemisphere.

These and other selection effects must be accounted for in
order to better understand the cometary hazard and to improve
our current ability to detect potentially hazardous comets. Due

to their diffuse appearance, large rates of motion across the
sky, varying locations on the sky, and extreme variation in

brightness throughout their orbits, comets are not being de-
tected effeciently using the current asteroid detection tech-
niques. Therefore, surveys to protect us from potentially haz-
ardous comets must be conducted very differently from sur-
veys for asteroids, both because the long periods of these comets
make cataloging them long in advance of a threat impossible
and because the surveys are not finding them.
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Introduction: The population of comets repre-
sents a small, but finite and largely uncharacterized,
impact hazard to the Earth. In this abstract we present
the results relevant to impact hazard mitigation from
our survey of the nuclear surface properties and emitted
dust of the brightest near-Earth comets over the last 11
years .

The largest threat of Earth impacts in terms of
highest probability comes from the short period (SP)
comets; the highest potential for a major impact with
little advanced notice comes from the Oort cloud long
[period (LP) and dynamically new (New) comets [1].
Little can be done to chart the latter hazard, other than
maintain a number of sensitive all-sky searches for
incoming objects. The SP comets, however, are a much
more tractable problem. In the following, we will tend
to emphasize our studies of SP comets.

The present population of ~200 short period (SP)
comets [2], daughters of the Kuiper-Edgeworth planet-
isimals found outside Neptune's orbit, have been shown
to be the known component of a population of approxi-
mately 500 to 1000 total comets with radius > 300 m
[3]. Further, as we will show below, the SP comets
evolve due to the effects of solar insolation until they
become devolatilized and dormant C or D-type “aster-
0ids”. The SP comet population thus has ties to both the
K-E and asteroidal populations. The SP population is
dynamically unstable in its present day configuration to
ejection from the inner solar system on timescales of
~10° years [3]. Therefore the current population of SP
comets is a relatively recent sampling of the K-E belt.
Study of the links between these populations by large
statistical surveys over many different SP ages will
yield the evolutionary path taken by the K-E planetisi-
mals in the present day solar system, and thus help
determine the nature of the impact hazard presented by
a given type of SP comet.

Measurement of a comet's mid-IR thermal emi  s-
sion, combined with simultaneous measurements of
scattered optical/near-IR sunlight from the nucleus and
coma dust, is the most unambiguous approach to
measuring the comet’s nuclear size and surface prop-
erties (via the emitted surface dust). Both scattering

and emission measurements of the nuclear surface are
usually difficult because the brightness of the coma,
which scales inversely with geocentric distance, usu-
ally completely overwhelms the brightness of the nu-
cleus, which scales as the inverse square of geocentric
distance. However, the availability of modern, highly
sensitive, linear, diffraction-limited IR cameras now
makes a search for residual thermal continuum emis-
sion from cometary nuclei possible after removal of
the coma emission [4].

In this work, simultaneous optical and thermal i n-
frared imaging photometric observations at multiple
wavelengths were analyzed using dynamical and spec-
tral models of the coma [5] to update the dust emission
rate estimates of Kresak and Kresakova [6] and the
nucleus size estimates of Jewitt [7]. A discussion of the
details of the photometric analysis is beyond the scope
of this work; see [8] for more detail. From the resulting
nuclear sizes and dust emission spectra and rates, we
are able to derive estimates for the nucleus size versus
rotation period, of a large population of dormant/extinct
SP comets, and of the nature of the cometary surface
environment for the 16 survey comets observed in the
last 11 years.

Distribution of nuclear sizes and rotation periods. The
observed distribution of cometary sizes and rotation periods
is shown in Figure 1. For comparison, the critical rota-
tional breakup limits for spherical cometary bodies
from [9] is also shown. The most striking result is that the
cometary nuclei, including all the SP comets, cluster inside
the region allowed by rotational stability of highly fractured
porous icy material, suggesting both the strong role of
rotational stability in the evolution of comets. Only the
very large comets Hale-Bopp (in the damaged region)
and Chiron (in the forbidden region) lie outside the
allowed region. This finding seems consistent with the
extremely high emission activity of Hale-Bopp - due
to multiple large active areas created by deep subsur-
face fissures [9]; and the different internal mechanical
structure of the pre-SP comet (i.e., Centaur) Chiron —
having never been inside the ice line at ~ 3 AU, no
thermal wave has propagated downward to substan-
tially alter the water ice structures in the comet’s inte-
rior. It suggests that these bodies will undergo a large
amount of change in the future, splitting to form a
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number of smaller, rotationally stable bodies. It is also
interesting to note that the highly publicized disruption
of comet C/1999 S4 (LINEAR) in the summer of 2000
could not have been driven by rotational instability —
as before breakup the comet falls clearly in the allowed
region. This strongly suggests the disruption was due
to some process other than rotational fissioning, such
as runaway volatilization [12]. Compared to the main-belt
and NEA asteroid populations, comets are small, very slow
rotators.
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Figure 1 — Survey comet rotation period versus effective nuclear
radius. The observed rotational periods and radii are represented by
filled circles. The solid lines denote the critical rotational breakup
limits for spherical cometary bodies from [9]. The limits have been
calculated using the rotational stability model of Davidsson [10],
assuming a bulk density of 300 kg m”~ and material strength accord-
ing to Greenberg et al. [11].

In terms of the potential impact hazard, this result sug-
gests the most likely impact hazard will come from an
SP comet a few km in size, rotating with period greater
than ~5 hours.

Undetected dormant comets. By comparing our
estimates of the expected lifetime versus dust loss to
dynamical models of the orbital evolution of the short
period comets [8], we find that the short period comets
do not become extinct by long term dust and gas loss
(Figure 2) ; rather, they mainly turn-off due to thick
mantle formation within 10° — 10" years and become
indistinguishable from “primitive”-type asteroids. A
smaller fraction destructively disintegrate, dynamically
evolve out of the solar system, impact the Sun, or
fragment into unobservedly small meteoroids. The
expected current total number of inner solar system SP
comets, including inactive comets, is a factor of 3 to 6
higher than the observed number [3]. Observational
proof for the existence of dormant/extinct comets mas-
querading as C/D type asteroids is beginning to come
from the results of new surveys of small near-earth

asteroids (NEA's) and main-belt asteroids (MBA's),
which have produced, out of an extremely limited
sampling of (sky location, object intrinsic magnitude)
phase space [13], a number of unusual objects (> 20)
with very low geometric albedos, little or no out-
gassing activity, and orbits akin to the short period and
Halley-class comets. It thus appears that at least a few
of the SP comets become "dormant" and lose all their
outgassing activity before being scattered out of the
inner solar system (Lisse 2001) [8].
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Figure 2 - Time Until Turnoff of Activity. The total lifetime versus
sublimation is derived using knowledge of the comet's orbit, initial
mass, and Qgus at time t=0. The derived lifetimes correspond to 10°
to 10° orbits. The mean dynamical lifetime estimated by Levison and
Duncan (1994) SP comets is denoted by the dashed line, and the
range of their derived "fading times" are denoted by the dotted lines.
Note that the IR survey results demonstrate that the SP comets are
robust to sublimation longer than the fading time range, implying the
existence of extinct comets in the solar system.

In terms of the potential impact hazard, we can expect
as many as 1000 SP comets of > 0.5 km radius, with
very low geometric albedo (2-4%), currently inside 5
AU, with the majority of these bodies yet to be discov-
ered.

The nature of the cometary hazard’s surface. The
nature of the cometary surface must be accounted for
when any attempts at remediation of a comet impact
hazard is considered. In the absence of direct meas-
urements by in situ probes, the best understanding we
have of the nuclear surface is by studying the material
emitted from the surface into the comet’s extended,
gravitationally unbound atmosphere (i.e., the coma).
Our photometric observations of cometary nuclei natu-
rally provide us with measurements of the coma dust
as well.

With the 16 comets currently in our database, we are
finding strong trends in the aggregate dataset of dust



particle size distribution (PSD), total emission rate, and
emission rate vs. time versus dynamical class (Figure
3). The majority of the observed SP comets emit large,
dark dust particles of high mass, while the LP comets
emit most of their dust surface area (but not mass) in
small, high albedo particles. The only two SP comets
to show evidence for small particle emission [14] are
both classed by Whipple [15] as “young” or new SP
comets. The New comets, which can be considered to
be very young LP comets, appear to act like the SP
comets. A check of some 40 literature comet observa-
tions in the thermal IR has verified these trends to a
probability of error less than 1 x 10 .
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Figure 3 - Correlations in the observations of emitted cometary
dust by albedo, silicate feature amplitude/continuum ratio, dust
color temperature, Qqust, and Tisserand invariant of the parent
comet. (a) Comparison of the dust temperature and albedo (not
shown is a correlation of the dust albedo and silicate feature strength,
which demonstrates a similarly strong correlation); (b) of the dust
production rate and the temperature of the dust; and (c) of the
strength of the silicate feature and the Tisserand. There are clear
trends and distinct groups by dynamical class — the LP comets pro-
duce the most dust with the hottest color temperature, highest al-
bedo, and largest silicate feature. The New and SP comets produce
little dust and what they do produce is cold, low albedo, and without
much silicate feature. The Halley comets are between the two ex-
tremes.

From these trends we have inferred [8] that the
different behaviors by class are due to the combined
effects of cometary evolution on the structure of the
cometary surface and the depletion of cometary vola-
tiles. The majority of SP comets are highly evolved
and relatively devolatilized, with mature mantles. The
New comets have a thin “primordial” mantle grown
from cosmic rays, solar UV, etc. over the age of the
Solar System, which survives until they suffer a few
perihelion passages; we know they are rich in volatiles
from their later LP behavior. The LP comets are
mostly rich in volatiles with active, fresh surfaces,
probably the most “pristine” and fresh surface of any
of the cometary types. The Halley family comets, with
much shorter orbital periods but rapid removal rates,

can be either little or highly evolved, leading to no
clear evolutionary trends.

In terms of the impact hazard to Earth, based on
these results, we expect the surface of a New or LP
comet to be volatile rich, with a thin processed mantle
on the newer Oort cloud comets; and the surfaces of all
but the youngest SP to consist of a thick devolatilized
but porous and fractal refractory surface.

Future Work. The results of this work are based
on a total of 16 comets, with 4 in each dynamical class
[8]. While we have been able to check the dust results
versus ~40 other measurements in the literature, no
such database exists for the nuclear size and rotation
rates. Thus increasing the number of observed comets
can greatly improve the robustness of the conclusions
derived for the mechanical (size, rotation period, bulk
modulus, density). Our work suggests that the best
results on the size of cometary hazards are best deter-
mined with the body relatively inactive beyond the ice
line [16], which unfortunately puts the body at > 2 AU
from the Earth. Thus in order to perform a consistent,
complete survey of the most dangerous and best
known SP cometary nuclei hazards, the latest IR and
optical imaging technology will be required — such as
the 8 to 10 m class ground based telescopes and
HST/SIRTF. We also note that the largest number of
the potential SP comet hazards have yet to be identi-
fied; while on the order of 1 km in size, they will be of
extremely low albedo versus the majority of NEA’s
and thus potentially undetectable in the current
Spaceguard surveys. Searches for all objects down to
100 m effective radius between 1 and 5 AU distance
from the Sun should detect the bulk of these objects.
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ABSTRACT. In a recent paper (Acta Astronautica, Vol. 50, No. 3, pp. 185-199, 2002, listed are ref. [1]) this

author gave a mathematical proof that any impactor (= asteroid or comet) could be hit at an angle of 90° if hit

by a missile shot not from the Earth, but rather from the Lagrangian Points L3 or L1 of the Earth-Moon
system.

Based on that mathematical theorem, in this paper the author shows that:

1) This defense system would be ideal to deflect small impactors, less than one kilometer in diameter. And
small impactors are just the most difficult ones to be detected enough in advance and to a sufficient orbital
accuracy to prove that they are impactors indeed.

2) The deflection is achieved by pure momentum transfer. No nuclear weapons in space would be needed. This
is because the missiles are hitting the impactor at the optimum angle of 90°. A big steel-basket on the
missile head would help.

3) In case one missile was not enough to deflect the impactor off its Earth-collision hyperbolic trajectory, it is
a wonderful mathematical property of confocal conics that the new slightly-deflected impactor’s hyperbola
can certainly be hit at 90° by another and slightly more eccentric ellipse! So, a sufficient number of
missiles could be launched in a sequence from the Earth-Moon Lagrangian points L3 and L1 with the
absolute certainty that the SUM of all these small and repeated deflections will finally throw the impactor
off its collision hyperbola with the Earth.

1. Short Review About The Five Earth-Moon Lagrangian Points

Let us start by reviewing what the five Lagrangian points of the Earth-Moon system are and where they are
located, even if this is well-known material to astrophysicists and space scientists alike. In 1772 Joseph Louis
Lagrange demostrated that there are five positions of equilibrium in a rotating two-body gravity field: three are
situated on the line joining the two massive bodies, and are nowdays called “colinear points”, or L1, L2 and
L3, as shown in Figure 1 for the Earth-Moon system. The other two (called L4 and L5) form equilateral
triangles with the two massive bodies, and so are called “triangular points”.

The locations of the three colinear points L1, L2 and L3 are found as the real roots of an algebraic
equation of the fifth degree, originally due to Lagrange, that can only be solved by resorting to Taylor series
expansions. Fortunately, the relevant three different Taylor expansions converge rapidly, so one may take into
account just three terms in each Taylor expansion to get approximations that are quite satisfactory numerically.
Here we just state that, assuming for the Earth-Moon distance the numerical value of R = 384,401 km, then:

1) The distance between the Moon and the Lagrangian point L1 equals 0.1596003*R, that is 61350.317208
km. Consequently the Earth-to-L1 distance equals 0.8403997*R, that is 323050.482792 km.

2) The distance between the Moon and the Lagrangian point L2 equals 0.1595926*R, that is 61347,568938
km.

3) The distance between the Earth and the Lagrangian point L3 equals 0.992886*R, that is 381666.370650
km.

Figure 1. ; ; !
The five Lagrangian points of the Earth-Moon F )
system and their distances from Earth and Moon f '
expressed in terms of R, the Earth-Moon distance E & - |
(supposing the Moon orbit circular, in the first "
approximation).



2. Impactor-Confocal Trajectories for the Best Deflection of Impactors

This section is devoted to the mathematical theory of confocal conics as the best trajectories for
deflecting impactors by virtue of missiles launched from either of the two colinear Lagrangian points L1 and
L3. The triangular points L4 and L5 are excluded from this theory because the trajectories of missiles launched
from them is not planar, and so much more complicated. Also, the Lagrangian points L1 and L2 of the Sun-
Earth system are excluded from the following considerations, inasmuch as they would require the theory of
perturbations. In conclusion, we just consider the Planetary Defense from the nearest two Lagrangian
points, L1 and L3.

2 2

Consider the equation of the ellipse XT + yT =1 (2.1), where a2, =b% +c, (22) and Ose, =< <]
Qeir Dert Qen
2 2
(2.3) and the equation of the hyperbola  —— —yz— =1 (2.4) where c,zlyp = a,zlyp + bfyp (2.5) and
hyp bhyp
c
Chp = oo (2.6). If the ellipse and the hyperbola have the same value for ¢, namely if c,; = ¢, =c
Ahyp
2.7

then the ellipse and the hyperbola are said to be “confocal” (or “omofocal”), inasmuch as the two focal points
located at (-¢, 0) and (¢, 0) are common to both. Because of (2.7), (2.3) and (2.6) the above confocality

definition translates into the equation a,; e, = ay, €, (2.8). Actually, by doing so, we have really defined

two families of confocal conics. One is the family of ! confocal ellipses, and the other is the family of
confocal hyperbolas. In fact, each one of the confocal ellipses has a different value of both a,; and e, , but

the latters’ product always equals the constant value ¢ (as from the confocality condition (2.8)) so that you
either assign a,; and determine e,; by virtue of (2.8), or the other way round. The same for the hyperbolas.

Figure 2 shows two confocal ellipses and two confocal hyperbolas (the “missing” vertical parts in the graphs
are just because the computer does not know what infinity is !).

The great property of confocal conics is that the any pair of different confocal conics, namely one ellipse
and one hyperbola, always intersect each other at angles of 90°. In other words, the family of ellipses (2.1) and
the family of hyperbolas (2.4), when related by the confocality condition (2.8), form two families of
orthogonal trajectories. This is a well-known result proven in any textbook of elementary analytical geometry.
Not to leave the reader with doubts, however, we just hint the proof in a few lines! Call (x,,y,) the

intersection point of the two conics (actually there are four such intersections for each pair of conics, but
pretend you don’t know about it!). Then, even high-school students know that the tangent line to the ellipse at
point ( x, , y, ) has the equation
% + y_gzo =1 (2.9) and the tangent line to the hyperbola at point ( x, , y, ) has the equation xzﬁ - y2_y0 =1
Aoyl ell ahyp bhyp
(2.10). Solving the last two equations with respect to y, one finds the two angular coefficients of these tangent
lines. Multiplying then these two angular coefficients, one gets, after some reductions, -1 as the result. This
shows that the tangents to the ellipse and to the hyperbola are orthogonal to each other.

Figure 2.
The two families of ' confocal
ellipses and ' confocal hyperbolas. 0 . -

Is all this good for deflecting impactors ?

Yes - is our answer - and here follows the sequence of logical steps leading towards the application of confocal

conics as the best trajectories for missiles shot from the Lagrangian points :

1) Consider only one of the two focuses (or “foci”, in Latin), namely the one “on the left”. Imagine the Earth
is there. Then both the confocal ellipse and the confocal hyperbola are physical trajectories (paths) that
moving bodies aroud the Earth follow naturally, because this is just Kepler’s First Law. But, which body is
following which path ?



2) A dangerous impactor arrives from infinity, namely from outside the sphere of influence of the Earth. So, it
can only follow a hyperbolic trajectory with respect to the Earth, with the focus of this hyperbola located
just at the center of the Earth (at least in the first approximantion, to which we confine ourselves here).
Also, the incoming impactor is to be regarded as “dangerous” only if its path crosses the Earth, namely if
the perigee of its hyperbolic trajectory is smaller than the Earth radius: ¢, < Rg,,, -

3) What is the counterpart of the ellipse confocal to the impactor’s hyperbola ? Our answer is: the confocal
ellipse is the physical trajectory of a missile launched against the incoming dangerous impactor from any
point in space, but better from the two colinear Lagrangian points, L1 and L3, located each on one side of
the Earth “for better defense”. Points L4 and L5 could also be used, but the relevant missile’s orbit
calculations would be more involved as three-dimensional. Notice also that L2 is to be excluded from
becoming a missile base because not visible from the Earth (the Moon hides it) and because we’ll show
later the L2 will better being kept free of radio-emitting devices to allow optimal SETI be done from the
farside of the Moon (see Sections 4 and 5 of this paper). The selection of the colinear Lagrangian points L1
and L3 as space bases for missiles is now self-evident: they ensure the cylindrical symmetry of the problem
around the Earth-Moon axis. So, the direction in space from which the impactor is arriving towards the
Earth becomes irrelevant (at least in this first-order approximation): we will just be studying confocal
orbits in the plane passing through the Earth-Moon axis and the impactor. Additionally, the merit of all the
Lagrangian points is that they are “fixed” in the Earth-Moon system, in that they keep their positions
unaltered with respect to the Earth and the Moon at all times.

4) But being confocal, the missile’s ellipse is automatically orthogonal to the impactor’s hyperbola, meaning
that the collision of the missile with the impactors always occurs at a right angle with the impactor’s path.
This is really the best we can hope for in order to deflect the impactor, since the missile’s full momentum
is then transferredto the impactor sidewise.

5) Finally, if one missile fails to deflect the impactor’s path in a sufficient amount, we can always send one or
more missiles again along the new ellipse that is confocal to the new and slightly deflected impactor’s

hyperbolic path. This is because confocal conics are actually two families of ' trajectories. So, once
again, the mathematical represention of the trajectories in the game by virtue of confocal conics matches
perfectly with the physical problem of diverting impactors and comets!

3. Impactor-Confocal Ellipses for Missiles Shot from L3

Having ascertained the above five facts, we now face a mathematical problem: given the trajectory of the
incoming impactor, that is given its confocal hyperbola, can the relevant confocal ellipse departing from L3 or
L1 be determined uniquely ? Yes - is the answer - as we now prove with regard to missiles shot from L3.

2
Start from the polar equations, of the ellipse r,; = el Cell (2.11) and of the hyperbola

1 éell CCS(¢ ell well
h E h )
Lyp yp

1+ Chyp coskbhyp - Wy,

and ®y, are here supposed to have been previously determined by astronomical

iy ) (2.12). The problem’s given data is the impactor’s hyperbolic path, whose three

elements a,,, e,

observations and/or by radar detection to a sufficient accuracy. The problem’s unknowns are the three elements
Ay, €, and w,; of the elliptical missile trajectory confocal (and so authomatically orthogonal) to the

impactor’s hyperbola and leaving from one of the three colinear Lagrangian points. In other words, we have to

find three unknowns, and so we need three equations relating them. These three equations are:

1) The confocality condition (2.8), that holds just the same in both cartesian and polar coordinates.

2) The fact that we use only one branch of the hyperbola rather than both branches. This only branch is the one
whose apsis is “facing” the confocal ellipse’s apsis around the common focus, so these two apses are located
on the opposite sides of the focus, namely on the opposite sides of the Earth. In mathematical terms, this
description amounts to saying that the argument of the perigee of the ellipse differs from the argument of
the perigee of the hyperbola exactly by an angle of 180°, that is w,; = w,,, +7 (2.13).

3) The third equation translates the requirement that the missile base has been located at either of the colinear
Lagrangian points L1 and L3. To fix ideas, suppose that this point is L3 (the point “on the far opposite
direction to the Moon” in Figure 1) and denote by R;; the distance between the Earth and L3 (obviously

known). The polar coordinates of L3 are then (R L3,n) and the requirement that the missile is launched
from L3 translates in replacing these coordinates inside the polar equation of the ellipse (2.11), yielding

a,l-e . . . :
R, = ell ell (2.14). The remaining calculations are just all the reductions necessary to solve the
l+e, cos(n -,y

three simultaneous equations (2.8), (2.13) and (2.14) with respect to the three unknowns a,;, e,; and w,;.
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But (2.13) is already solved for w,; . So, we simply replace (2.13) into (2.14), and get R;; = 1
+ e,y cos

hyp
(2.15). Next we must solve the remaining two simultaneous equations (2.8) and (2.15) for a,; and e,;. Then,

replacing (2.8) into (2.15), one gets a second degree algebraic equation in the only unknown e,; that we are
not going to write here. Solving this equation for e,;, one finds two roots, one of which must be discarded
since negative. The other root, positive, is the requested expression for the eccentricity of the ellipse :

2 2 2
JRL:; +4RL3 ahyp ehyp COSQ’)hyp )+ 4ahyp ehyp _RL3

€L = (2.16)
2 |BL3 Cos&”hyp )+ ahyp ehyp J
This, replaced into the confocality condition (2.8), finally yields the semi-major axis of the ellipse
2 2 2
\/RL3 + 4RL3 ahyp ehyp cos@)hyp )+ 4ahyp ehyp + RL3
Aerz = . (2.17)

2

and the problem is solved. The position of the point of collision between the missile and the impactor is found
as by-product by firstly replacing (2.16) and (2.17) into the equation of the ellipse (2.11), that yields the
anomaly of the collision point. Replacing this anomaly into the hyperbola (2.12), one finally obtains the
distance of the collision point from the Earth. ~ Figure 3 shows a first numerical example (in arbitrary units
not to scale with the actual Earth-Moon system values): the incoming impactor’s is missing the Earth
(represented by the larger circle located at the origin), but is of course deflected along an hyperbola. Then the
missile shot from the Lagrangian point L3 (the smaller circle on the left) can hit the impactor before it
approaches the Earth, colliding with it at an orthogonal angle.

10 10
5 5
0 0 o] .
,5 ;
" - 0 5 10 TS = 0 5 10
o Figure 3. o Figure 4.
Impactor missing the Earth, and elliptical path of Impactor hitting the Earth. Before it reaches the
the missile shot against it from L3. . Earth, it could be diverted by the collision of a
The orthogonality of the two paths at their missile shot from L3 along the shown ellipse,
collision point is evident. orthogonal to the the impactor’s path for the

maximum deflection.

Finally, Figure 4 shows the feared impactor’s impact against the Earth. But a missile shot from the
Lagrangian point L3 along the shown ellipse, confocal to the impactor’s hyperbola, could have rescued
humankind beforehand!

4. Impactor-Confocal Ellipses for Missiles Shot from L1

All equations given in Section 3 deal with an impactor arriving “from the left” in Figure 1, that is arriving
within the half-space delimited by a plane centered at the Earth, orthogonal to the Earth-Moon Axis, and not
containing the Moon. This may be called the “Opposite to the Moon Half Space”. If, on the contrary, the



impactor arrives “from the right” in Figure 1, namely withing the half-space including the Moon, then the
equations of the missile ellipse shot from L1 are slightly different. They are published here for the first time:

2 2 2 2 2 2
\/RLI = 4R Ay, ey COS(‘JW )+ 4ajyy ey + Ry \/RLI — 4R ayy, ey, COSQ“hyp )+ 4aj,, €y, + Ry,

Conr = 2|_RL1 Cosﬁuhyp )— ahyp ehpr aellLl = )

5. After the First Deflection: the Deflected Impactor’s New Hyperbola

This section provides some hints about the computation of the impactor’s mew hyperbolic path after the
first deflection occurred. In order to make it clear that the deflection occurs when the missile crashes against the
impactor, we shall call this “the crash”, rather than the “missile-impactor impact”. Well, the spirit of this
calculation is that the new after-crash speed is known because both the impactor’s and missile’s speed are
known. Then, from the impactor after-crash speed, the new impactor’s hyperbola’s semi major axis is
computed. The commonality condition then yields the relevant after-crash hyperbola’s eccentricity, and this
completes the picture after the first crash. If more than one missile is launched, then at each new crash the new
impactor hyperbola’s eccentricity will increase slightly, until the impactor’s perihelion distance will become
higher than the Earth radius, thus avoiding the final impact against the Earth.

6. Political Problems for Planetary Defense from the Lagrangian Points

The Cold War ended about ten years ago, but many people’s minds are still too much in the Cold War
attitude. Since nuclear weapons in space are forbidden by international treatises, a Proposal to locate missiles
with possible nuclear warheads at the Lagrangian points L3 and L1 would immediately be perceived as an
attempt to revive the Cold War. So, it is realistic to take for granted that any such a Proposal, if put forward
officially to any country’s political institutions, would immediately be rejected by politicians as well as by the
public at large. Just think of all the problems that NASA and ESA are having with ecologists just in order to
put Radioactive Thermal Generators (RTGs) aboard their spacecrafts. Ecologists against RTGs actually support
a narrow-minded view of ecology, based on the oversimplified belief that whatever is “nuclear” is “dangerous”.
This is the heritage of the Cold War and of all wars that went before it.

Still the problem of doing Planetary Defense from space does exist.

The threat of impactors creating havoc on the Earth’s surface is a real threat, as it was quite well proven by the
Tunguska event of 1908. However, (fortunately!) the Tunguska disaster took place in a lonely forest of Siberia,
and so there were no casualties, and, on the other hand, back in 1908 not even the scientific community was
ready to accept that such an disaster could possibly occur, not to mention that governments and lay people
were not ready at all to learn the Tunguska lesson. So, everyting went on just as if nothing had happened at
Tunguska, until the first scientists took some notice in 1927.

All this shows well that humankind still is not yet ready to face the threat of impactors and comets. Only
when humans will stop planning and conducting big wars among themselves, will the governments have more
time to think about the new danger coming from space. And ecologists will get mature to the point of not
hampering their governmental agencies to put up missiles and weapons in space if these are to prevent
dangerous asteroids and comets from killing the whole of humankind, including the ecologists themselves!

In conclusion, this new conscience of a single fate for the whole of humankind will sooner or later take
over in the vast majority of humans, and prepare them to the deep changes of new millenium.
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There exists an infrequent, but significant hazard to life
and property due to impacting asteroids and comets.

Earth approaching asteroids and comets are collec-
tively termed NEOs (near-Earth objects). These plane-
tary bodies also represent a significant resource for

commercial exploitation, long-term sustained space
exploration, and scientific research. The goal of current
search effortsisto catalog and characterize by 2008 the
orbits of 90% of the estimated 1200 near-Earth asteroids
larger than 1 km in diameter. Impacts can aso occur
from short-period comets in asteroid-like orbits, and
long-period comets which do not regularly enter near-
Earth space since their orbital periods range from 200-
14 million years. There is currently no specific search
for long-period comets, smaller near-Earth asteroids, or
smaller short-period comets. These objects represent a
threat with potentially little or no warning time using
conventional terrestrial-based telescopes. It is recog-
nized, and appreciated, that the currently funded terres-
trial-based detection efforts are a vital and logical first
step, and that focusing on the detection of large aster-
oids capable of global destruction is the best expendi-
ture of limited resources. While many aspects of the
impact hazard can be addressed using terrestrial-based
telescopes, the ability to discover and provide coordi-
nated follow-up observations of faint and/or small
comets and asteroids is tremendously enhanced, if not
enabled, from space. It is also critical to ascertain, to
the greatest extent possible, the composition and
physical characteristics of these djects. A space-
based approach can also solve this aspect of the prob-
lem, both through remote observations and rendezvous
missions with the NEO. A space-based detection sys-
tem, despite being more costly and complex than Earth-
based initiatives, is the most promising way of expand-
ing the range of objects that could be detected, and
surveying the entire celestial sky on aregular basis.

Finally, any attempt to deflect an impacting NEO with
any reasonable lead-time is only likely to be accom
plished using a space-based system.

This poster presentation provides an overview of the
Comet/Asteroid Protection System CAPS) - a future
space-based system concept that provides integrated
detection and protection through permanent, continu-
ous NEO monitoring, and rapid, controlled modifica-
tion of the orbital trajectories of selected comets and
asteroids. The goal of CAPS is to determine whether it
is possible to identify a“single” orbiting or lunar based

Hampton, VA 23681-2199, USA.

system concept to defend against the entire range of
threatening objects, with the ability to protect against 1
km class long-period comets (including inactive nuclei)
as the initial focus. CAPS would provide a high prob-
ability that these objects are detected and their orbits
accurately characterized with significant warning time,
even upon their first observed near-Earth approach.
The approach being explored for CAPS is to determine
if a system capable of protecting against long-period
comets, placed properly in heliocentric space, would
also be capable of protecting against smaller asteroids
and comets capable of regional destruction.

The baseline detection concept alvocates the use of
large aperture ¢ 3 meters), high-resolution telescopes
capable of imaging in the ultraviolet, optical, and infra-
red wavelengths. Coordinated telescope control for
NEO surveying and tracking would be incorporated to
maximize follow-up observations, and beffling and/or
shading would be employed to permit observations
close to the Sun. Each telescope would have large area
mosaic detector arrays (approximately 36K =~ 36K pix-
els), with the survey telescopes having a1.0 © 1.0 deg.
FOV and the tracking telescopes havinga0.1” 0.1 deg.
FOV. Spectral imaging would be implemented as early
as possible in the detection process. Advanced detec-
tors capable of rapid identification of NEOs and their
spectral signal could greatly simplify qoerations and
minimize the requirements on the tracking telescopes.
If NEOs could be uniquely identified in multiple survey
images, a preliminary orbit could be determined with
minimal risk of “losing” the object. The tracking tele-
scopes would be used in an interferometric mode when
higher precision astrometric observations are needed to
confirm an object has an impacting trgjectory. Finaly,
active laser ranging could be used to provide range and
range-rate data to augment precision orbit determina-
tion. Active laser ranging is preferable to radar sys-
tems due to the potentially large distances between the
target and the detection system. The tracking tele-
scopes could be used as receivers for the laser ranging
system, or the return signal of faint NEOs could be en-
hanced through active illumination to aid in interfer-
ometry measurements.

The primary orbit modification approach uses a space-
craft that combines a multi-megawatt power system,
high thrust and specific impulse propulsion system for
rapid rendezvous, and a pulsed laser ablation payload
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for changing the target’s orbit. This combination of

technologies may offer a future orbit modification sys-
tem that could deflect impactors of various composi-
tions without landing on the object. The system could
also provide an effective method for altering the orbits
of NEOs for resource utilization, as well as the possibil-
ity of modifying the orbits of smaller asteroids for im
pact defense. It islikely that any NEO defense system
would alow for multiple deflection methods. Although
laser ablation is proposed as the primary orbit modifica-
tion technique, alternate methods, such as stand-off
nuclear detonation, could also be part of the same de-
fensive scenario using both rendezvous and intercept
trajectories. Advanced technologies and innovation in
many areas are critical in adequately aldressing the
entire impact threat. Highly advanced detectors that
have the ability to provide the energy and time of arri-
val of each photon could replace current semi-
conductor detectors in much the same way as they
replaced photographic plates. It is also important to
identify synergistic technologies that can be applied
across a wide range of future space missions. For ex
ample, technologies permitting humans to traverse the
solar system rapidly could be highly compatible with
the rapid rendezvous or interception of an impactor.

Likewise, laser power beaming (visible, microwave, etc.)
may be applicable for space-based energy transfer for
remote power goplications, aswell as NEO orbit modifi-
cation.

The vision for CAPS is primarily to provide planetary
defense, but also provide productive science, resource
utilization and technology development when the sys-
tem is not needed for the infrequent diversion of im
pacting comets and asteroids. Thevisionisfor afuture
where asteroids and cometary bodies are routinely
moved to processing facilities, with a permanent infra-
structure that is capable and prepared to divert those
objects that are a hazard. There is tremendous benefit
in “practicing” how to move these objects from athreat
mitigation standpoint. Developing the capability to
alter the orbits of comets and asteroids routinely for
non-defensive purposes could greatly increase the
probability that we can successfully divert a future
impactor, and make the system econonically viable. It
islikely that the next object to impact the Earth will be a
small near-Earth asteroid or comet. Additionaly, a
globally devastating impact with a 1 km class long-
period comet will not be known decades, or even years,
in advance with our current detection efforts. Search-
ing for, and protecting ourselves against these types of
impactors is aworthwhile endeavor. Current terrestrial-
based efforts should be expanded and a coordinated
space-based system should be defined and imple-

mented. CAPS is an attempt to begin the definition of
that future space-based system, and identify the tech-
nology development areas that are needed to enable its
implementation. Finally, it is fully appreciated that at
the present time space systems are much more costly
than terrestrial-based systems. Hopefully, this will
change in the future. Regardless, understanding what
it would take to defend against a much wider range of
the impact threat will foster ideas, innovations, and
technologies that could one day enable the develop-
ment of such a system. This understanding is vital to
provide ways of reducing the costs and quantifying the
benefits that are achievable with asystem like CAPS.
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Beginning in 1991 with the Galileo spacecraft en- This can be accomplished by plotting the asteroid’s or
counter with Gaspra, the USNO Flagstaff Station has comet’s path on a star chart. A necessary prerequisite
been providing highly accurate astrometry of comets for this task is an accurate ephemeris. An excellent re-
and asteroids to NASA/JPL in support of a variety of source for ephemerides is the JPL “Horizons” program,
missions and observing efforts. Over the years, no ef- available on the web at
fort has been spared to attain the greatest possible ac-
curacy. This has led to improvements in hardware, de-
tectors, supporting electronics, observing strategies, as-an a|l-sky star chart program, utilizing the USNO-A2.0
trometric analysis, and — perhaps most significantly —in 3nq ACT catalogs, resides at
astrometric reference catalogs. USNO is proud to have

http://ssd.jpl.nasa.gov/horizons.html

contributed to the many successful encounters, flybys, http://www.nofs.navy.mil/data/fchpix/
radar ranging experiments, and improved orbits for tar-
gets of particular interest. While each solar system body Lesson #2: Round images are best.

seems to present its own peculiar observing challenges,
we have developed a certain level of confidence in our a trailed image in a field of round star images is an
astrometric methods. If an object is detectable with our \,nmistakable indicator of a moving object. Our expe-

instrumentation, we can accurately determine its posi- rience, however, has indicated that centroiding and ac-

tion. . . curate astrometry are more reliably achieved with round
In this report, | discuss what we have come to regard jmages. Since our emphasis is on astrometry, rather than

as the key elements in a successful astrometric cam-detection, we select exposure times that will yield round
paign. These include a wide field of view and target- images.

appropriate centroiding algorithms. Perhaps the most
important is an accurate, dense, reference Cata|og ofCentroiding essentially involves finding the locus of the
faint objects. In recent years, the Naval Observatory has peak in the gradients of an image in two orthogonal co-
produced a number of such catalogs — most notably the ordinates. A round, properly focussed image will gener-
USNO-A2.0 catalog and the UCAC. The 8-inch FASTT ally have one central peak (the exception being comets,
telescope has also been used to densify regions of thediscussed later.) A trailed image will have a peak in the
TYCHO catalog, for particular applications. At the time cross track direction, but only the endpoints contribute
of this Workshop, new versions or expansions to these t0 the astrometric signal in the direction of trailing.
existing catalogs are under development, and new sur-
vey programs are being planned which will yield yet-
more accurate and dense reference grids. All of these
factors contribute to improved accuracy for asteroid and
comet positions. Certainly, the accuracy of the astro-
metric positions is one of the essential ingredients in the
effort to identify those comets and asteroids which pose
a potential threat to our planet.

In the time required to take a trailed exposure, it is possi-
ble to take a series of short exposures, producing a series
of round images. We used this technique for astrometry
of the Galilean moons, in support of the Galileo mis-
sion. This allowed the computation of several accurate
positions for each moon over the period of observation
each night. Accomplishing multiple exposures closely
spaced in time with a CCD camera can be done using
the shutter and partial reads of the chip between expo-

Lesson #1: Optimize target placement sures.

An alternative to this method is planned using the newest

USNOFS CCD camera, now being built for the 1.3-

. meter telescope. This camera has been designed to track

» well-separated from background stars, galaxies and g integrate photons from a non-sidereal target while

bright foreground objects, simultaneously providing a stellar reference frame. It

will have a mosaic of six CCDs, one of which will clock

e atleasB0° above the horizon, and the charge to match the motion of a non-sidereal object.
The entire camera will be rotated to align this chip with

e more thar20° from the galactic plane. the path of the target. The other chips will operate in

Ideally, observations will be made when targets are:
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stare mode and provide a well-guided image of the sur- A moving object detection method will detect anything

rounding sky. that moves in the field of view during an exposure —
not just the target. This can lead to confusion in iden-
Lesson #3: Detect moving objects. tification of the target object. With USNOFS cameras,

images tend to be somewhat over-sampled. For exam-
s ple, the pixel scale of the 2k2K camera on the 61-
inch telescope is 0.33 arcsec/pixel. Typical seeing at
USNOFS would be 1-2 arcsec FWHM. Thus, an im-
age normally spans several pixels. This over-sampling
e For a single exposure, use the ephemeris to pre- means that celestial objects generally appear quite dif-

dict the pixel coordinates of the target on the chip. ferentthan cosmic rays and other non-celestial “defects”

Search for the object at that location and along the in a frame.

line-of-variations representing the most probable

path of the object across the field. Comparison It is possible, particularly in fi_elds along the ecliptic,
of the object coordinates with those of field stars to have more than one asteroid or comet appear in the

from a reference catalog, which is complete to at Same frame. Utilities exist on the web to show all known
comets and asteroids which will pass through a given

field of view during a particular time interval. One of

these is provided by Bruce Koehn at Lowell Observa-

Detection of moving objects using only round image
can be accomplished by a number of methods. Those
used at USNOFS include:

least a few magnitudes fainter than the target, re-
duces false identifications.

o With multiple frames, line up the star images and tory, at:

look for objects that shift from one frame to the . /asteroid.lowell.edu/cgi-bin/koehn/astplot

next. This is the traditional “blink” method, and

is highly effective for images with very low SNR.  The IAU Minor Planet Center also provides a “Minor

Planet Checker”, which lists known asteroids in a given

e Frame subtraction is possibly the most effective field of view.

method, as it essentially eliminates all non-moving

objects from consideration. It is especially use-  http://cfaps8.harvard.edu/ cgi/CheckSN.COM

ful when working in crowded fields such as the

Galactic plane. Multiple frames are aligned, and Lesson #5: Tailor centroiding method to target.

one is subtracted from the others. All stationary

objects will be erased, but those which move be- \yith properly-timed exposures, asteroid images may closely

tween exposures will remain, since the images of esemple stars, so the centroiding methods developed
moving objects will not overlap. for stars may be used with confidence. As with stars,
the wise will avoid using using flux-weighted means to
The first method is employed for all FASTT observa- find the image centroids. Our experience has shown that
tions, since the transit telescope can make only one ob-fitting 1-dimensional Gaussians to the marginal distri-
servation per night of any given target. Both the blink butions is both fast (hence, cheap) and effective.
and subtraction methods are far more sensitive, and much
less prone to confusion. Multiple observations also pro- Comets certainly do not resemble stars, and can be very
vide a measure of the velocity of any moving objects in Messy indeed. A case in point was the campaign last
the field of view, which in turn gives a rough indication ~Year to provide astrometry of comet 19P/Borrelly prior
of the distance of the Objects from the Sun. to the DS1 ﬂyby A number of observers participated in
this effort. At the USNO Flagstaff Station, observations
A second benefit of the multiple frame approach is that ere made with two different telescopes. All observa-
detection of moving objects is relatively insensitive t0 tjons were reduced independently by Ron Stone and the
changes in apparent brightness. As long as the targetaythor, using different centroiding algorithms but the
is visible in the images, its motion will be obvious, and  same reference catalog. The resulting positions differed
variations in brightneSS will be useful additional data. Systematica”y, but no errors were found that would ac-
But in single frame detection, the magnitude is needed count for the differences. So both sets of positions were
to distinguish the target from background objects. In reported to the navigation team at JPL. When data ob-
this case, variations in brightness increase uncertainty. tained from the spacecraft were compared to ground-
based astrometry, it was noted that centroids based on
Lesson #4: Minimize confusion. the “hottest pixel” in the comet image showed signifi-
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cantly smaller bias relative to centroids based on Gaus- ence catalogs for nearly all solar system astrometry: the
sian fits to a stellar PSF. The problem was that the comet'€JSNO-A2.0 catalog and the UCAC (USNO CCD As-
image was highly asymmetric and the PSF fitting meth- trograph Catalog). The USNO-A covers the entire sky
ods could not account for this distortion (see figure). with an accuracy of:180 mas and is nearly complete
While the “hot pixel method” might not yield the high- to magnitude 19. The UCAC covers the entire southern
estaccuracy for all comets, the Borrelly experience stronglgy and will eventually provide full-sky coverage. Its
suggests that it should be part of the astrometrist’s tool- accuracy ist20 mas for the 10-14 magnitude range and
box. it has a limiting magnitude of 16. (New versions of both
catalogs are about to be released. See the accompanying

Lesson #6: Use the best available reference catalog! handouts.)

We determine astrometric coordinates of solar system Lesson #7: Match observing cadence to application.
bodies by computing their positions relative to back-
ground stars. It is therefore desirable for the reference |n the best of all possible worlds, those in the business of
star catalog meet the following criteria: computing the orbits of potential Earth impactors would
o - . have available to them an infinite supply of high-accuracy
e Individual star positions should have good preci- agtrometric positions from many nights of observing cov-
sion, with minimal zonal or systematic errors. ering a large portion of each target's orbit. In the real

. . world, however, observing time for astrometry is fairly
e The catalog should be tied to the International Ce- |imited. On the best telescopes at the best observing

lestial Reference System (ICRS) sites, it's a highly-prized and scarce commodity. It is
only reasonable then to time observations for maximum
e The density of catalog stars must be sufficient to yajue for orbit computation. It makes little sense, for
insure a good reference frame in any field of view. example, to make 20 observations on a single night of
(For the 61-inch telescope, this means a density of 5 target whose orbit is uncertain, and then to ignore
roughly 300 stars per sq degree.) it for the next several months. Far better to make a
couple of observations one night, a few more a week
* The reference catalog must be reasonably com- |ater, and perhaps another in a month or two — thus pin-
plete in the magnitude range of the target objects ning down the orbit and greatly improving the accuracy
to be useful for distinguishing between targets and f orpit predictions. Achieving the most efficient ob-
background objects. serving candence requires communication between as-
trometrists and the celestial mechanicians using their

In recent years, we have come to rely on two refer- data. This cannot be emphasized too strongly!
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tory, University of Helsinki, P.O. Box 14, FIN-00014 U. Helsinki, Finland (Karri.Muinonen@helsinki.fi), J. Virtanen, Observatory,
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We are studying the effects of high-precision astrometric
observations on the computation of near-Earth object (NEO)
orbits and collision probabilities. In addition to standard as-
trometry, we are examining differential astrometry, that is, ei-
ther differences of two positions from standard astrometry or
the actual sky-plane motion. GAIA, the next astrometric cor-
nerstone mission of ESA, is due for launch no later than 2011.
The duration of the GAIA survey will be 5 years, the limiting
magnitude equals V = 20 mag, and full sky will be covered
some dozen times a year. In particular, GAIA promises to pro-
vide an unprecedented NEO search across the Milky Way area
typically avoided by groundbased searches. The extraordinary
precision of the astrometry, varying from 10 micro-arcseconds
at V = 15 mag to a few milliarcseconds at V = 20 mag, will
have a major impact on NEO orbit computation, in particular,
on the derivation of NEO collision probabilities and the assess-
ment of the collision hazard. In addition to standard positional
astrometry, GAIA will obtain differential astrometric observa-
tions: it promises to detect an object’s motion across the field
of view. The accuracy of the GAIA astrometry imposes a chal-
lenge for orbit computers, as an NEO’s size, shape, and surface
properties will have an effect on the astrometry. This effect
will depend on the NEO orientation with respect to the Sun-
NEO-GAIA plane and, in particular, on the solar phase angle
(the angle between GAIA and the Sun as seen from the NEO).
We show tentative simulations about the improvement of NEO
orbits by precise astrometry. Finally, we show predicted NEO
detection statistics for the GAIA mission.

We study the inverse problem of deriving asteroid orbital-
element probability densities from given astrometric data sets.
Our goal is to extend the Bayesian treatment of standard as-
trometry by Muinonen & Bowell (1993) to incorporate dif-
ferential astrometry. In particular, we are interested in short
observational arcs and small numbers of observations, and are
making use of the statistical ranging technique throughout the
present paper (Virtanen et al. 2001, 2002; Muinonen et al.
2001, 2002; see also Muinonen 1999). For a current review
of advances in asteroid orbit computation, see Bowell et al.
(2002) and, for the future ESA astrometric cornerstone mis-
sion GAIA, see, e.g., Mignard 2002; Perryman et al. 2001.

To study the influence of high-precision astrometry on
orbital accuracy, we applied the ranging technique to the
near-Earth asteroid 1998 OX4. By gradually decreasing our
assumption of observational noise, i.e., increasing the astro-
metric accuracy, we computed the orbital-element probability
densities using theoretical least-squares positions as sets of
“corrected” observations. Since we also wanted to answer
the question “what is the minimum number of high-precision
observations needed to improve the orbit significantly?”, we
began with the minimum requirement, that is, two astrometric
observations per object.

For the Earth-crossing asteroid 1998 OX4, observations
covered only a 9.1-day arc, with altogether 21 observations
on 6 nights. Furthermore, there were non-vanishing collision
probabilities in several close approaches after year 2012. The
asteroid was serendipituously recoved in summer 2002.

We chose two observations separated by 3.0 hr on the sec-
ond night. The choice of the time span was motivated by the
GAIA scanning law with a spin rate of 3 hr and a correspond-
ing time difference between repeated observations on a given
object. We applied ranging to the set of two observations and
tested a sequence of observational noise values: o =(0.5as,
50 mas, 5mas, 0.5mas, 50 uas). However, it turned out that,
at least for two closely spaced observations, increasing the
accuracy of the observations does not provide any major con-
straint on the orbital element distribution. The phase-space
region of possible solutions spreads over hundreds of AU in
semimajor axis and from 0 to 1 in eccentricity regardless of
the assumption of observational errors.

We then added a third observation in between the two
previously used, and repeated the analysis. The extent of the
marginal distributions in (a, e)-plane in Figs. 1 and 2 show that
obtaining a third observation of an object is crucial in terms of
orbital accuracy at least for this case. For 1998 OX4, a major
improvement of the orbital elements takes place between 5 mas
and 0.5 mas. In fact, the results indicate that there is a threshold
value for the astrometric accuracy below which the orbital-
element probability density becomes well confined, although
the exact value of the threshold seems to be case-sensitive.

Finally, we repeated the analysis for four simulated obser-
vations: two pairs of close-by observations with a 20-second
time difference separated by 3.0 hr. This time the orbital im-
provement takes place after the observational noise has been
diminished to 50 pas (Fig. 3). This indicates that, if three
more loosely-spaced observations cannot be obtained within
the GAIA spin period, such a set of observations would prove
useful for orbit improvement, presuming astrometric accuracy
of at least 50 pas.

Table 1 summarizes the predicted NEO detection statis-
tics for the GAIA mission (Mignard 2002). The simulations
indicate that most of the faint objects will cross the field of
view undetected; for an object of absolute magnitude ~18,
the probability that it will be observed repeatedly by GAIA is
roughly half.
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Figure 1: Gradual improvement of the semimajor axis- Figure 2: As in Fig. 1 but for o =50 pas, and 5 pmas.

eccentricity probability density with improving accuracy for
1998 OX4. From top to bottom, we show the extent of
the marginal probability densities for & =0.5as, 5mas, and
0.5mas. The boxes in the upper plots indicate the extents of
the corresponding plotting windows below, while the box in
the lowermost plots refers to the upper plot in Fig. 2.
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Table 1: Probability of observing an NEO of a given absolute
magnitude H with GAIA. The columns gives the probability
that repeated observations occur a certain number of times,
from n = 0 (never observed) to n > 25. The numbers add to
100 percent along a line. A limiting magnitude V' = 20 has
been adopted for the detection.
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Figure 3: Gradual improvement of the semimajor axis-
eccentricity probability density with improving accuracy for
four simulated astrometric observations of 1998 OX4 (two
pairs of close-by observations with a 20-second time dif-
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o =0.5mas, 50uas, and 5uas. The boxes in the two upper-
most plots indicate the extents of the corresponding plotting
windows below.
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Introduction

The history of the Earth, and all the bodies in the solar system, has been marked
by cosmic catastrophes of epic proportions: impacts due to asteroids and comets. Large-
scale impacts have occurred in the past and, despite a decline in impact flux, the potential
for future impacts constitutes a legitimate threat to human civilization. Communicating
about the risk that near-Earth objects (NEOs) pose to the general public presents a serious
challenge to the astronomical community. Although the NEO hazard has a unique
character, comparisons with other natural hazards can readily be drawn and lessons can
certainly be learned from years of experience that other researchers have in risk
communication.

Just as specialists dealing with other hazards have done, the NEO community has
addressed the challenge of risk communication by developing tools, most notably the
Torino Impact Hazard Scale, capable of conveying useful information to a diverse
audience. Numerous researchers and commentators have critiqued the scale, some
suggesting modifications or proposing particular significant revisions. These critiques
have dominantly focused on the Scale’s perceived technical weaknesses, neglecting the
central issues concerning its ability to inform the public in a satisfactory way.

For instance, an issue that has already been dealt with in other cases (e.g. the
“terrorism scale” of the U.S. Dept. of Homeland Security) concerns the degree to which
the wording in the public scale tells people what they should specifically do in response
to a particular warning level. The American Red Cross, for example, tabulated different
responses that might be appropriate for different groups (individuals, families,
neighborhoods, schools, and businesses) as to how they should respond to a particular
level of threat. Similar clarification of the Torino Scale might be in order. We hardly
expect the public to “carefully monitor” an NEO predicted as having a Torino Scale “1”
close encounter; those words were intended for astronomers. But given recent hype in
popular media concerning 2002 NT7, further clarification for science journalists about
appropriate levels of response for different interest groups (astronomers, space agency or
emergency management officials, ordinary citizens) might be appropriate.

The NT7 Event

In late July 2002, the public was alarmed when many news media carelessly
proclaimed a likely threat that an asteroid would strike the Earth a few decades hence and
cause terrible destruction. The route from a routine asteroid discovery, to a technically
interesting but publicly insignificant prediction of an extremely low probability impact, to
a headline-making scare began with the unannounced posting on technical web sites of
technical data about the asteroid 2002 NT7. Included on the web sites was a ranking on a
technical hazard scale (the PTS) introduced a year earlier for technical analysis (it has
negative and positive numbers, and decimal places).

Although most asteroid hazard researchers had agreed to use the 1-10 Torino
Scale (NT7 falling near the boundary between 0 and 1, meaning “no concern”) to
communicate the seriousness of possible impact predictions, some purveyors of asteroid



news (including the CCNet internet newsletter and prominent British and American news
media) chose to emphasize that the NT7 event was the “first time” the PTS rating had a
positive value. It was like calling the Queens air crash in autumn 2001 “the worst
transportation disaster of the century” when the century was not even a year old!

CNN switched its references from the PTS to the Torino Scale in a matter of
hours. But subsequent news coverage remained confusing and inappropriate to the
scientific realities. If all the scientists and journalists involved in NT7 had explained
(once again!) the simple process whereby new observations of the asteroid were being
used to refine the predictions, which would almost certainly go to zero probability within
a few days, the story might instead have run on pg. 17, or not at all. We should save the
drama for truly exceptional events, conceivably even including a future impact.

Other Hazard Scales

Astronomers are hardly the first scientists to encounter difficulties with hazard
scales. We can learn from experiences in developing other scales. Just as two scales
have confused communication of predicted asteroid impacts, multiple scales exist for
other natural hazards. But, despite internal debates about how to announce an earthquake
Magnitude and the existence of multiple seismic scales, the public has been shielded from
such internal, technical dissension and has become quite comfortable with Magnitudes,
even though the appellation “Richter” has officially disappeared.

The Richter Scale is familiar as a roughly 1-10 scale of earthquake strength.
Developed by seismologist Charles Richter in the 1930s, people in California are well-
calibrated to the numbers associated with their personal experiences. Educated people
worldwide know that earthquakes less than 5 rarely make the news, and an 8 is something
horrific. Yet there have been raging debates among seismologists, behind the scenes,
about how to communicate with the public about the enormous differences between
earthquakes separated by only a few numbers on the logarithmic scale. “Dare we discuss
logarithms?” “What does the public understand about decimals, as in a 5.7 magnitude
quake?” In reality, the Richter Scale (technically defined only for a particular instrument
that saturated well below the magnitudes of large earthquakes), has been officially
abandoned. Official pronouncements, at least in the U.S., refer only to Magnitude.
Fortunately, “Magnitudes” are similar to values on the “Richter Scale” and the public
remains blissfully unaware of the internal dissension among seismologists. Asteroid
astronomers would do well to follow this example. Few members of the attentive public
will put up with debates about the scales. Long-term consistency must be the watchword.

There are many other scales, some familiar and some not-so-familiar, used by
different scientific specialties to translate their technical findings or judgements into mes-
sages that ordinary citizens can relate to...and take appropriate action. They deal with
topics as mundane as air quality and the dangers of UV on a sunny day to topics as vital
as the end-of-the-world by nuclear war (e.g. the Doomsday Clock, of the Bulletin of the
Atomic Scientists). Some other scales are esoteric; 8 separate “Space Weather Alert”
scales are managed by NOAA’s Space Environment Center. Changes were made to
these space weather scales in March 2002; the chief users of these scales, however, are
technical people, even though there may be public consequences (e.g. with radio
transmission or even electrical power). How effectively scales are presented influence
their acceptance and the influence they have on behavior. The familiar fire-danger scale



(arrow pointing to colored zones of fire danger ranging from “low” to “extreme’) has
been used for decades and is well known in the American West. The particular illustra-
tion of the UV Index (below) is especially effective at translating the numbers into
practical actions that people can take to minimize their exposure to dangerous sunlight.
Some scales have been adopted internationally (e.g. the International Nuclear [Reactor]
Event Scale) while others are more ad hoc.

The Torino Scale
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The 2-dimensional plot of the Torino Scale familiar to asteroid researchers is a technical
definition of how the Torino Scale values for a predicted potential impact are calculated
from two quantities: the impact energy and the probability of impact. The technical
version is not intended for public presentation, but for use by scientists and science
communicators.

The even more complex Palermo Technical Scale (PTS) was devised for use by
impact hazard experts. The scale is a one-dimensional scale (a range of numbers to
several significant figures, with no beginning or end, spanning zero) calculated from the
same two quantities used to calculate values on the Torino Scale plus a third quantity: the
time until the predicted event.

Some have argued that the Torino Scale would be more “elegant” if it were
calculated more like the PTS. In fact, there is a rough one-to-one mapping between PTS
values and Torino Scale values. Indeed, the Torino Scale could be defined as = PTS +2.5
(rounded to the nearest integer, or 0 for all negative values), and its values would usually
not vary by 1 unit in the important lefthand part of the diagram, or in color in the
righthand part. Perhaps the definitions of the Torino Scale could be tweaked behind-the-
scenes without damaging either the consistency or credibility of the scale in its public
representation. In its first 4 years, the Torino Scale has gained fairly widespread use by
science journalists worldwide. Its use should continue to be encouraged. Perhaps
implementation of our suggestions could avoid future confusions like the one that fueled
the recent NT7 media hype.

Conclusions
Clearly, the NEO community’s efforts to help the public place in context any
news about possible future impacts remain only partially effective; NEO impact



predictions continue to be met with confusion, misunderstanding, and sensationalism.
The Torino Scale value is not the only information about impacts available to the public
and, indeed, scales of any sort are not the only way to bring some convergence into
public discussion of particular predictions. Astronomers have a public responsibility to
develop simple protocols for honestly but understandably communicating about the
inherently tiny chances of potentially huge disasters that characterize the impact hazard.
Drawing from experience with other scales, we advocate that the IAU and other players
and entities develop policies grounded in previous experience that can ensure accuracy,
consistency, and clarity in reports of impact predictions. Only if we get our scientific
house in order can we demand responsibility on the part of the science communicators
and journalists who constitute the next link in the chain of communication.

Asteroid experts are not the first to face difficulties in communicating the
practical implications of their work to the public. We must consistently use the Torino
Scale and other simple, honest ways to put our work and predictions into an
understandable context. The Torino Scale itself can be improved (both in its public
image and in behind-the-scenes definitions) in ways that don’t confuse the public.



RADAR RECONNAISSANCE OF POTENTIALLY HAZARDOUS ASTEROIDS AND COMETS.
S.Omstro', 'Jet Propulsion Laboratory, California Institute of Technology (300-233, Jet Propulsion Laboratory,
Pasadena, CA 91109-8099, ostro@reason.jpl.nasa.gov).

Groundbased radar is an intelligence-gathering tool that is uniquely able to reduce uncertainty in NEO
trajectories and physical properties. A single radar detection secures the orbit well enough to prevent ilossi of newly
discovered asteroids, shrinking the instantaneous positional uncertainty at the object's next close approach by orders
of magnitude with respect to an optical-only orbit. This conclusion, reached initially by [1] through Monte[arlo
simulations, has been substantiated quantitatively by comparison of residuals for radar+optical and optical-only
positional predictions for recoveries of NEAs during the past decade [2].

Integration of an asteroid's orbit is afflicted by uncertainties that generally increase with the length of time from
epochs spanned by astrometry. Eventually the uncertainties get so large that the integration becomes meaningless.
The duration of accurate orbit integration defines our window of knowledge about the object's whereabouts.
Presumably we want to find out if any given NEO might threaten collision, and if so, we would like as much
warning as possible. Radar extends NEO trajectory predictability intervals far beyond what is possible with optical
data alone, often approaching the end of this millennium (e.g., 1999 JM8 [3]).

For 2002 FC, an eight-week arc of discovery-apparition optical astrometry could not reliably identify any close
Earth approaches before or after 2002, but with Arecibo astrometry from May 24 and Goldstone astrometry from
June 6 (the object's last radar opportunity until 2040), close approaches could be identified reliably during the 1723
years from 488 to 2211. At this writing, with a much longer, 3.3-month optical arc, the corresponding intervals are
1951 years with radar (464 to 2415) and 137 years without it (2002 to 2139).

For asteroid (29075) 1950 DA, analysis of the radar-refined orbit [4] revealed that there will be a possibly
hazardous approach to Earth in 2880 that would not have been detected using the original half-century arc of pre-
radar optical data alone. This event could represent a risk as large as 50% greater than that of the average
background hazard due to all other asteroids from now through 2880, as defined by the Palermo Technical Scale
(PTSQalue = +0.17). 1950DA is the only known asteroid whose danger could be above the background level.
Thelncertainty in the probability of a collision in 2880 is due mostly to uncertainty in the Yarkovsky acceleration,
which depends on the object's shape, spin state, and global distribution of optical and thermal properties. This
example establishes the fundamental inseparability of asteroid physical properties and long-term prediction of their
trajectories: if we take the hazard seriously, physical characterization must be given high priority.

For most NEAs, radar is the only Earth-based technique that can make images with useful spatial resolution
(currently as fine as ~10 m). With adequate orientational coverage, delay-Doppler images can be used to construct
geologically detailed three-dimensional models (e.g.,[5]), to define the rotation state, and to constrain the internal
density distribution. Thelavelengths used for NEAs at Arecibo (13 cm) and Goldstone (3.5 cm), in combination
with the observer's control of the transmitted and received polarizations, make radar experiments sensitive to the
surfacefs bulk density and to its roughness at scales larger than a centimeter (e.g.,[qb]). The fact that NEAs{ circular
polarization ratios (SC/OC) range from near zero to near unity means that the surfaces of these objects are extremely
variegated. In many cases, NEA surfaces have more severe small-scale roughness than that seen by spacecraft that
have landed on the Moon, Venus, Mars, or Eros (whose SC/OC is near the NEA average of ~ 0.3).

Radar-derived shape models of small NEAs open the door to a wide variety of theoretical investigations that are
central to a geophysical understanding of these objects. With realistic models, it is possible to explore the evolution
and stability of close orbits (e.g., [7]) with direct application to the design of spacecraft rendezvous and landing
missions. Given information about the internal density distribution, one can use a shape model to estimate the
distribution of gravitational slopes, which can constrain regolith depth and interior configuration. A shape model
also allows realistic exploration [8] of the potential effectiveness of nuclear explosions in deflecting or destroying
hazardous asteroids.

The most basic physical properties of an asteroid are its mass, its size and shape, its spin state, and whether it is
one object or two. Radar is uniquely able to identify binary NEAs, and at this writing, has revealed six ([9] and
references therein, [10]), all of which are designated Potentially Hazardous Asteroids (PHAs). Analysis of the
echoes from these objects is yielding our first information about the densities of PHAs. Current detection statistics
suggest that between 10% and 20% of PHAs are binary systems.

The risk of a civilization-ending impact during this century is about the same as the risk of a civilization-ending
impact by a long-period comet (LPC) during this millennium. At present, the maximuml[fossible warning time for
an LPC impact is probably between a few months and a few years. Comet trajectory prediction is hampered by
optical obscuration of the nucleus and by uncertainties about nongravitational forces. Radar reconnaissance of an



incoming comet would be the most reliable way to estimate the size of the nucleus [11] and would be valuable for
determining the likelihood of a collision.
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USING A SOLAR COLLECTOR TO DEFLECT A NEAR EARTH OBJECT. James F. Pawlowski
Human Exploration Science Office, Johnson Space Center, Houston, TX. 77058 james.f.pawlowskil@jsc.nasa.gov

Introduction: In my review of various non-nuclear
techniques that might be used to deflect a NEO on a
collision course with Earth, the most promising
method is one that. was studied by H.J. Melosh et al * .
This method uses a solar collector to focus the Sun’s
rays on the NEO’s surface where evaporation of the
surface caused by heat creates a thrust which modifies
the NEQO’s trajectory over a period of time.

Such a technique has a huge advantage because it nei-
ther requires stabilizing the NEO nor landing on it. As
the NEO rotates under the illuminated spot, fresh mate-
rial is brought into the heated area so evaporation is
continuous. Furthermore it does not, for the most part,
depend on the composition of the NEO. It can evapo-
rate stony or icy bodies but probably not iron NEOs.
Fortunately these are rare. The steady push generated
by solar evaporation minimizes the danger of disrupt-
ing the NEO in contrast to an impulse.

There are quite a few technical hurdles to overcome in
maturing this technique, but none seem improbable or
anymore difficult than other methods.

* Melosh, H.J., Nemchinov, I. V., Zetzer, Y. 1. :1994,
Hazards Due to Comets and Asteroids, pp. 1119-1127



Imaging the Interiors of Near-Earth Objects with Radio Reflection Tomography
Ali Safaeinili and Steven J. Ostro
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109-8099

Scenarios for mitigation of asteroid/comet collisions include the use of explosives to deflect or destroy
the projectile (Ahrens and Harris 1995). However, as demonstrated by Asphaug et al. (1998), the
outcome of explosive energy transfer to an asteroid or comet (via a bomb or a hypervelocity impact) is
extremely sensitive to the pre-existing configuration of fractures and voids. A porous asteroid (or one
with deep regolith) significantly damps shock wave propagation, sheltering distant regions from impact
effects while enhancing energy deposition at the impact point. Parts of multi-component asteroids are
similarly preserved, because shock waves cannot bridge inter-lobe discontinuities. Thus our ability to
predict the effect of detonating a nuclear device at an asteroid or comet will rest on what we know about
the object's interior.

Information about the interiors of near-Earth objects is extremely limited. Results from NEAR-Shoe-
maker's year-long rendezvous of Eros (Prockter et al. 2002, Veverka et al. 2000) suggest that it is
somewhat consolidated, with a pervasive internal fabric that runs nearly its entire length and affects
some mechanical responses such as fracture orientation. However, Eros' detailed internal arrangement
of solid and porous domains is unknown, and in any case, Eros is not hazardous and is orders of mag-
nitude more massive than any potentially hazardous asteroid. For much smaller asteroids whose
shapes have been reconstructed from ground-based radar imaging (e.g., Hudson and Ostro 1995,
Hudson et al. 2000) and for radar-detected comet nuclei, (Harmon et al. 1999), some interesting but
non-unique constraints on density distribution have resulted.

We would like to suggest that Radio Reflection Tomographic Imaging (RRTI) (Safaeinili ez al.) is an
optimal technique for direct investigation of the interior of a small body by a spacecraft in orbit around
it. The RRTI instrument’s operating frequency is low enough so that its radio signals are able to
probe the target body's interior. The data obtained by RRTI is three-dimensional since it consists of
wideband echoes collected on a surface around the object. This three-dimensional data set can be
operated on to obtain the three-dimensional spatial spectrum of the object. The inversion of the RRTI
data can yield the three-dimensional distribution of complex dielectric constant, which in turn can reveal
the presence of void spaces, cracks, and variations in bulk density.

The mathematical basis of the technique is similar to that of ultrasonic reflection tomography (Kak and
Slaney 1988) and seismic imaging (Mora 1987). Design of a spaceborn RRTI instrument for a small-
body rendezvous can be based on the heritage from other planetary radar sounders like MARSIS
(Picardi et al. 2001) and radar sounding experiments used to study glaciers (Gudmandsen, 1971) or
contemplated for searching for a Europa ocean (Johnson et al. 2001). However, unlike these planetary
radar sounding instruments, RRTI of NEOs would exploit the spacecraft's access to all sides of the
body. Global views of the object make it possible to solve for the three-dimensional dielectric constant
variations within the object down to the size of the shortest observing wavelength.

RRTI is distinctly different from radio transmission tomography techniques (e.g. the CONSERT
experiment on Rosetta; Kofman et al. 1998) whose purpose is not imaging but rather to study material
properties of radio-transparent comets. RRTI is an imaging technique that uses a co-located transmitter
and receiver, and therefore does not require that the illuminating signal pass entirely through the target.



Therefore, an RRTI system can be used to image the interiors of both comets and asteroids throughout
the volume penetrated by the radar echoes.

The volumetric dielectric properties of the asteroid or comet can be reconstructed using least-squares
inversion (e.g., a conjugate gradient search; Safaeinili and Roberts 1995, Lin and Chew 1996) driven by
the observed difference between model-predicted radio echoes and the measured radio signals. A
computationally less intensive and reasonably accurate inversion is possible with the Born approxi-
mation, which ignores multiple reflection within the target and linearizes the dependence of the scattered
field on dielectric variations.
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INFERRING INTERIOR STRUCTURES OF COMETS AND ASTEROIDS BY REMOTE OBSERVATIONS.
Nalin H. Samarasinhayational Optical Astronomy Observatory, Tucson, AZ 85719, USA (nalin@noao.edu).

Introduction: Detailed determinations of the in- Changes in stresses and strains in the interior of a
terior structures of comets and asteroids require spacenon-principal axis rotator causes the loss of mechani-
missions equipped with suitable instruments. While suchcal energy. Therefore ultimately, in the absence of any
missions are essential for the furtherance of our knowl- other excitation event, the object will evolve towards the
edge on the interior structures of comets and asteroids,least energy rotational state. The damping timescagle,
cost considerations alone may force such studies to befor this process is given by; = Kp};%s where K is
focussed on a selected set of targets. Additional useful a non-dimensional scaling coefEcientjs the rigidity,
and complementary information on the interior struc- @ is the quality factorp is the densityR is the radius,
tures can be derived by studying the spin states of as-andw is the rotational angular velocity (e.g., Burns and
teroids and spin states and activity of comets, primarily Safronov 1973). Despite the universal agreement be-
via groundbased studies. Structural information based tween the functional form of this damping timescale,
on rotation depends on (a) fastest spin rates for an en-there is considerable disagreement on the specifc value
semble of asteroids (or comets) and (b) the damping of K which may vary over two orders of magnitude
timescale for non-principal axis rotators. Here, we will (e.g., Efroimsky 2001). This discrepancy is due to dif-
discuss capabilities and limitations of both these proce- ferent model approaches to the problem and the fact tha
dures for determining structural parameters. In the casedamping timescale is a strong function of the degree of
of comets, activity and associated effects could provide excitation. When% is near eithed,, I;, or I; (where
additional useful information on the interior structure. 37 is the rotational angular momenturs, is the rota-
Finally, we present a brief discussion on how activity tional kinetic energy, and;’'s are moments of inertia for
and splitting events could affect the size distribution of the small, intermediate, and long axis), the object is in a
cometary nuclei, and by extension, a signi£cant fraction quasi-principal axis rotational state (also Samarasiha
of NEOs. al. 1999). Consequently, the loss of mechanical energy

Spin Rate: None (except one at the moment; Pravec becomes a less ef£cient process near principal axis rota
et al. 2002) of the asteroids larger than 200m have ro- tional states. Efroimsky (2001) calls the slowing down
tational periods smaller than 2 hrs, whereas many small of the damping timescale ne%g = I; as a “lingering
NEOs (<200m) have spin rates much larger (e.g., Har- effect”. A detailed understanding of the dependency of
ris 1996, Pravec and Harris 2000, Whitekyal. 2002, damping timescale as a function of the degree of exci-
Paolicchiet al. 2002; also see Holsapple 2001). There- tation is necessary for a robust assessment of structura
fore, mostasteroids larger than 200m should be of “rub- parameters and therefore for effective utilization of the
ble pile” nature (for a possible exception, see Cheng damping timescale as a probe of the interior structure.
2002 and references therein) whereas the small NEOs Activity: Jewitt (1999) points out that many short

are likely to be monoliths. period cometary nuclei should be in excited rotational

In the case of comets (excluding extinct or dormant g¢4te5 hased on excitation and damping timescales. Whe
comet candidates), none of them have rotational periods 555 Joss and splitting events are taken into considera:

smaller than about 5.5 hrs (e.g., Meech 2002). Unfortu- (jon this argument is even stronger. However, available

nately, we need more data to make a robust assessmen{yhseryational data are not consistent with this scenario.
however a lower cut-off spin rate for comets is consis-

tent with a lower bulk density (when compared with that
of asteroids). If indeed 5.5 hr corresponds to a critical
spin period for comets, that would imply a bulk density
near 0.4 g cm?.

In order to resolve this discrepancy, we suggest that
it is necessary to (a) obtain rotational lightcurves with
high S/N over large time baselines — in order to search
for evidence of unrelated multiple periodicities (cf. Co-
met Encke; Belton 2000), and (b) have a better under-

Damping Timescale: Comets and Asteroids can . L .
. ) ; standing of damping timescales — especially the func-
become rotationally excited from the dynamically sta- . o
tional dependency on the degree of excitation,

ble least energetic rotational state — where an objectro- ="~ "5 28
tates around its short axis. The primary mechanisms for (= SIST)

this excitation are (a) collisions, and/or (b) outgassing Activity Based Mechanisms for Breaking up or
related effects (reaction torques and changes to the mo-Splitting Comets: These include rotational splitting (e.qg.,
ment of inertia due to mass loss including that due to Sekanina 1982), tidal splitting (e.g., Sekanina 1997), as
splitting events). well as activity or gas pressure caused breakups (e.g.
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Samarasinha 2001).

with recent observational evidence from Meesthal.

Gas pressure buildup associated with cometary ac- (2002).

tivity can cause nuclei to breakup or split (e.g., comet
LINEAR (C/1999 S4); Samarasinha 2001, Oort cloud
comets; Levisoret al. 2002). Samarasinha (2001) ar-

gues that a cometary nucleus containing inter-cometesi-

mal voids and individual cometesimals but “sufEciently
blocked” void outlets could result in buildup of inte-
rior gas pressure due to super-volatiles. This was pro-
posed as a likely mechanism for the complete catas-
trophic breakup of comet LINEAR (C/1999 S4).

Effects of Activity on the Size Distribution of Co-

mets: There are two main mass loss mechanisms, namely

(a) outgassing, and (b) splitting events1( event per
comet per 100 yr; Chen and Jewitt 1994)

In order to understand the effects of activity on the
size distribution of comets, we introduce a simple model
in which we assume
(a) a constant active fraction through out the entire time
(i.e., neglecting production of extinct/dormant cometary
nuclei), and (b) a splitting rate independentity.

These assumptions translate to

fml

Ry,., = RN

new old
where Ry is the nuclear radiug is the bulk density,
andf,, is orbitally averaged mass loss rate per unit area

due to outgassing, and

Rn,.., = RNold<1 - f)1/3
wheref is fractional mass loss per splitting event.

We £nd that for suitable model parameters, the ac-
tivity causes the size distribution of comets to peak ap-
proximately around 1 km. In other words, activity causes
a lack of sub-km size comets. This is also in agreement
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CLOSE PROXIMITY OPERATIONS AT SMALL BODIES: ORBITING, HOVERING, AND HOPPING. D.J. Scheeres,
Department of Aerospace Engineering, The University of Michigan, Ann Arbor, MI 48109-2140. E-mail: scheeres@umich.edu,

\oice: 734-615-3282, Fax: 734-763-0578.

Centrd to any characterization or mitigation mission to
a small solar system body, such as an asteroid or comet, is
a phase of close proximity operations on or about about that
body for somelength of time. Thisisan extremely challenging
environment in which to operate a spacecraft or surface vehi-
cle. Reasons for this include the a priori uncertainty of the
physical characteristics of a small body prior to rendezvous,
the large range that can be expected in these characteristics,
and the strongly unstable and chaotic dynamics of vehicle mo-
tion in these force environments. To succesfully carry out
close proximity operations about these bodies reguires an un-
derstanding of theorbital dynamicscloseto them, aknowledge
of the physical properties of the body and the spacecraft, and
an appropriate level of technological sensing and control capa-
bility on-board the spacecraft. In the companion articleto this
abstract (see the proceedings of the Workshop on Scientific
Reguirements for the Mitigation of Hazardous Asteroids and
Comets, M.J. Belton, D.K. Yeomans, and T. Morgan, Editors,
Cambridge, 2003) we discuss the range of possible dynamical
environmentsthat can occur at small bodies, their implications
for spacecraft control and design, and technological solutions
and challenges to the problem of operating in close proximity
to these small bodies.

Following is an outline of the talk that was given at the
workshop, which also details what is covered in the chapter.

1. Motivation

Mitigation and detailed characterization of asteroids
and comets requires some period of close proximity
operations. To support close proximity operations re-
quires an understanding of:

e Dynamics of natural material on and about small
bodies.

e Dynamics, navigation, and control of artificial
objects on and about small bodies.

A close coupling exists between the dynamics of natural
and artificial material.

2. What's the Problem?

e Large rangesin crucia physical parameters are
possible for small bodies.

e Each set of parameter val ues can have close prox-
imity dynamics that are difficult in and of them-
selves.

o Thesedifficultiescan drive spacecraft designsand
mission operation concepts in very different di-
rections.

e We may not know some of these crucial parame-
ters prior to rendezvous.

e It is likely that vehicle designs and operations
concepts that fit one class of small bodies will
not fit another class.

3. What are the important parameters?

Following isalist of the important small body param-
eters for close proximity operations, along with the
ground-based observation types from which they may
be estimated or inferred.

e Size: discovery magnitude, radar.

e Body Type/density: spectral observations.

e Shape/gravity field/density distribution: radar,
lightcurves (shape only).

e Spinrate and spin state: radar, lightcurves.

e Orientation of rotation angular momentum rela
tive to orbital plane: radar, lightcurves.

e Number of co-orbitals (i.e., binary asteroid): dis-
covery observations, radar, lightcurves.

e Surface/interior morphology: radar (surfaceonly).

e Heliocentric orbit: discovery observations.

. What about after rendezvous?

Following rendezvous, precision models of the body
must be estimated using navigation data, which gen-
erally consists of radio metric tracking data, optical
observations, and altimetry. Following are the crucial
parameters needed to support close proximity opera-
tions, and the primary data they can be estimated from.

e Mass:. radiometric.
Gravity field: radiometric, optical, atimetry.
Spin state: radiometric, optical, altimetry.

e Surface topography and roughness: optical, al-
timetry.

Surfacegravity field, density distribution: gravity
field plus shape.

. What's so special about close proximity dynamics?

Motioncanbe“far” from Keplerian dueto perturbations
from solar radiation pressure (SRP), shape (gravity),
and rotation. Asaresult of this:

e Trajectories can escape, impact, or migrate sub-
stantially over afew orhits.

e Thetime scale of these effects are on the order of
afew hoursto days.

e Surface motion must deal with these sameissues.
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6. What should we worry about?

The following items are of specific concern to the im-
plementation of close proximity operations on or about
asmall body.

e Natura dynamics of disturbed regoliths:

— Particles gjected from the surface can form
atransient “atmosphere’ that can linger for
hours to days.

— Re-impact of disturbed ejectacan occur any-
where over the surface at speeds up to local
escape speed, ~ 2 m/sfor a1l km asteroid.

— Low velocity gecta can have the longest
“hang-times” before re-impact.

— Non-escaping, higher-speed g ecta can mi-
grate over the surface due to rebound.

e Orbit Mechanics:

— Direct orbits within 5 mean radii (for an
NEA with a rotation period of ~ 5 hours)
will usually impact/escape from the asteroid
due to gravity and rotational interactions.

— Synchronous orbits are ailmost always un-
stable.

— Solar radiation pressure (SRP) can strip a
spacecraft out of orbit or force it to impact
over afew orbits.

— For small asteroids, interactions between
gravitational effectsand solar radiation pres-
sure can rapidly destabilize motion.

— For binary asteroids, safe orbits will gener-
ally lie outside the secondary, orbits within
the secondary must contend with 3rd body
and gravity field perturbations.

e Surface motion:
The most feasible method of locomotion appears
to be hopping. Serious issues exist with this ap-
proach to travel over small bodies:

— Thresholds for surpassing surface barriers
and for launch into non-parabalic trajecto-
ries can be similar.

— Even modest coefficients of restitution can
result in long settling times, which leads to
uncontrolled migration across the surface.

— “Escape” from local surface traps may re-
quire jumps large enough to be completely
unpredictable, possibly including escape!

— Coupling between trandational motion and
induced rotation of the rover can occur.

— Disturbance of surface regolith may form a
transient atmosphere.

7. What can we do to counter these effects?

Following are some known strategies for mitigating
some of the adverse dynamical effectsthat exist at small

bodies. These are by no means exhaustive, but are
representative of the types of approaches that can be
used. Each of these strategies have their own draw-
backs, making the design of a close proximity mission
achallenging exercise in system optimization.

e Orbital mechanics techniques:

— For larger bodies: close orbits that are ret-
rograde to the body rotation.
Drawbacks include:

*

*

E3

Very restrictive geometry.
Not conducive to surface sampling.

Likely to be disrupted by SRP pertur-
bations for smaller NEA's.

— For nearly spherical, small bodies: close
orbits that lie in the sun-terminator plane.
Drawbacks include:

*

*

*

Restrictive geometry.
Susceptible to destabilization by grav-
ity field coefficients.

For very small asteroids, may not be
bound.

— For binary asteroids: not studied to date
e Surface motion:

— Designsurface pathsthat travel fromregions
of high potential to regions of low potential.

*

*

*

Requires construction of topographic
mapswith relatively unobstructed path-
ways identified.

May wish to avoid dust ponds.

Robust implementationwill requirelong-
term battery usage.

— Can define maximum “jump” speeds as a
function of location that ensure capture at
the asteroid, and containment within a re-
gion.

— Relatively little study of thisissue to date.

e Active control of spacecraft:

— Two basic approaches to controlled motion
exist:

*

*

Hovering relative to the sun-line (near-
inertia).
Hovering relative to the rotating body.

— These are feasible at smaller bodies where
orbital techniques will fail. Require mini-
mum levels of capability on-board:

*

*

Altimetry.

Optical or scanning laser positioning
capability.

Precise control of small thrusters.

May require extended periods of oper-
ations out of sunlight.
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— Inertia hovering 8. What are the open questions?
* Spacecraft fixes its position relative to This chapter covers a number of different issues. To

thebody intherotating body-sunframe,
creating an artificial equilibrium point.

* Requires closed-loop control to stabi-

lize (which requires only minimal ef-
fort).

* To be implemented by the Muses-C

mission during the characterization phase.

* Drawbacks:

- Doesnot allow for precise measure-
ment of mass/gravity field during ob-
servation period.

- Limitsbody observations depending
on spin state.

- Becomes unstable close to the rotat-
ing body.

— Body-fixed Hovering
* Spacecraft fixes its position relative to

the body surface in the rotating body-

fixed frame, creating an artificial equi-

librium point.

Controllable with atimetry alone.

Precursor to landing/lift-off sampling

runs.

Basic approach to be used by Muses-C

during sampling.

Hasbeen studied and simulatedin some

detail.

Drawbacks:

- Requires periods of off-sun in gen-
eral.

- Requiresaccurateknowledgeof grav-
ity and topology.

synthesize and direct future investigations, in the fol-
lowing a short list of open issues are given. These are
not comprehensive, but are only intended to indicate
some of the current limitations in our knowledge.

e Dynamics
— inbinary asteroid environments.
— of surface-hopping rovers.
— of transient atmospheres and re-impacting
gecta
e Stability limits of inertial-hovering.

e Dynamics, contral, and navigation of controlled
surface-relative motions.

9. What do we need to know?

Ultimately, close proximity missions are driven by the
small body environment that they will encounter. This
isan important point that |eads to a strong emphasis on
pre-launch observation campaigns for target bodies.

In conclusion:

e Missions to asteroids with known physical prop-
ertiesare simpler.

e Missionsto asteroidswith unknown physical prop-
ertiesare;
— more complex.
— require additional levels of contingency.
— cannot necessarily rely on one close prox-
imity technology.

o Necessary physical characteristics needed to de-
cidecloseproximity approach prior to design/launch:

- Becomesstrongly unstable at higher — Binary or not.
atitudes. — Size/Type.
— Surface relative motion — Spin rate/Spin state.

+ Body-fixed hovering opens an alterna- — Shape.
tive to moving over the surface.

* Possible to generalize surface-relative Theresearch reported herewas supported by the PN Tech-
hovering into surface-relative transa- nology Program by agrant from the Jet Propulsion Laboratory,
tions. Cdlifornialnstitute of Technology whichisunder contract with

« Requires a relatively complex naviga- the National Aeronauticsand SpapeAdmi nistration, and by the
tion system — but not beyond current Planetary Geology and Geophysics Program by a grant from

technology. the National Aeronautics and Space Administration.



NEO IMPACT HAZARD: THE CANCER METAPHOR. Duncan Steel, Joule Physics Laboratory,
University of Salford, Greater Manchester M5 4WT, United Kingdom; d.i.steel@salford.ac.uk

Introduction: Informing the public and the media
about the NEO impact hazard has proven to be a major
communication challenge. Although the fact of our
planet’s liability to be struck a catastrophic blow by an
extraterrestrial object with devastating consequences
for civilization has been known throughout the era of
modern astronomy (for example Edmond Halley
warned in the 1690s that comets like that bearing his
name are possible Earth impactors), it has only been
over the past dozen years or so that serious discussions
have focused on the level of the hazard as compared to
other natural and man-made disasters. This period of
time also coincides with the development of technolo-
gies that make it feasible for us to search out any im-
pending (decadal time scale) threat of impact by an
asteroid or comet, and perhaps take ameliorative action
if sufficient warning time is available.

The fact that, given a suitable appropriation of
funding, we are now able to attempt seriously in com-
ing years the twin aspects of NEO surveillance (ini-
tially down to 200-300 meter sizes using ground-based
telescopes, and later to 50 meter sized ‘Tunguskas’
using space-based systems) and NEO mitigation (a
more problematical area, but surely tractable: it must
be for our continued survival), means that heightened
efforts are necessary in order to communicate with the
public on this matter.

Broadly speaking, there are two sides to the com-
munication task that need emphasis, in order to aid the
public in developing an understanding of the NEO im-
pact hazard and consequently help to achieve the de-
sired final result (i.e. an appropriate planetary defense
system). The first is connected with the nature and
level of the hazard: how does one juxtapose the known
catastrophic consequences of an NEO impact with the
rarity of their occurrence, and most especially the lack
of a truly major event during historic times? (The latter
situation is not only to be expected on statistical
grounds, but is also a conditional result: that is, we
would not be able to discuss it, had a 2 km asteroid
struck the Earth 2,500 years ago, because the devel-
opment of civilization would have been interrupted
even if the human race survived, as would be antici-
pated.) The fundamental public communication prob-
lem here stems largely from the apparent fact that the
average person, even with a college education, tends to
have a marked lack of understanding of two areas of
scientific study beginning with a ‘P’: physics, and
probability.

The other side to the communication task requiring
careful attention is almost the contrary of the above. It
is a matter of instilling in the public some confidence
that the NEO impact danger is a problem that is solv-
able; indeed solvable at a cost that is far less than the

expectation of loss, so that it makes no economic sense
simply to ignore it.

As a tool capable of addressing both these prongs —
on the one hand the seriousness yet rarity of the haz-
ard, on the other hand the fact that it is within our ca-
pabilities to fix it — I have developed a metaphor based
on a concern that faces all humans: the possibility of
developing some form of cancer. We are all aware of
this disease, and will have experience of friends and
relatives (and perhaps even ourselves) suffering from
it. Many take steps in order to reduce the cancer risks
they face, for example by avoiding tobacco smoke, or
not ingesting carcinogens, or wearing sunscreen. And
yet cancer can strike the most diligent risk-avoider.
Nevertheless the obvious deleterious effects of cancer
can be ameliorated and perhaps cured, in many cases,
so long as the appropriate steps are taken. So it is with
NEOs.

The Cancer Metaphor: Why facing up to hazardous
asteroids and comets is like dealing with cancer:

(1) Early identification is vital

Most cancers need to be picked up very early in their
development if they are to be treatable. So it is with
NEOs. We have no time to lose in identifying any po-
tential Earth impactor: there is no phony war with
these objects.

(2) Cancer screening (and NEO surveillance) is cheap
The cost of screening is smaller than the cost of treat-
ment, and much less than the cost of doing nothing.

(3) Everyone can be involved in some way
Self-inspection (e.g. for breast, skin or testicular can-
cer) is simple; but a corollary is that detailed investi-
gations (e.g. for brain tumours) are expensive. Simi-
larly amateur astronomers can provide vital help, al-
though in the end the professionals will need to tackle
the job.

(4) Identification of a real problem is unlikely
Individuals are unlikely to contract specific cancers for
which screening is done, but we must aim to check
everyone periodically. In the same way we need to
seek out all NEOs, and keep tabs on them.

(5) False alarms are common

Any indicator of a potential problem necessitates care-
ful monitoring, and causes considerable worry. But one
should be pleased when the tumour proves benign.
Precisely the same applies to NEOs: asteroids and
comets discovered and initially flagged to be potential
impactors but later shown to be sure to miss our planet
represent victories on our part.

(6) Tackling any confirmed cancer (NEO impact) is
certain to be unpleasant
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No-one suggests that chemotherapy, radiotherapy or
surgical intervention are fun, but they are necessary, as
would be the steps employed to divert an NEO, such as
the nuclear option. Nor would they be cheap: but the
cost would be of no consequence, as with a serious
cancer.

(7) Just because we don't yet know the cure for cancer
does not mean that we should give up looking
and trying.
Where there is life, there is hope. If we should find an
NEO destined by the clockwork of the heavens to im-
pact the Earth in the near future (within the next few
decades to a century, say), and using our advanced
science and technology we manage to divert it and so
save ourselves, this will rank as perhaps the greatest
achievement of modern-day civilisation.

(8) Just because there are more significant problems
facing the world does not mean that we should
ignore this one.

Having a bad cold or influenza does not mean that you

should neglect to have the lump in your breast or the

suspicious, dark skin blemish on your neck checked
out.

Another viewpoint would be that if there is a sub-
stantial NEO due to strike our planetary home soon,
then we face no greater problem: not terrestrial disas-
ters, not terrorism, not wars, not disease, not global
warming, not unemployment nor economic downturns.
The most likely result of a proper study of the impact
hazard is that it will go away, because we will find that
no impact is due within the foreseeable future. But the
converse is also true: what we now see as a slim
chance (low probability of a large impact) may turn
into a virtual certainty, which would then supplant our
Earthly concerns.

(9) Just because we don't yet know a cure for the
common cold does not mean that we cannot find
the solution for this disease.

Some of the greatest dangers we face on a daily basis
have quite simple solutions, like imposing speed limits
to cut down road fatalities. Conceptually, planetary
defense against NEO impact is a far simpler problem
than, say, trying to stop major earthquakes or volcanic
eruptions, or halting a hurricane in its path.

(10) While searching for the cure for cancer we may
anticipate discovering many other useful things.
It is the very nature of scientific enquiry that discover-
ies are made which could not have been imagined prior
to beginning the project. In the case of NEOs, it is al-
ready known that among their number are the most
accessible objects in space, easier to get to than the
surface of the Moon, and they contain the metals, the
water/oxygen and the other materials that we will need
for our future exploitation of the high frontier.
(11) One advantage aiding the achievement of the

desired outcome if cancer is diagnosed is a
positive and confident outlook.

We must be optimistic about our ability to solve this
problem, else our efforts are doomed to failure before
we begin. Doctors note how positive patients are more
likely to make a full recovery from their illnesses, and
we should habitually adopt the same attitude.

(12) Many people survive cancer. Similarly we may
confidently anticipate not only a cure for all
cancers in the future, given investment in research,
but also a full solution to the NEO impact hazard.

In the past people have planted great gardens with trees

that they knew would only be fully grown and appreci-

ated in their great-grandchildren’s day. Similarly, we
do things now for the future. There is most likely no
large NEO due to strike the Earth within the next cen-
tury, but there is certain to be a calamitous impact at
some time in the future, unless we intervene. We have
inherited the Giza Pyramids, the Eiffel Tower, the

Golden Gate Bridge, the Taj Mahal and the Sydney

Opera House, along with great works of art, music and

literature. We must safeguard them, add our own con-

tributions, and pass them on to future generations. This
is only feasible if we know that some stray NEO is not
going to rudely interrupt the progress of civilisation.

We are able to do this. We must.

Conclusion — Avoiding Bad Stars: Finally an ety-
mological aside. I note that ‘dis-ease’ means ‘bad ease’
and refers to a potentially fatal malady. Similarly “dis-
aster’ literally means ‘bad star’ — perhaps a fatal aster-
oid. Planetary defense is therefore the only disaster
mitigation of which we are capable, taking the precise
original meaning of the word.
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Introduction: In order to make accurate predic-
tions of the future orbital evolution of Earth-
approaching asteroids it is necessary to take into ac-
count non-gravitational forces. As has recently been
demonstrated [1], radiation forces (in particular the
Yarkovsky force) depending on the surface properties
of a specific relatively large asteroid will affect pre-
dictions of whether it will impact the Earth some cen-
turies hence. Since the surface area varies as r~ (r being
the body's radius), the perturbation/acceleration varies
as 1/r, and so smaller asteroids may be affected on
shorter time scales.

Astronomers studying meteoroids and interplane-
tary dust have studied such radiative perturbations for
some decades, and also considered the Lorentz and
Faraday forces due to interactions with the interplane-
tary magnetic field. For objects of asteroidal size the
perturbations produced are much smaller than the ra-
diation-induced effects, as shown below.

Another class of force due to magnetic fields is the
eddy current (or Foucault current) force that would act
on a metallic asteroid. This depends on the (square of
the) gradient of the interplanetary magnetic field,
which may be substantial only at sector boundaries or
in a turbulent magnetic field. It may thus act only epi-
sodically. This force is always dissipative, slowing
down the object in question.

Another location where an asteroid experiences a
magnetic field gradient is in passing close by a planet.
In particular, in the present context it is noteworthy
that objects due to hit the Earth in the not-too-distant
future may be expected, in many cases, to make nu-
merous close passages past our planet before the im-
pact occurs. Any transit through the terrestrial magne-
tosphere will result in the imposition of a significant
eddy current force.

The important point about the eddy current force is
that it varies as 7 and so the perturbation produced will
be size/mass independent. On the other hand, voids
within an asteroid will inhibit the eddy currents and so
limit the force imposed. Estimates of the eddy current
force outlined here indicate that generally it is rather
smaller than the radiative forces. Nevertheless, these
results do show that the internal structure of a metallic
asteroid may be significant with regard to specifying
its dynamical evolution.

Radiation Pressure Benchmark: Although the
Yarkovsky-Radzievskii force [2] may be of greater
magnitude, it is complicated to model and so for sim-
plicity we will adopt as a benchmark here the radiation
pressure force imposed on a body by solar photons.
Similarly the Poynting-Robertson force is neglected, as
this will be small for a large (asteroidal) object.

The solar photons absorbed by the asteroid in
question, which is assumed to be a homogeneous
sphere, will impose an outward force. Meteoroid re-
searchers have for many years been habituated to em-
ploying an additional term (1-f) in Newton's Law of
Gravity, where 3 is a factor that depends on the size
and scattering properties of the meteoroid in question.
For radius » = 0.5 mm, 3 = 0.0004 for a nominal mete-
oroid (stony) density. Because an object's mass in-
creases as »~ whereas its cross-sectional area increases
only as #°, the importance of the radiation pressure
force is much lower for large bodies (i.e. § has much
lower values).

At 1 AU the pressure applied by sunlight is
~4.5 10" N m? if all photons are simply absorbed.
(This corresponds to an unreal albedo of zero, but on
the other hand any scattered photons will impose a
larger force so that a highly reflective body would suf-
fer a larger radiation pressure force.)

For an asteroid with diameter D = 1 km the total
radiation pressure force applied is therefore approxi-
mately 3.5 N at 1 AU. Momentum transfer by absorbed
solar wind particles will enhance this by 20-30 percent,
so that a characteristic outward force on the asteroid is
of order 5 N. This is the benchmark against we will
measure the electromagnetic forces considered below.

Lorentz Force: The Lorentz force (produced by
surface charging so as to attain a potential of a few
kilovolts) is given by:

Fi=0(E+vy_B)

where Q is the electric charge on the body in question,
vis its velocity, and E and B are respectively the elec-
tric and magnetic fields through which it is passing.
Here we assume that £ =0, and v =30 kms™, and

B ~1_10" T is a typical interplanetary field strength.
The charge Q on a spherical asteroid photoionized to V'
~2000 volts is O =~ 1 107 coulombs. If v and B are
orthogonal then F;, =~ 3 10" N.

This is much less than the radiation pressure
benchmark. Nearer the Sun, v, B and Q are larger and
so F;, might be enhanced by a couple of orders of mag-
nitude, but it will still be small.

Magnetic (Faraday) Force: The magnetic force
(produced by a current flowing through an asteroid,
assumed to be metallic, without voids, with the con-
ductivity of the loop limited by the pick-up rate of so-
lar wind electrons/ions) is given by:

Fy=BilL
where i is the electric current flowing through the as-
teroid and L is a characteristic length, taken here to be
the diameter D. We again employ B~ 10~ T.

The current i flowing through the asteroid is lim-
ited by its charge pick-up from the solar wind. The



important velocity here is not that of the asteroid rela-
tive to the Sun, but that of the solar wind relative to the
asteroid. At 1 AU this is typicall?/ 500 km s~ although
storm speeds of order 1000 km s~ do occur.

The solar wind spatial density at 1 AU is typically
of order 5-10 particles cm™, but often reaches ten
times that and may be higher still following a coronal
mass eziection. Here we employ a value of 100 cm™ or
10" m™.

The electron pick-up rate will therefore be of order
5 100 10° =4 10" electrons per second and
so the current would be i = 6.3 amps. The magnetic
force would therefore be:

Fy=BiD=10"_ 63 10°=~10"N.
This is some orders of magnitude smaller than the ra-
diation pressure force, although again the value would
be elevated in the innermost solar system.

Eddy (Foucault) Current Force: The eddy cur-
rent force is given by:

Fr=Qn/15) o v (VBY r’
where o is the conductivity of the body, and VB is the
gradient of the magnetic field through which it is
passing (e.g. see [3]). We want to use this to make an
estimate of the eddy current force experienced by the
asteroid.

For soft iron o =~ 1 10’ siemens per metre, and we
will assume that the asteroid is entirely metallic with
no voids or rocky inclusions that would inhibit the free
flow of the eddy currents (cf. engineering techniques
used to inhibit eddy current power losses in transform-
ers and other electrical equipment).

The magnetic field in question will be assumed to
be fixed relative to the Sun, so that the velocity to use
is v =30 km s. Now let the asteroid pass through an
interplanetary field sector boundary where the mag-
netic flux density changes by 107 tesla over a short
distance scale of 10" metres, so that VB =10"* T m™'
(real gradients will likely be rather less than this).
Thus: Fr=Qn/15) 107 3 10 (107 (500)° =
4 10 N. This is again much smaller than the radiation
pressure benchmark.

Eddy Current Force Near Earth: Another situa-
tion in which the eddy current force experienced by an
asteroid may be substantial, and higher than the above,
is when it makes a close passage by a planet possess-
ing a magnetic field. Of course the planet we are inter-
ested in here is the Earth, and we note that many aster-
oids (especially resonant returners) will make multiple
passes close by our planet before any eventual impact.

What do we mean by a 'close passage' in this con-
text? The magnetic field cavity centred on the Earth
stretches out for about 15 terrestrial radii to the side,
the bowshock is about 13 radii in the sunward direc-
tion, and the magnetotail stretches about a thousand
terrestrial radii in the anti-solar direction. Thus we
might anticipate that an asteroid could make some
hundreds of transits through the magnetosphere prior
to an impact.

The magnetic field at the surface of the Earth is
about 5 _ 10~ T and this falls to around 10~ T in in-
terplanetary space. Fifteen terrestrial radii is about 10’
km or 10° m. The gradient averaged from the surface
to out beyond the magnetopause is therefore of order 5
_ 10" Tm™. Inserting this in the equation above, with
all other parameters as before, one derives Fz = 1 N.

Therefore it appears feasible that the eddy current
force might be of significance with regard to predicting
future impacts, although the above has been only a
very crude first-look at the problem.

An important point to note here is that the equation
for Fy indicates it to vary as 7. This might be taken to
imply that the acceleration suffered by any body sub-
ject to eddy currents increases as °, which would be
remarkable. In fact the extent of the gradient VB
matches the particle size, and so Fi; varies as . Thus
the acceleration is size-independent.

Force on a Magnetized Asteroid: There is another
form of interaction that may occur between an asteroid
and the interplanetary or terrestrial magnetic field. This
is when the asteroid possesses a non-zero dipole mo-
ment (i.e. it is permanently magnetized itself, perhaps a
relict from the time when it was part of a much larger
planetesimal). This will be discussed in a future paper.
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A key quantity that must be known before attempting to deflect
a Near-Earth Asteroid (NEA) that is going to fall on the Earth
is the Av needed to prevent the collision.

Ahrens and Harris (1992, 1994) give two approximate
expressions for Aw; for a deflection carried out shortly before
impact (i.e., for At < P, where At isthe time interval between
deflection and impact, while P is the orbital period of the NEA)
they estimate:

_75m/s
T OAtd
while for At > P they estimate:

Av

0.07m/s
Ay = ———.
v At yr

A more precise expression, based on Opik’s theory of
close encounters (Opik 1976; Carusi et al. 1990; Valsecchi et
al. 2001), is given by Carusi et al. (2002):

Av = beVr
(3U sin OAt + 2bg)\/a(2a — 1)

with
b = \/Té—i-ZC’r‘eB
_ Mg
C F
Uu = \/3—%—2\/a(1—e2)cosi
1-U?-1/a
@ = arccos — sy

and where r is the heliocentric distance at which the deflection
takes place, mg, rq, are the mass and radius of the Earth, and
a, e, 1 are the semimajor axis, eccentricity and inclination of
the NEA orbit; the units adopted for this expression are those
standard in Opik’s theory, so that the unit of mass is the mass
of the Sun, that of length is the radius of the orbit of the Earth,
and that of time is such that the heliocentric orbit of the Earth
has period 27.

However, if the potential impactor has a close encounter
with our planet before the one in which the collision is bound
to happen, Aw can be significantly lower, as shown by Carusi
et al. (2002) in the hypothetical case of the 2040 collision of
(35396) 1997 XF11.

This collision, in fact, would be preceded by an Earth
encounter in 2028 putting the asteroid in a resonant orbit. The
computations by Carusi et al. (2002) show that for a deflection
taking place a short time before 2028, A» would be about
two orders of magnitude smaller than the one needed for a
deflection taking place a short time after 2028.

Basically, the amount of Aw saving is related to the dif-
ferent mean motion perturbations imparted by the 2028 Earth

encounter to two Virtual Asteroids (VAs; i.e., fictitious parti-
cles with orbits similar to that of the real asteroid) on nearby
trajectories; the difference in mean motion leads to along-track
separation and this, in turn, leads to different b-plane coordi-
nates in 2040.

The b-plane, or target plane, is the plane perpendicular
to the unpertubed geocentric velocity vector U of the NEA; it
contains b, the geocentric position vector of the NEA at closest
approach along the unperturbed orbit.

The use of the b-plane leads to relatively simple analytic
expressions relating the pre-encounter orbital elements of the
NEA with the post-encounter ones. In particular, if the &-
¢ reference frame of Greenberg et al. (1988) is established
on the b-plane, it is easy to see that, if the NEA encounters
the Earth at a distance corresponding to the Minimum Orbital
Intersection Distance (MOID), the {-component of its b-vector
is 0, while if the NEA is early or late with respect to the Earth,
the ¢-component varies accordingly, while the £&-component
remains unchanged.

Using this set-up, and assuming an unperturbed keple-
rian motion between successive Earth encounters, Valsecchi et
al. (2001) obtained the following analytic expression for the
derivatives of the b-plane coordinates at the second encounter
&, ¢, with respect to those at the first encounter &, ¢:

og"  ag”
BE 8¢
o€’ o€’
o¢ a¢
3¢ 4hscé(sind 6_§'+2hsc(§27§2)sin0 @
EL3 b4 a¢ b4

where h is the number of revolutions of the NEA about the Sun
between the first and the second encounter (an integer number
in case of a resonant return), b> = &2 4 ¢2, ¢, ¢’ are the co-
ordinates on the post-first-encounter b-plane (perpendicular to
the post-encounter geocentric velocity vector U’ of the NEA),
and

. 21a’5/2[U" cos? 0’ + cos @' (1 — U'?) — 3U"] @

sin 6’

with
(l’ = 1
1—-U?—-2U cos§”’
so that s is in fact a function of only U’ and §'. Note that
U’ = U if the orhit of the Earth is circular, and that the
difference between U and U’ is negligible even for the current
eccentricity of the orbit of the Earth.
In the rather common case in which the first encounter
is not too close, i.e. when ¢? << &2 + (2, the derivatives

(¢, ¢')/8(&, ¢) have the following form:

!
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Figure 1: The amount of Awv necessary to deflect (35396)
1997 XFy, by 1 Earth radius as a function of the time at which
the deflection takes place. The thick line is for Av applied
in the same direction as the motion of the asteroid, the thin
one for Aw in the opposite direction; the two lines are almost
indistinguishable because the computations have been done
starting from a reference trajectory impacting the Earth almost
exactly at the centre.

Equations (1) and (3) tell us that the separation between
nearby VAs manifests itself on the b-plane of the second en-
counter mostly as an increase of the separation in ¢”; the
latter grows linearly with the number of revolutions of the VAs
between the two encounters (i.e., grows linearly with time).
Valsecchi et al. (2001) show how the size of impact keyholes
is, in fact, inversely proportional to the increase of separation
between nearby VAs between the two encounters.

The rate at which this separation takes place is controlled
by s, given by (2), and it is worthwhile to have a closer look at
this quantity. One notices that:

e itssign is determined by the sign of the term within the
square brackets (since 0 < 8’ < 7);

e its absolute value can be larger than 1;

e unless the first encounter of the resonant pair is very
close (c® = £24-¢2, oreven ¢® >> €2 +¢?), ¢ differs
from 4, and thus o’ differs from a, by quantities that are
O(c/b).

The latter can be deduced from the formulae given by Valsecchi
et al. (2001) for the case ¢® << &2 + ¢2:

6" =~ arccos (c039+ %sine)
~ arcsin (sin@— %cos@)
4aU in 6
Y~ a(H%)_

As a consequence, in the case of a resonant pair of close
encounters in which the first one is not very close, the value of

H4 1994 GV —
log Av

(m/s) La Along track positive Av: thick line
Along track negative Av: thin line

r2 Impact date: 2048 April 10, 8:39:33 UT

2(]‘()() 2()‘1() 2()‘20 ZQSO 2Q4ﬂ

Epoch of interception (yr)

Figure 2: The amount of Awv necessary to deflect 1994 GV by
1 Earth radius as a function of the time at which the deflec-
tion takes place. The thick line is for Av applied in the same
direction as the motion of the asteroid, the thin one for Av in
the opposite direction; the two lines are rather well separated
in this case because the computations have been done starting
from a reference trajectory impacting the Earth far from the
centre.

s computed using the pre-first-encounter values 6 and a will
not differ much from the value of s computed using the post-
first-encounter values 8" and a’. This means that, in practice,
we can use even the current values of 8 and a to get a quick
idea of the rate of increase of the separation between nearby
VAs between encounters for each of the known NEAs.

Let us now discuss, in the light of the above considera-
tions, the case of the 2040 Virtual Impactor (VI; i.e. a VA
that eventually collides with the Earth) of the Apollo asteroid
(35396) 1997 XF;;. The orbit of this NEA is currently char-
acterized by a = 1.442 AU, e = 0.484, ¢ = 4°1, so that
U = 0.459, 8 = 84°0, and s = —20.3.

Figure 1 shows, in the same style as in Carusi etal. (2002),
the Aw necessary to avoid the collision in 2040 as function of
the time at which the deflection maneuver is made. As the
Figure shows, the difference between a post-2028 deflection
and a pre-2028 one is that the latter requires a Av almost two
orders of magnitude smaller.

Quantitatively, this large Awv saving can be explained with
the arguments discussed before; intuitively, one can simply
think that, while after 2028 the Av imparted must be sufficient
to displace a NEA by bg (1.3 times larger than r in this case),
before 2028 the Av must only be sufficient to deviate the NEA
outside the 2040 impact keyhole present in the 2028 b-plane,
a much easier task, given that the keyhole in question is quite
small. The rest of the work, so to speak, is made for us by
the mean motion difference, with respect to the mean motion
of the VI, induced by the perturbation of the Earth at the 2028
close encounter.

However, resonant returns are not always so kind to us.
The discussion about the divergence of nearby trajectories has
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Figure 3: All currently known NEAs plotted in a U-cos 0 dia-
gram. The curved line going from (v/2—1, 1) to (v/24+1, —1)
represents parabolic orbits, the straight segment from (0, 0) to
(2, —1) the orbits with @ = 1 AU, and the remaining line,
joining the previous two, represents the condition s = 0.

taught us that we can expect cases in which s is small, much
smaller than in the case of (35396) 1997 XFi;. In these cases
we can a priory expect that a significantly reduced Av saving
would be obtained with a pre-first-encounter deflection of a
NEA impacting at a resonant return.

In order to find such a case in the population of VIs of
known NEAs, we examined the risk pages of both NEODyS
(http://newton.dm unipi.it/neodys)and Sentry
(http://neo.jpl.nasa.gov/risk), looking for ob-
jects with low values of |s|, and found the Apollo asteroid
1994 GV, a very small (H = 27) object that has, among oth-
ers, a VI that, after an encounter with the Earth in 2031, hits
the Earth at a resonant return in 2048. Its orbit is currently
characterized by a = 2.013 AU, e = 0.520, 7 = 0°5, giving
U =0.282,6 = 41°3,and s = 0.2.

Figure 2 shows the results of a preliminary computation
concerning 1994 GV. As expected on the basis of the small
value of |s|, the Av saving obtained with a pre-2031 deflec-
tion of the 2048 VI associated with 1994 GV is more than
an order of magnitude smaller than the Av saving obtained
with a pre-2028 deflection of the 2040 VI associated with
(35396) 1997 XF11.

We have seen that, for impacts at resonant returns, there
can be a substantial Awv saving if the deflection maneuver is
done before the first encounter of the resonant pair.

However, the amount of the Awv saving depends on the

value of s, a quantity whose approximate value can be com-
puted from the current values of the orbital elements of the
NEA under consideration. If |s| is very small, the Av saving
will be small, and we have shown an example of such a case.

A quick survey of the values of s in the population of
known NEAs shows that s can vary over a large range: the
first quartile of the distribution is at s ~ —51, the median
at s &~ —24, and the third quartile at s ~ —9.3. Moreover,
10% of the objects have s > 67, and 10% have s < —240.
To put these numbers in perspective, let us recall that, for

(35396) 1997 XF11, with |s| = 20, a Av saving of about two
orders of magnitude is obtained with A¢ = 12 yrs between the

two encounters.

Thus, we conclude that, in the computation of the Av
saving for a pre-first-encounter maneuver fora NEA impacting
at the second encounter of a resonant pair, the range of possible
savings can be quite large, and depends not only on the time
between the two encounters, but also on the orbital elements
of the NEA in question.

In particular, the condition s = 0, highlighting the objects
with the lowest Awv savings, is shown in a U-cos 6 diagram in
Fig. 3.

As a concluding remark, we note that the analytical argu-
ments described in this paper would apply, with slight modifi-
cations, also to the case of a non-resonant return (Milani et al.
1999).
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Techniques to mitigate collisions of asteroids and
comets with Earth require detailed knowledge of geo-
physical and geological properties of the objects. In
particular, we must gather data on mass and mass dis-
tribution, moments of inertia, material strengths, inter-
nal structure, and relationship of global properties to
surface properties of these objects. Global material
strengths and structure are best determined from artifi-
cially activated seismology experiments and from
multifrequency radio tomography. Other important
properties of NEOs include the shape and the spin
state. These can usually be measured by more con-
ventional means, such as radar and light curves.

Both, radio tomography and artificially activated seis-
mology are nondestructive means of obtaining global
properties of asteroids and comets while most other
means provide only local properties to a limited depth.
Radio tomography and seismology have advantages
and disadvantages that lead to complementary investi-
gations of comets and porous carbonaceous asteroids
on one hand and stony and metallic asteroids on the
other hand. Advantages and disadvantages depend on
requirements of orbiters, landers, radio frequencies,
position of landed instruments, timing of seismic acti-
vations, intensities of wave propagations, sensitivities
of instruments, etc. While radio tomography primarily
reveals internal structures, such as fissures, disconti-
nuities, etc., seismology can also give information
about physical strengths of the materials. We discuss
many of these issues, but concentrate primarily on
seismology. Radio tomography is discussed in a sepa-
rate papers by Kofman et al. and Safaeinili et al.

Quantitative information about the internal composi-
tion and structure of an asteroid or comet can be ob-
tained through active seismology. Active seismology
requires a source of the seismic disturbance and de-
tectors (geophones or seismometers) to measure the
sound waves produced in the asteroid or comet body.
There are two approaches to producing seismic waves:
Explosive charges and impactors. The active seismol-
ogy program conducted on the Apollo 14, 16, and 17
flights used both. On each of the flights, the astronauts
carried explosives, either to be launched in a grenade
launcher or to be placed by hand as seismic source.
On two of the flights, a hand-held thumper consisting
of exploding bridge wires was also used as a seismic
source. These experiments allowed a partial determi-
nation of the structure of the lunar surface near the
landing site. In addition, information about the Moon's
structure was gleaned from the seismic traces produced
by the impact of the Lunar Modules (LMs) and Saturn

IV B upper stGE ROCKET BODIES (SIVBs). Some
of these results will be reviewed.

Next, given a size of an asteroid or comet and some
assumptions about composition, we discuss the re-
quirements for explosive charge size or impactor mo-
mentum in order to obtain signals that can be measured
by various seismometers. The size of the charge ties
into the coupling between the explosive and the sur-
face material of the asteroid or comet. We discuss
experiments we performed using well characterized
materials to examine the coupling of small explosive
charges in relation to depth into the surface of the tar-
get material. Large increases in efficiency result. The
corresponding impulse loadings from impacts will be
discussed, including what size impactors and impact
velocities lead to similar seismic signals. Information
about the required loading on the surface is then avail-
able as input for mission design, aa well as determin-
ing seismometer sensitivity requirements.
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Introduction: Interest in the threat caused by
natural objects (“Near-Earth Objects” or NEOs)
impacting the earth or its atmosphere is growing.
High-level commissions have met to consider the
problem in such places as the United Kingdom. In the
United States, NASA has devoted a few million dollars
per year to studying the phenomenon. But no concrete
plan exists to address the overall NEO problem.

The U.S. Department of Defense (DoD) has not
perceived the NEO issue as pressing. However, DoD
is assisting NASA in studying the problem. It has been
DoD-developed technology, particularly in the space
surveillance area, which has obtained the bulk of data
we currently have on NEOs.

I believe there is both a pressing need and a
significant opportunity to address the NEO question.
New technologies such as wide area space surveillance
and microsatellite space missions give us
unprecedented tools to study and, if appropriate
mitigate NEO threats. Moreover, with growing
cooperation between the various space agencies of the
U.S. Government, including the national security
sector I believe a coherent NEO approach can emerge.
This can form the basis of an international program on
this important problem.

The Threat: Two and a half months ago, Pakistan
and India were at full alert and poised for a large-scale
war, which both sides appeared ready to escalate into
nuclear war. The situation has defused—for now. Most
of the world knew about this situation and watched and
worried. But few know of an event over the
Mediterranean on June 6" of this year that could have
had a serious bearing on that outcome. U.S. early
warning satellites detected a flash that indicated an
energy release comparable to the Hiroshima burst. We
see about 30 such bursts per year, but this one was one
of the largest we have ever seen. The event was
caused by the impact of a small asteroid, probably
about 5-10 meters in diameter, on the earth’s
atmosphere. Had you been situated on a vessel
directly underneath, the intensely bright flash would
have been followed by a shock wave that would have
rattled the entire ship, and possibly caused minor
damage.

The event of this June received little or no notice as
far as we can tell. However, if it had occurred at the
same latitude just a few hours earlier, the result on hu-
man affairs might have been much worse. Imagine
that the bright flash accompanied by a damaging shock
wave had occurred over India or Pakistan. To our
knowledge, neither of those nations have the sophisti-
cated sensors that can determine the difference be-
tween a natural NEO impact and a nuclear detonation.

The resulting panic in the nuclear-armed and hair-
triggered opposing forces could have been the spark
that ignited a nuclear horror we have avoided for over
a half century.

I’ve just relayed one aspect of NEOs that should
worry us all. As more and more nations acquire nu-
clear weapons—nations without the sophisticated con-
trols and capabilities built up by the United States over
the 40 years of Cold War—we should ensure the 30-odd
yearly impacts on the upper atmosphere are well un-
derstood by all to be just what they are.

A few years ago those of us charged with protect-
ing this Nation’s vital space systems, such as the
Global Positioning System, became aware of another
aspect of the NEO problem. This was the Leonid me-
teor storm. This particular storm occurs every 33
years. It is caused by the debris from a different type
of NEO-a comet. When the earth passes through the
path of a comet, it can encounter the dust thrown off
by that comet through its progressive passes by the
sun. This dust is visible on the earth as a spectacular
meteor storm. But our satellites in space can experi-
ence the storm as a series of intensely damaging mi-
crometeorite strikes. We know about many of these
storms and we have figured out their parent comet
sources. But there are some storms arising from com-
ets that are too dim for us to see that can produce “sur-
prise” events. One of these meteor storms has the po-
tential of knocking out some or even most of our earth-
orbiting systems. If just one random satellite failure in
a pager communications satellite a few years ago seri-
ously disrupted our lives, imagine what losing dozens
of satellites could do.

Most people know of the Tunguska NEO strike in
Siberia in 1908. An object probably less than 100
meters in diameter struck Siberia, releasing equivalent
energy of up to 10 megatons. Many experts believe
there were two other smaller events later in the cen-
tury—one in Central Asia in the 1940s and one in the
Amazon in the 1930s. In 1996, our satellite sensors
detected a burst over Greenland of approximately 100
kiloton yield. Had any of these struck over a populated
area, thousands and perhaps hundreds of thousands
might have perished. Experts now tell us that an even
worse catastrophe than a land impact of a Tunguska-
size event would be an ocean impact near a heavily
populated shore. The resulting tidal wave could inun-
date shorelines for hundreds of miles and potentially
kill millions. There are hundreds of thousands of ob-
jects the size of the Tunguska NEO that come near the
earth. We know the orbits of just a few.

Finally, just about everyone knows of the “dinosaur
killer” asteroids. These are objects, a few kilometers
across, that strike on time scales of tens of millions of



years. While the prospect of such strikes grabs peo-
ple’s attention and make great catastrophe movies, too
much focus on these events has, in my opinion, been
counterproductive. Most leaders in the United States
or elsewhere believe there are more pressing problems
than something that may only happen every 50-100
million years. I advocate we focus our energies on the
smaller, more immediate threats. This is not to say we
do not worry about the large threats. However, I’'m
reasonably confidant we will find almost all large ob-
jects within a decade or less. If we find any that seem
to be on a near-term collision course—which I believe
unlikely—we can deal with the problem then.

What Should We Do?: First and foremost, when
an object strikes the earth, we must know exactly what
it is and where it hit. Fortunately, our early warning
satellites already do a good job of this task. Our next
generation system, the Space-Based Infrared System,
will be even better. The primary difficulty is that this
data is also used for vital early warning purposes and
its detailed performance is classified. However, in
recent years, the U.S. DoD has been working to pro-
vide extracts of this data to nations potentially under
missile attack with cooperative programs known as
“Shared Early Warning.” Some data about asteroid
strikes have also been released to the scientific com-
munity. Unfortunately, it takes several weeks for this
data to be released. I believe we should work to assess
and release this data as soon as possible to all inter-
ested parties, while ensuring sensitive performance
data is safeguarded.

We have studied what a NEO warning center might
look like. I believe adding a modest number of people,
probably less than 10, to current early warning centers
and supporting staffs within Cheyenne Mountain could
form the basis of a Natural Impact Warning Clearing-
house.

Perhaps the most urgent mid-term task has already
begun. This is the systematic observation and cata-
loging of nearly all potentially threatening NEOs. We
are probably about halfway through cataloging “large”
NEOs (greater than a kilometer in diameter). It is in-
teresting to note the most effective sensor has been the
MIT Lincoln Lab LINEAR facility in New Mexico,
which is a test bed for the next generation of military
ground-based space surveillance sensors. But this
ground-based system, however effective, can only ad-
dress the “large,” highly unlikely threats. We find out
every few weeks about “modest” asteroids a few hun-
dred meters in diameter. Most sail by the earth unno-
ticed until they have passed. In recent months, the
object 2002MN had just this sort of near miss—passing
only a few tens of thousands of kilometers from the
earth. Ground-based systems such as LINEAR are
unable to detect one of the most potentially damaging
classes of objects, such as comets that come at us from
the direction of the sun. New space-surveillance sys-

tems capable of scanning the entire sky every few days
are what is needed.

New technologies for space-based and ground-
based surveys of the entire space near the earth are
available. These technologies could enable us to com-
pletely catalog and warn of objects as small as the
Tunguska meteor (less than 100 meters in diameter).
The LINEAR system is limited primarily by the size of
its main optics—about one meter in diameter. By
building a set of three-meter diameter telescopes
equipped with new large-format Charged Coupled De-
vices, the entire sky could be scanned every few weeks
and the follow-up observations necessary to accurately
define orbits, particularly for small objects, could be
done.

The most promising systems for wide-area sur-
vey—particularly to observe close to the sun to see ob-
jects coming up from that direction—are space-based
surveillance systems. Today the only space-based
space surveillance system is the DoD’s Midcourse
Space Experiment (MSX) satellite. This was a late
1990s missile defense test satellite, and most of its
sensors have now failed. However one small package
weighing about 20 kg and called the Space-Based
Visible sensor is able to search and track satellites in
geosynchronous orbit (GEO) using visible light. This
has been a phenomenally successful mission, having
lowered the number of “lost” objects in GEO orbit by
over a factor of two. MSX is not used for imaging
asteroids, but a similar sensor could be. The Canadian
Space Agency, in concert with the Canadian Depart-
ment of National Defense, is considering a “microsat-
ellite” experiment with the entire satellite and payload
weighing just 60 kg. This Near-Earth Surveillance
System would track satellites in GEO orbit, as MSX
does today. However, it would also be able to search
the critical region near the sun for NEOs that would be
missed by conventional surveys.

The U.S. DoD is planning a constellation of some-
what larger satellites to perform our basic satellite-
tracking mission. Today our ground-based radars and
telescopes, and even MSX, only track objects that we
already know about. These systems are not true outer-
space search instruments as the LINEAR system is.
However, the future military space surveillance system
would be able to search the entire sky. As an almost
“free” by-product, it could also perform the NEO
search mission. Larger aperture ground-based systems
could then be used to follow up to get accurate orbits
for the NEOs discovered by the space-based search
satellites. Again, I believe there is considerable syn-
ergy between national security requirements related to
man-made satellites and global security requirements
related to NEO impacts.

Regardless of how well we know NEO orbits and
can predict their impacts, the fact remains that today,
we have insufficient information to contemplate miti-
gating an impact. We do not know the internal struc-



ture of these objects. Indeed, we have reason to be-
lieve that many, if not most, are more in the nature of
“rubble piles” than coherent objects. This structure
suggests that any effort to “push” or divert a NEO
might simply fragment it, which could potentially turn
a single dangerous asteroid into hundreds of objects
that could damage a much larger area.

What is needed are in situ measurements across the
many classes of NEOs, including asteroids and comets.
This is particularly important in the case of small (100
meter) class objects of the type we would most likely
be called upon to divert. Until recently, missions to
gather these data would have taken up to a decade to
develop and launch and cost hundreds of millions of
dollars. However, the situation looks much better with
the emergence of so-called “microsatellites,” which
weigh between 50-200 kg and can be launched as al-
most “free” auxiliary payloads on large commercial
and other flights to GEO orbit. These missions can be
prepared in one to two years for about $5-10M, and
launched for a few million dollars as an auxiliary pay-
load. I believe such auxiliary accommodation is a
standard feature on the European Ariane launches, and
could be considered here in the United States on our
new Evolved Expendable Launch Vehicles.

With a capable microsatellite with several kilome-
ters per second “delta-V” (maneuver capacity)
launched into a GEO transfer orbit (the standard initial
launch orbit for placing systems into GEO), the satel-
lite could easily reach some NEOs and perform in situ
research. This could include sample return, direct im-
pact to determine the internal structure and the poten-
tial to move a small object. Indeed, NASA is planning
several small satellite missions. The key point here,
however, is that with missions costing $10M each, we
can sample many types of NEOs in the next decade or
so to gain a full understanding of the type of objects
we face.

There is an interesting concept to consider. If we
can find the right small object in the right orbit, we
might be able to nudge it into an orbit “captured” by
the earth. This would make a NEO a second natural
satellite of earth. Indeed, there is at least one NEO that
is close to being trapped by the Earth now, 2002 A Axs.
If such an object were more permanently in earth orbit,
it could be more closely studied and might form the
basis for long-term commercial exploitation of space.
Moreover, a very interesting manned space flight mis-
sion after the Space Station could be to an asteroid;
maybe even one we put into earth’s gravity sphere.

One important aspect of NEO mitigation is often
overlooked. Most experts prefer to focus on the glam-
orous “mitigation” technologies—diverting or destroy-
ing objects. In fact, as the U.S. military knows well
the harder part is what we call “command and control.”
Who will determine if a threat exists? Who will decide
on the course of action? Who will direct the mission
and determine when mission changes are to be made?

Who will determine if the mission was successful?
And perhaps most important, who will pay for this
work? And there are many more questions.

The U.S. military has long struggled with these
command and control issues that now confront the
NEO community. Earlier, I noted a concept of opera-
tions for the first step in NEO mitigation—a Natural
Impact Warning Clearinghouse. I believe this com-
mand and control operation could catalog and provide
credible warning information on future NEO impact
problems, as well as rapidly provide information on the
nature of an impact.

International Issues: NEO impact mitigation
should be an international operation. In my opinion,
the United States should proceed carefully in this area.
International space programs, such as the International
Space Station, fill many functions. A NEO mitigation
program would have only one objective. In my view, a
single responsible nation would have the best chance
of a successful NEO mitigation mission. The respon-
sible nation would not need to worry about giving up
national security sensitive information and technology
as it would build and control the entire mission itself.
As I have pointed out, the means to identify threats and
mitigate them overlap with other national security ob-
jectives.

It does, however, make sense that the data gathered
from surveys and in situ measurements be shared
among all. This would maximize the possibility the
nation best-positioned to perform a mitigation mission
would come forward. One of the first tasks of the
Natural Impact Warning Clearinghouse noted above
could be to collect and provide a distribution point for
such data.

Roles of the U.S. Military and NASA: Currently,
NASA has been assigned the task of addressing some
NEO issues. The U.S. DoD has been asked to assist
this effort. However, the U.S. DoD has not been as-
signed tasks, nor has any item relating to NEOs been
included in military operational requirements. I be-
lieve one option would be for the U.S. DoD to assume
the role of collecting available data and assessing what,
if any, threat might exist from possible NEO collisions
of all sizes. This does not mean other groups, in par-
ticular the international scientific community, should
not continue their independent efforts. However, the
U.S. DoD is likely, for the foreseeable future, to have
most of the required sensors to do this job. Moreover,
in my view, the U.S. DoD has the discipline and conti-
nuity to ensure consistent, long-term focus for this im-
portant job. As a consequence of this function, the
U.S. DoD might collect a large quantity of important
scientific data. To the degree that the vast bulk of this
has no military security implications, it could be re-
leased to the international scientific community.

In addition, I believe NASA should continue the
scientific task of assessing the nature of NEOs. Per-
forming the necessary scientific studies, including mis-



sions to NEOs to gather data, is among NASA’s re-
sponsibilities. Like the 1994 U.S. DoD/NASA
Clementine probe, these missions could serve as im-
portant technological demonstrations for the U.S. DoD,
and might be conducted jointly with NASA.

Should a threatening NEO be discovered, it is my
opinion the U.S. DoD could offer much toward miti-
gating the threat. Of course, with a funded and fo-
cused surveillance program for cataloging and scien-
tific study as outlined above, we should have ample
time to debate this issue before it becomes critical.

Summart: NEO mitigation is a topic whose time
has come. I believe various aspects related to NEO
impacts, including the possibility that an impact would
be misidentified as a nuclear attack, are critical na-
tional and international security issues. The focus of
NEO mitigation efforts—in finding and tracking them,
and in exploring and moving some—should shift to
smaller objects. The near-term threats are much more
likely to come from these “small” objects (100 meters
in diameter or so) and we might be able to divert such
objects without recourse to nuclear devices.

After a suitable class of NEOs is found, microsat-
ellite missions to explore and perhaps perform test di-
vert operations could be considered. The technologies
for low-cost NEO missions exist today.

The necessary command and control, sensor and
space operations technologies and equipment are all
“dual use” to the military. In my view, it stands to
reason that strong military involvement should be con-
sidered in a national and international NEO program.



