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Preface

The following pages pres- - a detailed summary of the results of the Near-Earth-Object
Interception Workshop, hosted by the Los Alamos National Laboratory (LANL) on January
14-16, 1992 at Los Alamos, New Mexico. This document is the second of two reports
resulting from the direction of the United States House of Representatives' NASA Multiyear
Authorization Act of 1990 (26 September 1990). The National Aeronautics and Space
Administration (NASA) was directed to undertake two workshop studies to evaluate the
threat to the Earth of asteroid and comet impacts and to explore remedial actions that would
prevent such disasters. The first workshop sought to define the spectrum of threats and
proposed a detection system to greatly expand the knowledge base of these objects. The
second workshop, reported here, investigated the range of technologies and response options
that may be applicable if an object poses an actual threat to the Earth. The official NASA
reports on both workshops were submitted to Congress in brief form in March 1992. The
detailed report of the first workshop is available from NASA's Office of Space Science and

Applications under the title "The Spaceguard Survey: Report of the NASA-International
Near-Earth-Object Detection Workshop.”

Since much of the required expertise for intercepting and deflecting near-Earth objects
rasides in technical communities outside the civilian space program, NASA accepted the offer
of the U.S. Department of Energy’s Los Alamos National Laboratory to collaborate in
conducting the second workshop and preparing the final report. The meeting was chaired by
John Rather of NASA's Office of Aeronautics and Space Technology, with Jurgen Rahe of

NASA's Office of Space Science and Applications as co-chair and Gregory Canavar of the
LANL senior technical staff as official host.

The present document seeks to elucidate the key findings of the Interception workshop in a
manner understandable to nontechnical readers. A technical discussion, Proceedings of the
NEO Interception Workshop, containing individval scientific contributions by workshop

participants is available as a separate Los Alamos National Laboratory document edited by
Gregory Canavan.

Since the 94 invitees represented many different viewpoints and diverse technica!
backgrounds, a few words are in order to clarify how the results of the Interception workshop
evolved and were edited to form this report. After two and one-half days of technical
presentations and discussions in plenary sessions, the members of the workshop divided into
seven topical working groups to discuss key areas and issues. These groups subsequently
reconvened to discuss summary oral reports in plenary assembly. Written summaries were
then provided by the chairmen of each working group to serve as the basis for this final
report. Zach chapter heading bears the name of the working group which provided the
source material. The goal and the challenge was then to merge the diversity of opinions and

topics from the working groups and the participants at large to give a balanced
representation of the overall findings.

The consolidated document, including the Executive Summary, was edited by John Rather
with detailed review by members of the Steering Committee. Thus, members of each
working group bear responsibility only for the materials treated within their
assigned topical areas as submitted for the final edit. The reader should be aware
that the materials reported in Chapters 2 through 7 therefore r.flect the opinions

of the associated working groups and not an integrated position for the entire
workshop.
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An exception to the latter rule is Chapter 1, the Introduction and Systems Overview, where
the editor and Steering Committee melded the report of the Systems Analysis working group
with an overall consolidation of opinions and technical results. This was deemed appropriate
to avoid unnecessary repetition and to provide an opening chapter that shows the full scope
of the deliberations, results, and opinions. Hence, the editor and Steering Committee
share responsibility for the opening chapter with the chairman of the Systems
Analysis working group. The final draft of this report, dated May 26, 1992, was sent for
final review by all workshop participants. The large number of detailed criticisms received
were then carefully factored into the present version of the final report. While it was
impossible to achieve unanimous agr-ement on all topics, we have sought to ensure that the
resulting synthesis represents the majority consensus of the workshop correctly and
comprehensively. A questionnaire was provided to all participants to poll the overall
approval/disapproval of the final report and of the individual working group
members/chapters. The results were 83 percent favorable. Two members strongly dissented
and requested removal of their names from the report.

The Steering Committee
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“Take all six, and I'll throw in the giant asteroid.”

1x October, 1992, Sky & Telesc

Reprinied with the permission of the canconist and Sky and Telescope magazine.




PROCEEDINGS OF THE

NEAR-EARTH OBJECT INTERCEPTION WORKSHOP
Los Alamos National Laboratory
Los Alamos, New Mexico
January 14-16, 1992

ABSTRACT

The National Aeronautics and Space Administration Headquarters sponsored the Near-
Earth-Object Interception Workshop hosted by the Los Alamos National Laboratory on
January 14-16, 1992 at the J. Robert Oppenheimer Study Center in Los Alamos, New
Mexico. The Workshop evaluated the issues involved in intercepting celestial objects that
could hit the Earth. It covered the technologies for acquiring, tracking, and homing, as
well as those for sending interceptors to inspect, rendezvous with, land on, irradiate,
deflect, or distroy them. This report records the presentations and technical options
reviewed.
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The workshop greatly benefited from the wisdom of Edward Teller, who fully and
enthusiastically participated in all of our sessions, including those held on his 84th birthday. In
honor of that event, Eleanor Helin and Brian Marsden went to considerable lengths to quickly
obtain officia! designation of minor planet #5006 as "Teller." The announcement of this honor was
made at the workshop banquet, with special accolades delivered by ancther distinguished
participant, Prof. Fred Reines, the discoverer of the neutrino. Dr. Teller's citation follows:

5006 TELLER
(1989 GLS)

Discovered 1989 April 5 by E. Helin at Palomar.

Named in honor of the distinguished Hungarian-born, U.S. physicist
Edward Teller. Known for his seminal work in physics and astrophysics, notably
on the Gamow-Teller relationship that is of fundamental importance to our
knowledge of the weak interaction and its roles in astrophysics. He has ulso made
signifi-cant contributions in chemical physics, molecular physics, and quantum
theory. He served as professor of physics as George Washington University, the
University of Chicago, and the University of California. He inspired the creation
of the Lawrence Livermore National Laboratory, has served as its Director, and
now serves as Direcior Emeritus to the present time. Since 1975 he has been
Senior Research Fellow at the Hoover Institute, Stanford University. He has been
highly effective in promoting open international science free of secrecy. Having
en ered the world a few months iefor e the 1908 Tunguska event, Teller was
honored by the naming of this minor planet at his 84th birthday celebration, 1992
January 15, during his participation in the NASA Workshop on procedures for the
interception of threatening near-earth asteroids and comets.

Announced at Los Alamos National Laboratory on the occasion of the Near-
Earth-Object Interception Workshop.
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4 jubilant Edward Teller celebruted hia 84th birthday at & banguet held in Ais honor at the Otowl Cafeterie

Jan. 15. What do you give a rencewmed eciensist?

, of coures. And ihat’s just what Eleunor

Acapenly
Hchd&NMMMWMM%JdWMWMS&:W
at the banquet that sie had named one of the antercids she discovered ofter Teller. Asteroid 5006 Teller ia
wide as the San Francisce Bay and orbits in the wein asteroid belt betiveen Mars and Jupiter. Ttlhrwb‘lm
MMW-NASAMﬂWMMMMWWMMWWMWW
astervicic and other objects on & collision comres with BartA. racse sy ieieg N. Semches

NASA workshop on asteroids held at Laboratory

Los Alamos-developed strategies will be presented to Congress

Loa Alamos-developed strairgies
for intercepng and deflecting astar-
wds or other obyects oo a collugion
course with Earth wll form part of &
NASA presentation to Congress latar
this year

The strategies ware presented last
week at 4 Navonal Asronsutice and
Spece Admimstrataon workahop
hestad by the Laboratory and
wvalviag 80 paruapents from a
oumber v institutions.

The werkshop cotncaided with
Edward Teller's 84th bithday At a
banquet o Tellers bonor held at
Otown Cafetens. Eleancr Helin of
NASA's Jet Propulsion Laboratory
honored Teller by announang that
she had named one of the astercds
she had discovered after um

Asterad 5006 Teller. as »de s
the San Francsco Bay, ortuta i the

main asterosd delt between Mare and
Jupiter. Telier invited banquet
purtapeants o vimt um there oo hus
100th birthdey ~ in astral form.
If an asterced as ing as 5006 Teller
were to strike Earth, 1t would be
equrvalent to an expiomon of many
thousands of megatons of TNT Many
think & simular event cauged
the extinction of the & e Thus,
oven though such colisons might be
rare — happenung anly every 100
nﬂmmcn—th-ymucm-

Solem also sasd one conid
argue on moral grounds that
bumans have s responsiblity o
protect the other species on Earth
from such cstastrophe

Asteroids smaller than 5008
Teller stnke Earth more frequently
Countiess grain-gized bits of debns
intercopt Earth daily, sppesring se
shooting stars at nught.

Every foew days, an obgact
meters or 80 0 diametar passes a8
closs to Earth as the moon, every
hundred years or 3o, such an obyect
wllides with Earth [n 1908, an object
of that nuze generated a shock wave
that flattened the forest in northern
Sibana for thousands of square miles,
even though the obyect broke up
hetore it reached the ground.

Larger obsacts would create more
extensive darsge, and could loft suffi-
aent debris into the sir to create giobel
climate changes ssvere enough to dech-
mate untire Shecies or scosystams.

Given the potential for damage
from & collision with & mountain from
space, why not give serious thought to
ways of avoiding catastrophe? Solem
said that a New Coacepts Porums heid
last year (see Newsbulletin, Oct. 11,
1981) “stirved up quite a bit of
intetest in the probiem.”

Solem and Greg Canuvar of the
Physics Division (P), aleo a technical

to look 1010 the denger of collisienr -
with near-Earth objects and what
could be dooe about such collisions.
The first NASA workshop, held
iast July, focused on methods for
detecting near-Earth objects. The
workshop at Los Alamos examined
ways to deal with such objecta.
NASA later this year will present
findings from the two workshops to
the Houss Commities on Science

and Technology.
—vJoAn R Gustafson



Preface

This report presents the technical papers presented and a summary of the issues
addressed at the Near-Earth-Object (NEO) Interception Workshop hosted by the Los Alamos
National Laboratory (LANL) on January 14-16, 1992. It is the second of two reports resulting
from the direction of the United States House of Representatives' National Aeronautics and
Space Administration (NASA) Multiyear Authorization Act of 1990 of 26 September 1990,
which directed NASA to undertake two Workshop studies to evaluate the threat to the Earth of
asteroid and comet impacts and to explore remedial actions to prevent such disasters. The first
Workshop sought to define the spectrum of threats and proposed a detection system to expand
our knowledge about them. The second Workshop investigated the range of technologies and
response options that mzay be applicable if an object poses an actual threat o the Earth. The
attached official NASA reports on both Workshops were submitted to Congress in March 1992,

Since much of the required expertise for intercepting and deflectir. g near-Earth objects
resides in technical communities outside the civilian space program, NAS A accepted the
assistance of the U.S. Department of Energy's (DoE) Los Alamos National Laboratory on
conducting the workshop and preparing this report. The nieeting was chaired by John Rather of
NASA'’s Office of Aeronautics and Space Technology, with Jurgen Rahe of NASA's Office of
Space Science and Applications as cochair and Gregory Canavan of Los Alamos as host.

Because the ninety-four invitees represented many different viewpoints and diverse
technical backgrounds, it is appropriate to indicate how the results of the Interception Workshop
evolved and were eaited to form this report. After 2 1/2 days of technical presentatinns and
pienary sessions, Workshop members divided into seven topical working groups to discuss key
areas and issues. They subsecuently summarized their conclusions orally in a plenary assembly,
in which the chairman of each working group also provided a written summary.

Since there was not time to form an overall consensus, working group members bear
responsibil:ty only for the materials treated in their assigned areas. They are not responsible for
the final version of those sections, which were submitted to a final rewrite. The section headings,
which bear the names of the working groups that provided source material, contain both the
submitted technical papers and the area summaries. The goal of the workshop was to merge the
diversity of opinions and topics from the working groups and the participants at large to give a
balanced representaticn of the overall findings. There was not time to do so.

A consolidated document was edited by John Rather with the assistance of the California
Institution of Technology and the Jet Propulsion Laboratory. It was reviewed by members of the
Steering Committee, the working group chairmen, and twenty other workshop participants who
had specifically asked to review the document. A large number of detailed cnticisms were
received, carefully assessed, and incorporated, where possible. It was imposcible to achieve
agreem:ent on all topics. These Proceedings contain only the papers and workshop summaries on
which there was rough consensus. The final section discusses directions for future research that
emerged from the workshop, reviews some of the reactions to it, and indicates unresolved issues
that could be profitably addre ssed by subsequent workshops.

The Steering Committee




Executive Summary

Introduction and Systems Overview: In the last decade, there has been a major shift in the
perception of potential hazards to human life from Earth-approaching cosmic objects. A vast
increase in evidence linking large-scale extinctions of species to past impacts on the Earth has
driven increased concern. Simultaneously, there has been a grea® ~crease in the rate of discovery
of near-Earth objects (NEOs), including some which have passed near the Earth. In response,
Congress directec NASA to study ways to increase the detection rate of Earth-approaching
objects and wa;'s to deflect or destroy objects that posed a danger to life on Earth, two Workshop
studies have been conducted. Their final 1eports were submitted to Congress by NASA in March,
1992. The detailed report of the NEO Detection Workshop was published under separately.

The technical papers and technical findings from the NEO Interception Workshop are
contained in the present volume, which is available from Los Alamos National Laboratory.
Interception Workshop members argued that there now exist technicaliy credible approaches to
preventing many impact catastrophes, provided that the requisite techknology capabilities could be
developed 1n a timely fashion. Progress could result from sharing existing search, tracking, and
homing technologies with the civilian and defense sectors and with fviends and allies, and from
implementing protocols to transter data on NEO ¢ scovenes from defense and intelligence assets
to appropriate centers tor determining precise orbits. The following paragraphs summarize the
opinions of cach of the topical working groups.

Astrodynamics of Interception: Interception of Earth-approaching asieroids or comets cannot
be decoupled from comprehensive observations. Early detection gives a longer reaction time,
and interceptions far from Earth are much more desirable and easier than interceptions nearby
Earth. For cases in which exact orbits can be predicted decades to centuries in advance. which is
happily the most likely case, 1t should be possible to send precursor missions to the object to
deflect it or prepare for its subsequent interception. In these cases, it is usually best to impart an
tmpulse to the object at its perik.2lion position.

It the warning time is only a few years, the orbit will be less certain and an imrediate
effort will be needed to refine it Precursor missions would be more difficult, and the required
launch energy would be much higher than for the first class of objects. With less than a year's
warning, e.g., a long-period comet on a collision course, a high-energy interceptor would have te
be launched in short order. For the worst case, a large object discovered on a collision course
with Earth in a matter of days, there is currently no response with a high probability of success.
Thus, a program for their early detection is essential; improved intercepiors can follow. With
proper development and improved detection, this worst case need never arise.

Energy Delivery--Materials Interaction: The kinetic energy of a mountain-sized chject
traveling at 20-30 kni/s is measured in thousands to millions of megatons. If detected at great
range, or many orbits prior to impact, even quite iarge NEOs could be deflected with energies
available from chemical rockets or explosives. For intercepts during final approach, kinetic
energy from fastinterceptors could be adequate for NEOs of up to 70-100 m diameter. Other
options such as kinetic energy devices for deflection or pulverization, thrust from attached mass
drivers, solar sails, crack outgassing, laser deflection, etc., are cither less effective, requie
extensive research o +d engineering, or appear expensive. Nonnuclear kinetic energy payloads or
other nonnuclear in-s. e options currently appear useful only for small NEQs, interaction at
perihelion, or for larger objects when meny years are available to effect a change. Nuclear
energy could be used to provide efficient propulsion for distant engagements.

Nuclear energy could also be used to provide explosive energy for detlection or
destruction; it appears to be favored for NEOs over about 100 m diameter. For kilometer-sized
objects, the energy of the largest nuclear explosives ever built is small by comparison. thus, it is
likely that nuclear technologies could play an essential role in delivering enough encrgy o
deflect a farge NEQO that would otherwise impact the Earth soon. Bunied explosions maximize the
efficiency of fracture or pulverization. Stand-off irradiation 1s robust, efficient, and itsensitive to



uncertainties in NEO materials and geometry. Stand-of! requires less knowledge of the NEO's
geology and topography, carries less fracture probability, and requires less knowledge of the
NEQ's rotation state, center of gravity, and other mechanical properties. Surface-bursts could
produce 10-100 times more deflection, but would do so at the risk of fracturing the NEO into
multiple pieces, each of which is potentially hazardous. Any such use of nuclear devices will
require appropriate international agreements and protocols.

Acquisition, Tracking, and Homing: The telescope system proposed by the Detection
Workshop appears to be an efficient way to achieve a census of the large, threatening NEOs that
could approach the Earth from distances of about 1 astronomical unit (AU = 150 million
kilometers, the rough distance from the Earth to the sun) within a few years. With upgrades to
accommodate existing and emerging technologies, sensors using visible-light cameras and
microwave radars could provide adequate acquisition and track of large objects and timely
search, detection, track, and assessment of the smaller ones of current concern within a few
decades. Computers and advanced algorithms could support automated detection and tracking.

Radars can measure physical characteristics, composition, and shape of objects with 0.1
AU from Earth for objects 100 m or more in diameter. Homing has been less well studied, but
ground-bascd optical and radar sensors could refine an NEO's trajectory and establish its
orientation for precise delivery. The interceptor then could be guided to within range of the
object and control transferred to on-board optical or radar sensors and computers. Impact
prediction on comets would be more difficult because their comas obscures their nucleus, but
that could be overcome with muitiple probes and interceptors.

Vehicles and Payloads: Two types of missions have been studied: (1) precursor reconnaissance
missions and (2) missions aimed at diverting or fragmenting an NEO of any size. The prime
objective or precursor reconnaissance missions is te characterize the diversity of NEOs, because
objects with different material composition will respond differently to perturbations. Relatively
low-cost missions using small, lightweight spacecraft and launch vehicles could fly by,
rendezvous with, or land on NEOs. The Department of Defense has developed a number of
lightweight technologies which could be used for such missions in their present configuration or
after some modifications. NASA probes could also be adapted. The preferred alternative would
be for the two to be fully integrated. An active effort to divert or fragment an NEO would require
a large iaunch vehicle to carry a payload capable of changing the orbit or pulverizing the NEO.
Advanced upper stages and propulsion concepts offer significant potential increases in useful
payload weight in the long term. It would be feasible to perform experimental missions to
observe a representative sample of NEOs in the near term with small modifications of existing
capabilities in order to improve the required knowledge base for deflection.

Assessment of Current and Future Technologies: Intercepts distant frcm Earth are less
difficult than are close-in intercepts. Smaller deflections suffice, so less ¢nergy need be
delivered. Travel time is less of an issue, so deficiencies in deep-space payload capability are less
of a restriction. Opportunities exist to deflect, look, and deflect again; and distant intercepts offer
a greater range of propulsion, deflection, and destruction options. Existing options for distant
intercepts focus upon chemical rockets with chemical or nuclear payloads. Near-term innovative
options-potentially available within two d:cades-include nuclear rockets for fast transport of
heavy payloads, landing nuclear rockets on the NEO's surface to utilize in-situ water as a
propellant; mass drivers on the NEO's surface, or, conceivable, laser transmitters on the Earth or
the moon to perturb the NEO orbit by ablating material from the surface. All require
development. Creative concepts potentially available many decades from now might include
solar sails and the use of small asteroids to detlect larger ones. These options appear techaically
feasible, but affordability and risk vary greatly. Ciose-in intercepts, on the other hand, are very
difficult: large deflections require substantial energy; travel time is very important; time will
allow only one or two deflection attempts; and there are fewer technology options that appear
feasible. Existing technologies for close-in intercepts include only chemical rockets with



explosive payloads. Near-term possibilities include nuclear rockets with nuclear explosives.
Longer term concepts are speculative and involve greater degrees of risk.

Future Research Options Impacts on Earth {rom asteroids and comets occur infrequeatly, but
have potentially very serious consequences that justity initiating efforts directed toward
mitigation. Itis essential to improve the detection capability to increase the warning time before
investing heavily in specific mitigation systems. In order of increasing commitment of resources,
several levels of programmatic efforts are (1) enhanced observational, laboratory, and theoretical
studies and analysis of the NEQOs , which have estimated costs of a few $M/yr.; (2) construction
of dedicated telescopes and other instruments and systems to dramatically increase the state of
knowledge and detection rate of NEGs, together with augmented laboratory and theoretical
studies foi both detection and interception, which would cost about $10M/yr.; (3) robotic
spacecraft missions to sample and characterize representative NEOs, which might cost about
$100M/yr.; and (4) definition of appropriate interception system requirements. A later
implementation program might cost substantially more, even if pursued as an evolutionary step.
The nature of the hazard is global in scope, and planning should be shared among the world's
nations, although the U.S. is perhaps now best-suited to a leadership role. Presently, there is no
organized program to address the NEO hazard The research discussed above could form a sound
basis for formulating the appropriate national and international mechanisms.
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SUMMARY OF THE FINDINGS
OF THE NEAR-EARTH-OBJECT (NEO) INTERCEPTION WORKSHOP

Background

In the last decade, there has bean a major shift in the perception of potential hazards to
human lite from Earth-approaching cosmic objects. A vast increase in evidence linking
large-scale extinctions of species to past impacts on the Earth has driven this increased
concern. Simuitaneously, there has been a great increase in the rate of discovery of
near-Earth objects (NEOs), including some which have made near passes by Earth.

in response to a Congressional direction for NASA to study ways to increase the
detection rate of Earth-approaching objects and ways to alter the orbits of or destroy
such objects if they should pose a danger to iife on Earth, two workshop studies have
been conducted. The NEO Detection Workshop held three formal meetings: 1) June
30-July 3, 1991, at the San Juan Capistrano Research Institute, 2) September 24-25,
1991, at NASA's Ames Research Center, and 3) November 5, 1991, in Palo Alto,
California; all these meetings were held in conjunction with more generai science
meetings. Participants in the workshop came from the United States, Australia, Finland,
France, India, and Russia. The detailed findings and the technical papers presented at
this workshop will be available from NASA's Office of Space Science and Applications.

The NEO Interception Workshop was hosted by the Department of Energy’s Los Alamos
National Laboratory on January 14-16, 1992, and the detailed findings and the technical
papers presented at that workshop will be available from the Los Alamos National
Laboratory in Summer of 1992. A summary of the Interception Workshop follows.

importance of Early Detection

The consensus of the Interception Workshop is that there now exist technically credible
appreaches to preventing an impact catastrophe provided that the requisite technology
capabilities are developed. Important inmediate progress can result from the utilization
of existing defense technologies and from implementing protocols to transfer data on
NEOQ discoveries from defense and intelligence assets to appropriate entities for
determining precise orbits and other relevant data.

Interception of Earth-approaching asteroids or comets cannot be decoupled from
comprehensive observations. Early detection obviously gives a longer reaction time,
and interceptions far from Earth are much more desirable and easier to accomplish than
interceptions near Earth. For cases in which a threat has been identified and the orbit
can be predicted reliably decades or centuries in advance, it may be possible to send
precursor missions to the object to prepare for a subsequent interception.

interception Techniques

it would be most efficient to impart an impulse to the object at its perihelion position,
defined as the point at which a body moving in an elliptical orbit ic at its closest distance
to the Sun. For the unlikely situation in which the threat is identified only a few years in
advance, the orbit would be less certain, precursor missions would be very difficult, and
the required launch energy would be much higher than in the first case. With less than
a year warning that an object (probably a long-period comet) is on a collision course
with Earth, an interception device must be launched in short order with a high launch
energy--perhaps 100 times higher than that required in the first case. However, the
likelihood of having less than decades of warning before a catastrophic collision is
minimal.
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The kinetic energy of a mountain-sized object traveling at 25 kilometers per second is
enormous, dwarfing the energy of the largest nuclear weapons ever built. Powerful
explosive devices would be needed to impart enough energy to a large NEO to perturb
it from a trajectory that passes through Earth, or to destroy it. Such explosives could be
used in either surface-burst modes or a stand-off mede: surface-burst modes would
provide two orders of magnitude more deflection, but would risk fracturing the NEO into
multiple potentially hazardous pieces. In comparison to other options, the stand-off
approach requires less knowledge of the NEO's geology and topography, carries less
fracture probability, and requires less knowledge of the NEO's rotation state and center
of gravity.

Other options discussed--including explosives at the surface or interior; kinetic energy
devices for deflection of puiverization; attached thrust by mass driver, solar sail, or crack
outgassing; or laser deflection--either are ineffectual, less desirable, or require extensive
research programs and the construction of major space assets.

Technological Requirements

With upgrades to accommodate existing technologies, sensors using visible-light
cameras and microwave radar will be adequate for detecting, tracking, and assessing,
within a few decades the mosit threatening objects during approaches to within 1
astronomical unit (AU: approximately 150 million kilometers). Computers and
algorithms could suppont automated detection and tracking. Radars can measure sizes,
shapes, spin vectors, and surface characteristics of most NEOs, often within months of
discovery.

Homing has been less well studied, but ground-based ogtical and radar sensors could
refine an otject's trajectory and establish its orientation for precise delivery of an
interceptor. An interceptor could be guided to within range of the object and control
would then be transferred to on-board sensors (which could be optical or radar) and
computers impact prediction for comets would be more difficult than for asteroids,
because the comets atmosphere visually obscures the nucleus and because cutgassing
causes nongravitational acceleration.

Mission Types

Two types of missions could be studied: (1) precursor reconnaissance missions and (2)
missions aimed at diverting or fragmenting a NEO of any size once a threat has been
identified. The prime objective of precursor reconnaissance missions would be to
characterize the diversity of NEOs because objects with different material composition
will respond ditferently to perturbation effects. Such relatively low-cost missions using
small lightweight spacecraft and launch vehicles could fly by, rendezvous, or land on
NEOs. An active effort to divert or fragment a NEO would require a large launch vehicle
to carry a payload capable of changing the orbit or fragmenting a NEO. Experimental
missions to characterize representative NEOs as fully as possible in the near term
would greatly improve tha currently poor knowledge base fo- deflection.
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Interception Distances

Intercepts distant from Earth are, paradoxically, much less difficult to achieve than are
close-in intercepts: smaller deflections are required so less energy need be delivered;
travel time is usually not an issue; opportunities exist to deflect, look, and deflect again;
and there is a greater range of propulsion and defiection or destruction options. Existing
options for distant intercepts focus exclusively upon chemical rockets with high-energy
explosive payloads. Near-term options -- potentially available within iwo decades --
include nuclear rockets for fast transport of heavy payloads, landing nuclear rockets on
the NEO's surface to utilize in-situ water as a propellant, and mass drivers on the NEO's
surface. Options potentially available more than two decades from now might include
solar sails. All of these options appear technically feasible, although relative
affordability and risk factors need much further examination.

Close-in intercepts, on the other hand, are very difficult. Large deflections require
substantial energy; travel time is short; a short waming time will allow only one or two
deflections; and there are fewer technology options. Large high-energy explosives may
shatter the object into more projectiles, while the technical feasibility and attordability of
some of the other technologies are still under study.

Conclusions

Impacts on Earth from asteroids and comrts occur rarely, but have potentially very
serious consequences that justify initiating efforts directed toward detection and
mitigation. In order of increasing commitment of resources, several levels of
programmatic effort are: (1) Enhanced observational, iaboratory, and theoretical studies
and analysis of the NEOs; (2) Construction of dedicated telescopes and other
instruments to dramatically increase the state of knowledge and detection rate of NEOs,
together with augmented laboratory and theoretical studies; (3) Robotic spacecraft
missions to characterize a sample of NEOs that is representative of their broad
diversity; (4) Definition of appropriate mitigation system requirements and
implementation options conceming launch infrastructure, an interceptor vehicle, a target
acquisition capability, and explosive devices.

The nature of the hazard is giobal in scope, and planning should be shared among the
world's nations. The United States is best-situated to take a leadership role. Prasently,
there is no organized program to address the NEO hazard. A decision to proceed
should not be delayed in anticipation that new data will soon substantially modity our
presant understanding.

Fortunately, impacts of large near-Earth objects are extremely rare and in most cases,
the objects can be readily detected with current ground-based technology. |f one were
on a collision course with Earth, it probably would be found decades in advance ot any
collision, after which an orderly scheme of characterization and mitigation could be
implemented.
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SUMMARY OF THE FINDINGS
OF THE NEAR-EARTH OBJECT (NEO) DETECTION WORKSHOP

Background

Impacts by Earth-crossing asteroids and comets (collectively known as near-earth objects
or NEOs) pose a significant hazard to life and property. Although the annual probability of
the Earth being struck by a large asteroid or comet is extremely small, the consequences of
such a collision are so catastrophic that it is prudent to assess the nature of the threat and to
prepare to deal with it. The first step in any proyram for the prevention or mitigation of
impact catastrophes must involve a comprehensive sea ch for Earth-crossing asteroids and
comets and a detailed analysis of their orbits.

In response to Congressional direction for NASA to study ways to increase the detection
rate of Earth-approaching objects and ways to alter the orbits of or destroy such objects if
they should pose a danger to lite on Earth, two workshop stuaies have been conducted.
The NEO interception Workshop was hosted by the Department of Energy's Los Alamos
National Laboratory on January 14-16, 1992, and the detailed findings and technical
papers presented at that workshop will be available from the Los Alamos National
Laboratory in Summer 1992.

The NEO Detection Workshop held three formal meetings: 1) June 30-July 3, 1991, at the
San Juan Capistrano Research Institute, 2) September 24-25, 1991, at NASA's Ames
Research Center, and 3) November 5, 1991, in Palo Alto, California; all these meetings
were held in conjunction with more general science meetings. Participants in the workshop
came from the United States, Australia, Finland, France, india, and Russia. The detailed
findings and the technical papers presented at this workshop will be available from NASA's
Office of Space Science and Applications. A summary of the Detection Workshop follows.

Impact Hazard

The greatest risk from cosmic impacts is associated with objects large enough to disturb the
Earth's climate on a global scale by injecting large quantities of dust into the stratosphere.
Such an event would depress temperatures around the globe, leading to massive loss of
food crops and possible breakdown of society. Such global catastrophes are qualitatively
different from other more common hazards that we face (excepting nuclear war), because of
their potential effect on the entire planet and its population. The possibility of such a global
catastrophe is beyond question, but determining the threshaid impactor size to trigger such
an event is more difficult. Various studies have suggested that the minimum mass
impacting body to produce such global consequences is several tens of billions of tons,
resulting in a groundburst explosion with energy approaching a million megatons of
Ttinitrotoluene (TNT). The corresponding threshold diameter for Earth-crossing asteroids or
comets is between 1 and 2 kilometers. Smaller objects (down to tens of meters in diameter)
can cause severe local damage but pose no global threat.

Search Strategy

Current technology permits us to discover and track nearly all asteroids or short-period
comets larger than 1 kilometer in diameter that are potential Earth-impactors. These
objects are readily detected with moderate-size ground-based telescopes. Most ot what we
now know about the population of Earth-crossing asteroids has been derived over the past
two decades from studies carried out by a few dedicated observing teams using small
ground-based telescopes. Currently, several new NEOs are discovered each month. At
this rate, however, it will require several centurigs to approach a complete survey, even for
the larger ohjects. What is required to assess the population of NEOs and identify any large
objects that could potentially impact the Earth is a systematic survey that effectively




monitors a large volume of space around our planet and detects these objects as their
orbits repeatedly carry them through this volume of space. In addition, the survey should
deal with the long-period comets, which are thought to constitute about 5 to 10 percent of
potential Earth-impactors. Long-period comets do not regularly enter near-Earth space;
however, most Earth-impacting long-period comets could be detected with advance
warning several months before impact, using the same telescopes used for the NEO
survey. Finally, it is desirable to discover as many of the smaller potential impactors as
possible.

Lead Time

No object now known has an orbit that will lead to a collision with our planet during the next
few centuries, and the vast majority of the newly discovered asteroids and comets will alsc
be found to pose no near-term danger. Even if an NEO has an orbit that might lead to an
impact, it will typically make hundreds of moderaiely near passes before there is any
danger, providing ampie time for response. However, the iead time will be much less for a
comet approaching the Earth on a long-period orbit.

Spaceguard Survey Network

The survey outlined in this report involves a coordinated international network of
specialized ground-based telescopes for discovery, confirmation, and follow-up
observations. Observations are required from both the northern and southern
hemispheres, monitoring about 6,000 square degrees of sky per month. In order to provide
reliable detection of objects as small as 1 kilometer in diameter within a suitably large
volume of space, the telescopes should reach astronoinical magnitude 22. The telescopes
that are suitat.e for this survey have apertures of 2 to 3 meters, moderately wide fields of
view (2 to 3 degrees), focali-plane arrays of large-format charge-coupled device (CCD)
detectors, and automated signal processing and detection systems that recognize the
asteroids and comets from their motion against the background of stars. The technoiogy for
such automated survey telescopes has been developed and demonstrated by the 0.9-
meter Spacewatch telescope of the University of Arizona. For purposes of this study, we
focus on a Spaceguard Survey network of six 2.5-meter aperture, /2 prime focus refiecting
telescopes, each with four 2048 x 2048 pixel CCD chips in the focal plane.

Follow-up and Coordination

In addition to the discovery and verification of new Earth-approaching asteroids and
comets, the Spaceguard Survey program will require follow-up observations to refine
orbits, determine the. sizes of newly discovered objects, and establish the physical
properties of the asteroid and comet population. Observations with large planetary radars
are an especially effective tool for the rapid determination of accurate orbits. Radar data
will be required to ascertain whether potentially hazardous objects will miss the Earth or, it
this is not the case, to determine the exact time and location of the impact. Desirable for this
program would be increased access to currently operating planetary radars in California
and Puerto Rico, and provision of a suitabie southern-hemisphere radar in the future.
Although one or more dedicated follow-up telescopes would greatly improve our ability to
study faint and distant asteroids and comets, we anticipate that much of the optical follow-
up work can be accomplished with the survey telescopes themselves if they are suitably
instrumented. The survey program aiso requires rapid international electronic
communications and a central organization for coordination of observing programs and
maintenance of a database of discovered objects and their orbits.

Expected Survey Results

Numerical modeling of the oparation of the Spaceguard Survey network indicates that
about 500 NEOs will be discovered per month. Over a period of 25 years we will identify
rnore than 90 percent of potentially threatening NEOs larger than 1 kilometer in diameter; a




dark-sky survey will detect most incoming comets several months before they approach the
Earth. At the same time, tens of thousands of smaller asteroids (down to a few meters in
diameter) will also be discoverec, aithough the completeness of the survey declines
markedly for objects smalier than about 500 meters. The advantage of this survey
approach is that it achieves the greatest level of completeness for the largest and most
dangerous objects; however, it continued for a long period of time, it wiil provide the
toundation tor assessing the risk posed by smaller impacts as well. Continued monitoring

of the sky will also be needed to provide an alert for potentially hazardous long-period
comets.

Implementation of the Spaceguard Survey

The survey can begin with current programs in the United States and other countries, which
are providing an initial characterization of the ECA population and can serve as a testbed
tor the technologies proposed for the new and larger survey telescopes. A modest injection
of new funds into current programs could also increase current discovery rates by a factor of
two or more, as well as provide training for personnel that will be needed to cperate the
new survey network. For the new telescopes, we assume the use of modern technology
that has, over the past decade, substantiallv reduced the construction costs of telescopes of
this aperture. If construction were to begin in Fiscal Year 1993, the survey coulid be in
operation by about 1997,

Conciusions

The international survey program described in this report can be thought of as a modest
investment to provide insurance for our planet against the ultimate catastrophe. The
probability of a major impact during the next century is very smali, but the consequences of
such an impact, especially if the object is larger than about 1 kilometer in diameter, are
sufticiently terrible to warrant serious consideration. The Spaceguard Survey is an
essential step toward a program of risk reduction that can reduce the risk of an unforeseen
cosmic impact by more than 75 percent over the next 25 years.
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1. BACKGROUND FOR THE WORKSHOP

NEAR-EART'1 OBJECT INTERCEPTION WORKSHOP SUMMARY

by

Gregory H. Canavan and Johndale Solem
Los Alamos National Laboratory
ABSTRACT

A workshop held at Los Alamos in January 1952 evaluated
the issues involved in intercepting celestial objects approaching the
Earth. It covered the technologies for acquiring, tracking, and
homing on them, as well as those for the interceptors to inspect,
rendezvous with, land on, irradiate, deflect, or destroy them. This
report reviews the presentations, issues, and conclusions.

1. Introduction

At irregular intervals, the Earth is struck by objects from space. There is evidence that the
age of dinosaurs was brought to an end by the impact of an asteroid 10 to 20 kilometers across.!
Such laree impacts apparently occur every few tens of millions of years. Smaller objects strike
more frequently, but do corresponding!y 1ess damage. In 1908 a stony meteoroid about 50 meters
across exploded in the air above the Tunguska river in Siberia, devastating the countryside over
thousands of square kilometers.2> Impac: vraters on the surface of the Earth and moons suggest
that such impacts occur every few hundred ycars and that objects of intermediate sizes impact at
essentially all intermediate frequencies.4

Recognizing the potential seriousness of such impacts, in 1991 Congress mandated two
workshops on the detection and interception of sch near-Earth objects (NEOs). The ‘irst defined a
plan for detecting—in the next few decades at distances of a few AU (1 Astronomical Unitis about
150 million kilometers, the distance from the Sun to the Earth)}—NEOs a kilometer or larger in size
that might impact the Earth.> The first workshop on detection defined the expected threat and the
means to refine it. The second workshop studied potential responses. It examined the issues
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invoived in deflecting or destroying NEOs on trajectories that would impact the Earth; the
presentations, issues, and conclusions are summarized in this report. The usefulness of the two
workshops was enhanced by considerable cross-fertilization and joint membership.

The remainder of this section introduces the various perspectives on the NEO threat and
potential solutions that were provided at the Interception Workshop. The following sub-sections
discuss the elements of these solutions, organized by working group subjects that were used to
facilitate the Workshop: astrodynamics of interception; energy delivery and materials interaction;
vehicles and payloads for intercepts; acquisition, tracking, and homing on NEOs; the assessment
of future technologies; and future directions for research. The remaining sections expand on these
discussions, their conclusions, and the reactions to them. Each subject starts with a summary
assessment that was prepared by the working group members listed in the Executive Summary.
They are followed by the texts of the principal papers presented in each area, which were the
principal product of the Interception Workshop. The summary assessments were discussed at
some length within each working group, but there was not time to reach a consensus within each
working group, let alone on the overall conclusions and recommendations of the whole group.
Thus, this paper does not attempt to formulate prionies, which are addressed in a separaie report
prepared for NASA by John Rather through the Jet Propulsion Laboratory of the California
Institute of Technology (JPL of CIT).6 Remaining issues are addressed in the final sections.

"Background for the Workshop” gives the motivation; reviews the historical evidence for
NEO impacts; gives the rough size, velocity, warning time parameters for threatening NEOs; and
indicates the order of magnitude of their frequency and expected damage. It also reviews what is
known about the composition and frequency of different types of stony and metallic NEOs. It
concludes with summaries of representative exploratory and negation miss.i-ws.

"The Impact Hazard" by David Morrisor: summarizes the results of thc NASA NEO
Detection Workshop, paying particular attentior to the evaluation of the nature and magnitude of
the impact hazard. It argues that "Earh-approaching asteroids and comets pose a significant hazard
to life and property...[and that] the greatest risk 1s associated with objects large enough to disturp
the Earth's climate on a global scale by injecting large quantities of dust into the stratosphere.”
Such impacts pose a threat much like that of nuclear winter, which was discussed in the scientific
literature of nuclear exchanges in the depths of the cold war. The paper argues that the threshold
for NECs that could lead 10 global crop failures and widespread starvation is not well known, but
is probably between 1 and 3 km in diameter, and that the first prionty in dealing with the impact
hazard is o0 ident:fy potential impactors in this size range.

“The Impact Hazard" notes that smaller NEOs, down to 50-100 m in diameter, could cause
severe local damage, but would not perturb the global climate. The individual risk from such
impacts 1s orders of magnitude less than that of a globally catastrophic impact. The paper argues
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that even their cumulative effect is substantially less than that posed by objects greater than 1 km in
diameter. For stony asteroids a second threshold is passed at about 40 m diameters, below which
most of their encrgy is dissipated high in the atmosphere, and little damage is produced on the
surface. This second t.reshold is dependent on the composition of the impactor; iron objects down
to a few meters in diameter are capable of penetrating the atmosphere. Morrison argues that there is
little reason to be concemed with objects much smaller than 100 m in diameter—a result that was
disputed by some attendees at the Workshop, whe expressed concern over much smaller NEOs.

In summarizing the results of The Spaceguard Survey Report,’ Morrison notes that the
NASA Detecticn Workshop group proposed the construction of a network of 6 ground-based
telescopes to carry out an automated sky survey for the detection of objects down to astronomical
magnitude 22, approximately to the brightness of a 1-km diameter dark asteroid at a distance of 1.5
AU. If pursued for two decades, such a survey could discover 90 percent of asteroids larger than 1
km in Earth-crossing orbits, while at the same time finding tens of thousands of additional smaller
objects. The great majority of these objects will be discovered long before they pose a direct threat,
thus providing decades of warning for any impact. This survey would also detect potentially
dangerous incoming comets, but with much less warning—in some cases less than 12 months.

"The Spacewatch CCD [charge-coupled device] Search™ by Tom Gehrels described the
University of Arizona's 0.9-m Spacewatch Telescope on Kitt Peak. Federally funded since 1980 to
search for NEOs, it is dedicated to the development of new techniques for their discovery. It
presently scans the sky with a 20482 CCD detector array, computer processing the output in near-
real time. Its discovery rate in 1991 was 15 NEOs/yr; with new CCD:s of higher quantum
efficiency, the discovery rate is now about 30 NEOs/yr. About an order-of magnitude
improvement in detection rate is anticipated with the 1.8-m Spacewatch Telescope now under
construction. Geiirels's data resembles that summarized in Morrison's "Impact Hazard," but has
higher impact frequencies for stnaller NEOs. The impact of the differences between Gehrels's and
Morrison's data, which represent the major uncertainty in the assessment of the NEO hazard, are
discussed below at some length in the paper on "Value of Space Defenses.”

"Some Perspectives on the Search for Near-Earth Objects” by Duncan 1. Steel describes the
search for new and smaller NEOs by combining current technology and previous observations. He
describes the difficulties with new Aten obiects (period < 1 yr, aphelion > 0.9833 AU), which are
difficult to dewct with conventional telescope searches because of their unfavorable geometry. Steel
also discusses the challenges of searching for new classes of NEOs in highly inclined orbits, like
Halley's comet. He summarizes experience with radars, which can categorize NEOs easily. He
al~o discusses the traditional difficulties in predicting the history or trajectory of NEOs subject to
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non-gravitational perturbations, which make distant impacts hard to predict. He ends with a useful
summary of the current debate on coherent versus stochastic catastrophism, i.e., the possibility that
much recent damage has been done by multiple intercepts by < 100 m fragments from large NEOs
that have broken up in the past.

"“To Hit or Not To Hit" by Brian Marsden also questions the value of secular perturbation
calculations for objects that would not hit the Earth for 200 years or more. He provides a useful
table of possible large NEOs that might become threats under such influences, but finds few threats
in the next few decades. He discusses the uniquely stressing threats posed by long-period comets,
which are numerically less likely, but more of a problem due to their short warning and very high
kinetic energy. He notes that satellites deployed on the opposite side of the sun wonld be useful in
detecting them early—if they were about 100 times more sensitive than the telescopes proposed by
the detection workshop. The strong time-luminosity curves cf such objects kept the IRAS satellite
from detecting anything that could not be detected easily from ground-based telescopes. Their
performance would improve if the telescopes were deployed very far from the Earth—possibly
closer to the sun—and perhaps around Venus.

"Airblast Damage from Small Asteroids” by Jack G. Hills and M. Patrick Goda explores
the difficult and controversial subject of the damage from small NEOs that break up in the
atmosphere before they hit the ground. Using detailed models of the fragmentation of stony
meteorites as they decelerate at a few scale heights in the atmosphere, they find that the energy
deposition from NEOs of 50-250 m diameter can accidentally approach the "optimal height of
burst” used for nuclear weapons, and hence produce the maximum ground damage possible for a
given kinetic energy. They conclude that stony asteroids under 250 m and iron asteroids under 60
m diameter probably won't survive—tending to break up at a few scale heights. However, those
with diameters down to about 40 to 4 m, respectively, could produce great damage by depositing
their energy in the airblast and spreading their fragments over distances of kilometer- Their
calculations interpret the Tunguska event as roughly an 30 m diameter stony meteonite with a
kinetic energy of about 40 MT (megaton, the energy equivalent of 1,000,000 tons of high

explosive, or about 4x1013 joules).

These results make it possible to refine the qualitative threshclds in phenomenology posed
above by Morrison and make a more quantitative assessment of the damage from modest-sized
NEOs, which has been one of the most divisive issues in the ficld of late. The physics of NEO
breakup is far from certain; data are only starting to filter in.3 The breakup of meteoroids in the
Earth's atmosphere has been thought to explain twin craters, but recent cvidence indicates that of




the 30 largest craters, at least 6 occur in pzirs in configurations that Jay Melosh of the University of
Arizona asserts cannot be explained by the dispersion argument assumed in these calculations.
Instead, attention is shifting to the notion that NEOs could circle in pairs or groups, in which case
NEOQ intercep's would also have to be executed in pairs.

While the physics of smmall NEO damage is better understood through the work of Hills and
Goda, the damage mechanisms for NEOs with intermediate diameters of 50—2,000 m are still
uncertain. It would be useful to integrate the thoughtful scaling analyses of hypervelocity impacts
that have been performed by Russian and other Former Soviet Union scientists over the last few
decades, going back to the fundamental scaling work of Sedov and Zeldovich.9

2. Astrodynamics of Interception

Detection and interception are interrelated. In general, the farther away a threatening NEO is
detected, the farther away it can be engaged, and the easier it is to deflect or destroy. The working
group summary paper on "Astrodynamics of Interception” reviews likely intercepts, from the least
to the most stressing, and attempts to assign the rough warning times, probabilities, interaction
distances, and velocity increments for each. It also gives elementary discussions of the key issues
associated with intercepts ranging from those many orbits prior to impact to those attempted during
the final approach, which establishes the rough launch reguirements for each type of intercept.

Table 2-1 illustrates these requirements. For a NEO whose exact orbit could be established
decades ahead of its projected impact, interaction could take place at a distance of several AU and
require only about 1 cm/s. Thus, it should be possible to send out a mission to rendezvous with it
at perihelion and apply just enough impuise to shift its trajectory enough to miss the Earth. A NEO
with a diameter of 2 kilometers and density p =~ 3,000 kg/m3 has a mass m = 4mu(D/2)3/3 ~
1.2x1013 kg. Changing its velc<ity by 1 cm/s at perihelion could be effected by ejecting about
1.2x1013 kg x 1 cm/s / 3 km/s = 40 tonnes of material at a typical rocket specific impulse of 300
seconds, i.e., an exhaust velocity of ¢ = 3 km/s. That is arguably feasible, although stressing, with
nonnuclear means. For example, a single Energia booster could put about 100 tonnes in low Earth
orbit and accelerate about 30 tonnes escape velocity. Higher specific impulse concepts could in
time significantly lower these mass requirements.

For less certain orbits, which would only permit response times of about a year, the
velocities required increase by one to two orders of magniiude, and the masses and energies
required for deflection increase with them. For very short-waming objects such as smaller-
diameter asteroids or long-period comets, which are more difficult to detect, the interceptor would
have to deflect or destroy the NEQ during its final approach. It is possible to illustrate the energies
required. If an NEQ 2 km in diameter could be split in half at a range R ~ | AU, and each half
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given just enough transverse velocity vy to miss the Earth, that would require a divert velocity of
vT = V(Re/R) = 30 km/s (6,400 km / 1.5x108 km) = 1.3 m/s, where Re is the Earth's radius. That
would require a kinetic energy of mv12/2 = 1.2x1013 kg (1.3 m/s)%/2 = 10!3 joule = 2.5 KT
(kiloton), neglecting the energy to split the NEO, which could be much larger.

In short-waming engagements, this whole detection range would not be available for
deflection. A NEO approaching at a velocity v = 30 km/s that was detected at a range of R = 1 AU
would permit a response time of at most = R/v = 2 months. For an interceptor that flew out to it
with a speed of V = 3 kn/s that could be generated by chemical rockets, the intercept would take
place at a time T = R/(V + v) = R/v after detection at a range of about Rij= VI =R V/(V +v) =
R/11 =0.1 AU. The transverse velocity required would then increase to about vy = 13 m/s and tix
kinetic energy to about 250 KT. If the NEO was only detected at 0.1 AU and the intercept took
piace at about 0.01 AU, the interceptor would need an explosive energy of 25 MT. This
progression illustrates the strong sensitivity to warning and interceptor performance in the terminal
regime and demonstrates that for short-waming engagements during the final approach, the
energies required are about at the limit of those that can now be generated by man.

"Deflection and Fragmentation of Near-Earth Asteroids” by Thomas J. Ahrens gives a
good overall summary of the types of NEOs that pose likely threats. It bounds the requirements for
deflection at distant rendezvous, estimating the requirements to be in the range of a few m/stoa
few cm/s, depending on the warning and rendezvous time and the type of deflection attempted. It
indicates why paralle] perturbation at perihelion is most efficient, and gives useful approximations
to the displacements generated as a function of the locus and magnitude of the velocity increments
applied. It then relates these velocity requirements to the capabilities of the small nuclear explosives
or mass drivers required for dispersal or fragmentation, which the paper suggests could be
developed through affordable programs.

"Dynamics of NEO Interception” by Claude Phipps provides a basis for independent
numerical estimates by those who are quantitatively inclined. It treats the whole intercept problem
in an integrated graphical fashion. It reviews NEO detection range as function of scattered light,
showing that for typical brightnesses, warning times could plausibly vary from years to days. It
then estimates the velocity vector change and energy momentum coupling required. That provides a
road map for interception, deflection, and fracture. These coupled estimates give an overall set of
nomographs for general solutions, within which the point estimates of other papers fitin a
reasonably consistent way.
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3. Energy Delivery and Materials Interaction

If the NEO can be interc 2pted several orbital periods before collision, it can be adequately
deflected with far less energy. Mass drivers, rockets, or possibly even Earth- or moon-based lasers
might suffice, although they would represent formidable engineering chores. For larger NEOs,
when the realities of energy delivery and coupling efficiency are taken into account, the energies
required are even larger than those estimated above. The most effective method of deflection is to
blow off part of the NEQ's surface and obtain the transverse velocity needed by reaction. The
smallest NEOs might be negated by nonnuclear interceptors, which could use just their kinetic
energy to pulverize or deflect NEOs.

The "Workshop Summary” on energy delivery argues that for NEOs 100 meters or larger,
nuclear cxplosives appear to be mandatory for intercepts at ranges under an AU. The most
straightforward approach is to explode them at or near the NEO's surface, generating impulse as
the reaction to the ejecta blown off from the resulting crater. Detonations at an optimum sub-
surface depth could be an order of magnitude more effective than surface detonations, but the
apparatus needed for penetration could be so m~ssive as to cancel this advantage. Furthermore,
subsurface explosions have a higher probability of fracturing the NEO into a few lethal chunks on
nearly the original trajectory, which could produce and even less manageable threat. The
probability of fracture is minimized by an enhanced radiation explosion at a distance of about half a
radius above the surface of the NEO. Energy deposition by neutrons would heat and blow off a
thin layer, whose recoil would deflect the NEO. While minimizing stresses and the need for
knowledge about the NEQ's interior, this approach would require about a factor of 100 more
energy than a surface explosion.

"Nuclear Explosive Propelled Interceptor for Deflecting Comments and Asteroids on a
Potentially Catastrophic Collision Course with Earth™ by Johndale C. Solem is motivated by the
observation that the effectiveness of kinetic-energy deflection increases rapidly with the specific
impulse of the interceptor rocket, because not only does the higher velocity interceptor create more
transversc momentum by producing a larger crater and higher specific energy blow-off, but also it
gets to the NEO faster, so a smaller imparted momentum can produce a given miss distance.

An interceptor using chemical propulsion might only be able to intercept an NEQ at about
10% of its detection range, which makes deflection difficult. With much higher specific impulse
and thrust, the interceptor could be accelerated to a much higher velocity, which would increase the
intercept distance and reduce the needed deflection. Li the interceptor accelerated all the way up to
the NEQO's speed, it would impact at about 1/3 of the detection distance, which would reduce the
transverse velocity required by a factor of 3 and the kinetic energy by a factor of 10. Its specific
energy release would be increased by a factor of [(30+30 km/s)/(30+3 km/s)]2 = 3.3, which
would make it possible to reduce the interceptor mass by a like amount.
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A spacecraft uniquely combining high specific impulse and high thrust is one propelled by
nuclear explosives. An unmanned vehicle can be very etficient, because it can be designed without
a massive shock mitigation apparatus. The paper provides a set of analytical expressions for
evaluating the performance of a nuclear explosive propelled interceptor and compares it to a
chemically propelled rocket for the deflection of a 200-m asteroid detected at 1/10 AU. The nuclear
interceptor weighs only 2 tons rather than the 5,000 tons of a chemical rocket, has a much smaller
probability of fracturing the asteroid, and offers the option for multiple shots. The interceptor
would require about 100 explosives of about 2 KT eackh. If the nuclear propulsion was used only
in space, it should present no radiation hazard to the Earth

"Interception of Comets and Asteroids on Collision Course with Earth," also by Johndale
C. Solem, discusses optimal strategies for diversion or disruption of NEOs whose collision is
imminent. Such scenarios would apply for launches when the objec is less than one AU from the
Earth, which is a reasonable assumption for asteroids less than one km in diameter due to the
difficulty of detecting them. The paper treats the diversion of the objects by blowing mass off their
surface, whose recoil imparts transverse velocity to the NEQG. Four mechanisms for imparting
energy are considered: (1) kinetic energy of impact; (2) surface-burst nuclear explosives; (3)
penetrating nuclear explosives that detonate at the optimal depth; and (4) stand-off nuclear
explosives, which heat and blow material off the surface with neutrons and x-rays.

"Interception” shows that kinetic-energy deflection is effective only for quite small bodies
intercepted at a substantial fraction of an AU from the Earth. Because most of the objects in this
range would produce little or no damage, kinetic-energy deflection seems to be of minimal use.
Nuclear explosive deflection is needed for larger objects. Nuclear surface bursts offer a 3-10-4
order of magnitude mass reduction over kinetic-energy devices, although their advantage decreases
slightly with specific impulse and dramatically with NEO relative velocity. Fragmentation is a
problem for intercepts closer than 1/30 AU. Because of the weight penalty associated with the
penetration vehicle, nuclear penetrators offer no significant advantage over surface bursts for
deflection, but are better for pulverization. Stand-off deflection greatly reduces fragmentation
probiems, but requires a 10 to 100-fold increase in interceptor mass.

"Cosmic Bombardment III: Ways- and Means of Effectively Intercepting the Bomblets™ is
the third in a series of unpublished reports by Roderick Hyde, Nicholas Colella, Muriel Ishikawa,
Amo Ledebuhr, Yu-Li Pan, Lyn Pleasance, and Lowell Wood of Lawrence Livermore National
Laboratory that explore various ways of countering NEOs. Only the charts are available, which is
unfortunate, given the significant popular comment the presentation generated, but cven the charts
are stimulating. They argue that NEOs of all diameters greater than 100 m are worth intercepting,
and provide economic calculations that argue that even smaller NEQOs are worth addressing. Such
NEOs could be addressed by current technology. The paper argues that for humanitarian as well as
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economic reasons, we should address all the NEOs we can. That leads to an awkward point,
because the main challenge in intercepting small NEOs is in detecting them. Given that, the rest of
the technology seems to be in hand. Some advanced telescope concepts for detecting small, nearby
NEOs were presented, but not in enough detail to permit their evaluation in the context of the
sensors proposed by the Detection Workshop.

"Cosmic Bombardment III" argues that given our limited knowledge, big, fast NEOs on
their first pass appear to present the gravest danger. It advocates a defense with several layers:
flyby inspections, distant intercepts and deflections, and terminal defenses with successively larger
explosives. It recognizes the need to shove, not shatter, NEO, and that precise emplacement or
cratering looks hard. Thus, it also advocates standoff neutronic coupling. But it recogrnizes that for
very big NEOs, the inefficiency of standoff coupling could impose unacceptable penalties. For
them, it advocates detonation of expiosives deep within the NEO—using a chain of explosions to
emplace the final explosive at the optimal depth. Deflection could take hundreds or thousands of
MT of explosives, although the amounts could drop to hundreds of MT if the NEQO was only
fractured and dispersed. It does not give quantitative estimates for the delivery systems required,
but overall estimates appear to be consistent with those given by Solem.

"Cosmic Bombardment" starts with the smallest and most frequent threats and stresses the
need to begin testing our ability to intercept them—an argument that was not generally accepted.
Their logic is that the "next one is due anytime-—[there is] no known leading indicator'...The
empirical expectation is about "once per human lifetime of 10-100 MT events." While there are
controveisies over the details of these estimates—particularly over the damage due to very small
NEOs—it argues that "terrestrial life just now has a representative capable of actively defending
itself from the bombardment, after 4.0 eons of simply enduring it."

"Asteroid/Meteorite Analogs and Material Properties” by John L. Remo presents analogs
between meteorites and asteroids that permit a classification scheme for NEOs in terms of their
mechanical strength and thermal properties, which could reduce the uncertainties strategies for their
interception. It presents and discusses an abridged data base to flesh out that classification,
incluaing a useful appendix on NEO materials properties, and discusses the material science work
needed 10 support intercept experiments.

"Some Notes on Terrestrial Blasting Design and NEO Interception” by Rictard Gertsch
gives a helpfui review of experience with terrestrial blasting. The discussion is qualitative, like
blasting practice itself. It discusses the scaling of the "powder factor,” which is the amount of
energy and mass required to fragment a unit of rock, and of the "geometry,” that determines how
cnergy is delivered in space and time, which has a profound influence on powder factor. While not
discussed explicitly, these concepts have direct analogs in the nuclear yield and placement
arguments in the papers above.
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The report illustrates the key problem with conventional explosives: standard high
explosive (HE) powder factors are 0.05-0.5 kg HE per ton of rock, so a 1 million ton asteroid
would need 50-500 tons of HE, which appear prohibitive. The preferred free-face geometry is
similar to the standoff preferred for nuclear explosives. So are the optimal energy placement in
space and time, the use of shaped charges and arrays, and tise practical problems of material
rotation, gravel pits, overkill, and fratricide. Gertsch concludes that a large single point expiosion
is generally less efficient than an array of smaller expiosions, whose device size, number, and
energy depend on geometry. It concurs with the papers discussed above in concluding that
uncontrolled fragmentation is the least desirable result and that the best defense is reasonably
designed overkill. Overall, most lessons from conventional explosive mining appear to carry over
almost directly to kinetic energy and nuclear explosive defenses against NEOs.

"Penetrator Device Applications and NEO Materials Properties” by John L. Remo shows
that penetrator devices can optimally place explosives within NEOs to optimize energy and
momentum transfer and pulverization, in accord with the discussions above. But it goes further to
show that penetrators have disadvantages in mass, particularly for conventional uranium alloy
penetrator cores. It discusses the metallurgical properties of penetrators optimized for NEQs.

"NEO Interaction with X-Ray and Neutron Radiation” by Peter Hammerling and John L.
Remo is a broad technical analysis that is intended to be accessible to a wide audience. It treats
repetitive and combined x-ray and neutron interactions, seeking synergistic interactions that could
reduce energy requirements. It provides analytic treatments of optimal deposition and impulse,
paying particular attention to an example of x-ray coupling from an explosion of about 1 MT above
the surface of the NEO. Its treatment of neutron coupling appears consistent with that of Solem. It
uses the earlier Snowmass Report to estimate the total impulses needed, concluding that both x-
rays and neutrons should be used to reduce the total energies required for NEGs of moderate sizes.

"Near-Earth Object Orbit Management by Explosive Impulse Thrusters” by John L. Remo
and P. M. Sforza discusses penetrators with high explosive or nuclear impulse generators for
orbital adjustment, surveying energy requirements for a wide parameter space. Where comparisons
are possible, its results correspond to Solem and others' point calculations.

4. Vehicles and Payloads

Interception involves two types of missions: precursors to measure NEQ dimensions and
composition, and intercepts to divert or destroy them. The former could involve relatively low-cost
interceptors derived from current defensive technologies. For useful ranges, the latter would
require much larger payload masses and higher velocities than those currently available. They
could benefit from research on advanced upper stages, electric, and nuclear propulsion. The
nuclear rocket discussed in the first of the two papers by Solem illustrates their advantages.
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The "Workshop Summary” describes typical missions: precursors to examine NEOs,
intercepts to divert or fragment them, and collisions to destroy large NEOs on short notice. The
report summarizes the payload mass required for each, which increase rapidly with size. It also
summarizes current capabilities for delivering such masses and energies to escape velocitiee. The
discussion of DoD capabilities is stronger than that of NASAs capabilities simply due to the
interests of the attendees at the Workshop. There would appear to be an adequate set of vehicles for
flyby and rendezvous missions. There is also an adequate set of small payloads with relevant
passive and active visible and infrared sensors for information gathering missions from U.S.
strategic defense developmental programs, which are to be tested in the next 1-2 years.

"The Strategic Defense Initiative Organization Clementine Mission” by Col. Simon P.
Worden, Deputy Director for Technology of the Strategic Defense Initiative Organization (SDIO),
describes a small satellite whose main mission is to test the survivability and eifectiveness of an
applicable set of advanced SDIO vehicles and sensors in realistic operating space conditions.
Clementine will test passive and active sensors that could be useful in characterizing NEO
composition and configuration through a flyby of Geographos, one of the better-known Earth-
crossing asteroids. Clementine is to approach within a few kilometers, from where its lidar could
map Geographos's surface with resolutions of centimeters to meters. Its detailed spectral
information should also support useful resource maps and materials measurements.

The options for diverting NEOs at long range appear feasible, but are marginal and
undeveloped. There does not appear to be adequate payload for divert missions at closer range,
other than nuclear diversion of small NEOs. The larger launchers of the former Soviet Union could
improve the capability for longer range, nigher-payoff divert and destroy missions, if they could be
hamessed to international needs, as suggested by current trends. The launch vehicles and payloads
needed for large NEOs that approach out of the sun with little waming, as could be the case for
long-period comets, appear well beyond current or planned capacity. Earlier waming with non-
terrestrial sensors could reduce the intercept requirements to feasible levels.

5. Acquisition, Tracking, and Homing
NEOs must be deflected very precisely; thus, their initial trajectories and composition must
be known precisely. NEOs discovered by visible sensors at ranges out to a few AU can be put into
secure orbits by tracking observations with existing radars when they approach within about 0.1
AU of the Earth, as demonstrated by Workshop member Steven Ostro of JPL. Donald Yeomans,
also of JPL, demonstrated that these orbits could then be extrapolated decades into the future with
sufficient accuracy to assess hazards. Daniel Prono of Livermore discussed advanced technologies
derived from DoD-SDIO work on free-electron lasers that could extend those ranges to ~ | AU.
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The “"Workshop Summary" describes the status of visible sensors, radars, and homing sensors.
Visible cameras are quite adequate to reacquire tracks established by the telescope survey system
proposed by the Detection Workshop. Radars are a proven and valuable sensor for converting
rough tracks into secure orbits that can be predicted forward with confidence. They can also
measure key surface and geometric properties of NEOs. While the current radar network is
adequate for current discovery rates, it would be swamped by the proposed telescope array. Radars
in the Southern Hemisphere would be useful in speeding up search and orbit securing. So would
brighter versions that could secure the orbits of NEQOs detected visibly at longer ranges than the 0.1
AU of current radars. Homing sensors for interceptors are demanding but straightforward
derivatives of current defensive technologies. For a comet, however, obscuration of its nucleus by
its coma may make detecting the appropriate target and precision impact more difficult.
"Acquisition and Track of Near-Earth Objects” by Gregory H. Canavan uses simple scaling
arguments to compare optical and radar search and track for NEQ reacquisition. Passive optical
search is superficially different than radar search, but is shown to scale similarly. Optical sensors
are good for long-range search; modest telescopes of a few meter diameter appear suitable for
reacquisition out to about 1 AU. Efficient visible detector arrays appear feasible and attractive;
recent advantages in processing could reduce false-track problems, increase speed, and automate
search. Radars are useful for track and characterization, although they have shorter ranges, because
they are active, and hence have better metrics, which are needed for the precise trajectory
information needed to secure the orbits of newly discovered objects. Existing defense radars could
have some useful capabilities for near-Earth search and track. Bistaiic geometries do not appear to
offer advantages. Radar and optical sensors are largely ccinplementary. Optical sensors are best for
search at long range; radars are better for track ang NEO characterization at shorter ranges.
"Fireball Observation Via Satelliie” by D. A. Reynolds shows that existing defense visible
and infrared warning satcliites could have considerable value in augmenting searches for NEOs of
relevant magnitudes. It reports the detection by satellite optical sensors of an iniense flash of light
over the Western Pacific Ocean on 1 October 1990. The sensors, though optimized for nuclear
bursts, gave high-quality intensity-time data on a fireball of visual magnitude -23. Even better
performance could be expected with more modern sensors and processing. It would be desirable to
fuse defense data with civil NEO searches. Had this event been recorded a year later over the
Mideast, it could have been misinterpreted as the use of a nuclear weapon in the Gulf War.

6. Assessment of Future Technol( gies

The "Workshop Summary"” gives a wide-reaching, if somewhat controversial view of the
technologies that might be available for NEQO interception at various future time periods. The array
of technologies surveyed is encyclopedic, ranging from lasers to "brilliant mountains.” The
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assessments of the risks associated with the different approaches were not without controversy.
Many reviewers found the survey too speculative, but the authors suspect that if anything, it is
probably too conservative for the $0-100 year time frame in which stressing threats are likely to
develop. Scientists are generally too optimistic about what can be done in the next few years and
too pessimistic about what can be done in the next few decades. Those who try to predict even to
the end of the century are looked at askance by their peers. Anyone who speculates decades to
centuries ahead tends to be dismissed as irresponsible. Recognizing that, we have chosen to
suspend judgment on the "Workshop Assessment of Future Technologies™ and present it as
written-—not as a considered assessment, but as a collection of quantitative treatments of current
concepts—in the hope that it will stimulate a fuller discussion in the next Workshop.

Distant intercepts provide options for advanced propulsion and deflection. Nuclear rockets
could accelerate larger payloads to much higher velocities than current chemical rockets; materials
mined in space could be used as expellants for rockets or mass drivers on the NEO's surface.
Short-waming, close-in intercepts offer more of a challenge and fewer options. Flyout velocities
needed are very high and the energies required are immense. The greatest leverage would appear to
be in improving detection so that most engagements could occur at long ranges, which argues for
the placement of sensors in space.

"Space Optical and Low-Frequency Radio Searches for Earth-Crossing Asteroids and
Comets” by Jack G. Hills argues that spacecraft closer to the Sun would reduce biases in searching
for Earth crossing asteroids. Lagrange points or orbits around Venus would nct miss any NEOs
approaching the Earth, even from the Sun-ward direction. Comet outgassing generates low-
frequency radio emission by wiggling the magnetic field in the solar wind; thus, radio emission
from NEOs is expected, and could be observable from radio arrays in space or on the moon. While
there are various options for basing, the main point is that the most stressing threats appear to be
long-period comets on their first approach, which tend to come out of the sun. Sensors in orbits
that could view these portions of space could increase waming from months to years, which would
reduce intercept requirements by orders of magnitude.

"Capturing Asteroigs Into Bound Orbits Around the Earth: Massive Early Return on an
Asteroid Terminal Defense System” by Jack G. Hills advocates the capture of 20-50 m asteroids
into bound orbits about Earth as a way of making NEO defense pay for itself from the outset.
Captured asteroids would be valuable both for material and for manned activity. Close, slow
asteroids could be captured with modified ICBMs. About 5% of them are nickel-iron, and a 30 m
nickel meteoroid comes within 10 Earth radii every year. Such a platform could be a major asset
for future manned space programs. It could be captured for a deflection of about 1.5 km/s, which
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is within reach of about 150 KT of nuclear explosives. It should be possible to practice capture
beyond the moon. Doing so might take $1-10M/ton per capture with surplus ICBMs, which could
give a cost effectiveness ratio of about 10,000:1. Captured asteroids could be hollowed out for a
space station or used as platforms for railguns, solar furnaces, etc.

"Discovery in Near-Earth Space” by Anthony Zuppero notes that there are many kilometer-
sized objects in space with much water—some so much that asymmetric evaporation continually
changes their orbits. Comet cores could be useful. They are massive and accessible sources of
mass. They could give simple fuels, which could provide big, early paybacks. The paper gives a
list of likely comet and NEO candidates that are close enough to be interesting to fuz! a tanker to
gather water for 10,000 ton payloads, which could push killer comets out of Earth-collisicn orbits.

"Laser Deflection of NEOs" by Claudc Phipps explores the option of using ground-based
lasers with mirrors in space to irradiate NEOs, generate ablation, and use the reaction to deflect
them. Thrust rates are low if warning times are long, so the concept does not look impractical. The
paper proposes innovative designs for space mirrors 10 to 1,000 m in diameter and lasers with
pulse energies of tens of thousands of megajoules, which might be built and operated for a few
billion dollars. Such lasers could also be used tor metrics or as searchlights for restricied areas.

7. Future Directions for Research

NEO impacts are infrequent, but potentially serious. Impacts by very large NEOs are
potentially catastrophic, but it is unlikely that there are any in orbits that will intersect the Earth in
the next few centuries. This interval could give time for the development of more advanced
detection and intercept technologies. Smaller NEOs impact more frequently, but their losses are
bounded. Current data seem to imply that their impact frequency varies inversely with their erergy,
1.e., inversely with the cube of their diameter, out to diameters of a few tzns of meters. It then falls
roughly inversely with the square of diameters out to NEOs a few kilometers across, and a bit
more slowly for very large NEOs.'® The NI'"\s' darmage mechanisms are varied and uncertain, but
the total area rendered unproductive by a NEU is generally thought 10 vary roughly as the square of
its diameter. Convolving this impact frequency and damage area produces the total expected
damage in the absence of defenses.

"Value of Space Defenses™ by Gregory H. Canavan uses the empirical data in the papers
discussed above to provide simple estimates of the expected losses from various classes of NEOs.
For nominal par:.. _ters, the smallest NEOs, i.e., those with diameters of about S50 m or less,
produce localized damage. The predicted valuz of the loss depends on the diameter of the smallest
NEQs that can penetrated down into the atmosphere far enough to cause damage on the surface.
Small stony NEOs cause little damage; the expected losses from metallic NEOs appear to be on the
order of a $M/yr.
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Intermediate NEOs, with diameters from 50 to about 2,000 m, contribute more. Each
octave in diameter contributes about equally to the damage, so the total damage from intermediate
sized NEOs depends logarithmically on the ratio of the largest to the smaliest NEOs that can cause
massive but not catastrophic damage. The total loss is sensitive to uncertainties in overall collision
frequencies; current data indicate expected losses on the order of $10M/yr, which is perhaps worth
insuring against.

The largest NEOs, with diameters over about 2 km, appear to hit every few million years.
They have the potential to interrupt production of food and other necessities over much of the
surface of the Earth for decades. With waming and preparation, damage might be kept to the world
gross product for a few decades. In that case, the losses would amount to a few $100M/yr. A by-
product of this evaluation is the demonstration that detection alone would have great value in
providing waming, determining the supplies needed, and identifying the areas to be evacuated.

Expected iosses are sensitive to the variation of impact rates with NEO size, which is not
known precisely; the area devastated by an NEO of a given size and energy; and the Earth's
recovery rates. If impacted areas are only uninhabitable for a few tens of years, NEO defenses are
estimated to be worth on the order of a few tens to hundreds of millions of dollars per year. If the
devastated areas remained uninhabitable for much longer times, the value of defenses could
increase by roughly an order of magnitude.

Thaus, for nominal parameters the average loss rate has 2 bounded contribution from the
small and intermediate NEQs that regularly damage the Earth's surface and a potentially much
larger contribution from large NEOs, if any. Logically, we should properly insure against both,
but their premiums and programs vary widely. A few million dollars per year could support
observations with existing international Spacewatch facilities as well as theoretical and laboratory
work on advanced detection and interception concepts. A few tens of millions of dollars could
provide the Spaceguard telescopes proposed for the detection of large Earth-threatening NEOs. A
few tens of millions per year could provide research on improved sensors for the prompt detection
of smaller asteroids and long-period comets and test the robotic spacecraft missions needed to
characterize NEOs of all sizes. Actual defenses against intermediate and large NEOs could
ultimately cost hundreds of millions to develop and billions to deploy-—but over times of decades.
Unfortunately, confusion over the relative priorities of detection and interception has thus far
tended to delay action on eithcr,‘l even though preliminary economic estimates above indicaie tha:
the retun for either would justify the research for both.'? The hazards are global; the responses
should be, t0o. The requ.red actions are amenable to international execution, but the most pressing
actions could be started even without international organization.
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"Why Now?" Edward Teller's after-dinner speech for the Workshop, gives a tentative place to
start. Observing that we weren't even able to foresee the major events Of the last few years, let
alone predict the rapid march in enabling technologies such as lasers, lidars, and radars, he argues
that we should proceed in stages. First, we should simply accumulate knowledge, finding out all
we can about meteorites from the Earth or space—and in the process, gaining useful information
on backgrounds and variable stars. Second, we should experiment, trying to rendezvous with
targets of opportunity, in order to see what we could do in practice. Third, we should try to
intercept an NEO that wouldn't hit the Earth. Fourth and finally, we should atempt to destroy or
deficct one that would.

Teller noted that the Baruch plan proposed after WWII for the international control of
nuclear technology offers some guidance for the international control of the large nuclear energies
and delivery means required. He ended with a challenge: "We can solve the problems both of war
and meteorites. But we shall not lack problems. Man has been calied a problem-solving animal.
Man and woman should be called preblem-creating animals. We will have new problems to solve.”

8. Popuiar Reaction

NEO interception in general and the Workshop in specific received a reasonable amount of
coverage in the media over the last year. This section gives a brief review of the main responses,
and relates them to the Workshop's main thrusts, issues, and conclusions.

The earliest and most accessible of the popular articles was "When Worlds Collide: the
Beginnings and Ends of Worlds" by Carl Sagan, which stimulated much of the early interest in the
subject. 13 Sagan argues that close encounters between heavenly bodies tend to tear them to pieces,
which tends to leave our solar system a rather littered and somewhat dangerous shooting gallery.
Asteroids accumulate; they wander around; they hit things. The evidence is obvious on all the
moons and planets. Even the Earth shows damage, although it is protected by a thick atmosphere
and consoied by an environment that quickly smoothes damage to its surface.

"When Worlds Collide” focuses attention on about 150 Earth-crossing asteroids, many of
which make near misses—or "near hits,” in Sagan's terminology—on geologic time scales. It
observes that "it may not be beyond our ability to bring a large rocket motor to the surface of an
errant asteroid and alter its trajectory just enough so it misses the Earth.” [t goes on to point out that
"this is a much better idea than the aliemative--blowing an asteroid to smithereens with a 20-
megaton nuclear weapon and hoping that each smithereens burns up while entering the Earth's
atmosphere.” In privaie comrespondence, Sagan acknowledges that for the biggest and fastest
NEOs with the least waming time, nuclear thrust or explosives have an advantage due o their
million-fold higher energy per unit mass, but he also expresses concern over the relative hazard of
the NEOs and the control of the armadas necded to negate them. 14
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Sagan argues that "we must first know where the asteroid is and where it's headed...we're
not doing a very good job in looking for them.” He cites the efforts of two of the Workshop
participants, Eleanor Helin and Eugene Shoemaker, who were funded in part by Sagan's Planetary
Society, and calls for "a much more comprehensive search...building on the work of these
pioneers.” He concludes by arguing that it might be time for a "round-trip to Asteroid 4660. The
rocket technology to get there already exists. It's real exploration of a truly new world, rather than
the monotonous orbiting of the Earth at low altitude that is sometimes passed off as space
‘exploration.’ And it might not be too soon to start practicing getting to these worldlets and
diverting their orbits, should the hour cf need ever arrive.” (emphasis added).

A set of articles by Fran Smith, of the San Jose Mercury News!S reviews the main issues
and controversies in the Workshop. A lively and accessible article in Mercury , the Journal of the
Astronomical Society of the Pacific, presents many of the issues in the words of the participants.16
It notes that a number of novices to NASA's rendezvous programs, ourselves included, tended to
dominate the meeting. It properly and correctly addresses the key issue: "What size of rock is the
biggest danger?" properly assesses the "micro-asteroid threat,” and notes the contradictions in the
assertions by some that the Earth's atmosphere provides adequate protection against all NEQs. The
articles properly capture the tension some scientists felt when they had to come to grips with the
fact that the only energy sources that could keep us from sharing the fate of the dinosaurs might be
the ones that brought us to the brink of extinction in the cold war. That issue of Mercury also
contains accessible summaries of the Detection!7 and Interception!8 Workshops.

Perhaps the greatest publicity was generated by the editorial "Star Warriors on Sky Patrol”
by Robert L. Park of the American Institute of Physics.19 It covered most of the controversies
raised in the Workshop, including Dr. Edward Teller's response that it should be possible to build
the nuclear explosives needed for intercept during final approach, although it would require "the
development of a new super bomb—ien thousand times more powerful than any bomb ever built, a
bomb so powerful it could never be detonated on Earth.” The editoriai also recorded one
participant's reaction—"nukes forever”"—althcugh the author, who was not there. did not note that
this comment simply reflected a general recognition of the enormity of the energies required for
negation on final approach, not enthusiasm for nuclear weapons design. The construction of such
immense explosives would involve only fairly pedestrian engineering details.

The rest of the article is a thoughtful review of the evidence for the role of NEOs in
dinosaur extinction, which it credits for permitting the rise of man; the frequency of impact of
NEOs of various sizes; qualitative comments on the damage they could produce; and the essentials
of the proposed of detection program for very large NEQs. It concludes that very large Earth-
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hreatening NEQOs are a "menace that, if it exists at all, might not threaten Earth for millenniums--or
thousands of millenniums™ by which time civilization will presumably be better equipped to deal
with the problem. It ignores the question of what to do if one is detected tomorrow, which is just
as likely as any given future date, as Swift-Tuttle demonstrated soon thereafter.

The editorial states that "asteroids larger than a few hundred feet in diameter can be detected
and tracked with relatively modest telescopes; once located, their orbits can be refined using large
planetary radars.” Were that statement accepted, there would have been little controversy to report.
Unfortunately, the telescopes proposed for looking for NEOs larger than a kilometer in diameter
are not appropriate for detecting ones "a few hundred feet [= 100 meters] in diameter” in a timely
fashion, which was an issue that divided Intercept Workshop participants. Spaceguard telescopes
would detect smaller NEOs too close for action and too briefly for cataloging. There was also
disagreement among the optical community over the role of more and improved radars.

In describing the Workshop as a "revival meeting for SDI true believers [who] proposed to
defend Earth at stupendous cost against an imagined menace...” the editorial returned to the serious
issue raised earlier by Sagan. The technologies and energies required for detection and defense
against NEOs are at the limit of those posszssed by man. Deciding how they should be controlled
could be as difficult as developing them. It may be time to begin thinking about those issues.

Roger Lewin's "How to Destroy the Doomsday Asteroid”20 covers many of the same
issues as Dr. Park's editorial, but characterizes the Interception Workshop's approaches as
"credible.” It cites additional evidence from noted paleobiologists on extinctions, gives more data
about recent misses, and raises the connection with nuclear winter. It is less concerned with the
waste of resources than it is with the apparent enthusiasm some showed for finding something else
to do with our nuclear arsenals.

Robert Matthews' "A Rocky Watch for Earthbound Asteroids™2! gives more information
on the split within NASA and Dr. John Rather's role in directing attention to NEOs of diameters
down to 50 m or so. It gives a stimulating discussion of the Earth's near-impact in January of 1991
with a 10 m NEO that came within 170,000 km of the Earth only 12 hours after it was discovered
by University of Arizona astronomers with the 36-inch Spacewatch Telescope at Kitt Peak. It
underlines the key economic issue noted above by reporting the estimate by Richard Binzel of MIT
that searching for smaller, more frequent objects could be an order of magnitude more expensive
than the telescopes optimized for very large NEOs only The version of Matthews' story reported
abroad, "Missiles to zap metcor menace,” stressed the secrecy of the meeting at Los Alamos,22
although the Workshop was, in fact, unclassified. The press was not invited in an attempt to
prevent sensationalization of the subject. So much for good intentions.
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Bob Davis's "Never Mind the Peace Dividend, the Kilier Asteroids are Coming” in part just
reflects the Wall Street Journal 's wry humor, but it captures the essence of Solem's approach to
giving large NEOs a "gentle push."23 Kathy Sawyer's Shooting Back at Space Rocks? 24 gives
more data on the Yucatan and Tunguska impacts. It also elicits a concrete answer from Dr.
Morrison on what he would do about the "undetected 10% of NEOs:" "My approach is risk
reduction, he said, not risk elimination.” Time's "Talk About Star Wars" notes that atomic-
weapons designers [including its former man of the year] "appear to have been casting around for a
mission” but corcludes that "keeping an eye on runaway asteroids makes sense."25

9. Critical Reaction

In addition to the popular comment discussed in the previous section, there was a
considerable amount of technical correspondence between the authors, which materially improved
the balance of the Proceedings, although it was ultimately unable to produce a consensus
document. This section discusses the main issues raised, indicates which ones were solved, and
reviews the state of play on those which are still open. The principal inputs from David Morrison,
the Chairman of the Detection Workshop, and Clark R. Chapman of the Planetary Science Institute
in Tucson, Arizona are discussed in order below.

Many objections had to do with tne "Executive Summary and Program--Policy Options”
section of the draft Summary Report prepared by JPL for NASA from the working group
summaries from the Interception Workshop.26 This Proceedings differs in essential ways from
NASA's Summary Report . The Executive Summary of the Proceedings differs from that of the
Summary Report by removing the statements on which there was no consensus, and the Summary
Report 's "Program--Policy Options” was dropped and replaced by sections on " Future Directions
for Research and Popular Reactions.” The "Program--Policy Options” section of NASA's
Summary Report is reproduced here as Appendix A--not by way of recommendations for this
report, but as background for interpreting Morrison and Chapman's correspondence.

Much of the disagreement centered on the need for early deflection experiments, which
could diven funds needed for the timely upgrading of existing and implementation of new detection
capabilities. A second point of contetion had to de with the desirability of carly experiments on
NEO deflection, which could lead to a preliminary capability for the interception of small NECs. A
third point had to do with the ad hoc suggestion that existing nuclear arsenals could be mohilized
for protection against larger NEOs, which most found to be premature and undeveloped.

David Morrison summarized many of the criticisms of the draft Summary Report in a letter
that was circulated to many of the workshop participants.2’ It stressed "a general failure to
distinguish the greater hazard associated with 'large’ impactors (greater than about a million
megatons) from the smaller hazard posed by smaller bodies...[ which] leads to an equally large
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failure to apply any measures of cost-effectiveness to the various schemes proposed to deal with
the impact threat. Note that I am not objecting to the discussions of interception and deflection of
objects in the 100 m to 1 km size range, but only to the lack of context in which some of the
discussions are presented.” (emphasis added). The calculations by Hills and Goda, which were the
only quantitative estimates of damage presented, provide additional information on the damage
from small and intermediate NEOs. They were used to estimate expected losses in the "Value of
Space Defenses." Although there are significant uncertainties in the data, it appears that detecting
and deflecting NEOs of both intermediate and large sizes is economically justified and that a
responsible program would do both in an integrated fashion. Smaller NEOs appear to be of lesser
concern for nominal collision rates; although, small metallic NEOs appear to be significant if more
recent data is used in the evaluations.

The calculations in "Value of Space Defenses” form a rudimentary version of the cost-
effectiveness analysis requested. They give expected losses that can be used to measure the
effectiveness of proposed intercept schemes. They also give an expected value of detection alone,
because they give an estimate of the expected frequency and extent of damage, which can be used
to bound the effectiveness of evacuation and preparation. The calculations also auempt to bound
the losses from very large NEOs, given waming and preparation. These estimates involve
additional uncertainties due to current technical controversies over the extent and duration of global
damage, which are discussed further below.

Morrison commented on the iterated draft of NASA's Summary Report in a 10 June leter,
which was also circulated to participants.28 The positive part was its statement that "as a member
of the Program/Policy Options group, I can say that our chapter [of the Summary Report] seems to
fairly represent the consensus conclusions of this group.” The negative part was its assessment that
"the {Summary] Report as a whole...remains unsatisfactory.” The letter cited two major problems:
"First, it is consistently and pervasively biased toward discussions aimed (!) at the smaller and less
threatening objects...Second, Chapter 6 is simply dumb, irresponsibly so, and seriously
undermines the credibility of the entire Report.” It concludes that "I do not want to be associated
with the [Summary | Report in its present form.” It suggests that it would be better to "refer to the
Morrison Report, summarize its conclusions, and note that the [Summary] Report differs in its
interpretation and conclusions. You might even consider explaining why you differ..."

This Proceedings incorporates Morrison's suggestions to the maximum extent possible.
"Future Directions for Research” follows the research recommendations of the Program/Policy
Options group and presents a balanced view of large and small threaw ning NEOs. However,
Chapter 6 is retained, albeit in modified form, for the reasons given above. In the long term we
will necd o address large, fast objects that approach with little warning. Current technology would
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not be effective against such threats, and even those on the horizon appear marginal. Different and
more powerful techniques are needed. There is apparently time to develop them, but no time to
lose, so some stimulating discussion is essential. Having reviewed these changes, Morrison
indicated his desire to be associated with the Proceedings.

Clark Chapman's initial criticisms of the Summary Report were transmitted in a letter of 8
April 1992 "In the hopes that the report will be modified so as to be improved and acceptable...the
draft report demonstrates a lot of cons<ientious effort and it represents a nucleus of material that
could be converted, in short order, into a good and acceptable report. I applaud everyone
concemned for bringing the report to this state of readiness in only two months. Appropriate
modifications could be made within a matter or weeks."29 However, a second letter of 8 June
1992, -~hich was also circulated and is reproduced as Appendix B, criticized the revision of the
Summary Report , stating it is "biased and technically flawed...I do not wish my name associated
with it..[and [] ask that my name be removed from the report..” It objects to technical material in
the working group summaries in the Summary Report and to the implication that the working
group members are responsible for materials on which no consensus was produced and which
were rewritten by NASA and JPL. The Procesdings defines their responsibilities explicitly.
Chapman also objects that the "Executive Summary” contains a recommendation for an
experimental program that was not present in the summary NASA prepared for Congress. The
Proceedings deletes that recommendation, which was not a consensus position of the workshop.

Chapman also objects to the "improper treatment” of the "relative importance of the
Tunguska-cla:is' impacts versus larger ones..." The estimates in the "Value of Space Defenses”
attempt to remove this bias; its results support Chaj)man and Morrison's estimates that for nominal
parameters the largest NEOs make the largest contributions to expected losses. Chapman objects to

" o"n

dismissing search as "futile.” "Value" shows that search and warning have considerable value in
preparing for impact, cven in the absence of defenses. Chapman also objects to what appears to be
a premature push for potentially expensive sp2ce experiments, which were not endorsed by all
workshop participants. The Proceeding just notes that they will be appropnate at some time, but
that a number of issues must be resolved before one can design a credible experiment. Chapman
objects to "a bias toward SDIO spacecraft [that] ignores all NASA studies of NEO missions.”
Experiments should clearly involve the best of both NASA and DoD-SDIO technology. SDIO does
have a requirement and program to develop relevant sensors and launchers. It would be
shortsighted to neglect capabilities that could be applied with little cost to a pressing national

rogram for purely jurisdictional reasons.
prog pureiy
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Chapman also criticizes the "crazy and dangerous option of outfitting the world's arsenal of
rockets with the world's arsenal of nuclear weapons in order to address an aspect of the NEO
hazard,” which is a colorful restatement of the concen raised earlier by Sagan. Many participants
felt that it was premature to consider nuclear tests in space, let alone outfit a nuclear armada. It is
not even clear that the intercestors should be deployed in space. It is clear that discussions of
deployments of nuclear weapons in space are premature. Most participants would apparently be
critical of even nonnuclear deflection tests that preceded a demonstrated ability to measure
trajectories and perturbations well enough to assure that the deflection would do more gnod than
harm. Chapman is equally colorful in his assessment of the section on new technologies. The rest
of his letter offers positive suggestions for improved wording.

Having reviewed the draft of the Proceedings, Chapman accepted our offer to publish his
letter of 8 June,30 and provided additional comments, which are included as Appendix B. He
stated that he wished to do so because time prevented our iterating to convergence, not all of his
points were addressed in the draft Proceedings, and his carlier comments are still relevant to the
Summary Report, which may be published separately by NASA. Most of his points serve to
clarify the impact of "Tunguska-class” NEOs. He argues that they are not worth insuring against,
which agrees with the evaluation of "Value of Space Defenses," which lumps "Tunguska-class"
impactors into the small NEOs that only appear to justify a few $M/yr premium. Chapman also
rightly notes that these small NEOs are difficult to detect, so it is unlikely that effective protection
could be provided for so small a sum, which is also the conclusion of "Value of Space Defenses."

Chapman states the cavear that "if the prehmmary results of the Spacewatch Program are
correct about an enhanced number of 50-100 m objects, and if the threshold for global catastrophe
is near the upper end of the range of uncertainties, then the annualized risk of fatalities might
actually be dominated by Tunguska-class impactors...[but he] would still argue, however, that the
globally catastrophic impactors deserve our attention far beyond their strictly numerical hazard.
That is for the simple reason that if civilization is threatened, then all of history and everything that
is important (o us is at risk.” This statement disagrees with "Value of Space Defenses” and raises a
fundamental point.

Chapman and Morrison effectively argue that any NEO over a few kilometers in diameter
could end civilization if not all life on Earth; herce, their potential loss is unbounded. “Value"
assumes that with waming, evacuation, and preparation, civilization could bound its losses from
most NEOs to the economic value of the structures destroyed, the production lost, and the cost of
the foodstuffs and supplies that would have to be stored ahead of time for survival. This argument
breaks down for NEOs of sizes that could literally fracture the Earth and dissipate its atmosphere,
but that only for NEOs whose diameters were orders of magnitudes larger than the few kilometers
Chapman and Morrison associate with global catastrophe—by which they actually just mean global
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climate impact. The NEO community will probably have to repeat the learning process the "nuclear
winter” community went through before it can estimate with confidence what it takes for
catastrophic damage 1o society. Experience suggests that it will probably be easier to impor: those
arguments than to solve them. Thus, the debates over expected losses from very large NEOs are
likely to broaden and deepen rather than simplify over the next few years.

Similar civil defense efforts could offset the global impacts of either nuclear war or the
impact of large NEOs. There is a difference. Civil defense as a response to nuclear war is opposed
because its implementation might make war more thinkable and hence undercut its deterrence.
NEOs cannot be deterred, so there should be no such popular impediments to the implementation
of civil defense measures and evacuation, given adequate warning. For the same reason, there
should be no popular impediments to the development of active defenses against NEO impacts.

10. Summary and Conclusions

Congress mandated two workshops to improve the means to detect and negate NEQOs;, this
report reviews the results of the latter. It summarizes the Interception Workshop held at Los
Alamos in January 1992, which evaluated the technical issues involved in intercepting approaching
NEOs. The Workshop covered the technologies for re-acquiring, tracking, and homing on NEOs
as well as the technologies for inspecting, rendezvousing with, landing on, irradiating, deflecting,
or destroying them. It records the presentations and technical options reviewed, outlines the main
points of agreeement and disagreement, summarizes the status of the main remaining arguments,
ad outlines apparently fruitful areas for further research.

A background paper reviews the rough size, composition, velocity, and waming time for
threatening NEOs, indicating the order of magnitude of their impact frequency and expected
damage. It also summarizes representative intercept missions. An invited paper by David
Morrison, who chaired the Detection Workshop, argues that NEOs pose a significant hazard to life
and property and that they could disturb the Earth's climate on a global scale by injecting large
quantities of dust into the stratosphere. He introduced the discussion of the relative importance of
small and very large NEQOs, which dominated the meeting, arguing for a long-term telescopic
search that would first concentrate on identifying large NEOs.

Prominent astronomers discussed details, results, and prospects for NE(O searches. Some
were somewhat less sanguine than Dr. Moirison about predicting the history or trajectories of
NEO:s, once discovered, due to perturbations, which eventually randomize their orbits. They
stressed threats posed by long-period comets, which are numerically less likely, but give less
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warning, and have very high kinetic energies. Hills and Goda introduced the difficult and
controversial subject of the damage from NEOs that break up in the atmosphere before hitting the
ground, which made it possible to quantify the impact of smaller NEOs, and ultimately to reduce
much of the confusion over the relative importance of very small and large NEO:s.

It became clear during the workshop that detection and interception are interrelated, because
the farther away a threatening NEQ is detected, the farther away it can be engaged, and the easter it
is to deflect or destroy. NEOs whose exact orbits could be established decades or centuries ahead
of impact could be addressed by rendezvous missions that could apply impulses of centimeters to
meters per second at perihelion to shift the NEOs' trajectory just enough to miss the Earth. For less
warning, more deflection would be required, ultimately requiring nuclear propulsion or explosion.
For short-warning NEQOs on collision courses, the interceptor would have to deflect or destroy the
NEO on its final approach. The energies required are at the limit of those that can now be generated
by man.

The most effective method of deflection is to blow off part of the NEO's surface and use its
reaction to obtain the transverse deflection of the NEO needed. A number of scientists discussed
the advantages of emplaced, surface, and standoff explosions in a thorough and consistent manner.
They argued that for intercepts on final approach, NEOs 100 meters or smaller could be addressed
by nuclear rockets and kinetic energy kill, but that for larger NEOs, nuclear explosives appear to be
essential. There appears to be a set of technologies that could provide some intercept capability
againsi the smallest, most frequent impactors, although their detection would be difficult. The
largest, fastest NEOs are the casiest to detect, but their intercept looks formidable. Enough is
understood about NEO materials and geometries to reduce uncertainties in interception to ievels that
could make tests profitable and safe.

There are two types of precursor missions: those which seek to measure the properties of
NEOs and those that seek to diveri or destroy them. The former could involve interceptors derived
from current defensive and civil technologies. There is an adequate set of lightweight passive and
active sensors available from defense development programs. Inspection and intercept missions
could both require larger payload masses and higher velocities than those currently available. 1f
available, the large launch capacities of the Former Soviet Union could greatly improve the
capability for longer range, larger payoff divert and destroy missions.

NEOs must be deflected very precisely, which means that their initial trajectories and
composition must be known precisely. NEOs discovered by visible sensors at ranges out to a few
AU can be put into secure orbits by tracking observations with existing radars when they approach
within about 0.1 AU of the Earth. Their orbits could then b= extrapoiated decades into the future
with sufficient accuracy to assess hazards. Homing sensors for the interceptors could be derived
from current defensive technologies. While the current radar network is adequate for current
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discovery rates, it could be swamped by the discovery rates from the propose:i telescope array.
Existing defense radars and optica! and infrared sensors could have some useful capabilities for
near-Earth search and track. Radars and optical sensors are largely compiementary. Optical sensors
are best for search at long range; radars are best for track and characterization at short ranges.

The report contains a section that gives a wide-reaching, if somewhat controversial, view
of the technologies that might be availabl: for NEO interception at various future time periods. The
array of technologies surveyed is encyclopedic. Many found the survey too speculative, but the
authors suspect that, if anything, it is probably too conservative for the S0-100 year time frames on
which the most stressing threats are likely to develop. The assessments are presented, without
engorsement, to encourage further discussion. One of the most intriguing concepts was capturing
NEO:s into bound orbits as a way of making NEO defense pay for itself from the outset.

NEO impacts are infrequent, but potentially serious. The average loss rate has contributions
from NEOs of all sizes. Their contributions can be lumped into three rough categories, which are
determined by the empirical variation of impact frequency with NEO diameter. Stony NEOs down
to about 40 m in diameter can produce damage on the Earth's surface, but the damage is local and
modest; hence, their contribution to the total loss only amcunis to a few $M/yr for nominal
parameters. Intermediate size NEOs with diameters from 50 m to about 2 km contribute about
equally to expected damage, giving a value of warning or defense of $10—100M/yr, depending on
uncertainties in impact frequencies. NEOs with larger diameters can produce global effects. There
is some controversy over how to estimate their impact, but it appears that their contribution is one
to two orders of magnitude greater than that from intermediate size NEOs.

Logically, both intermediate and large NEOs should be insured against, but their premiums
vary greatly. A few $M/yr could support observations and theory on detection and interception. A
few $10M could provide the Spaceguard telescopes proposed to search for large Earth-threatening
NEOs. A few $10M/yr could provide research on improved sensors for the prompt detection of
smaller asteroids and test spacecraft missions to characterize NEOs of all sizes. Actual defenses
would ultimately cost a few $100M to develop and a few $B to deploy over a few decades.
Unforiunately, confusion over the relative priorities of detection and interception has delayed action
on either. In his concluding talk, Edward Teller proposed a knowledge-driven, multi-stage
program as a way to break this logjam.

The Workshop received a reasonable amount of coverage in the media. The report gives a
brief review of the main responses, and relates their main thrusts with the Workshop issues
discussed above. The m »st publicity was generated by an editorial that reported most of the
controversies raised in ‘he Workshop, including "the development of a new super bomb," which,
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as indicated above, just reflected a recognition of the enormous energies required for intercepts in
the final phase. The rest of that article, and most of the other popular coverage, gave thoughtful
reviews of the role of NEOs in dinosaur extinction, frequency of impact, the damage they could
produce, and the cssentials of the proposed detection program.

There was significant, constructive critical reaction, which is also summarized. The
comments by Morrison and Chapman were particularly helpful. They clarified the extent of
agreement over the preferred emphasis on large versus small NEOs, readiness for test, the role of
conventional and nuclear technologies, and the relative priorities of detection and deflection and of
early and late intercept. This clarification could pave the way for a very productive follow-up
meeting on NEO Interception. In preparation for such a meeting, it would be useful to peer review
the detailed estimates of damage from small NEOs presented here, obtain quantitative estimates of
global effects, and complete the bounding calculations of economic loss. It would also be useful to
continue the exchange of information on NASA, DoD, and Russian launchers, payloads, and
sensors, and solicit and integrate sensor inputs from multiple and national sources. It would also
be appropriate to establish intemational cooperation on analysis, for which this volume provides
some of the data needed, and to begin discussions on means for implementing and controlling the
defensive concepts for NEO impacts, which now appear feasible.

13. Epilogue

It has been almost a year since the Interception Workshop was held. Much has happened in
that time. Many of the subsequent technical exchanges, which ied to much more of a consensus on
the relative importance of NEO:s of different sizes and other technical issues, are discussed above.
A singular stimulating event was the reappeacance of the comet Swift-Tuttle, which seemed to
present just the stres.«ng threat identificd by the Workshop. Its orbit had enough uncertainty to
cause Brian Marsden, a Workshop participant who runs the Smithsonian's NEO watch, to issue its
first NEO impact warning,3! giving a probability of about 1 in 10,000 of an impact on Swift-
Tuttle's return in 2126. That set off a vigorous round of interaction32 and rechecking, prominently
invy!ving many of the Workshop participants,33 which is reviewed in the timely and accurate
Newsweek report by Sharon Begley which is reprinted as Appendix D.34

This interaction and rechecking has led to a lowering of the probability of impact, so the
threat has receded. But the process gave a check on the relevance of the topics covered in the
Workshop that is worth reviewing. As noted, the reappearance was noted and interpreted by the
existng observational network, which attests to both its capability and the relevance of the
improved Spaceguard network proposed by the Detection Workshop. Moreover, the main issues
involved in the assessment of risk from Swift-Tuttle—uncertain observations, imprecise
predictions, and non-gravitational effects—were precisely those debated by Brian Marsden, Don
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Yeomans, Duncan Steel, and others at the Interaction Workshop. Even though Swift-Tuttle is
enormous—about 10 km across—the participants were all comfortable with our ability to deflect or
destroy it, given a century of waming, on the basis of the astrodynamic and energy delivery
estimates presented at the Interception Workshop—even though it would in all probability involve
a rather large nuclear weapon. The workshop also defined the materials information that would
need to be measured by rendezvous missions prior to intercept in order to assure that the NEO
could be pushed aside, rather than just fragmented. It even appeared that there might be relevant
sensors and adequate lift capacity for the intercept.

If there was one area in which there were deficisncies, it was in the area of the sensors and
boosters needed for rendezvous missions. Had we needead to inspect the materials, geometry, and
integrity of Swift-Tuttle, the options for sensors and launchers were quite limited. At present only
the visible and infrared active and passive sensors of the SDIO's Clementine mission have been
lightweighted to the extent needed for the chase. Swift-Tuttle is out of the plane of the ecliptic and
moving fast, so velocity increments of up to 30-40 km/s would be required for direct rendezvous.
Even with a 3-10 kg instrument package and a specific impulse of 300 seconds, a chemical rocket
would need to put about 3-10 kg (30 km/s / 3 km/s) ~ 70-200 tonnes into escape velocity, as
opposed to the few tens of tons now available from even a full intemational collaboration. Thus,
work on more appropriate lightweight sensors, higher specific impulse and thrust rockets, and
larger and more flexible payloads would be appropriate in preparation for another such alert. Still,
it would appear that the deliberations of the Workshop carried over rather directly into the
evaluation of Swift-Tuttle. The organizers might even persuade themselves that some of the
relationships estaolished at the Workshop were of value in the process. If so, the melding of the
two communities should be of value in future alerts as well.
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scientific projects with the Former Soviet Union after the Washington Summit. That did, however,
provide time for the further exchanges discussed, which greatly advanced our understanding of the
contributions from NEOs of different sizes, leading to a final product that reflects much more
consensus than was evident at the Workshop and in the immediate reporting thereafier.

References

1. L. Alvarez, W. Alvarez, F. Asaro, and H. Michel, "Extra-terrestrial Cause for the Cretaceous-
Tertiary Extinction,” Science. Vol. 208, June 1980, pp. 1095-1108.

2. E. Knnov, Gjant Meteorites, translated by J. Romankiewicz, edited by M. Beynon, Pergamon
Press, Oxford, 1966, pp. 125-252.

3. Z Sekanina, "The Tunguska Event: No Cometary Signature in Evidence,” The Astronomical
Journal, Vol. 88, September 1983, pp. 1382-1414.

4. D. Morrison, "Target Earth,” Sky & Telescope, Vol. 79, March 1990, pp. 265-272.

5. D. Morrison, Chairman, "The Spaceguard Survey: Report of the NASA Intemational Near-
Earth Object Detection Workshop (NASA: Jet Propulsion Laboratory, California Institute of
Technology, 25 January 1992).

6. J. Rather, G. Canavan, and J. Solem, "Summary Report of the Near-Earth Object Interception
Workshop," Jet Propulsion Laboratory-California Institute of Technology report, 28 May 1992,

7. D. Morrison, "The Spaceguard Survey: Protecting thc Earth from Cosmic Impacts,” Mercury,
Vol. XXI, Number 3, May/June 1992, p. 104.

8. "Double Whammy," Discover, 14 April 1992.

9. E.M. Shelkov, "Space Patrol—Earth's Protection from Space Objects,” A. Zichichi, ed.,
Proceedings, Conference on Planetary Emergencies (Majoranna School: Erice, ltaly, 1991).

10. D. Morrison, "The Spaceguard Survey, "op. cit. p. 11, Fig 2-4.

11. R. Parks, "Star Warriors on Sky Patrol,” New York Times, National Edition, March 25,
1992.

12. R. Matthews, "A Rocky Watch for Earthbound Asteroids," Science, Vol. 255, March 1992,
np. 1204-5.

13. Carl Sagan, "When Worlds Collide: the Beginnings and Ends of Worlds," Parade, 3 March
1991, pp. 4-6.

14. C. Sagan, "Between Enemies,” The Bulletin of the Atomic Scientist, May 1992, pp. 24-6; C.
Sagan, lc*ter to G. Canavan, 2 December 1992.

15. Fran Smith, "Are we in imminent danger of extinction by a doomsday rock?" San Jose
Mercury News, 22 March 1992; "Stargaz.rs, Star Warriors Fight Over Asteroid Bombs,"

47



Albuquerque Journal, 29 March 1992, p. Al4.

16. Fran Smith, "A Collision over Collisions: A Tale of Astronomy and Politics,” Mercury, Vol.
XXI, Number 3, May/June 1992, pp. 97-102.

17. David Morrison, "The Space guard Survey: Protecting the Earth from Cosmic Impacts,” op.
cit., pp. 103-110.

18. Gregory H. Canavan and Johndale Solem, "Intercepiion of Near-Earu: Objects,” Mercury,
Vol. XXI, Number 3, May/June 1992, pp. 107-110.

19. Robert L. Park, "Star Warriors on Sky Patrol,” New York Times, 25 March 1992.

20. Roger Lewins, "How to destroy the doomsday asteroid,” New Scientist focus, 6 Iine 1992,
pp. 1213.

21. Robert Matthews, "A Rocky Waich for Earthbound Asteroids,” Science, Vol. 255, 6 March
1992, pp. 1204-5.

22. Robert Matthews, "Missiles to zap metcor menace,” Sunday Telegraph, London 9 Feb 1992.

23. Bob Davis, " Never Mind the Peace Dividend, the Killer Asteroids are Coming,” Wall Street
Journal , 25 March 1992.

24. Kathy Sawyer, "Shooting Back at Space Rocks?" Washington Post, Science & Astronomy,
30 March 1992.

25. "Talk About Star Wars," Time, 6 April 1992.

26. J. Rather, G. Canavan, and J. Solem, "Summary Repert of the Near-Earth Object Interception
Workshop," (Jet Propulsion Laboratory-California Institute of Technology report, 1992), op. cit.

27. D. Morrison, NASA Ames letter to J. Rather, J. Rahe, and G. Canavan, 10 Juae 1992.
28. D. Morrisor, NASA Ames letter to J. Rather, NASA, 10 June 1992.

29. C. Chapman, Plane‘lar) Science Inst./SAIC letter to J. Rather, 8 April 1992.

30. C. Chapman, Planelary Science Inst/SAIC letter to G. Canavan, 30 Nov 1992.

31 B. Marsden, "Periodic Comet Swift-Tuttle (1992t)," Central Bureau for Astronomical
Telegrams Circular No 5636, 16 October 1992.

32, W. Broad, "Big Comet May Strike Earth in August 2126," The New York Times, 27 October
1992.

33 Ww. Broad. "Scientists Ponder Saving Planet from a Distant Comet,” The New York Times,
October 1992.

34. Sharon Begley, "The Science of Doom,” Newsweek, 23 November 1992, pp. 56-60.

4y



THE IMPACT HAZARD

David Morrison®
NASA Ames Research Center

‘Chair, NASA International Near-Earth-Object Detection Workshop

ABSTRACT

Iimpacts by Earth-approaching asteroids and comets pose a significant hazard to life and
property. The greatest risk is associated with objects large enough to disturb the Earth's
climate on 2 global scale by injecting large quantitites of dust into the stratosphere. Such an
event would depress temperatures around the globe, leading to massive loss ot food crops and
possible breakdown of society. The possibility of such a global catastrophe is beyond
question, but determining the threshold impacior size to trigger such an event is more
difficult. Various studies have suggested that the minimum mass impacting body to produce
such giobal consequences is tens of billions of tons, resulting in an explosion with energy
approaching a million megatons of TNT. The corresponding threshold diameter for Earth-
crossing asteroids or comets is between 1 and 2 km. Smaller objects (down to 100 m) can
cause severe local camage but pose no global threat; the risk of such explosions is small
compared to other common natural hazards such as earthquakes and severe storms. For
sizes below 100 m, most projectiles disintegrate high in the atmosphere and pose no
significant threat. Current technology permits us to discover and track neaerly a!l Earth-
crossing asteroids or short-period comets large enough to threaten global catastrophe. We
require a long-term telescopic search that reaches steliar magnitude 22 in order to achieve
a nearly complete census of objects 1 km or larger. If any object threatens impact with the
Earth during the next century or s0, we can expect it to be identified with a lead time of at
least several decades, sufficient to plan an irternational campaign to deflect or destroy it.
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THE IMPACT HAZARD

David Morrison®
NASA Ames Research Center

*Chalr, NASA International Near-Earth-Object Detection Workshop

BACKGROUND

The Earth resides in a swarm of cosmic debris that can, and do, impact its surface. The solar
system contains a long-lived population of asteroids and comets, some fraction of which are
perturbed into orbits that cross the orbits of the Earth and other plansts. Spacecraft exploration of
the terrestrial planets and the sateliites of the outer planets has reveaied crater-scared surfaces
that testify to a continuing rain of impacting projectiles. Additional evidence concerning cosmic
projectiles in near-Earth space has accunulated since the discovery of the tirst Earth-crossing
asteroid nearly sixty years ago, and improvements in telescopic search techniques have resulted
in the discovery of dozens of near-Earth asteroids and short period comets each year. The role of
impacts in affecting the Earth's geological history, its ecosphere, and the evolution of life itself has
become a major topic of current interdisciplinary interest.

in the following discussion, we examine the risks posed by impacting objects of various sizes.
These projectiles could be either cometary or asteroidal. In terms of the damage they do, it
matters little whether they would be called comets or asteroids by astronomical observers. We
term these obijects collectively NEOs (Near Earth Objects). This analysis is derived from the NASA
document The Spaceguard Survey, dated January 25, 1992, which is the report of the NASA
Internationai Near-Earth-Object Detection Workshop.

Estimates of the population of NEOs large enough 1o pose a global hazard are reliable to within a
factor of two, although estimates of the numbers of smaller objects are more uncertain.
Particularly uncertain is the significance of hard-to-detect long-period or new comets, which would
generaliy strike at higher velocities than other NEO's, although asteroids (including dead comets)
are believed to dominate the flux. However, the resulting environmental consequences of the
impacts of these objects are much less wail understood. The greatest uncertainty in comparing
the impact hazard with other natural hazards relates to the economic anc social consequences of
impacts.
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THE RELATIONSHIP OF RISK TO SIZE OF IMPACTOR

Small impacting objects -- the meteors or fireballs -- dissipate their energy in the upper
atmosphere and have no direct effect on the ground below. Except for the rare iron objects, it is
only when the incoming projectile is larger than about 100 m diameter that i begins to pose
significant hazard to humans. The hazard can be conveniently divided into three broad categories
that depend on the size or kinetic energy of the impacior:

(1) Impacting body generally is disrupted at high altitudes, with its kinetic energy
dissipated in the atmosphere.

(2) !mpacting body reaches the lower atmosphere (within 2 scale heights of the surface)
or the ground sufficiently intact to inflict widespread local damage .

(3) Large crater-forming impact generates globally dispersed dust to produce a
significant, short-term change in climate, in addition to devastating blast effects in the

region of impact.

The threshoid size of an impacting body for each category depends on is density, strength, and
velocity as well as on the nature of the target. The threshold for global effects, in particular, is not
well determined.

Category 1: 10-m to 100-m diameter impactors

Bodies near the small end of this size range intercept Earth every decade. Bodies about 100 m
cdiameter and larger strike, on average, several times per millennium. The kinetic energy of a 10-m
projectile traveling a! a typical atmospheric entry velocity of 20 knvs is about 100 kilotons TNT
equivalent, equal to several Hiroshima-size bombs. The kinetic energy of a 100-m diameter body
is equivaient to the explosive energy of about 100 megatons, comparable 1o the yield of the very
largest thermonuciear devices.

For these projectiles, only rare iron or stony-kon projectiles reach the ground with a sutficient
fraction of their antry velocity to produce craters, as happened at Meteor Crater (Arizona) 50,000
years ago or in the Skhote-Alin region of Siberia in 1947. Stony bodies are crushed and
fragmented in the upper atmosphere, and the resulting fragments are quickly slowed to free-fall




velocity, while the kinetic energy is transferred to an atmospheric shock wave. Part of the shock
wave energy is released in a burst of light and heat (called a meteoritic fireball or bolide) and part is
transported in @ mechanical wave. Generally, these disruptions occur so high in the atmosphere
that no damage occurs on the ground, although the fireball can attract attention from distances of
600 km or more and the shock wave can be heard and even felt on the ground.

With increasing size, asteroidal projectiles reach progressively lower levels in the atmosphere
before disruption, and the energy transferred to the shock wave is correspondingly greater.
There is a threshold where boin the radiaied energy irom the shock and ihe pressure in the shock
wave can produce damage. A historical example is the Tunguska event of 1908, when a probably
stony body 50-100 m in diameter was disrupted in the atmosphere at an altitude of about 8 km.
The energy released was about 12 megatons, as estimated from airwaves recorded on
meteorological barographs in England, or perhaps 20 megatons as estimated from the radius of
destruction. Siberian forest trees were mostly knocked to the ground out to distances of about
20 km from the end point of the fireball trajeciory, and some were snapped off or knocked over at
distances as great as 40 km. Circumstantial evidence suggests that fires were ignited up to 15 km
from the endpoint by the intense burs! of radiant energy. The combined etfects were similar to
those expected from a nuclear detonation at a similar altitude, except, of course, that there were
no accompanying bursis of neutrons or gamma rays nor any lingering radioactivity.

Category 2: 100-m to 1-km diameter impactors

Incoming asteroids of stony or metallic composition that are larger than 100 m in diameter may
reach the ground intact and produce a crater. The threshold size depends on the density of the
impactor and its speed and angle of entry into the atmosphere. Evidence from the gevlogic
record of impact craters as well as theory suggests that, in the average case, stony objects greater
than 150 min diameter form craters. They strike the Earth about once per 5000 years and -- if
impacting on land -- produce craters about 3 km in diameter. A continuous blanket of material
ejected from such craters covers an area about 10 km in diameter. The zone of destruction
extends weli beyond this area, where buiklings would be damaged or flattened by the
atmospheric shock, and along panticular directions (rays) by flying debris. The total area of
destruction is not, however, necessarily greater than in the case of atmospheric disruption of
somewhat smaller objects, because much of the energy of the impactor is absorbed by the
ground during crater formation.

Comets are composed in large part of water ice and other volatiles and therefore are more easily
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tragmented than rocky or metallic asteroids. In the size range from 100 mto 1 km, a comet
probably cannot suivive passage through the atmosphere. Thisis a subject that needs additional
study, requiring a better knowledge of the physical nature of come!s.

Category 3: 1 km to 5 km diameter impactors

Al these larger sizes, a threshold is finally reached at which the impact has serious global
consequences, although much work remains to be done to fully understand the physical and
chemical effects of material injected into the atmosphere. In general, the crater produced by
ihese impacis has 10 to 15 limes ihe diameter of the projeciile; i.e., 10-15 km diameter for a 1«km
asteroid. Such craters are formed on the continents about once per 300,000 years. At impactor
sizes greater than 1 km, the primary hazard derives from the global veil of dust injected into the
stratosphere. The severity of the global effects of large impacts increases with the size of the
impactor and the resulting quantity of injected dust. At some size, an impact would lead to
massive world-wide crop failures and might threaten the survival of civilization.

What happens when an object several kilkometers in diameter strikes the Earth at a speed of tens
of kilometers per second? Primarily there is a massive explosion, sufficient to fragment and
partially vaporize both the projectile and the target area. Meteoric phenomena associated with
high speed ejecta could subject plants and animals to scorching heat for about half an hour, and a
global firestorm might them ensue. Dust thrown up from a very large crater would lead to total
darkness over the whole Earth, which might persist for several months. Temperatures could drop
as much as tens of degrees C. Nitric acid, produced from the burning of atmospheric nitrogen in
the impact fireball, would acidity lakes, soils, streams, and perhaps the surface layer of the oceans.
Months later, after the atmosphere had cleared, water vapor and carbon dioxide released to the
stratosphere would produce an enhanced greanhouse effect, possibly raising global
temperatures by as much as ten degrees C above the pre-existing ambient temperatures. Both
the initial months of darkness and cold, and then the ‘ollowing years of enhanced temperatures,
would severely stress the environment and would lead to drastic population reductions of both
terrestrial and marine life.

THRESHOLD SIZE FOR GLOBAL CATASTROPHE
The threshold size of impactor that would produce one or all of the effects discussed above is not

accurately known. The gecchemical and paleontological record has demonstrated that one
impact (or perhaps several closely spaced impacts) 85 million years ago of a 10- to 15-km NEO
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resulted in total extinction of about halt the living species of animals and plants. Such mass
extinctions of species have recurred several times in the past few hundred million years; it has
been suggested, although not yet proven, that impacts are responsibie for most such extinction
events. W:a know from astronomical and geological evidence that impacts of objects with
diameters of 5 km or greater occur about once every 10 to 30 million years.

Death by starvation of much of the world's population could result from a global catastrophe far
less horrendcus than those cataclysmic impacts that would suddenly render a sighificant fraction
of species actually extinct. The threshold almost certainly lies between about 0.5 km and 5 km
diameter, and it probably lies near 2 km. In addition to all of the known variables (site of impact,
time of year) and the uncertainties in physical and ecological consequences, there is the question
of how resilient our agriculture, commerce, economy, and societal organization might prove to be
in the face of such an unprecedented catastrophe.

An estimate of the threshold size was derived by Brian Toon, of NASA Ames Research Center.
Of the various environmenta! effects ot a large impact, Toon believes that the greatest harm would
be done by the sub-micrometer dust launched into the stratosphere. The quantity of
submicrometer dust required for these effects is estimated at about 10,000 Tg. (1 Tg= 1012 g)
For a 30 knvs impact, this translates to a threshold impacting body diameter of between 1 and 1.5
km diameter. At the 1991 Near Earth Asteroid Conference in San Juan Capistrano, California, the
most frequently discussed estimate of the threshold impactor diameter for globally catastrophic
effects was about 2 km, which is generally consistent with Toon's estimate. Impacts of objects this
large occur from one to several times per million years.

RISK ANALYSIS

if this esiimate is correct, then the chances of an asteroid catastrophe happening in the near
future -- while very low -- is greater than many other threats to life that our society takes very
seriously. For purposes of discussion, we adopt the once-in-500,000 year estimate for the
globally catastrophic impact. It is imponant to keep in mind that the frequency coukd be gieater
than this, although probably not by more than a tactor of two. The frequency could equally well be
a tactor of two smaller.

Because the risk is very low of such an impact happening in the near future, the nature of the
impact hazard is unique in our experience. Nearty all hazards we face in life actually happen to
someone we know, or we read about them happening in the newspapers, whereas no large




impact has taken place within the total span of human history. (If such an event took place before
the dawn of history roughly 10,000 years ago there would be no record of the event, since we are
not postulating an impact large enough to produce a mass extinction that weuld be readily visible
in the fossil record). But also in contrast to more familiar disasters, the postulated impact would
produce devastation on a global scale. Natural disasters, including tomadoes and cyclones,
earthquakes, tsunamis, volcanic eruptions, firestorms, and floods often kill thousands of people,
and occasionally several million. But the civilization-destroying impact exceeds all of these other
disasters in that it could kill a billion or more people, leading to as large a percentage loss of life
woridwide as that experienced by Europe from the Black Daatii in the 14th century. 1t is this
Juxiaposiiion of ihe smaii probabiiily of occurrence baianced against the enormous
consequences if it does happen that makes the impact hazard such a ditficult and controversial
topic.

We begin to address the risk of cosmic impacts by looking at the frequency of events of different
magnitudes. Small impacts are much more frequent than large ones, as is shown in Figure 1,
which lllustrates the average interval between impacts as a function of energy, as derived from the
lunar cratering record and other astronomical evidence. For purposes of discussion , we consider
two cases: The threshold globally catastrophic impact discussed above, and for comparison, a
Tunguska-class impact from a smaller object perhaps 100 m in diameter. In all of the calculations
given beiow, the numbers are approximate and are used only to illustrate the general magnitudes
involved.

For the globally catastrophic impact (assumed 2 km threshold)

Average interval between impacts 500,000 years
For the Tunguska-class impacts:

Average interval between impacts for total Eartn: 300 years

Average interval between impacts for populated area of Earth 3,000 years

Average interval between impacts for world urban areas: 100,000 years

Average interval between impacts for U.S. urban areas only: 1,000,000 years

We see from this simpie calculation that even for a large country such as the U.S , the Tunguska-
class impacts on urban areas occur less often than the globally catastrophic impact, emphasizing
the fact that the large impacts dominate the risk. This poin is also made in Figure 2, which piots
the expected fatalities per event as a function of diameter (and energy) of the impacting object.
The figure shows schematically the transition in expected fatalities per impact event that takes
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place as the global threshold is reached for objects between 0.5 and 5 km in diameter.

One way to exprass the risks is in terms of average annual fatalities. While such anindex is
convenient for comparison with other risks, we aiso stress ine anificiality of applying this approach
to the very rare impact catastrophes. The concept of equivalent annual deaths strictly applies only
in a static world in which the populatior and the mortality rate from other causes do not vary with
time. This figure is obtained by multiplying the population of the Earth by the -otal annual
probability of death. In the case of the U.S equivalent deaths, we allow for the higher than
average population density in the U.S.

For the globally catastrophic impact: (assumed 2 km threshold)

Total annual probability of death: 1/2,000,000
Equivalent annual deaths for U.S. popuiation only: 125
Equivalent annual deaths (worldwide population): 2,500

For the Tunguska-class impact.

Total annual probability of death: 1/30,000,000
Equivalent annual deaths for U.S. population only: 15
Ecuivalent annual deaths (woridwide popuiation): 150

These figures can be compared with the montality rates from other natural and man-made causes
to obtain a very rough index of the magnitude of the impact-catastrophe hazard.

The above analysis is presented to facilitate comparison of impact hazards with others with which
we may be more familiar. However, there is a major qualitative difference between impact
catastrophes and othar more common natural disasters. A global impact catastrophe could lead to
a biltion or more fatalities and an end to the world as we know k. No other natural disasters,
including the Tunguska-class impacts, have this nature. They represent just one among many
causes of human death. In comrast, the potential consequences of a large impact set it apart from
any other phenomenon with the exception of full-scale nuclear war.

STRATEGY FOR DEALING WITH THE HAZARD
The greatest risk is from the impact of the larges: objects - those with diameters greater than the

global threshold, probably near 2 km. Such irnpacts, which occur on average from once to several
times per million years, are qualitatively as well as quantkatively ditferent from any other natural
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disasters in that their consequences are global, affecting the entire planet. About 90 percent of the
potential Earth-impacting projectiles are near-Earh asteroids or short-period comets, called
collectively ECAs (Earth-crossing asteroids). The other 10 percent are itermeaiate or long-period
comets (those with periods longer than 20 years).

The first step in dealing with the cosmic impact hazard is to identify potential impactors, with emphasis
on the objects that pose the greatest risk: the ECAs. The ECAs have orbits that closely approach or
intersect that of the Earth. Their normal orbital motion typically brings them rulatively near the Earth at
intervals of a few years, permitting their discovery. The objective of an ECA survey is to find these
objects during their periodic appioaches o tha Earth, to calcuiate their fong-term orbital irajectories,
and to identify any that may impact the Earth over the next several centuries. If any appear to be on
Earth-impact trajectories, there will generally be a period of at least several decades during which to
take corrective action.

it should be emphasized that the ECAs are readily detectable in refliected sunlight and distinguishable
from the stellar background by their motion. To deal with the threat posed by these objects, there is
no requirement for either a short-range search or a Quick -respense defense system. The chance that
an ECA will be discovered less than a few years beiora impact is vanishingly small. The nature of the
ECA orbits allows us to carry out a deliberate, comprehensive survey with ample time to react ¥ any
threatening ECA is found. in contrast, the waming time for impact from a long-period comet might be
as short as a few months, requiring a ditferent class of response.

In order to carry out a deliberate and comprehensive search, we must detect, over a period of a
decade or more, the ECASs larger than our size threshold (nominally 1 km diarneter) that pass near the
Eartn. This requires that we monitor a region of space extending outward from the orbit of the Earth
approximately as far as the inner edge of the main asteroid balt, at a distance of 200 million kilometers.
The easiest wa  to detect these ECAs is by observing their reflected sunfight, although they can also
be seen in the infrared using their emitted thermal radiation. More exotic technologies are not
appropriate; search radar, in particular, is limited to targets close to the Earth, and so is unsuitable to a
survey extending 200 million kilometers into space. In principie, the survey could be carried out either
from the ground or from orbit. The brightness of a 1-km object at 200 million kilometers, assuming a
reflectivity of 3 percent or more, corresponds to stellar magnitude 22. Although they are quite faint,
such objects are readily detectable with conventional ground-based telescopes ; thus there is no
requirement for a more expensive space-based system. This brightness limit also determines the
minimum telescope aperture of about 2 m that is required for a complete survey.
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We have it within our current capability to construct a network of survey telescopes at relatively modest
cost that can discover and track essentially all of the ECAs greater than 1 km in diameter. if the
program is continued for saveral decades, it will eventualty yield most of the smaller ECAs (from 100 m
to 1 km diameter) as well. In addition, this same network of optical survey telescopes will be capable of
deteciing most incoming intermediate- or long-period comets and determining if any of them is has
the potentiai ic stike the Earth. However, the time between detection and possible impact will be
much shorter for the long-period comets.

The Spaceguard Survey described by the NASA International Near-Earth-Object Detection Workshop
has the potential to alter fundamentally the way we view the threat of cosmic impacts. To date we have
taked about a relatively undefined threat, to be discussed in terms of probabilities or statistical risks.
While we know that such impacts must take place from time to time, we do ot know if there are any
specific bodigs in spaca might impact the Earth over the next few centuries. If this search program is
carried out, however, we can answer this question for the ECAs, thus dealing with at 'east the 75
percent of the potential hazard. If such an object is found, then we can tum our attention to
addressing the threat it poses. In othar words, we have the capability to achieve at quite modest cost
at least a 75 percent reduction in the hazard posed by cosmic impacts .




FIGURE CAPTIONS

Figure 1. Estimated frequency of impacts on the Earth derived from the present population of
comets and asteroids and from the dunar crater record.

Figure 2. Schematic indication of the risk of impacts measured by the expected average fatalaties

per event. Large impacts dominate the risk, but there is considerable uncertainty in the threshoid for
global catastrophe, as indicated by the hatched region in the figure.
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SOME PERSPECTIVES ON THE SEARCH FOR NEAR-EARTH OBJECTS

Duncar Steel

Anglo- Australian Observatory, Coonabarabran, NSW 2357, Australia

Introduction

This contribution is aimed at giving some views on: (1) Presently-available techniques for searching
for near-Earth objects (asteroids, comets, and fragments thereof j and how these might be enhanced
at littie cost; (2) The importance of objects in orbital classes about which little or nothing is known;
(3) The importance of flux determinations for smaller NEOs; (4) Other areas in which added effort
is required in the immediate future; and (5) Some very personal views upon the actual hazard

which have not been voiced in the other documents pertaining to the NASA NEO Workshops.

1. Presently-available search techniques

Apart from the Spacewatch telescope, now performing admirably at Kitt Peak, the other three
main NEO search programs use photographic techniques. Spacewatch opcrates by letting a large
CCD chip scan across the sky at the sidereal rate!, and this basic technique (except with faster
scan rates) has been selected by the NASA NEO Detection Workshop as the method of choice for
a search for large NEOs under the proposed Spaceguard Survey?. The three photographic sur-
veys use images gained with wide-field Schmidt telescopes: the Planet-Crossing Asteroid Survey
(PCAS) under E. Helin and the Palomar Asteroid and Comet Survey (PACS) under E. and C.
Shoemaker both use pairs of short exposures made using the 0.46 in Schmidt at Palomar Obser-
vatory. whilst the recently-started Anglo- Australian Near-Earth Asteroid Survey (AANEAS) uses
single long-duration exposures made with the 1.2 m U.K. Schmidt Telescope (UKST) at Siding
Spring Observatory in Australia.

These programs are all well documented? and little more will be said about them here. However,
it should be noted that often a newly-discovered object may have its orbit refined to a very large
degree if a previously-unrecognized observation can be found. For example, the UKST has been
operating for a period of about 17 years, and very often it is possible to find earlier images of newly-
recognized objects amongst the ~15,000 plates taken so fax of the southern sky. The Palomar 1.2
m Oschin Schmidt has been operated for even longer, over 40 years, so that again the plate library
contains invaluable data yet to be exploited. The same comment applies to many other smaller
Schmidt (and other) telescopes such as the ESO Schmidt in Chile, the Uppsala Schmidts in Sweden
and Australia, and so on. For example the orbit of 2060 Chiron, discovered in 1977, has been refined
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with astrometric positions dating back to 1895. However, the problem in many cases is accessing
the plates, and their availability: this argues for either copying or (preferably) digital scanning such
that interesting objects recorded thereupon may be searched for automatically. This is in fact being
carried out at this time for the UKST plate library (stored at the Royal Observatory, Edinburgh),
with the data gradually coming on-line. This will allow rapid determinations of accurate orbits for
many objects, especially the larger, brighter ones, as this field develops.

To give some idea of the situation I will again concentrate just on the UKST plates, although
the same sort of considerations apply to Schmidt plate libraries elsewhere. From the start of routine
sky survey observations in 1974 through to 1990 five NEOs were discovered by chance on UKS'I'
plates. Since May 1990 AANEAS has resulted in the discovery of about one new NEO per month; it
is important to note that there has been no change in the actual data collection with the telescope,
all that has happened is that the plates are rigorously scanned with binocular microscopes soon
after processing. Thus it is reasonable to suppose that there are about 200 unknown NEQs which
are actually recorded on old UKST plates, but have passed unnoticed. This compares with the
presently-known inventory of about 190 NEOs, largely discovered as a result of the PCAS, PACS,
Spacewatch and (latterly) AANEAS programs. It is entirely feasible that ~1000 or more NEOs
have retrievable images spread amongst the plate libraries of the world’s large Schmidts. Even if
orbits for these are not calculable now, with the pointing history of the telescopes (well known for,
say, the UKST) the previous ‘discovery’ rates of NEOs would lead to a great refinement in our
knowledge of their population and flux by the Earth.

Quite apart from the above it is feasible that large NEOs could be discovered, and their orbits
determined, at a greatly increased rate with a very modest increase in funding of the present
programs. In the case of AANEAS no spetific observations are made for discovery, due to the lack
of manpower aud the finances to purchase film: only plates taken as part of the routine operations
are available. However, up tc 30% of potential observing time on the UKST is not currently used
due to poor seeing or bright-of-moon. If money and staff were available then many short exposures
could be taken towards the ecliptic and opposition, and thus NEOs found more efficientlv. We
estimate that a discovery rate of order 100-200 per year could be achieved in this way, essentially

instantaneously.

2. Objects in little-known orbital classes

It is just over 15 years since the first Aten-type (period < 1 year, aphelion > 0.9833 AU so may im-
pact the Earth) asteroid was discovered. Since then a little more than a dozen have been found, the

latest having been announced on the day this was being written (1992 BF: JAU Circ. 5{43). These
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are especially unlikely to be found since they are largely observable only at large solar elongations,
whereas most planned searches concentrate on opposition. The fact that the Spaceguard Survey
as presently planned will be fairly ineffective in detecting Atens is well-recognized?. Therefore it
is difficult at this stage to ascertain the importance of Atens with respect to the terrestrial impact
hazard: is it a contribution of 1%, 5%, 10% or 50% of impacts?

However, at least this is a class of objects about which we know something; what other classes
await identification? In February 1991 a new asteroid (1991 DA) was discovered in the AANEAS
program, having perihelion near Mars, aphelion beyond Uranus, and a high inclination. This
appears to be the first of a class of astercids in Halley-type orbits. Its large size (5-8 km) would
argue for there being hundreds or thousands of smaller, but very significant, asteroids in similar
orbits. Whilst at present it has perihelion well beyond the terrestria: orbit, numerical integrations
show that it may spend ~10% of its lite on Earth-crossing paths®#. In the same way 2060 Chiron
is likely to evolve into an orbit which makes terrestrial impact possible®, and the same may apply
to 1992 AD, found even more recently. The huge size of the latter two objects (150-200 km) would
mean that they could decay to produce a very large population of objects in near-Earth space,

enhancing the present NEQ population by a factor of 100 or more.

3. The importance of flux determinations for sinaller NECs

The excellent modelling done by E. Bowell and K. Muinonen in designing the optimal search strat-
egy for the Spaceguard Survey? has dernonstrated that it is not feasible to discover and determine
the orbits of all NEOs smaller than about 500 m on a time-scale of less than decades; although
many will be found over the course of a 20-25 year program they will still be only a small fraction
of the total. The problem then arises, in connection with decisions about the sizes of object to
be tackled by any space-based interception and deflection/destruction system to be planned in the
shorter (5-year) term, as to whether the influx of such objects to the Earth warrants expensive
attempts to intervene with these (cf. discussion of hazards in ref. 2).

In this respect I point out the following. My own earlier background was in the field of the radar
detection of meteors. By far the largest part of the mass flux of solid objects in the near-Earth
environment, if one excludes the very large objects under consideration here (NEOs), is in the form
of 107%-10"% g particles which are detected as radar meteors (e.g. see Fig. 1 of ref. 6). At the
start of the space age these were viewed as being a significant potential threat to spacecraft and
therefore much money and effort was expended in detecting them and determining their fluz (and
it was found that the hazard that they posed was acceptably low). It was not until later that more

emphasis was placed on their orbits, and that was mainly out of scientific interest (e.g. ref. 7). It
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appears that a lesson should be learnt from this piece of history: for large NEOs the near-Earth
flux is so low that it is necessary to determine the orbit of each NEO and thus calculate the influx
to the planet and predici future impacts; but for the smaller objects (say, sizes < 100 m) it is
feasible that suitable instruments would be able to determine the fluz on a fairly short time-scale
(years) without the huge effort required in order to measure their orbits. That is, the actual hazard
may be categoriged fairly swiftly, and then a knowledgeable decision as to the necessary steps can
be taken.

Again harking back to the lessons of meteor observations, of significance here would be deter-
minations of whether the flux of these smaller (< 100 m) NEOs changes during the year, from year
to year, and also whether they arrive in showers (cf. section 5). It seams likely that, judging from
the achievements of the Spacewatch telescope’, the sort of instruments proposed? for the Space-
guard Survey will be able to determine the fiuz of of small NEQs with some rapidity, without the
additional problems inherent in attempting to follow these to determine their orbits.

4. Other areas requiring immediate attention

Whilst much attention has been paid to how te detect NEOs of substantial size, and how tc then
determine their orbits, comparatively little attention has yet been paid to the requirements of
precise numerical integrations to elucidate their future d:namical history. There are, however,
several groups world-wide who have performed such integrations of NEOs® and other objects {e.g.
3-5, 9) which will eventually lead to a much better undersianding than that presently available?'°
of which classes of NEO, and which particular objects, pose threats to the Earth. My intention
here is to highlight that it is by no means possible at this time at predict the trajectory of a NEO
i1 loug peiivds Wt the future {decades) at the precision required for progaoses of Earth-impacts,
especially since non-gravitational forces — notoriously difficult to model — are apparently acting
on some NEOs!!. This area is also one which requires further investigation urgently, as indeed does

the whole field of physical studies of NEQ:s.

5. Coherent versus stochastic catastrophism

Tue mainstream of thought with regard to terrestrial impacts by NEOs holds that such impacts
happen randomly in time; that is, that these catastrophes occur stochastically. Contrary to this is
the view held by a few that in fact the impacts to a large extent, and most certainly in the present
epoch, occur coherently'?; that is, there are periods in which there are many impacts occurring
at the sarne time (within days to weeks) in cyclic periods as the Earth is intercepted by clusters

of NEOs, mostly smaller (< 100 m) in size, produced by the disintegration of larger bodies. In




the present epoch impacts by such objects may be dominated by the influx of the products of
the hierarchical decay of a giant comet over the past 20,000 years, forming the meteoroid stream
termed the Taurid Compiex'®. Impacts of the Tunguska class from this complex are apparently
evidenced in the historical record'?. Adding to this view is the recent recognition that there were
multiple impacts at the KT boundary event!®:

“Shoemaker thinks the most probably source of multiple impacts is a comet that broke

up and then pummelled Earth with its debris year after year” 18,

If the above contentious suggestion, or some variant upon it, in fact reflects the actual situation then
any NEO defence system must be capable of dealing with multiple NEOs at one time, possibly from
a near-Earth flux of several thousand objects within a few weeks, with Earth-intercept occurring

at the same time of year for many years.
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TO HIT OR NOT TO HIT
BRIAN G. MARSDEN
Harvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138, U.S.A.

It was the view of the companion Detection Workshop that we should attempt to dis-
cover and follow up astrometrically and physically any moderately large near-earth objects
(NEOs) that have the potential to collide with the earth during the next few centuries. Strict
examination of this potential requires that in appropriate cases we should secure exhaustive
astrometric data (optical as projected on the plane of the sky over as long a time span as
possible and radar range and rate) and perform detailed numerical integrations of the future
orbits, including the gravitational efects of all perturbing planets and also the nongravi-
tational reactive effects of the vaporization of cometary ices. Paiticularly in the cases of
comets that might be subject to both nongravitational effects and repeated encounters with
Jupiter, the process is necessarily one of successive approximations as time goes by.

It has also been suggested that, at least in the case of asteroids, the application of
secular-perturbation theory allows one to establish just which objects do or do not pose
a long-term threat; this has led to the definition of “earth-crossing asteroids” (ECAs) as
a subgroup of the general near-earth asteroids (NEAs). While the computation of secular
perturbations may have merit, the procedure is not applicable to objects (mainly comets)
that make frequent approaches to Jupiter, or even to objects that remain well separated
from Jupiter but that Fitmve orbits strongly resonant with that of Jupiter. Nevertheless, while
secular-perturbation theory may sometimes have some validity for, say, 200 000 years or
more, there seems little reason to take an excessive interest in objects that have absolutely
no possibility of striking the earth during the next 200 years.

I therefore maintain that, before ungcrtaking extensive numerical integrations, and in-
stead of applying secular-perturbation theory, it is sufficient to examine whether the orbits
of the earth and a newly discovered object are currently close to intersecting each other. If
the current osculating orbit indicates a minimum separation of, say, 0.1 AU or more, and
provided that there are no large perturbations, there is obviously no cause for concern. Even
if this minimum separation is 0.05 AU, there can be little threat, although one may wish to
repeat the computation using orbital data integrated forward to other epochs. The principle
is similar to that utilized by those astronomers who examine whether particular comets For
asteroids) are likely to produce observable meteor streams.

The most obvious point to examine is whether the object crosses the earth’s orbit plane
near the earth’s distance from the sun, i.e., one should ascertain whether either value of

N |91 +e)

. l—iecosw_l <6 (1)

q and e being the perihelion distance (in AU) and eccentricity of the object's orbit and w
the argument of perihelion, and with ¢ == 0.05 AU it is certainly reasonable to ignore the
eccentricity (0.017) of the earth’s orbit. All orbits with ¢ < I AU and inclination 1 < 3°
(or > 177°) to the ecliptic obviously approach the earth’s orbit within 0.05 AU, and this
suggests that it is also useful to examine the component perpendicular to the earth's orbit
when the object is at the earth’s distance from the sun, i.e., whether either value of

M = jsin(w + v)|sini < ¢, (2)

where (Lte) 1
~ arccos[ 114 ) '

v arcros[ . ] (3)

(with ? < 1 AU and e > 0) are the true ancmalies at which this occurs; it is necessary also
to perform this computation when 1 < q < 1 + ¢ AU, supposing then the single value v = 0.
As a general rule, criterion (2) is of greater significance than criterion (1).



Table I is a tabulation of asteroids with M and/or N meeting these criteria. To save
space ¢ has been lowered to 0.04 AU, and the first 48 entries give the cases where une or
both M meets the criterion, in increasing order of the smaller value; M values followed by
an asterisk represent the aforementioned cases where ¢ > 1 AU. If N also meets its criterion,
the relevant values are also given, and the last seven entries in the table (still in order of
increasing minimum M) show the remaining cases where the N criterion is met. The notes
L and R refer to objects that were under observation for less than two or three weeks: L
indicates that an object is lost, while the cases denoted with R indicate that the availability
of radar observations ensures that these objects, like those with longer observed arcs, should
be recoverable in the future.

On the right-hand side of Table I actual minimum separations (in AU) between the
objects and the earth during the twentieth and twenty-first centuries are indicated: this
list of actual approaches is not exhaustive, particularly for the twenty-first century, but it
is evident that the more extreme approaches (within 0.015 AU, say) are confined to the
smaller values of M. The approach of (4660) Nereus to within 0.007 AU in 2060 is the
closest predicted for the future, although it is entirely possible that lost objects like 1937
UB (Hermes) could come closer than this during the time interval of concern to us. Because
the earth’s orbital eccentricity is ignored, there are also other objects that pass within 0.04
AU of the earth, notably (1620) Geographos, which has M = 0.046 AU and approaches the
earth to a distance of only 0.033 AU in 1994.

It is also important to note that, although (1915) Quetzalcoatl currently has ¢ > 1.07
AU, the effect of its 3:1 mean-motion resonance with Jupiter is such that q < | AU before
1940 and that in 1906 this object passed only 0.025 AU from the earth (with M = 0.085
AU, ¥V = 0.033 AU). More to the point, we can say that, with minitnum M = 0.187 AU,
N =10.110 AU, (1866) Sisyphus (which has g = 0.87 AU and is one of the largest NEAs)
cannot possibly be a threat to the earth, a situation that was already apparent when the first
orbit determination for this object was made from observations (including only approximate
data) within six days of its discovery in 1972 (M =0.180 AU, N =0.105 AU).

Table II is a corresponding tabulation for comets. The eight comets with revolution
periods of less than 200 years (six of them less than ten years, although comet Lexell was
perturbed away by Jupiter long ago and now comes nowhere near the earth, and comet
Biela, r.ot observed since 1852, is generally thought no longer to exist as a coherent body)
are indicated by name, and the codes M and U indicate that there are either known meteors
associated with the comet or that the comet's orbit is particularly uncertain. Although
comparison of the tables may be of some interest, Table "I is clearly of much less significance
than Table I, for the fact that short-period comets frequently approach Jupiter means that
their M and N values experience rather larger changes, while the values for the comets with
periods much longer than 200 years are moot hecause these objects will not return to the
earth’s vicinity during the time interval that concerns us. With a long-period comet, the
significance is only whether there will be a close encounter during its discovery apparition,
and even with small M or N, non-threatening cases can be comp?etely eliminated given an
orbit determination from observations within a few days of discovery. (‘omet Halley, which
currently has M = 0.067 AU, N . 0.151 AU, does not show on the list. A millennium and
a half ago, however, this comet had M - 0.003 AU, N = 0.010 AU, and there was an actual
approach to within 0.038 AU of the earth in 837.

By conttructing half a dozen ground-based telescopesin the 2-3-meter class and equipped
with modern charge-coupl d devices, and by concentrating searches each month over some
6000 square degrees of sky opposite the sun, the Detection Workshop concludes that it will
be possible to f?nd, over the course of only a couple of decades, almost all of the NEAs that
pose a global threat. The proposed search will pick up most of these bodies when they are
quite far from the sun, perhaps even near aphelion, and this is reasonable because that is
where they spend most of their time. The same search should also be effective for shor!-
period comets, which have rather similar orbital characteristics. The catalogues currently
contain 108 asteroids and 15 short-period comets (of period less than 20 years) with q < 1
AU. Given that the average asteroid has a period of 3 years and the average comet one of
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5 years, the known asteroids and comets pass perihelion at an annual rate of about 30 and
3, respectively. The relative threat of the short-period comets can thus be judged as about
10 percent that of the asteroids. The contribution of the one-shot, long-period comets is
harder to estimate. The catalogues contain 401 such comets with ¢ < 1 AU, and although
the majority of them have appeared during the present century, some of the records go back
more than a millennium. It is therefore difhcul! to select a characteristic period, but even one
of only 200 years would give an annual rate of no more than 2, which is also the observed
rate (excluding the tiny Kreutz sungrazing comets detected by the SOLWIND and SMM
coronagraphs) during the past decade or so, or about 6 percent of that of the NEAs.

Unlike the asteroids and the short-period comets, the long-period comets have orbital
poles that are distributed in an essentially random manner, and inclinations in the vicinity of
90° therefore dominate. Although there are four times as many known cases of long-period
comets as asteroids with ¢ < 1 AU, the number of entries in Tables I and II are comparable,
suggesting that the relative threat of the long-period comets can be reduced by a further
factor of four, down to at most 2 percent, say. Such a ratio is not inconsistent with the
actual near-encounters listed in Tables [ and II, given that the actual minimum distances for
the asteroids are only representative for each object and that the list is far from exhaustive,
and considering that there is really only one good case, that of 1983 VII, of the earth’s near
encounter with a long-period comet (the 1491 comet being uncertain and comet 1743 I in
fact very probably of short period).

One can object that this argument on the relative threat of long-period comets and
asteroids is flawed because I am comparing earth-approaching comets tﬁat were all bright
enough to be seen with the naked eye and asteroids that were often so faint that they taxed
the largest telescopes. But the intrinsic total brightness of comet 1983 VII was toward the
low end of the observed distribution for long-period comets, and its nucleus, which was
detected by radar, was comparable in size to the larger NEAs. Modern searches for NEAs
are also rather consistently picking up comets, and for reasons that are not entirely clear,
there is ar. apparent dearth of long-period comets that are intrinsically very faint. I am still
therefore inclined to stick with my figure of 2 percent, rather than with the figures as higih as
25 percent that were discussed by the Detection Workshop. Certainly, with its significantly
higher velocity with respect to t{e earth, a typical long-period comet will be involved in a
much more energetic impact than a typical NEA, but that is a separate issue.

The appreciation that earth-threatening long-period comets may represent a smaller
fraction of the threatening NEOs than has previously been discussed sgould be counteracted
by the realization that it is very difficult to discover them with a warning time of more
than a few months. If comet 1991h, (see Table II) had been 38 days earhier in its orbit,
there would have been a very near miss, but comets invariably brighten according to a
higher inverse power of heliocentric distance than the square, and detection at a previous
opposition would have been quite impossible. Long-period comets on collision courses with
the earth spend an inordinate amount of the previous year at small angular elongations from
the sun. Although the possibility of making searches from telescopes in orbit about the
earth has also been discussed, this would not help unless the space instruments were large
enough to make detections near opposition 100 times fainter than proposed by the Detection
Workshop. Infrared searches from space have also been mentioned, hut 1t is important
to note that IRAS did not detact any discrete objecis that were not or could not also be
detected rather easily from optical telescopes on the ground, that its astrometric accuracy
was at least 20 times worse than that of optical telescopes, that it could not observe at
solar elongations significantly less than optical telescopes and that it was often difficult to
distinguish between detections of discrete planetary or cometary objects and harmless dust
trails. If ihe international community feels that it really is necessary to guarantee the early
detection of long-period comets, searches would best be made using optical telescopes located
far from the cartﬂ Since the other class of potentially earth-threatening objects not easily
discoverable in earth-based opposition searches are NEAs with aphelia only slightly outside
the earth’s orbit—or even at tgne earth’s orbit—it might make sense to establish a surveillance
system in heliocentric orbit closer to the sun, or perhaps in orbit around Venus.
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Table I. Minor planets.

Object M N Actua!
§1981; Midas 1973 EA  0.000 0.000 0.030 1947
2201) Oljato 1947 XC  0.000 0.009 0.002
L 1991 BA 0.001 0.020 0.021 0.001 1991
1989 TP 0.002 0.040 0.003
Hermes L 1937 UB  0.003 0.005 0.014 0.027 0.005 1937
{4581) Asclepius 1989 FC  0.004 0.017 0.005 1989
L. 1991 VA 0.005 0.008 0.012 1991
L 1991 TU  0.005 0.006 0.005 1991
1988 XB  0.005 0.023
4660) Nereus 1982 DB 0.005 0.021 0.028 0.007 2060
34179 Toutatis 1989 AC  0.005 0.007 0.011 2004
2340) Hathor 197¢ UA  0.007 0.029 0.008 1976
1988 TA  0.007 0.027 0.010 1988
R 1986 JK  0.607 0.037 0.021 1958
R 1990 OS 0.069 0.018 0.040 1990
1990 HA 0.010 0.036 1990
L 1980 UA  0.012 0.017 0.020 1990
2101) Adonis 1936 CA  0.013 0.022 0.015 1936
3361) Orpheus 1982 HR 0.013 0.034 0.032 1982
{2135) Aristaeus 1977 HA  0.014 0.015 0.032 1977
1989 UQ 0.015 0.021
L 1991 VG 0.015 9.025 0.020 0.003 1991
R 1990 MF 0.018 0.032 0.034 1990
(3362) Khufu 1984 QA 0.018 0.016 1917
L 1989 VB 0.019*
L 1990 SM 0.019
(3757) 1982 XB  0.020* 0.030 0.038 1982
R 1991 AQ 0.020 0.035
L 1990 UN 0.021 0.035
¥ ' AN AFaY N NN n nan N A% 1ANY
o BOva w ViVees vivew Veivwa avwva
L 1983 LC  0.023 0.025 0.026 1915
54034{ 1986 PA  0.023
(4769) Castalia 1989 PB  0.023 0.029 1989
[ 1991 BN 0.023
1988 EG  0.024 0.634 0.032 1998
5011 6743 P-L  0.026
3200) Phaethon 1983 TB  0.026 0.037 1931
4450) Pan 1987 SY  0.027 0.036 1963
}2061 Anza 1360 UA  0.027*
1862) Apollo 1932 HA  0.028 0.032 0.027 1930
L. 6344 P-1.  0.028 0.038 1960
1989 QF  0.028
(3908) 1980 PA  0.031*
1983 UR 0.031
1991 EE  0.034
1861 JX  0.036* 0.032 1991
L 1954 XA 0.037
(4182) Cunc 1859 LM 0.032
1991 VH  0.047 0.014
1991 JW  0.053 0.038
L 1978 CA  0.059 0.027 0.019 1910
3671) Dionysus 1984 KD 0.095* 0.033 0.031 1984
2102;Tantulus 1975 YB  0.117 0.029
1991 €S 0.140 0.032
L 1991 TT

0.156*

0.032

0.031 1991
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Table II. Comets.

Object M N Actual
1962 IV 0.000 0.000
1991h, 0.001 0.002
Giacobini-Zinner M 0.001 0.000
1967 11 0.003 0.020
1864 11 0.004 0.029 0.033
1491 I1 U 0.004 0.011 0.009 1491
1680 0.005
1882 1 0.0uU7 0.030
568 0.009
1439 U 0.009 0.026
1080 U 0.010
1911 11 M 0.010 0.014
18611 M 0.010 0.003
1969 VII 0.011
1833 0.013 0.034
1976 IV 0.013 0.007
1907 I 0.013 0.004
Lexeil 0.013 0.023 0.015 1770
1014 U 0.014 0.014
1743 1 0.014 0.038 0.039 1743
-146 U 0.016 0.020
Biela M 0.016 0.026 0.037 1805
1969 IX 0.016 0.018
1917 11 0.017 0.028
1245 U 0.018 0.018
18t2 11 0.018 0.008
Finlay 0.019
1763 0.020 0.027 0.028 0.022
1957 IX 0.022
1779 0.024 0.028
1862 IV 0.025 0.017
1857 1 0.025 0.014
1862 I1 0.027 0.039
1973 XI1 0.028
1939 111 0.028
1702 0.029
1854 111 0.030 0.024
1368 0.030 0.030 0.040
1898 X 0.031 0.028
1351 U 0.032* 0.028
1910 1 0.035
905 U 0.035
1983 VII 0.036 0.004 0.031 1983
868 U 0.036
1845 111 0.037
1854 1V 0.038 0.027
1737 11 0.040 0.021
19256 XI 0.044 0.039
Tempel-Tuttle M 0.044 0.014 0.023 13686
1911 VI 0.0561 0.029
Grigg-Skjellerup M 0.054 0.005
1718 0.057* 0.029
1977 XIV 0.070 0.011
Swift-Tuttle M 0.075 0.018
Pons-Winnecke M 0.077 0.026 0.039 1927
1954 X 0077 Lo14
1849 | 0.085 0.019
1539 0.095 0.037
1684 0.097 0.026
1900 11 0.1901* 0.027
1870 1 0.266* 0.036
1947 111 0270 0.038
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AIRBLAST DAMAGE FROM SMALL ASTEROIDS
Jack G. Hills and M. Patrick Goda
Los Alamos National Labeoratory
ABSTRACT

The fragmentation of a small asteroid in the atmosphere greatly increases its cross
sections for aerodynamic braking and energy dissipation. At a typical impact velocity of
22 km/s, the atmosphere absorbs more than half the kinetic energy of stony meteoroids
with diameters, Dy < 250 meters and iron meteoroids with Dy < 60 meters. Most of this
energy dissipation occurs in 2 fraction of a scale height, which causes large meteoroids to
appear to “explode” or “flare” at the end of their visible paths. The dissipation of energy
in the atmosphere reduces the damage due to direct impacts (e.g., craters and tsunamis),
but it produces a blast wave than can cause considerable damage to structures on the
ground. The area of destruction around the impact point in which the over pressure in
the blast wave exceeds 4 pounds/inch? = 2.8 x10° dynes/cm3, which is enough to knock
over trees and destroy buildings, increases rapidly from zero for chondritic asteroids less
than 50 meters in diameter (9 megatons) to about 2000 square km for those 80 meters

in diameter (40 megatons), the approximate d.ameter of the Tunguska impactor of 1908.

between 70 meters and 200 meters in diameter is up to twice as great as it would be

without fragmentation.
1. INTRODUCTION

The area of destruction produced by the blast wave from the impact of stony asteroids
‘ Aerodynamic pressure fragments all large meteorites except iron ones that enter the
‘ atmosphere at low speed. Fragmentation greatly increases the rate at which a meteoroid
dissipates its kinetic energy in the atmosphere. The fragments of a large stony meteorite
are typically strewn over an area about 1 kilometer in diameter if the zenith angle of the
impact is not large. The area increases for 'arge zenith angles. An extreme example is the
recently discovered Rio Cuarto meteor crater field in Argentina (Schultz and Lianza 1992)

that was produced by an asteroid 3C) meters in diameter. Its impact produced a series of

large craters over an area about 2 kilometers wide and 30 km long.
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It is evident that atmospheric fragmentation is important for any stony asteroid less
than 1 kilometer in diameter since fragmentatior causes its impact footprint to be of this
order irrespective of its initial size. This does not imply that the atmosphere will mitigate
the damage done by all stony meteorites less than 1 km in diameter. The Tunguska
impactor was an ordinary stony asteroid about 80 meters in diameter that dissipated
nearly all of its kinetic energy in the atmosphere, but it destroyed an area of 2000 square
kilometers (Sekanina 1983). If the asteroid is larger than about 200 meters in diameter,
the mass per unit area of its debris, even when spread to a diameter of 1 km, exceeds that
of the atmosphere, so its debris is not significantly slowed by the atmosphere. It is clear
that we must allow for fragmentation and energy dissipation in the atmosphere to fully
characterize the damage done by small asteroids and to determine which asteroids we need
to intercept.

The authors find that a fragmented asteroid will expand cut to about twice its initial
radius before significant holes appear between the fragments when viewed from the front
of the meteoroid. Until this occurs, the meteoroid appears as a solid expanding object
behind a single bow shock. Its mass remains constant, except for ablation, but its surface
area and drag increases by a factor of four. If the meteoroid is small enough, it slows
enough during this expansion after the first fragmentation that it does not undergo further
fragmentation. Its various fragments proceed independently behind their own bow shocks.
Larger meteoroids (small asteroids) suffer little deceleration during this first expansion,
so when the fragments start to decouple from the parent body and develop their own
bow shocks, they are deeper in the atmosphere, they feel more aerodynamic pressure
than the original parent body, so they promptly fragment into even smaller pieces. The
greater aerodynamic pressure gradient across these fragments causes their own fragments
to disperse at higher velocities than the fragments of the original parent body. This higher

dispersal velocity during each subsequent stage of fragmentation causes the fragments to

fill in the gaps between themselves, so during this continuous fragmentation process, the




object can be treated as one body behind a single bow shock. The increase in its effective
drag radius is determined by the dispersal speed of the fragments. This process continues
until the debris cloud has slowed enough that the aerodynamic pressure can no longer cause
further fragmentation at the time when the subfragments start to develop their own bow
shocks. The subfragments then proceed as independent objects through the atmosphere.

This fragmentation model has been put into a computer code that follows the motion
of the meteorite through the atmosphere allowing for changes in its aerodynamic cross
section due to fragmentation and in its mass due to ablation. This code has allowed us
to compute the rate of energy deposition in the atmosphere as a function of height and

compute the damage due to the resulting blast wave.
2. DAMAGE DUE TO THE BLAST WAVE

Fig. 1 shows the energy deposited in the atmosphere as a function of height for an
ordinary stony asteroid with a radius of 50 meters, which is a little larger than that of the
Tunguska impactor of 1908. We see from the figure that the bulk of the energy deposition
occurs in a fraction of a scale height, which explains why large stony meteoroids including
Tunguska appear to “explode” or flare towards the end of their paths. The rapid decrease
in velccity and the large increase in the rate of energy disposition in a narrow range of
atmospheric height is due to the combined effect of the increasing drag area of the debris
cloud resulting from fragmentation and to the exponential increase in atmospheric density.

The peak in the energy deposition curves of Fig. 1 ,occur near the height, hyqy, by
which half the kinetic energy has been dissipated. We saw in Fig. 1 that most of the
atmospheric energy dissipation occurs in a narrow range of height around hj,; s- This
allows us to approximate the energy release as a point explosion at hyq; s- There 1s mucn
experimental data from the 1940's and 1950’s on the effects of nuclear explosives fired

at various heights, h, and yields, E. Johndale Solem (Theoretical Division, LANL) finds

from this data that the radius r4 within which the over press.ire due to the atmospheric




burst exceeds 4 psi, which is enough to knock down trees and economically destroy most

buildings, can be approximated by the fitting formula
re = ah —bh2E~'/3 4 cE'/? (1)

where a = 2.09, b = 156 erg!/*/cm and ¢ = 0.0146 cm/erg'/. Here r, is measured along
the ground from the point below the detonation. For r¢ and h in km and E in Mgtons
(Megator of TNT = 4.2 x 10?2 ergs), 2 = 2.09, b = 0.449, and c = 5.08. (Similar results, in
less convenient form, may be found in Glasstone and Dolan 1977, Chapter 3). Determining
ry directly from theory is difficult because it depends on an interplay between the shock
propagating directly from the point of energy release and that reflected from the ground.

Fig. 2 and 3 shows rq derived from Equation (1) as a function of impactor radius for
stony and nickel-iron meteorites, respectively. Here E is the total kinetic energy of the
impactor. For h in Equation (1) we used hjary, the height at which half the energy was
dissipated. We assumed that the energy dissipation occurs at h = 0 if less than half the
energy was dissipated before the meteorite hits the ground. (The values of r, given in
these figures are somewhat larger than those given in Fig. 1-3 and 1-4 of the Summary
Report of the Workshop (Rather, et. al. 1992). The error in the earlier figures was caused
by a miscommunication between the authors that resulted in 0.5 E rathe. than E being
put into the computer code to evaluate r,.)

We see from Fig. 2 that the blast waves from soft stony meteorites, which constitute
about 95% of the total meteorites, only cause ground damage if their radii exceed about
25 meters. For V = 20-25 km/s, the radius of destruction increases very rapidly with
increasing asteroid radius. It reaches the area of Chicago for R = 32 meters.

There has been some controversy about the nature of Tunguska irapactor (Sekanina
1983), but Fig. 2 shows that its area of destruction is consistent with the impact of an

ordinary stony meteorite with a radius of about 40 meters and a probable impact energy

of about 40 megatons.




The radius of destruction con.inues to increase rapidly with increasing asteroid radius.
A stony asteroid with a radius of 150 meters, whici is about the size of the one that
produced the Rio Cuarto crater field in Argentina, would wipe out (at 4 p.s.i or greater)
an area the size of Connecticut. This would have an impact energy of about 2 Gigatons
= 2,000 Magatons with most of this energy being dissipated after the fragments hit the
ground. An object of this size hits the Earth about every 3000 years. The Rio Cuarto
impactor fell "considerably less” than 10,000 years ago (Shultz and Lianza 1992), after
humans came to America.

We see from Fig. 3 that airblast damage frcm nickel-iron asteroid impacts begins at
much smaller radii than that for stony ones. This is largely due to the iron meteorites
fragmenting and dissipating their energy at much lower h. They are also nearly 3 times
denser than stone, sc they have nearly 3 times as much kinetic energy for a given radius.
Fig. 3 shows that nickel-iron meteorites with radii R > 2 meters cause airblast damage
on the ground if V, = 11.2 km/s, the lowest, parabolic, velocity available to a meteorite
hitting the earth. The minimum R for ground damage increases to 10 meters for V, = 30
km/s due to the frag.nentation and energy dissipation occurring higher in the atmosphere.

Fig. 4 and 5 show the value of ry as given by Fig. 2 and 3 in units of what ry would
have been had all the energy been dissipated at h = 0. We see that for stony asteroids
with radii in the range of 35 to 100+ meters, the radius of destruction, ry, is larger than
it would have been had all the energy been released at h=0. The atmosphere forces the
energy to be dissipated close to the “optimum” height that produces the maximum airblast
damage. In some cases the area of destruction is more than twice as large as it would have

been had the energy dissipation occurred at h=0.
3. CONCLUSIONS

We have found that most of the damage done by small stony asteroids (less than 100

meters in radius) results from the blast wave produced by their dissipation of energy in




the atmosphere. For larger asteroids the ground impact damage (craters, earthquakes, and
tsunami) dominates over the blast wave. The authors have in preparation a paper that
computes these ground effects as well as giving a much more detailed treatment of the
aizblast. We find that the most devastating result of the impacts of asteroids with radii
in the range of 100-1000 meters is probably tsunami. Tsunami have a long range. They
are basically a two-dimensional phenomena with the height of the wave dropping off only
as the inverse distance from the impact. An asteroid with a radius of 200+ meters that
drops anywhere in the Atlantic would wipe out the low-lying coast line on both sides of
the ocean.

MPG would like to thank the Department of Energy for an undergraduate SERS
(Science and Engineering Research Semester) Fellowship that supported his work at Los
Alamos. MPG and JGH would like to thank Johndale Solem for supplying Equation (1)

that determines the ground damage done by an airburst.
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FIGURE CAPTIONS

Fig. 1 The energy dissipated by an impactor as a function of height in the atmosphere.
This is given for a range of initial impact velocities into the upper atmosphere. All im-

pactors are stony asteroids with radii R = 50 meters.

Fig. 2 The radius of destruction around the impa:t point of a stony asteroid due to the
atmospheric blast wave. This radius is defined to be where the overpressure is at least 4
psi, which is enough to knock down trees and economically destroy buildings. Thisis given
as a function of the asteroid radius for several values of the impact velocity at the top of

the atmospbere.

Fig. 3 Same as Fig. 3, but for nickel-iron asteroids.

Fig. 4 The radius of destruction for stony asteroids as given in Fig. 2 in units of what it

would be if the same amount of energy were released at h = 0.

Fig. 5 The radius of destruction for nickel-iron asteroids as given in Fig. 3 in units of

what it would be if the same amount of energy were released at h = 0.
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2. ASTRODYNAMICS OF INTERCEPTION
2.1 Workshop Summary

Near-Earth-objects (NEOs) are highly diverse in their intrinsic natures and in their orbital
characteristics. Even the nomenclature can he confusing. Many near-Earth asteroids
(NEAg), including Earth-crossing asteroids (ECAs), have been perturbed by gravitational or
collisional encounters from their primordial orbits between Mars and Jupiter. Thus they are
usually found in orbits of moderate eccentricity (e ~ 0.6), revolving about the Sun in the same
sense as the Earth and ths other planets, and not greatly inclined to the plane of the Earth's
orbit (i.e., the ecliptic plane), although inclinations up to 70° are sometimes found. Long-
period comets (LPCs), on the other hand, follow highly eccentric orbits, often highly inclined
to the ecliptic. Short-period comets (SPCs) seem to have been trapped from the class of LPCs
(or perhaps more directly from objects with orbits in the vicinity of the outer planets) by close
passage of the giant planets (e.g., Jupiter and Saturn). With repeated passages moderately
near the Sun, it is possible that some of the SPCs lose their near-surface ices that vaporize to
form their glowing heads rr:d tails, leaving only an inert regolith of material that shuts down
cometery activity. They will then be classed as ECAs in spite of their sometimes more
eccentric orbits, thus brosadening the ECA parameter space.

A wide spectrum of possibilities exists for impacts of near-Earth objects with the Earth. The
best and most likely case involves objects whose orbits are so well-known so many years in
advance that threats from them can be mitigated with certainty. The worst case obviously
would be an overwhelming, unpredicted disaster caused by a large object not detected in time
for us to react. Warning time is the principal distinguishing factor among these different
cases. Practical interest does not exceed many decades on the high side because the expected
progress of humans in space will open many new options for dealing with threats far in the
future, and is limited on the low side by that time interval for which no astrodynamic
response is poasible, essentially a few days or weeks. Table 2-1 shows how the working group
partitioned the astrodynamics problam for consideration, beginning at the most favorable
extreme, and working toward the iess predictable case. First let us expand and clarify the
definitions of the four ceses identified.

Case 1. Case 1 conaiders Earth-crossing asteroids with well-determined orbits, which have
predicted Earth-encounter position errors of the order of Earth's radius, or smaller.
Therefore, it is possible to predict with reasonable confidence which orbital apparitions will
bring an asteroid into Earth impact. Provided that detection resources allow them to be
discoverad and catalogued, the positicns of these objects can be predicted precisaly enough to
allow warning times of decades or even centuzies.

As described above, some of these threatening objects are in highly inclined, highly elliptical
orbits, and will require iarge rocket velocities to intercept, but long warning time permits the
use of minimum-energy interception orbits. Long available time also permits precursor
missions to remove uncertainties from the intercept. If a high intercept velocity (e.g.,
25 km/s) is acceptable, then it would be possible to fly & mission to intercept the object at the
intersection of the orbits of the NEO and Earth. However, a given energy impulse will
produce maximum perturtation to NEOs (other than Aten-type asteroids) if the impulse is
delivered at perihelion. In the case of Aten-type asteroids, which have semi-major axes
shorter than 1 AU and thus spend most of their time inside the orbit of the Earth,
interception is best attempted at aphelion, where minimum energy imparted will produce
maximum shift of the NEO away from the Earth.
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Table 2-1. Interception case definitions

of Scenario
for -k | on Target
Time Oblects | Distance |  av
Category Waming | Action | Now |Future (AU) (cmvs) Object
1. Well-defined Decades | Long- 5% | 95% 2 1 ECAs
orbits. term on
missions | (95% of Y
Precursor missions m
are strongly
advisable for unknown)
detailed evaluation
2. More uncertain Years | Urgent 2 10-100 | Newly-
orbit. response| Unknown (more | disco-
without efror) vered
Luxury of much ECAs
precursor room
mission may for error
be absent.
intermediate
warning time
(but still
urgent).
Object motion is (less
affected by Unknown error) Shon-
nongravitational period
forces (cometary comets
bodies).
3. immediate threat. S Every 85% | 5% 01 >1000 | Long-
Months | available (comet) | at 0.1 AU| period
Best scenario: to1 ongt- (5% of comets
discovery at Month | neering objects >100
10 AU. measure. remain at 1.0 AU
Continue | unknown
Discovery initiates fo refine ; after 20-year| 0.1-1 Small,
emergency. the orbit search) (ECA) impact | newly
veloclies | dicco-
1040 | vered
km/s ECAs
4. No waming. 0-30 | Evacuate 0 Long-
Days | impact period
areas Unknown :ongwts
unknown
ECAs
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Programs treating Case 1 will have beneficial spin-offs for other NASA programs and for
science because the long warning times permit detailed scientific explorations and
investigations of extraterrestrial resources.

Case 3. Newly discovered Earth-crossing asteroids may have poorly determined orbits. In
addition, short-period comets may be perturbed by significant nongravitational forces from
rocket-like outgassing, lesding to unpredictable temporal variations. In either case, orbital
uncertainty reduces the lead time with which we can predict probable Earth impact to a few
years. Since nearly all such objects will be faint, the response must be more urgent to deal
with the uncertainties and the difficulty of acquisition.

Every available means should be employed to refine the orbit. Once an object in this
category is determined to be a threat, much higher intercept velocities are likely to be
required because of the short mission profile. The launch energy needed, therefore, could be
enormously higher than in Case 1, and there may not be the luxury of using an extra orbit
for a reconnaissance fiyby. On arrival at the target, the required impulse to be delivered may
be an order of magnitude larger than for Case 1. It is possible that a launch window might
not exist for some reason, putting the object into Case 3 (described below). Success at the
first attempt is critical for the intercept mission in this case, since failure may also have the
consequence of changing the interaction into Case 3.

Case 3. Here the threatening object is identified to be on a eollision course with Earth with
a warning time of about one year or less. The object typically will be a long-period eomet
approaching Earth for the first time. The most favorable scenario is discovery at a range of
10 AU st visual stellar magnitude V = 22, which is extremely faint and requires a large
telescope for discovery. Such objects are likely to be 10 km or more in size to be visible at
this distance. At 5 AU, much of the comet's light will be in the coma, making discovery much
easier although localization of the nucleus may be difficult. But at 5§ AU the warning time
will have dacreased typically to a few months.

As opposed to comets, newly discovered asteroids in this category are likely to be small
bodies (less than a few hundred meters across), provided that an adequate search for ECAs
has previously discovered most of the larger ones in short-period orbits. In other words, Case
3 astervids have somehow slipped througl: the detection net.

Response in Case 3 requires an entirely different approach. Launch must be with shortest
response time possible, and with the highest feasible velocity to make the interception as far
from Earth as possible. Launch range is 0.1 to 1 AU, with a specific energy (Cy) up to 100
(km/s)?, associated with flight times of about 1 we<k to 3 months. The zone of feasible
interception will often be within 0.1 AU in this case.

Case 4. This is the "horror” scenario in which a large object strikes with little or rio warning.
With the present state of low observational activity, this is by far the most likely scenario
because 95% of the large objects and essentinlly all small ones remain undiscovered at the
present time. Since an intercept is very difficult or impossible in such a case, evacuation from
impact areas may be the only possible approach, and this may be futile.

3.8  Poesidle Interception Trajectories
The unique feature of the astrodynamic problem of intercepting an Earth-impact-threatening

NEQO is that the orbits of the NEO and of the Earth intersect at the ascending or descending
pode of the NEO orbit whers the impact is predicted to oceur.
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Figure 2-1 shows & maneuver to achieve a rendexvous with an NEO, starting from low-Earih
orbit (LEO). A large launch impulse, essentially equal to the difference between the
predicted Earthi-impact velocity of the NEO and the Earth orbital velocity of the spacecraft,
must be applied at the time Earth passes the nodal longitude where the two orbits intersect.
This injects the spacecraft into an orbit approximately matching that of the NEO, except for
orbital phase and & small orbital period mismatch. This period difference is chosen 30 as to
cause the two bodies to drift together, st which point an orbit trim maneuver completes the
rendezvous. The total launch velocity, AV, for such missions is typically in the range 7 to
18 km/s. The Case 2 threat, with 2 warning time of only a fow yearz, may require this type of
intaraction, perhaps modified to increase the drift rate at the cost of & higher orbit trim AV;
this modification will decrease the time spent in the drift phase of the mission.

Figure 3-2 shows an alternative intarception trajectory which reduces the mission AV by
relaxing the rendesvous requirement and using a high-velocity approach, typically in the
range 10 to 20 km/s. The interceptor is injected into a heliocentric orbit with a period
slightly under or over one year, at a point near the node of the NEO orbit (the point where
impact with Egrth is predicted to occur). Interception occurs at that same nodal point,
several yesrs later. A modified version of this strategy may be usefu! against Case 2 threats,
whers mission AV is to be minimized, and the time available is tightly constrained.

An alternative low-AV strategy (Figure 2-3) uses multiple planetary gravity assist
maneuvers to approximate a globally optimal transfer from LEO to a rendezvous with the
target asteroid. This strategy is appropriate for high-impact-velocity Case 1 (long warning
time) threats, whenever the defensive system requires either a rendezvous with the target
object, or an interception far from Earth's orbit, ¢.g., at the perihelion point. For a
rendezvous, the final gravity-assist maneuver will generally be an Earth flyby at the node of
the NEO orbit, to inject the spacecraft into a matching rendezvous orbit. The mission AV for
this type of trajectory is the sum of the impulse needed to inject the vehicle into an
interplanetary trajectory to the first flyby planet (probably Venus or Mars: estimated AV = 4
to § km/s), and a small amount (probably < 0.5 km/s) for guidance and orbit trim maneuvers.

VEHICLE ORBIT

Figure 3-1. High-AV NEO rendesvous mission
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OF INTERCEPTOR
VEHICLE

Figure 3-8. Low-AV, high-closing velocity interception. Interceptor orbital
period is elightly greater or less than one year in order to
achieve phasing needed for interception. Several NEO orbital
periods must be available bsfore Earth impact

HIW--SPEED FLYBY USED
TOALTER ORBIT TO NEAR-MATCH
WITH NEO ORBIT

PFigure 3-3. Moderate-AV rendezvous mission, using planetary flyby (in this
case, Venus first and then Earth)
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ABSTRACT

Collisions by near-earth asteroids or the nuclei of comets pose varying levels of
threat to man. A relatively small object, ~100 m diameter, which might be found on an
impact trajectory with a populated region of the Earth, could poteatially be diverted with a
velocity of ~1 cm/sec from an Earth impacting trajectory by impact (at 12 km/sec) by a
rocket launched, 102 to 103 Kg impactor. For larger bodies, the use of kinetic energy
impactors appear impractical because of the larger mass requirement. For any size object,
nuclear explosinns appear to be more efficient, using either the prompt blow-off from
neutron radiation, the impulse from ejecta of a near-surface explosion for deflection, or,

least efficiently, as a fragmenting charge.

for Proceedings: Near Earth Object Interception Workshop,
Los Alamos, New Mexico, Jan. 14-16, 1992 10/5/92
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1. INTRODUCTION
Several hundred asteroids and comet nucleii with diameters > 102 m, in Earth :
crossing orbits, have been discovered. Upon extrapolating this known population of near
Earth objects (NEO’s) to those not yet discovered, it is estimated that ~2 x 103 objects > 1
km in diameter are present in a transient population. The largest earth crossing asteroids
have diameters in the ~10 km range. It is unlikely that any still larger objects remain
undiscovered, however, it is likely that additional objects as large as 3-5 km in diameter
may remain undiscovered. !
Scientific interest in NEO's is great because it appears that many of these objects are
main belt asteroids which have been perturbed into terrestrial planei crossing orbits, and
thus give rise to a large fraction of impactor flux on terrestrial planet surfaces[Binzel et al.,
1992]. Objects as small as 5-10 m in diameter, can be telescopically observed. Recently
1991 BA, in the 5-10 m size was detected. This object passed within ~105 km of the
earth[Scotd et al,, 1991]. Small objects with diameters > 0.6 and 0.2 m for stony and iron
objects are believed to be representative of the terrestrial meteorite collection. Since the
number distribution of different meteorite classes correlates poorly with asteroid type as
inferred from reflectance spectra of main belt asteroids, it may be that the present terrestrial ' .
meteorite collection is a poor sample of the asteroid population. To further study asteroids,
one or more unmanned flyby or rendezvous missions to near earth asteroids (NEA's) are -
currently being planned by NASA[Veverka and Harris, 1986). Moreover, the composition | ’
of NEA's is of great interest since these represent pcssible minable resources which, 1n T
principle, could supply raw materials, including water, and hence, oxygen and hydrogen
for extended space flights ir the future.
New comets are brought into the swarm of NEQ's by gravitational perturbation
from their orbits in the Kuiper belt and/or Oort cloud [Weissman, 1990]. Some objects
currently classed as near-earth asteroids may be devolatilized comets.

Planet crossing objects are removed from the population either via collision with a
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planet or by gravitational perturbation which causes them to be ejected into hyperbolic
orbits.

Although earth-crossing asteroids have been recognized telescopically since 1932,
when Karl Reinmuth discovered 1862 Apollo, it was the American geologist, G. K.
Gilbert whose work on Meteor Crater, Arizona. and many later workers, made it apparent
that the impact of earth-crossing asteroids and comeis produce the ~120 knovp meteorite
impact craters on the earth and virtually al! the craters on the moon.

The concept that the impact of any asteroid or cornet with the earth could, in
principle, have a catastrophic effect on life on the earth logically followed from the 1280
discovery of Alvarez et al.[Alvarez et al., 1980] of the worldwide platinum group element-
nch impact ejecta dust layer at the Cretaceous-Tertiary (K-T) boundary. The gradual great
acceptance of the Alvarez hypothesis that the impact of ~10 kin or larger bolide with the
earth at the K-T boundary (65 Ma ago) gave rise to a great extinction of more than 50% of
the known genera and probably 9% of all species, recently motivated several technical
meetings, focussed on this topic, in several countries. Sparked by public concern, the
United States House of Representatives in 1991 requested that the National Aeronautics
and Space Administration to conduct a (warkshop) series of studies of the asteroid-impact
threat to the earth [Morrison, 1992}, and the means io prevent it [Rather et al., 1992]. The
recent Near-Earth Object Detection Workshop [Morrison, 1992], quantified the hazards to
populations of different size earth impactors based, in part, on the results of an earlier,
1981, workshop [Shoemaker, 1983]. Using the estimated population of NEO's and their
size distribution, objects with diameters of about 10 m impact the earth almost annually,
and although visible and audible for distances of 102 to 103 km, these objects largely break
up and expend their typically 10 kton (of TNT) energy in the atmosphere. Objects of about
100 m diameter include the 1908 Tunguska event (~10 Mton) energy. This size impactor
has a frequency of about once every ~300 years  The Tunguska bolide did not hit the

earth's surface and yet did great damage. These objects. although inducing local areas of
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devastation of ~5 x 103 km?2, have an annual probability of leading to the deaths of a given
individual of only 3 x 10-8/year. Although less frequent, once every 0.5 Ma, earth
impactors of the ~2 km diameter size are inferred to be the minimumn size which can
produce global catastrophic effects (25% human mortality). Thus the annual individual
death probability from such an event is of the order of 5 x 10-7, which is comparable to the
annual worldwide probability of an individual succumbing in . commercial airplane
accident. When viewed in this way, it appears to us that for society to deal with this
problem rationally, it ought to expend not more than perhaps a fraction of the amount
cor~mitted to air safety and control. We believe this would be in the range of 107 to 108
dollars per annim worldwide. As was concluded by the Near Earth Object Detection
Workshop, funding at this level would vastly improve our knowledge of the population
and distribution of near earth objects using ground-based and possibly space-borne
telescopes. The technologies which might be employed to divert asteroids can be expected
to change so rapidly that it appears premature to conduct detailed engineering studies or
build prototypes.

To quantify the present work especially with regard to nuclear explosive cratering in
the low gravity asteroid environment, we emp.oy recent studies of cratering at varying
gravities and atmospheric pressures {[Housen et al., 1992} and in.pact ejecta scaling
[Housen et al.. 1983], which were not available to earlier studies [MIT Students, 1968;
Solem, 16932].

- *he present paper we examine the orbit perturbation requirements to deflect
ob <15 i+~ 1 the Earth, which upon astronomi<ai orbit detenmination are found to have
carth impacting trajectonies. We then examine several physical means for both deflecting
and explosively fragmenting such objects. We consider NEQ’s in three size ranges, 0.1,
1, and 10 km in diameter. Their fluxes, on the total area of the earth per year are
respectively, 10-3, 10-5, and 10-8. It is unlikely that any undiscovered objects > 5 km

exist. Significanty smaller objects pose very little threat, because they do not penetrate the
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atmosphere intact. Shor duration responses, which might be considered for new comets,

have recently been described by Solem [1991; 1992). This study addresses the physical
means of encountering NEQO’s with spacecraft-bearing energetic devices many years, or

even decades, before projected earth impact.

2. NEAR EARTH ASTEROID ORBIT DEFLECTION CONSIDERATIONS

Two possible approaches to orbit deflection are perturbation perpendicular to orbital
motion and perturbaticn along the trajectory of motion, €.g. either speeding up or slowing
down the orbital velocity relative to the Sun.

An increment of velocity, Av applied transversely to a circularly orbiting particle
induces an eccentricity or inclination which results in an oscillation about the original
orbiting point of amplitude.

5-—;;—a (1)
where v;, is the orbit velocity (30 km/s for the Earth) and a is the semimajor axis. Thus to

perturb a particle by & ~ 1 Rg. The Av required is

Av~1°—§ﬁ-1nus 2)

To pertusb 2 body on a time t short compared to the orbit period, a simple linear estimate
suffices:

d = Avt 3)
To perturb a body 1 Rg in time, t, requires

2 ms 4;

Note that the linear estimate reduces to the orbital oscillation after ~ 1 radian of orbital

motion.

In contrast, an increment of velocity Av applied parallel to the orbit motion changes
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the orbital semimajor axis, but more importantly, changes the orbit period which resulis in
a secular drift of the perturbed t..y from its onginal path. For an initially circular orbit,
the mean drift velocity, Av' is in the opposite sense and larger than Av:

AV’ = - 3Av &)
An even larger amplification occurs if the impulse is applied at the perihelion of an eccentric
orbit. For an eccentricity of 0.5, AV’ = -5Av. Thus, over a time long compared to the

orbit period, an increment Av applied parallei to v produces a deflection of

8 ~ 3Avt (©)
Hence, for 1 Rg deflection
_Rg_007ms
Av 3t t, years 7

Thus, with a lead tume of the order of a decade, a velocity increment as small as ~).01

m/sec could suffice to divert an asteroid from a collision course with the Earth.

3. IMPLEMENTATION OF ORBITAL DIVERSION

Several scenarios are considered, including deflection via kinetic energy impactor,
mass driver systems, as well as nuclear exnlosive radiation and blow-off, and ejecta
impulse from cratering explosions.

A. DIRECT IMPACT D=FLECTION

It is feasible to deflect a small (~102 m diameter) asteroid via direct impact because:

(1) The kineuc enercy delivered for even a modest enceunter velocity (~12 km/sec)
of an upper stage launched spacecratt 1s much more efficiently coupled (70 to 80%) to the
asteroid [ Smither and Ahrens, 1992] than surface explosions. The energy density at 12
km/sec is 70 x 100 ergs per g of impactor. This is much greater than typical chemical
explosive energies (4 x 1010 ergs/g), and as demonstrated below the ejecta throw-off from

such an impact will suitably perturb the NEO.
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(2) The cratering efficiency on a small (100 m diameter) asteroid (escape velocity 5

cm/sec) is unmeasured. However, axtrapolating small scale studies (at high and low
gravities) it is expected to be ~104 times {Holsapple, 1992; Housen et al., 1983] the earthly
value of 2.8 tons of rock per ton of equivalent explosive yield [Cooper, 1977]. For
example, we calculate the impact of a 200 kg projectile onto 100 m diameter, 106 ton, 2
g/cm3 asteroid, induces a gravity limited crater with 109 tons of ejecta having greater than
escape velocity. This will perturb the velocity object ~0.6 cm/sec even if a (30 bar)
strength controlled crater formation is assumed [Holsapple and Schmidt, 1982] and ~102
tons per eguivalent ton of explosive is calculated.

It is possible that for small asteroids, an impactor device, €.g., the U.S. Space
Defense Initiative's technology derived from the Boeing Company's Lightweight
Exoatmospheric Projectile, could be utilized.

At larger asieroid diameters of 1 km, the increase in asteroid mass by a factor of 103
reduces the resulting perturbation velocity by the same factor. Moreover, the cratering
efficiency declines on account of the increased gravity of the asteroid and thus direct impact

deflection in this size range becomes impractical.
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B. MASS DRIVERS FOR DEFLECTIOM

As a long-term response, one might imagine employing a mass driver system which
is in operation for many years. A lead time of three decades, prior to earth encounter
would, from Eq. 7, require a Av ~ 0.2 cm/s. Tt might be ‘cennically feasible to deliver a
reaction engine or "mass driver” to an asteroid which will launch ejecta mined from part of
the asteroid. Such a device operating on a small asteroid over a decade time-scale, provides
the needed Av. For an eiection velocity of ~0.3 km/sec, the ejected mass necessary to

produce a recoil of 0.2 cm/sec is

0.2cm / sec

-~ ——

my
0.3km / sec

~ 7000 tons

where my is the asteroid mass. Although such a system might be technically feasible, it
will become ¢! ~om what follows that nuclear energy offers a much less expensive
selutivn

" NUCLEAR EXPLOSION RADIATION DEFLECTION

By detonating a nuclear explosive which emits a large portion of its yield via
neutrons, a large area of the asteroid/comet surface can be irradiated [Hyde, 1984).
Subsequent hlow-off of surface material in excess of the escape velocity can provide the
necessary impulse for oiniial deflection as sketched in Fig.1. We have found that by
detonating a charge at a normalized altitude WR = v2-1=0.4, where h and R are the altitude
of the charge above the asteroid surface and K is the radius of the asteroid, a maximum
dose of fmax = (.27 umes the total radiative yield is delivered to ).296 times the unit arca of
an assumed spherical asteroid. For a mean neutron cross section of 10-24 ¢m-2, an
assumed asteroid density of 2 g/cra? and mean atomic weight of 25, a characteristic neutron
penetration depth of ~20) cm is inferred. Thus an asteroid volume corresponding to a 20 cm

deep surface shell covering (.296 of the surface area is irradiated, which for a S0 m radius
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object with a density of 2g/cm3 will nave an irradiated shell of mass 3.7 x 109 g. We
further assume that the fraction, e=0.3, of the explosive yield is delivered as neutron or
other radiation and this radiation is completely converted to intemal energy, AE, per unit
mass in the irradiated shell. The energy per unit kiloton u: <. plosive yield delivered to the
irradiated shell is thus
AE = fiay € (4x1019) ergs (8)

where 4 x 1019 is the equivalent number of ergs in a kiloton of explosive yield. This
heating at constant volume of the shell will result in an increase in the pressure {per
kiloton), AP of

AP =vyp AE 9
where 7y is the thermodynamic Gruneisen ratio. We assume ¥ to be unity, and p is the
asteroid/comet density which we assume is 2 g/cm3. This irradiation occurs in less than the
~102 us required for the sonic wave travel time through the shell. From Eq. 9, this energy
density will raise the shell thermodynamic pressure to ~1.7 kbar (per kiloton). As depicted
in Fig. 1, this pressure increase accelerates the irradiated shell to the nght. and a stress
wave pulse is propagated to the left within the asteroid. The right moving irradiated shell
and left propagating stress wave causes the irradiated shell to break away from the asteroid
(to conserve momentum) as depicted in Fig. 1. The siress wave propagating to the left in
the asteroid appears to be sufficiently low amplitude such that littie further destruction of
the object is expected to occur. By assuming a compressional wave velocity, Cp. of 2
km/sec, we find

Av, = AP/pCy, (10)
in the asteroid matenal, the resulting cutward particle velocity of the shell matenial 15 44
m/sec/Kton. Considenng cnly the component of velocity along the direction between the
explosive and the asteroidal center yiclds a reduced velocity of ~31 m/sec/Kton. For the 50
m radius asteroid, this velocity is much greater than the escape velocity of 5.3 c/sec. By

conservation of momentum, the rebounding surface material translates into an asteroidal
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perturbation velocity of 11 cm. sec/Kton. For 1 and 10 km diameter objects, the
comparable rebound velocities are 11 x10-3 and 11 x 106 cm/sec/Kion. However, if e =
0.03 rather than (0.3, these velocities will decrease by a factor of 10. Thus we conclude
that to achieve deflection velocities on the ordzr of 1 cm/sec requires detonation of 0.01 to
0.1 Kton, 0.01 to 0.1 Mton, and 0.01 to 0.1 Gton nuclear explosives, for asteroids of

diameter 100 m, 1 km, and 10 km, respectively.

D. DEFLECTION BY SURFACE NUCLEAR EXPLOSIVE

Ancther approach to the use of nuclear explosives employs the use of a surface
charge to induce cratering on the asteroid. The thrown-off ejecta effectively induces a
velocity change in the asieroid and the ejecta is highly dispersed and is not expected to be a
hazard whea it is encountered by the Earth. This method suffers the disadvantage in that
the asteroid may be inadvertently broken into large fragments which may represent a hazard
to the Earth. For 0.1, I, and 10 km diameter, we examine the nuclear explosive surface
charge required to pertarb asieroid velocity in the case that gravity limits ejecta production,
and the asteroid is weak. For the case of a 0.1 km asteroid, it is conceivable that cratering
processes are limited by asteroid yield strength. We examine this case, also. The mass of
ejecta cratered per unitinass of explosive, when cratening is limited by gravity, is given by
Housen et al.[ 1983]

n, = {0.16-0.24 (d/a) 0194 + 211 [(d/a) ®0-194]2 - 2 38 [(d/a) 019413

+0.663 [(d/a) 10 194)3}/[n,0.581) (an

Eq. 11 was obtained on the basis of small-scale laboratory centrifuge experiments under
high gravity, reduced pressure, and large-scale nuclear explosive tests. Equation 11 also
describes 2 hmited number of small scale experiments conducted by Johnson et al. [1969]
at reduced gravity anc ~ eed atmospheric pressures. Here nty ts the mass of material
ejected from the crater po nit mass of explosive. It is assumed that nuclear explose ~+ can

be assigned an equivalent TNT (high explosive) mass based on their yicld. Here d and a
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arc explosive depth and equivalent explosive mass radius. Also, %3 is defined as the
gravity scaling parameter
m = (m/8)13 g/Q (12)
where m is the equivalent charge mass and 8 is charge density. For simplicity, we again
assume that charge density and asteroid density are equal at a value of 2 Mg/m3. Qis the
energy per unit mass of TNT which is 4 x 106 J/kg and g is asteroid surface gravity. Since
the only ejecta which will alter the orbit of an asternid must be thrown off the object at a
velocity exceeding the escape velocity, we use the generalized equations of Housen et al.
[1983] to calculate the mass of ejecta, mg launched at speeds greater than escape velocity
me/(p Re3) = 0.32 [2R/R]061 (13)
where R; is the final crater radius. The mass of ejecta escaping the asteroid and the
resulting asteroid velocity perturbation versus surface explosive charge are shown in Fig.
2. To relate R¢ 1o me, we assume a conical-shaped crater with a depth to diameter ratio of
S. Thus far for surface explosions ~0.1, 102 and 104 Kton of explosive energy, detonated
at the asteroid surface, are required to perturb 0.1, 1, and 10 km diameter asteroidal or
cometary object’s orbital velocity by ~1 cm/sec. Moreover, for a 100 m asteroid strength
scaling [Holsapple and Schmidt, 1982] may apply. In the case of an effective yield
strength of 30 bars, Fig. 2 indicates only 500 kg would be required to perturb a small
asteroid by 1 cm/sec.
Thus at best, surface explosions are no better than radiative stand-off explosions,

and the requirements are subject to greater uncertainty.

5. FRAGMENTATION AND DISPERSAL

Small scale fragmentation experiraents on solid rocks demonstrate that the bulk of
the fragments of a collisional disruption have velocities of ~10 m/s. However, the “core”
or largest fragment has been demonstrated to have a differential velocity of nc. more than ~1

m/s (e.g. Nakamura and Fujiwara [1991]). From equation 4, i the body is fragmented
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~75 days before earth enconnter then most of the > 10 m fragment will still impact the

Earth. For a small object (0.1 to 1 km) dispersal of the bulk of the fragments into the
Earth’s atmosphere rnay be sufficient, as long as no fragments >10 m are allowed. For a
really large object (> 1 km) fragmentation would need to be conducied one or more orbits
before intersection with the Earth to assure that most fragments miss the Earth. In general,
the debris cloud would spread along the orbit according to Eq. 7 and in the transverse
direction according to Eq. 2. For a charactenstic velocity of ejecta of 10 m/s, the debris
cloud would be ~10Rg in radius (with some oscillation about the orbit) and grow in length
by ~200 Rg per orbit peniod. Thus, if the asteroid were destroyed one orbit before
encounter, the Earth might encounter as litde as (1.1% of the debris. But more
conservatively, if many large fragments with Av < 1 m/s remained, as much as 10% of that
mass might be intercepted. Thus fragmentation is likely o be a safe choice only for long
lead-time response (decades) or for relatively small bodies where the fragments may stil hit
the Earth.

"Cataswrophic disruption” is generally defined as fragmentation where the largest
fragment is < 1/2 the total mass. The energy density to accomplish this decreases with
increasing size of body, and becomes rather uncertain when extrapolated 10 1-10 km size
bodies (e.g. Housen & Holsapple[Housen and Holsapple, 1990]). However, for the
present purpose, we are interested in the energy density necessary to break up an asteroid
so that all fragments are < 10m in size. This is obviously a higher energy density than that
to just "break it in two,” and we suggest shouid be of the order of the energy density
necded to "break 1n two" a 10 m object, ~107 ergs/gm.

Because of the large energy requirements to fracture a well consolidated asteroid,
only nuclear explosives are considered. In order to relate the energy density as a function
of radius for a completely coupled (buried) nuclear charge, we employ the empincal
relaticns of shock-induced particle velocity, v, versus energy scaled radius (r/kT1/3) of

Cooper [1977). For hard (mainly igneous) terrestrial rocks of Cooper finds
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&y v(m/s) = 5.233 - 2 2njo (WVkT1/3) (14)

where the r, radius is hydrodynamically scaled by the one-third power of explosive yield
(kTV3). Similarly, for soft rocks, Cooper finds

£nyo v{m/s) = 4.590 - 2 ¢nyo (WkT13) (15)

Since the shock wave energy per unit mass is equal to v2, the quantity
Efrac = vXr, kT13) (16)

where v2 can be specified via Eq. (14) or (15) and Egeac = 103 J/kg = 107 ergs/g. Upon
substituting Eq. (15} into Eq. (16) for 1 kT, we find r = 35 m. Thus, a 1 kT explosive is
expected to fragment a 35 m radius sphere of rock. if the explosive is placed well within the
asteroid. Also, a 1 megaton charge of explosive will fragment 350 m radii of rock and 1
Gton of explosive will fragment 3.5 km of rock. In contrast, for hard rock (Eq. 14),
which describes less attenuative rock, gives the radius of fracture of 74 m for 1 Kton
explosion. From Eq. 15, to deliver 107 ergs/g t0 0.1, 1, and 10 km diameter asteroids
requires 3 kT, 3 Mtons, and 3 Gtons, cenirally placed.

The above discussion is based on the premise that the charge is buried to sufficient
depth so as to obtain optimum fragmentation. There is good reason for desinng some
nuclear charge bunal, as surface exploded nuclear charges couple only a smali fraction ot
their energy to rock (0.2 1o 1.8%) for radiative and hydrodynamic coupling {Schmidtet al,,
1986], whereas the large fraction of the energy of a deeply buried charge is coupled into
rock.

Figure 3 shows the charge depth for different d/a values and yield required to
completely excavate asteroids of 100, 1,000, and 10,000 m diameter. The yield values
required for an excavating charge are less by a factor of 3 x 103 10 4 in going from C.1 t0 a
10 km asteroid, than those calculated for fragmeniation. These charges are in the 0.15t0 3
kton range for 100 m asteroid, 0.007-3 Mton for a 1 km asteroid, and 0.3 to 3 Gton for a
10 km1 diameter asteroid. The effect of gravity on the radius of excavated volumes is seen

to be substantial. Notably, the optimurmn (largest radius of excavated volume) depth of
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charge decreases with increasing asteroid size and surface gravity. Fig. 3 also shows the
radius of excavated volumes betwzen craters on the Earth and a 1) kin asteroidal object
differ by a factor of up 10 5 in going froin the gravity of a 10 ki diameter object, 0.3
cm/sec? to that of the Earth (982 cm/sec2). Dispersal seems to require about the same
energy as deflection, and also is benefitted by charge burial. Hence, asteroid deflection

rather than destruction, via fragmentation, appears the favorable choice.

CONCLUSIONS

We have examined the velocity criteria for perturbation of the ofbits of earth-
crossing objects (asteroids and comets) so as to csuse objects which have trajectones which
intersect the Earth 1 be deflected. For objects discovered only as they approach on a
collision course, the velocity perturbations required are tens to hundreds of m/sec. Energy
levels are prohibitiv e for larger badics, and the required perturbation irnpulse would disrupt
the body.

We also no«e that perturbation of an object perpendicular to its orbii is more
effective by applyiig a change in velocity, (Av) along its original orbit and thereby
inducing a change in orbital penod, and hence the radius of the orbital axes. Upon
applying an impuise at perihelion, gives rise to a Av, which, in turn, provides a larger
deflection §, after time, t, of the order of 3Avt, than can be achieved for perpendicular
deflection.

For a ~100 m diameter asteroid, the kinetic nergy of 102 to 103 kg impactors,
intercepting at " 2 kin/sec will provide enough energy to crater and faunch ejecta in the low
gravity envirerment of these objects to induce velocity perturbations of in the order of |
cm/sec. For larger diameter asteroids, deflection via this method appears impractical
because of the large mass of impactors required. Mass drivers require launching ~103 to
104 tons of asteroidal material to deflect from the Earth impact a 1 km asteroid over an

interval of 30 years prior to encounter. Nuclear explosive irradiation may be used to btow-
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off a 20 cm shell encompassing (0.3 umes) the as*eroid surface area by expl ding a

charge at an optimum height of /R = V2 -1. Minimum charges of 0.01, 102, and 104
Kton of explosives are required to cause this shell to blow-off and perturb the velocity of
0.1, 1, and 10 km asteroids by ! cm/sec. Hov'ever, less radiatively efficient explosives
may require an order of magnitude more explosive yields. Surface charges of 10-2, 10,
and 105 Kton may be used to eject crater matzrial to greater than local escape velocity, and
Lence, perturb 0.1, 1, and 10 km diameter asieroids by a velocity increment of ~1 cm/sec.
Burial of nuclear charges o induce fragmentation and dispersal requires in-situ drilling
which 1s difficult on a low gravity object or technically challenging if dynamic penetration
methods are to be empioyed. Optimally burizd cratering charges required to completely
excavate (working only against local gravity) 0.1, 1, and 10 km diameter asteroids requ re
energies of ~1 ton, 30 Kton and 0.8 Gtons, respectively.

Upon examining the deflection or fragmentation options, deflection appears to be
the most promising goal because charge bur.al is not required or desirable. For a small
(100 m) asteroid, the kinetic energy impact detlection method is both technically feasible
and does not invoive the politically complex issue of pisc.ng nuclear explocives on a
spacecraft. For the | to 10 km range asteroids which includes the largest earth-crossing
objects, only the nuclear option is practical. For this task, deflection via nuclear explosive
radiation appears to be the simplest methad. This would appeas to require less detailed
knowledge of the physical charactenstics of an earth-crossing obiect, and the development
of the charges required to de'lect large earth crossing objects appear to be technically
feasibic.

Firally, we should note that while further study of the fcasibility of diverting an
asteroid may be warranted, we do not believe 1t 1s appropnate 10 conduct enginzenng
designs of sysicms because:

1) low earth impact probability of hazardous asteroids; 2) high cost compared to

low probability; 3) raj1d changes in defense systems technology.
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FIGURE CAPTIONS

Figure 1. Sketch of the use of nuclear explosive radiation to induce a (~1 cm/sec) velocity
perturbation in a near earth asteroid. (a) Nuclear explosive designed to provide a
substantial fraction, e, of its yield as energetic neutrons ar 1 gamma rays is detonated ai an
optimum height, (Y2 -1) R, above an asteroid. At this elevation asteroid subtends 0.27 of
the area of a unit sphere around the explosive and explosive irradiates 0.296 of the asteroid
surface area (b) Irradiated to a depth of 20 cm, surface maierial subsequenily expands and
spalls away from the asieroid, inducing a scveral kilobar stress wave in the asteroid. (c)

Biow-off of the irradiated shell induces a cm/sec velocity perturbation in the asteroid.

Figure 2. Mass ejecta accelerated to greater than escape velocity (left) for cratering
explosive charges on surface and 0.1, 1, and 10 km diameter asteroid as a function of
explosive yield. Plotted on right s the resultant asteroid v elocity change resuiting from
momentum conservation. G, indicates gravity scaling and S, strength scaling of crater size
and dynamics. The curvature of the velocity curve for strength scaling for a 6.1 km
diameter asteroid, arises from the substantiai fraction of the asteroid ejected by an explosive

craer in the 30 bar strength matenial.

Figure 3. Radius of excavated sphere f astercidal matznal for 0.1, 1, and 10 km
astercids, versas, normalized charge depth. Effect of nominal vield explosive for each size
asteroid indicated. The effect of gravity 1s demonstrated by the curve labeled “Earth
Gravity” which gives the excavated crater volume assuming terrestrial rather than asteroidal
graviy vor the 10 km asteroidal case, where a 0.83 (rton explosive charge yields a radius

of excavated volumie of crater of 5 and 1 kim on the asteroid and Earth, respectively.
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NASA Near Earth Object Interception Workshop
Paper Cl, Tutorials and Technology Summaries, J. D. G. Rather, presiding

The energy density of kinetic objects with relative velocities in the 5 — 50 km/s range
- typical of NEQ's is quite large, being greater than hot chemical reactions, and more
: like that of plasmas created by laser ablation. Especially when warming time is short
(as it will normally be prior to accurate NEO orbit determinations), efficient response
suggests addressing the NEO with an energy density similar to its own.

COMPARING SPECIFIC KINETIC ENERGY
B WITH CHEMICAL AND NUCLEAR
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- ] The question comes, how t inter-relate the various parameters of interception in a way
that shows the amount of deflection energy reguired In vanocus situsations.

The first step 1s to relate detection diziance z,,, to the object diameter D,. We will
illustrate how this works for the simplest scheme: using scattered solar radiation at

night to make the object stand out against its8 background. If we use a diffraction-
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limited telescope against a fiela with background irradiance ¢, watts/(cm?®-sterrad-nm)

then the background g« wer collected by the telescope P, is aperture-independent,
dP/dA = 3.67 A? watts/nm (1]

since the diffraction-limited solid angle decreases at the same rate as aperture in-
creases. In the night sky near 550 nm, ¢ ~ (4x10 "'/ § ) watts/(cm?-sr-nm) ®, where S is
the eifective width of the visual star-color response curve (about 60 nm). Observational
experience is consistent with ¢, = 6x10 7 watts/(cm®*sr-nm) ®. The peak solar spec-

trum® near Earth is I, = 1.85x10 ~* watts/(cm?-nm) , so solar flux on the NEO surface is

Lo = L(1+Z )7 watts/(cm’-nm) (21

NEO
where Z . =z, expressed in A.U. Taking both spectra as flat near peak visual acuity
at 550 nm, detection occurs for an optical signal-te-noise ratio (S/N} when received

power P, = (¥N)P,. If the NEO has scattering coefficient € into 2n sterrad, the result is:

a0 DaDr e
(1+ Zper)Zper = 189 1070 HalR [ € (3]
A V(SN
Datection distance in AU for the h D end D h
sofar lilumination scheme where 1), and 1), are the
1x10* 3 'v p 7x10° asteroid and receiver diame-
] I . . .
o ! 1108 ters. Equation (3] is plotted
121 — ——
Frample’ D «Im, a=550 nm, (S/N)e5 =0 v .
= I 71 in Figure 2, at left. Note m,
; Fampis D1 : - 1x10* . . .
1x107 -8NPl Dynim. Aa850 orm. (S-S0 4, ] = 24 is consistent with about
N A 1103 1 photon/sec per 1-m-diame-
PX A E : I i .
e & ‘er aperture, within the
y ] ] i 102 T .
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the atmosphere. Here, we have implicitly considered the most diff~ult case in which
the object is first detected when it is already on a oollision course, because this case is
currently most probable. See "Astrodynamics of Interception” working group report
Having determined z . we now need to relate it to the required perpendicular velocity
change required to produce a 1 F,, miss. To do this, we make a linear approximation to

the true Keplerian velocity vector and take

- ] (4]
Vil 7T

The required perpendicular velocity chunge from Equation [4] is shown in Figure 3,
fullowing, along with parallel velocity change required to capture, for comparisen.

Here, we note that the actual z__ to
ixi0® )
! ]l be used in Equation [4] is 2.
e i reduced from the original value due
1210 * A -

to finite interceptor velocity v,

X=

y=0kns
.'qu_
!
!

according to:

1x10 ? //

xic? - I S ,// ] 1‘
= vu-; kmv/z # := - ZDFT
f? . defect | // _ : L ZpeT = VINT tiNT 1+ (WaNmT) (5]
1x10° -4~ /// \1 {I}JM
Energy-Momentum Coupling
%10 $——— - // !va-:a_o:m ]_4§§| )
7 g] The final step is to estimate the
A TR R A S N {1

energy required to be delivered to

1102 f g o -
4 k
x10? —/4 S S S Sk B T by the NEO in order to produce this
§
eren JN__A_L_/ 1 | L] velocity change. Although a very
Z e o T e BB B L B 0B : o :
o ox 2 E 2 R OE R = = = wide range of interception and

Pe.pandiocuiar velooity incramernt (anvvs) for 1 R, mire .
energy-coupling phenomena are

involved, the plasma temperatures
will procably lie in the 1-100 eV rarge. Accordingly, we choose to follow laser-interac-
tion work by relating interception enerpry to the NEO maomentum produced using  an
energy-momentum coupling coefficient C . This relates the momentum produced by the

surface-ablation-rocket effect to the delivered energy needed to cause the ablation:

Cwm = "“J dvne-sec/d. 16}



In fact, C Nap 204 10%n AR [7]

" v ap2x 107) Ly

where 1, , is the encrgetic efficiency of the ablation , v, is its veloaty and Iup 1s the
specific impulse. In most situations, C_ will range from 0.5 to 5.
Roadmagp
The density p and diameter D_ of the NEO give its mass, which, combined with the re-
quired velocity change and the correct coupling cocfficient C_ gives the required inter-
action energv, the goal of this presentation. This calculation is contained in a third
graph, which is combined with Figures 2 and 3 in a general roadmap for determining
deflection energy, in the Figure following this page. The Figure treats a 100-m-diame-
ter object moving toward Earth at 30 kavs. It 1s detected just beyond 1AU, but - with
an interceptor whose velocity is only U6 that of the NEO (5 km/s) ~ Z ' (the distance
at interception) is just 0.2 AU. Because the object 1s so clese, it must be given a trans-
verse velocity increment of about 500 cmvs. The NEO density is 8 g/cm® and the C_ we
are counting on at its surface 1s 2 dyne-s/, so the shift between the second and last
graphs is a factor of 2. Intersection with the 100-m-diameter line gives a required
energy of about 200 k'T. Howeve~, note that the application of this energy in one pulse
will likely rupture the object, since 15kT is sufficient to rupture a density-1 chject this
size. The nearly vertical shaded "rupture” line in the Figure is a plot of the relationship
Wosptare = 029 D533, 11 J (8]

which denves from blastwave theory®. To halt the same object would require 1.5 GT.

Below the size-threshold for threatening hife on Karth, it 15 important to note that the

same blastwave theory together with a likely size-frequency plot demonstrate that the

f

smmaller objecis produce more damage by blast. Several data sources®™ ' seem to indicate

N{D,) ~ 80 D, %% for the cumulative probabilityof a size 2 D over the range {rom about
< ; : °1 e
2 m to about 10 km. Since theory predicts destroved area Ageg = 0 Whae©” = YD |

the differential probability for each size tvpe is f = dN 200 D,%”  and one Whains.
1Y y M

-3

[ f Agest % = 400 D, 7° 19)
O

Wl a. (. W Alkn, Astrophysical Quantiies, 3nl edition, Athlone, London 11872) p 114

b This statenwent agreee with a prvate onversation with Dr Ted Bowdll, Loweli Observatory, Aruona
c O W Allen, op et P 172

d. S Glaastone, “The Effocts of Nuckar Weapons™ TSAEC Apnl, 1962, pp 289 296

o FE Shoemakev, et al, 1990 Geo Soc Am special sane

{ Snowmams Workehnp (1961) data wsing 25 kova and avernge denaity
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ILLUSTRATING THE USE OF
DEFLECTION CARPET CHARTS TO
CALCULATE DEFLECTION ENERGY

Summary: detection distance ¥ AU vs. NEO
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3. ENERGY DELIVERY/MATERIALS INTERACTION
Workshop Summary

The working group on energy delivery and materials interactions deliberated on the variety
of options offered for deflection or pulverization of comets and asteroids on collision course
with Earth. A consensus was reached on the best course of action. A summary of the
associated observations and opinions is given below.

Similar to the approach taken by the working group on the astrodynamics of interception,
described in Chapter 2, we segregated the problem of preventing a collision with a comet or
aitercid into two characteristic domains: (1) actions to be taken if the collision can be
predicted several orbital periods in advance and can be averted by imparting a emall change
in velocity, most effectively at perihelion, and (2) actions to be taken when the object is less
than an astronomical unit (AU) away, ecllision is imminent, and deflection or disruption
must be accomplished a  the object closes on Earth. For this report, we call the firs{ domain
of actions, remate interdiction and the second domain of actions terminal interczption.

3.1 Use of Nuclear Explosives

Nuclear explosives may be used in three modes depending on the location of the explesive at
the time of detonation: (1) buried below the surface of the object either at an optimum depth
for cratering or sn optimum depth for pulverizing; (2) right at the surface, or more
practically, slightly below the surface; and {3) shove the surface at an optimum height for
i:usarting a uniform impulse—generally cailed the "stand-off' mode. All three modes are
epplicahle to both the remote-interdiction and terminal-interception domains.

3.1.1 Buried Nuclear Explosivee. An optimaily buried nuclear explosive will expel
abou? an o-der of magnitude more mass from its crater than a nuclear explosive detonated at
the surfa.e, thus transferring proportionatel; larger momentum to the object.

In the torminsl-interception case, the interceptor could use its kinetic energy o penetrate
the object, requiring & heavy prebe or billet to displace the matter in front of the nuclear
explosive. The billet will erode as it passes into the object, and its required mass v:il be
determined by ihe relative velocity at intersept, the desired depth ind the compomtion of the
object. It will increase the mass that the interceptor must dsliver to the object by about an
order of magnitude, and accordingly it is not cbvious that total-system advantsge ie realized
by using « burie | expiosive in lien of a surface explosive. The buried explosive is believed
best for pulverization in the case where the expected optimum crater would be near the size
of the object (i.e., an att>mpt to totally disrupt the object). in that caase, burial near the
center of mass of & reszz-nably homogeneous object should preduce the most uniform
pulverization with ¢icsait to isotropic expansion (i.e., uniform in all directions).

In the remote-interdicior case, whe.e years are avaiiable to design speciglized payloads, a
lightweight drill migh: allow the explosive to be emplaced at arbitrary depth, with less
weight penaity. This r, tives & vehicle with an ei2inre for maneuvering and landing on the

object and an auger tip “ur boring beneath the surface with power supply attached. This
option requires more stud; .

A severe difficulty with the subsurface explosion option is that to use it effectively and in a
predictable manner requires snme fairly deisiled knowledge of the object's morphology.
Ahile this might be done relatively easily with precurser missions if time permuts, it could be
extremely difficult if performed only by a vanguard spacecraft for the terminal-interception
case. To contro! the direction and magnituds of the imparted momentum, it wiil be necessary
to know the object's rigid body mechanical properties (mass, center of mass. angulsv
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momentum, and rotational characteristics) as well as its composition and topogrephy. Of
these properties, the mass, center of mess, and molecular composition are very important,
but a number of fundamental structural characteristics are sven more important. Is it dirty
ice, = snowbali with a rocky core, iron. ~ock, chonrite, or nickel-iron? Is it one big chunk, iwo
chunks bound by microgravity, many loosely beund small fragments, or a solid core with

vegoiitn?

o the terminal-interception case, krowledge of these properties is not only important to plan
gnd predict the effect of the explosion but also imiportent to planning the path of ‘he
penetration vehicle. In the remote-interdiction case, a robotic auger, as descriled ab ve
might &lso have the facility to carefully prepare the zurface and charucterize the materiai in
which the explosive is embedded. This techuigue might direct the thrust vector most
accurately toward the center of mass, minimzing the ang ilar momertum imparted to the
evject (ie., the intent is to displace the NEQ, not to impart rots‘ion to ic).

In summary, the buried-explosive deflection mode offers no strong advantage in interceptor
weight over the aurface burat cnd demands the greatesi knowledge of the NEO's properties. It
is probably best for pulverization, a mode in whick mechanical and geological information
requirements are much reduced becouse it iz well known from hundreds of underground
nuclear tests thai a large enough blast car: disperse any solid object into very small fragments.

3.12 Surface-burst Nuclear Explosives. The surface-buret mode can be utilized
with l2ss knowiedge about the in’erior of the ohject, but requires more knowledge about the
surface euntours and composition in the vicnity of the explosion. The subsurface composition
i¥ legs eritical tuth to estimates of the blow-off mass and to estimates of the imparted
mormantum. The surfece-burst mode eliminates the demand for geological information
necessary ic predict the performance of o penetration vehicle. The surfaoe-burst mode,
hoivever, suffers from the same probleme of wr wanted fracture as the burial mode. If the
crater /s io0 large, the object moy split into 6 few big chunks, each of which could do
sudstantiul domage. Such a hapless break would likely deny the apportunity for deflection by
sudsequent interceptors.

3138 Siand-off Nuclear Explosives. The fracture problem can be much mitigated by
detonating the nuclesr explosive some distance from the object. Rather than forming a
crater, the neutrons, x-rays, gemma-rays, and some highly ionized debris from the riaclesr
explogion wili blow-off a thin layer of the chject's surface. This will spread the impulse over a
much larger area and lessen the shear strese to which the object iz subjected  f these four
anergy transfer mechanisms, the most effective {at reascnabie Aeights of burst) is neutron
en#rgy deposition, suggesting that “primarily fusicn” explosives would be most effective
bezause they produce maximum neutron yield. Neutrons are more effective than x-rays for
transferring energy, owing to their depth of penetration.

For tie saine imparied momentum, there is for less deep mass expulsion when the energy is
imparted in the stand-off mode. This mode is less sensitive to the details of topography and
less demanding of compositional informatien. A precurgor reconncissance spacecrafi may not
be required because the effeci on the NEO is believed to be highly predictable. The main
drawback of the stand-off mcde is that it requires one to two orders of magnitude more energy
yield than the surface burst for the same imparted momentum, and high yield implies higher
payload weight.
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3.2 Use of Interceptor Kinetic Energy

For sufficiently small objects and sufficiently long warning times, it may be possible to
produce ths required orbital deflection by non-nuclear kinetic impacts on the NEG. (The
threshold for this capability depends upon many parameters. For detailed explanations, the
reader should refer to the technical discussion in the Proceedings of the NEO Interception
Workshop, available from Los Alamos National Laboratory). If for some reason it is deemed
undesirable te use & nuclear explosive, the kinetic-energy of the interceptor rocket could be
used to provide deflection in the surface-burst mode described above or to sttempt to produce
pulverizatior: of smaller objects. An object traveling at 25 km/s has about 75 times the
kinetic energy of the same mass of high explosive, so that placing a mass in the way of the
oncoming ohject would provide energy for its deflection or destruction. Obviously, the use of
chemical explogive: is ineffectual and unnecessary because the kinetic energy of impact is so
muck greater than the axplosive yield per unit mass. If the interceptor were traveling
toward the object also at 25 km/s, the energy released on collision would be 300 times the
interceptor's mass in high explosive. While this Rinetic energy is substantial, the specific
energy of a nuclear explosive is 10° to 107 times greater, making the nuclear option the only

choice for large objects and late interceptions.

3.2.J Kinetic-energy Deflection. Xnowledge requirements for both mechanical and
geological properties of the NEO target are similar in kinetic energy encounters to those for a
nuclear surface burst. For the propellant invested, terminal deflection is most effective
because the interceptor velocity is usually diametrically opposed to the object velocity, but
the intercept point must still be far enough away to cause the NEU to miss the Earth. For
remote interdiction, the impulse is most effectively imparted &t perihelion, as described in
Chapter 2. If the object is detected long enough in advence, the interceptor might take
advantage of planetary flybys to dramaticelly increase the energy at interception. Since the
interceptor can be injected into a retrograde orbit, both interceptor and object wiil be
traveling at their highest orbital apeeds if they collide at perihelion.

In termingi defense, the fracture probability is quite high for smaller objects, even if they are
only to ba diverted to an unvopulated area of the Earth. Furthermore, for objects whose
diameters are greater than about 100 m, required interceptor masses approach 1,000 tons. A
practicai object-size cutoff for terminal non-nuclear kinetic-energy deflection appears to be

sbout 70 m.

32 Kinetic-energy Pulverization. Kinetic-energy pulverization may be possitle for
gmall objects (less than 100 meters diameter). An array of spears (darts) is an intriguing
concept, and such apparatus might be depioyed with a minimum investment of kinetic
energy in the interceptor. The spears let the object impale itgself. However, the intercept
must take place far enough from the Earth to ensure separation of the debris. If the chunks
of debris al! follow the aame trajectory, the conglomerste energy imparted to the Earth's
atmospher: may produce damage on the Earth's surface.

The scheme it a bit complicated, end some knowlelge of the mechanical and geological
propertics of the object may be necessary. 1t would be relatively ineffective against nickel-
iron astervids.

3.3 Attached-thrust Deflection

Te attach a thruster to the threatening object involves a necessarily complicated process of
rendezvous, matching velocities, landing, preparing footings in the microgravity
snvironment, characterization of the vancus mechanical parameters of the object, and finally




deploying the prepulsion spparatus. Practical considerations preciude its use in the
terminal-interception dormain

2.3.1 Mass Drivers. Steam rockets, conveyer belts, electrom agnetic guns, etc. seem
viabie in principle, but involve much more sophisticated engineering and far greater expense
than the impulsive approaches.

332 8olar Sails. Being passive, huge solar sails deploved so as to tow the asteroid
enjoy some simplicity over the mass drivers, but are equally formidable engineering tesks.
Despite the ecologically oriented appesl of the solar sail, we did not find it attractive because
th= impulgive approaches ail seemed simpler and cheaper.

333 Crack Ouigassing. Some astercids are believed to contain volatiles in their
cores. A ncvel deflection technigue would be to dnill to the core, generate socme subsurface
fractures (as is done for geothermeal energy), and use the outgaesing to propel the ohject to 2
mnew orbit. But tais also involves exceedingly complicated engineering, and would be
restricted to objects endowed with such a volatile core. It would require a great deal more
knowledge than we presently possess.

3.4 Laser Deflection

Perhaps the most conspicucus advantage of laser deflection by induced surface blow-off is
that it would be Earth- (or Moon-) based. it is therefore unnecessary to fly cut to mest the
object. A second advantage is that it is easy to “fire for effect” (i e, fire and observe the
velocity change). The beam could ke applied for a while and the reaction could be measured
from Earth. Thus, precise knowledge of the object’s mechanical and geological properties is
unnecessary. Although we admired this technigne for ita originality, we felt that it would be
limited to remote interdiction on & prior orbit pessing near Earth, and would be a
gargantuan engineening project, even for deflecting modest-sized objects.

3.5 Consensus of the Energy Delivery/ Materials Interaction Group Members

General agreemeni was reached that the “primarily fusion” stand-off nuclear explosive was by
far the most robust and defensible option for all aspects of the NEO defense problem. It is
relatively insznsitive to mechanical and geological properties and obuiates the need for a
precursor reconnaissance spacecraj? necessary for surface and sub-surface bursts. It imposes
less fracture probability. It can be applied in both remote interdiction or terminal intercept
domains. For technical reasons, the moai cvat-effective “primarily fusion” device will be cbout
100 MT as detailed in the Proceedings (auvailable from Los Alamos National Laboratory) If
an object were sncountered that was larger than cculd be adequately deflected by the device
in stand-off mode, it could be awitched to the surface-burst mode to impart & factor of ten to
one hundred times mare momenturn, at somrewhat exa: 'rbated fracture probabili y. (The
details of stress and fracture versus range and yirld of the explosion shouid be & topic of
extensive theoretica! study 2nd eventual experimentation. In the termina) intercept domain,
the larger the object, the cmalier the fracture probability.)

The Energy Delivery/Materials Interactions working group aiso concluded that, if t:.e defense
of ou = planet is really taken se—ously, and we consider termiral defense to be as important as
remaote interdiction, then it will be imperative to have ground-based interceptors cvailable for
use on relatively short notice. The most versatile and affective interception system might
consist of several large ground-besed rockats which cuuld be quickly brought frem storage
and armed with the required explosive devices under the appropriate international controls.
The number is somewhat arbitrary, but it should allow for a reasonable level of redundancy,
ghouid there be a malfunction. Furthermore, having @ number of interceptors would allow
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operation in a "fire-for-effect” mode; i.e., car:fal measurement of the response of the first
interceptor could provide & great dea! of information on how to apply the second interceptor.
It would allow repetitive deflection should such be necessary, and it would allow switching to
surface burst mode at any stage of the engagement.

This group felt, further, that if any other option is selected, it must be with g motive beyond
the most siraightforward defense of our planet. A key consideration is the very serious political
implications ¢f maintaining such a potentially devastating fleet of interceptors, even though it
would still have miniscule threat potentials compared both with the thousands of war rockets
and warkeads now still maintained in the world’s arsenals or with the devastation of a single
icrge NEQ impact. Clearly, there is a need for a well thought out policy with regard to these
matters. It is particularly important to keep the above recommendations for (presently
hypothetical) interceptors in perspective in comparison with the existing vastly i.sger nuclear
defense forces. Contrary to uninformed criticisms that a small number of specialized
interceptors would entail enormous cost and hazard of accident or misuse, such interceptors
could be notably straightforward to create and safe to maintain because they derive from vast
research and development expenditures and experiznce nccumulated during the forty-five
years of the Col ' War.

Combi~~ 7 «n interdiction mission with a scientific research program might be another
agend-. ..2m. Convecsion of the threatening object into space assets of some sort might also

be consi’ere?. e.5. 8 benchmark accomplishment for human space flight, rosetta stone for

solar « -7 = ¢ istory, space station, remote outpost, supply source for valuable materials, etc.

But if tise s i,cus objective is robust and cost-effective defense of the Earth, members of this

working group generally agreed that the "primarily fusion” nuclear explosive iz the option of
choice,

To further assess the efficacy of such a defense system, we recommmend a research program
incorporating the following elements: /I detailed numerical simulation of the response of
representative NEO geometries to stand-off and surface-dburst nmclear explozions; (2;
optimization of the deflection astrodynamics problem combined with the detection and
tracking problem; and (3) establishment of a data dase in support of the numerical
simulations, including mechanical properties, thermal properties, equation of sicte, opacity,
and nuclear properties of the NEC material.
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Nuclear Explogive Propelled Interceptor
For Deflecting Comets and Astercids
sn A Potentially Catastrophic Collision Course With Earth

Johndale C. Solem
Theoretical Division
Los Alamos National Laboratory
Los Alamos, NM 87544

ABSTRACT
Nuclear explosive spacecraft propulsion offers the high specific impulse required
for intercepting interplanetary intruders (comets or asteroids) rapidly closing on
Earth. The exceedingly high relative velocities provide sufficient kinetic energy to
deflect these malignaut astral bodies without resorting to an explosive warhead,
nuclear or otherwise.

I[. Introduction

Since Alvarez®announced evidence for asteroid impact a8 the putative cause of the crata-
ceous-tertiary extinction, there has been a Lcightened awareness that our fair planet is
and aiways has been in a state of merciless coemic bombardment. Not all this cannonade
has been deletenious, for example, the event Alvarez suggests may have cleared the way
for the rise of horo sapiens. But being & selfish sub-species, we would rather held on to
our dominstion of the Earth, and deny & chance to any more well adapted creature for as
long as we can. Less facetious is the poesibility of a strike from an interplanetary body
with radius on the order of 100 m. If an astercid, such an object would likely have a
relative velocity of about 25 km - sec™}, which would give it a kinetic energy of abous 1000
megatons. [n a populated ares, the damage would be catastrophic. If it were a comet,
the relative velocity would be mors like 30 km - sec™! snd the energy would quadruple.
The Tunguska Event? (1908) offers sobering evidence that such potentially catastrophic
collimons are not so unfrequent that they can be ignored. That impact was about 10
megatons and could be expected svery few hundred years. Recent estimates® indicate that
¢ 20-kiloton (Hiroshima-size) event should occur every year. Thias would be conaspicuous,
apparently much of the energy is dissipated in penetrsting the atmospbere. That such
cataclysms are not generaily recorded in the archives of natural disaster seems somewhat
of a mystery. Perhepa i1t can be attributed to the fact that until the 20th century, very
little of the Earth's surface was populated. Nevertheless, the nsk of being killed as a
result of asterc d irnpact is somewhat greater than the risk of being killed in an airplans
crash.®

The problem naturally divides into two parts: (1) detection of these relatively small astral
intruders; and (2) smashing or deflecting them should they be on an endangering course.

If all of the Earth-threatening asteroids were known, the orbits could be calculated and
the process of deflection could be carried out in a leisurely manner. But 9% have not
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vet been discovered.® Furthermore, there are an enormoeus nurcber of unknown cormets for
which a thorough search is completely impractical.

Astercids in the 100-m size range are exceedingly difficult to detect unless they are verv
close. Comets are more conspicuous owing to their coma, but they will be moving a .ot
faster and can be n retrograde orbits or out of the plane of the ecliptic. In either case, it
seems likely we w..l have little time to respond to a potential collision. It therefore appears
that deflection at relatively close range is one of the most important issues.

In 1984, Hyde' suggested using nuclear explosives to counter the intruders. In 1990, Wood,
Hyde, and Ishikawa® showed that defense against small intruders could be accomplished
with gon-nuclear interceptors, largely using the kinetic energy of the intruder itself. In
this paper, [ show that large intruders could be leflected using an extremely high-specific-
impulse interceptor. The effectiveness of using nuclear-explosive propelled interceptors
derives mainly from the fact that the deHection could be accomplished further from the
Earth.

II. Interceptor Flight and Intruder Deflection
The final velocity of and interceptor muissile relative to the Earth, or the orbit in which 1t
is stationed, i3 given by the rocket equation,

JM.‘

V = g[.,lﬂx‘i}‘,

(1}
where M, and M, are the initial and final mass of the interceptor and /,, is the specific
impulse of the rocket fuel. In genernl, the time required to reach this relative velocity will

be short compared to the total flight time, so the range at which the intruder is intercepted
will be given by

R, = R, \1 - «3—-). (2)

where R; is the range when the interceptor is launched and v is the speed at which the
intrude: iz closing on the Earth. If the impact gives the intruder a transverse velocity
component v, then the threatening intruder will miss its target point by a distance

where [ have neglected the effect of the Earth’s g1 .vitational fleld. To obtain the transverse
velocity component, e would use the kinetic energy of the interceptor tc¢ bhiast a crater on
the side of the intruder. The momentum of the ejecta would be balanced by the transverse
momentum imparted to the intruder. From Glasstone's empirical fits®, the mass of matenal
i the crater produced by a large expiosion is

M, = a’E?,
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where 3 ~ 0.9 and « ~ 8.4 x 10™* gm#(1=9) . cra=# . sec? for an explosive buried at the
optimal depth for maximum ejection of dirt. For 1 surface burst, Glasstone uses the same
value of 3 but takes o =~ 1.6 x 107* gm?(*=9 .cm=# . 5ec?. This depends on gravity,
density, EOS and other parameters. Seebaugh'®? suggests the same value of 3, but a ~
5.2 x 1073 gm¥=9 . oin=9 . sec? for a surface burst, about half that used by Glasstone.
Kreyenhagen und Schuster!! have noted that impacts in the 20 km - sec™! range couple
50-80% of their energy to the ground, while surface bursts couple only 1-10%. The correct
value of a 13 somewhere between a surface burst and an optimally buried expiosion. For
the purpose of the estimates in this paper, [ will take a ~ 2 x 10~ gm iU =# . cm-9 . sec?
but the reader is invited to chocee any value in the range, the essential conclusicns wxl.
not be significantly aliered.

The kinetic energy available when the interceptor collides with the intruder is
%.4’(V+t')2. (5

About half this energy goes inte the dirt ejected from the crater. So the transverse velocity
imparted to the intruder 1

L MMVEE a (M,(V+v) )""F -
LT MUV 2 M, 2 ‘

where M, is the masa of the comet or asteroid. We can combine Eqs. (3) and (6) to obtain

€= aly

V(V + ) /‘w)‘** -

M.v k 2
Equation (7) reveals the importance of the intercept velocity V, which is proportional to

specific impulse [,,. If V € v, the deflection is proportional to 7, and if V 3 v, the
deflection is proportional to V41! ~ V7,

I. Gptimum Mass Ratio

Substituting Eq. (1) into Eq. (7), sesting de /dMy = 0, and solving, we find the mass ratic
that produces the iargest value of ¢,

where

Q=1 e+ V/1 ——t (\_.__..) . (3

2¢1,, 1+ ﬂ gI,, 2914
In the lirit of very high specific impulse, the optimum mass ratic is

——— o e, (10)



The maximum displacement of the impact location on Earth is then given by
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Figure 1. plots the dimensionless parameter s)via/av*’%‘\l‘é(s‘“) versus the dimensionless
parameter g/,,/v for 3 =08, 0.9, and 1.0. It shows the increasing advantage to higher
specific impulse derived from Eq. (11).

Which size aateroid is most threatening remains & controversial question. By dint of their
frequency of occurrence and the damage they could do, I believe the most threatening
asteroid is about 100 m in radius, and [ will use it for my example. With a specific gravity
of three, such an asteroid weighs 1.28 x 10!3 g, and at a relative velocity v = 2.5 x 108, its
impact energy would be about 1000 megatons. To divert the asteroid to a nearby ocean
wouid generally require a deflection of no more than a Mm. While it would churn up quite
a wave, the damage would te trivial compared to impact in a populated area. The nearest

range at which we mught commut to launch the interceptor would be about = A.U. =13
Gm.

Equation (11) can be rearranged to give the required initial mass of the interceptor,

r 3 e
M, =2eQ‘ Mgve ( L) 1 . (12)
|aRiglsyQ \v+91Q/ |

The best chemical fuels might have a specific impulse as high as 5G7 sec. Thus if we choose
a chemically propelled interceptor ir the scenario described above, the initial mass of the
rocket would have to be

M, =4.74 x 10° g.

An adequate interceptor would have to weigh nearly 5,006 tons. Clearly this is not a very
viable option.

1V, Nuclea: Explosive Propulsion

Nuclear explosive propulsion was first considers in the late 508 and early 60s ucder the
ORION? program at Los Alames'® and General Atomics Corporation't. To get a feel for
the tremendous potential of nuclear-explosive propulsion we need an estimate of the specinc
impuise, cbtaiced by calculsting the pressure impulse imparted by a bomb exploded in
a vacuum. Pursuant to this estimate, we must find the density rnd velocity distmbution
of the sudden expansion of a sphere of gus. There is po exni analytic solution o this
problem, but an approximate solution can be construct« on the basis of an analogous
plane problem!* At high temperatures we can let the adisbatic exponent vy = 53 and

the debriz density is given by
=1.§.7P_§. (].__r__). , e
8rR3 R?
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where

Yo
R = t‘,/.llg_fl‘
Y My

and E and m, are the energy and mass of the bomb respectively. [n the hmit R -~ x. the
velocities of the fluid particles approach constant values and u >~ r/t.

Say the interceptor pusher plate is at a distance r from the bomb. The debris stagnates
against the pusher plate, which in the frame of the debris, acts like a piston moving at
velocity u. The piston produces a shock in the colliding debris. The pressure behind this
shock?® is

[y =1
pu”‘("z ) (18)

snd because it is a shock, the density will increase a factor of (v + 1)/(7 — 1), and the
impulsive pressure 1s

P = -pul. (18)

i w

An additional thrust will be imparted by the re-expansion of tbe debris. The largest
possible impulsive pressure including all effects would be P = 2pu?, but because the debris
will radiatively cool during stagnation, we will ignore the impuise from re-expansion.

Then the approximate pressure applied to the plate is

pe iy (i mey)

8« V 5E% 13\ 10Et?
Of course, the thrust is zerc until the first debris arrives at the canopy, which occurs at a
time to = r/my/10E. The velocity imparted by a single explosion is

4 o
AV = -r;;z P dt
t
T (i8)
T 24mrr? 5

where m is the mass at the time of the explosion and Ay isits projected area of the pusher
plate.

If w2 use n bambe, the final velocity of the mterceptor is

25 A /'27??;75 /0 .
Voe2lr (230 — - . (19}
24 '..'7'2 ‘v 5 }2":‘:0 \\Awl - )Tnb) ' \

+here M, is the initial mass of the interceptor. In the limit of a very large nu ~ber of
vombs {n -~ 00), we can approxunate

25 A 2E M;
Voo 22t [ 22 g2 20
24 rr? ¥ 3m, ta My’ (20)




where gM; = y( M, — nmy) i3 the “dry weight” of the interceptor. By analogy with Eq
(1), we have

| 25 4, [2FE

IR e ] ———

P 24g wr? V 3my

Cy .

The specific impulse goes as the square root of the yield-to-weight ratio. If the pusher
plate subtends a solid angle of 27, a bomb weighing 25 kg with a yield of 2.3 kilotons
~ 10°° ergs would produce a specific impulse I,, ~ 4.25 x 10* sec, assuming r2ost of the
energy goes into debris motion. The best chemical fuels have specific :mpulses o7 ~300 sec,
nuclear furnaces such as Rover-NERVA could approach ~1000 sec, and gas-core reactors,
perhaps ~2000 sec.

V. Performance of the Nuclear-Explosive Propelied Interceptor
If we asswne the specific impulse given above, then from Eq. (12) for a typical asteroid,

M, =246 x 10% g.
The interceptor need weigh & mere 24 tons.

From Eqs. (8) and (9) we obtain M,/M; = 7.19, so the interceptor consists of ibout
2150 kg of nuclear explosives and about 350 kg of inert components: puster plate, shock
absorbers, missile body, guidance, etc. The 86 nuclear explosives would have a total yield
of 215 kilotons. From Eq. (1}, the interceptor velocity ati impsact is

vV =gI.,la-%§i = 821 km - sec™’.
iy

The energy of impect i3

. 2
:\'_{L(_Lz_f_tﬂ_ =1.23 x 10¥ erg = 29 kilotons,

(g%
o
~

which would probably be enogh to shatter the intruder as well as deflect it. From Eg.
(3). the range at intercept s

= Q( (‘J%) = 1 46 Gin. ‘\23)
The time from launch to intercept is about a half hour. Thus there would be ample time
to launch a second interceptor, should the first malfunction. From Eq. (4), the mass of the
ejecta is about 2.82 x 10"} g or about 3% of the astercid’s mass. The interceptors would
inost likely be stationed at an Earth-Moon Lagrange point so the fission-products from the
nuclear-explosive propeliant would be dispersed well outside of Earth’s magnetosphere.

Table 1 compares the chemical- anc nuciear-propelled interceptors if launched when the
asteroid 13 171)-5 AU from Earth. If detected at that range, about 17 hours would remain




before the intruder collides with cur dear planet. The chemical-propelled interceptor would
have only one chance.

V1. Tentative Conclusions

[t 12 fair and appropnate to haggle over the numbers [ have used for the sake of example.
But :he dramatic advantages of nuclear explosive propulsion are clear. A lingering question:
Why I have avoided giving the interceptor a nuclear warhead? [ submit that an interceptor
with an inert warhead would be perceived by world politics as far less threatening, even
though it is propelled by nuclear explosives. And it is sufficient to do the job.
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Table I

Comperiscn of chemical- and nuclear-propelled interceptors. Assumed 100-m radius as-
teroid with density 3 g - cm™3, mass M, = 12.8 MT, velocity v = 25 km - sec™!. Crater
parameters: 3 =0.9and a = 2x 104 g3~ . cm~F gec?. lnterceptors launched when
the asteroid is 135 A.U. from Earth.

A

L

Chemical Nuclear
Specific Impulse (7,,) 500 sec 42,500 gec
Mass Ratic (M;/Mr) 3.44 7.19
Initial Mass (M) 4,740 tons 2.58 tonas
i Final Mass (M) 1,375 tons 342 kg
Rocket Velocity (V) 6.06 ki - sec™! 821 km - sec™!
- Intercept Range (R;) 20.3 Mm 1.48 Gm
Intercept Time 13.4 hours 30 min
- Collision Epergy 8.63 x 10°! exg! 1.23 x 10%% erg
- 158 kT H.E. 29 kT HE.
Ejecta Mass (M) 1.74 MT 382 kT
B Fraction Ejected (M, /M,) 13.8% 3.03%

- t Collision will probabiy cause astercid to break up.
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ABSTRACT

1 derive a series of expressions to delineate the utility, performance, and range
of applicability of rocket int=rceptors desi to deflect or pulverize comets or
asteroids ( o collision course with Earth. two quantities of greatest interest
are: (1) the mass s» ordit or initial mass of the interceptor, which will usually
dominate the cost of the system; and (2) the blow-off fraction, the fraction of
the assailant object’s mass expelled to impart transverse momentum, which also
provides a measure of the probability that the object will fracture. The interaction
18 calculated for both kinetic deflection and nuclear-explosive deflection and
uses a fairly general relationship getween the energy deposited and the blow-off
mass. In the nuclear-explosive case, I calculate the interceptor mass and cratering
effect for Jetonations above the sii-face and below the surface a8 well as directly cn
the surface of the assailant. Because different assailants could possess a wide

of densities and material properties, the principal value of this work is to show t
relationships among the salient parameters. However, using typical values for the
verious physical properties, | make the following obeervations. (1) Kinetic-ener,,,
deflection is effective for occan diversion of assailants smaller than ebout 70 m, if
the interceptor is launched when the range to the assailant is more than & AU. At
sliorter range, interceptors become impractically massive. Probability of fracture
also increases rapidly with d.umnmhes . An interceptor with an order-of-
magnitude larger mass is required to cause assailant to miss the planet rather
thaa splesh-down in an ocean. The more massive interceptor i uces a larger
probability of fracturing the assailant. Higher specific impulse interceptors are
more effective at increasing deflection und reducing fracture probability, mainly
because they divert the assailant at a greater distance. Objects less t 10 m
are hetter pulverized by interception at short range with special mass arrays.
(2) Nuciear-explosive deflection is imperative for assailants greater than about
100 m detected closer than j: AU because of intercepiur size. Nuclear-surface-
burst deflection offers a three-to-four order of magnitude raduction in interceptor
mass over kinetic-energy deflection. The advantage of nuclear ive deflectica
decreases slightly with specific impulse and decreases dramatically with assailant
velocity. Fragmentation is a pgglm for nuclear explosive intercepts launched
closer than about } AU. (3) Nuclear penetrators offer no advantage for eflection,
but are better for pulverization. (4) Nuclear stand-off deflection greatiy reduces
fragmentation probability, but with a substantial increase in interceptoc mass.

1. Introduction
The problemu of preventing a collimion with a comet or asteroid can be considerad two
domains: (1) a<tions to be taken if the collision can be predicter) several orbital periods
ia advance, ard can be averted be imparting a small change in velocity (most etfectively
at at perihelion) and (2) actions to be taken when the object is less than an astronomical
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uni: (AU) away, collision is imminent, and deflection or disruption must be accomplished
as the object closes on Earth. [ call the first domain of actions, “remote interdiction” and
the second domain of actions “terminal interception.”

If all of the Earth-threatening asteroids were knewr, the orbits could be calculaied and
the process of defiection could be carried out in s leisurely manner. Remote interdiction
would be the option of choice. But 99% have not yet been discovered.! Furthermore,
there are an encrmous number of unknown long-orbit comets for which a thorough search
is completely impractical.

Asteroids in the 100-m size range are exceedingly difficult to detect unless they are very
clogse. Comets in this size range are mors couspicuous owing to their coma, but they will
be moving a lot faster and can be in retrograde orbits or out of the plane of the ecliptic.
In either case, it seems likely we wil! have little time to respond to a poteatial collision.
It therefore appears that terminal interception, disruption or deflection at reiatively close
range, is likely the most important issue.

In 1984, Hyde? suggested using nuclear explosives to counter the comets or asteroids, which
[ collectivelv call “astral assailants” at the risk of creating a pathetic fallacy. In 1990, Wood,
Hyde, and Ishikawa® showed that defense against small assailents could be accompiished
with non-nuclear interceptors, largely using the kinetic energy of the assailant itself. In this
paper, I consider the dynamics of the terminal intercept problem. I explore the posaibility
of using kinetic-energy deflection as wel as nuclear explosives. Nuclear explosives can be
employed in three different modes depe 1ding ou their location at detonation: (1) uried
below the assailant's surface by penetrating vehicle; (2) detonated at the assailant’s surface;
or (3) detonated some distance above the urface

Figure 1 shows the interception scenario. The astesuid or comet ia headsd toward Earth
at a velocity v. The interceptor traveling at velocity V' :s about tc engage the asseilant
object. The assailant has a mass ,, and the interceptor, because it has iong since
exhausted it: fuel, it has its final mass M,. We cannot hope to deflect the assailant like
a billiard ball because M, » M;. So the interceptor must suppiy energy to blow-off &
portion of the cssailant's surface, that biow-off material being very msssive compared (o
the interceptor, % » M, > Mj;. One might think that a conventional high explosive
would suffice, but the energy it would supply would be relatively insignicant. Standar!
high explosive relesses 10* calories = 4.184 x 100 ergs per gram. An usteroid moving a.
25 ki - sec~! has a specific energy of 3.125 x 10'? ergs per gram -~ about 75 timnea the
specific energy of high explosive. If the interceptor is moving at the same speed n the
opposite direciion (V = v = 25 ki - sec ~1), the interceptor would impact with a speafic
energy 300 times that of high explosive. There is a whole ot of kinetic energy avalnble;
a chemical encrgy reiease would be in the noise. However, ever this tremendou kinetic
energy would be completely ewamped by a nuclear expiosive. Tae yield-to-weight ratic of
nuclear explosives is geperally measured iu kilotons per kilogram, that is, tons per gram.
A typical specific erergy is a million times that of cheraical high explosive, or sbout four
orders of magnitude higher that the kinetic energy of the interceptor collimon.
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2. Kinetic-Energy Deflection
The final velocity of an interceptor missile relative to the Earth, or the orbit in which it is
staticned, 1s given by the rocket equation,

M,

— {
M[ ’ ‘\1)
where M, and M, are the initial and final mass of the interceptor and I,, is the specific
impulse of the rocket fuel. In general, the time required to resch this relative velocity will
be short compared to the total flight time. The time elapsed from launch to intercept is

at= (2)

V=glpln

where ®,; is the range when the interceptor is iaunched and v iz the speed at which the
assailant ‘s closing on the Earth. So the range at which the assailant is intercepted will be

given by
/ v .
R,’:*t&l—";w), (3)

If the impact gives the assailant a tzansverse velocity component vy then the threatening
assailanrt will miss its target point by a distance

_ vy V
E—R‘TJ- (9+V)' (@)

where | have neglected the effect of the Earth's gravitational focussing and usec a linear
approximation to Keplerian moction. Tc obtsin the transverse velocity component, we
would use the kinetic energy of the interceptor to blast a crater ou the side of the assailant.
The momentum of the ejecta would be balanced by the iransverse momentum imparted to
tb= assailant. From Glasstone's empirical fits!, the mass of material in the crater produced
by a large expiosion is

M, =a*E* (%)

where a and § depend on the location of the exj.iosic. the soil composition and a myriad
of other parameters. Clearly the crater constoat @ and “he creer ezponeni 8 wiil be
vary depending on whether we are consideriziy, an assailant omposxd of nickel-iron, stony-
nickel-tron, stone, chendrite, or diity snow. For almost every situation, however, we find
8 ~0.29.

The kinetic energy available when the interceptor collides with the sstral asazilant is

E=-M{V+v)? (6)

o~

uy & fraction of the inlerceptor's kinetic energy is converted to kipetic energy of the
¢y ted or “blow-off” rnaterial. Let this fraction be equal to %6?. or

6= J; ejects kinetic energy T

interceptor kinetic energy’
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The reason for this strange definition is that it greatly simplifies the algebra. I will call the
parameter 6 the energy fraction. Then the transverse velocity imparted to the assailant is

= 6 = = R
vy ) , (8)
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where M, is the mass of the comet or asteroid. We can combine Eqs. (4), {5), and (8) to
obtain

{9)

Equation (9) reveals the :mportance of the intercept velocity V, which is proportional to
specific impulse [,,. If V <« v, the deflection is proportional to V. and if V > v, the
d=flection is proportional to VA+! ~ V32,

2.1, Optimum Mass Ratio for Kinetic Energy Deflection

The energy on unpact is proportional to the final maas of the interceptor and the square of
its relative velocity as given in Eq. (8). The smaller its final mass, the higher its relative
velocity, so there is some cptimurmn maas ratio that produces the greatest deflection for &
giver initial mass. This would be the optimal interceptor design, the most bang for the
buck.

Substituting Eq. (1) into E«q. (9), setting
de

e 2= {), (10
&4,/ 19
and solving, we find the mass ratio that produces the largest value of ¢,
M.
2 69
M, = (11)
where -
v 1-8 v v \?
=1 e 14—t | e | 12
Q ZgI., + \/ 1+ ﬂ.q[np * (2910p) ( )

We note that this optimal mass ratio depends only on the velocity of the assailant relative
to earth v and the interceptor’s specific iinpulse I,,. The value of 3 is a constant of the
agsailant’s soil composaition and is very close to 0.9, and ¢ ~ 980 cm  sec™? is a constant
of Planet Earta. In the [imit of very high specific impulse, the optimum mass ratio is

M, 2 :
bl Y 3 (13
M, e (13)
The muxiwum displacement of the impact location on Earth is then given by
1
aév"?h /M.‘qu‘ L*. gL,Q gIpo 7
. 200R (Mie79 o1nQ@ (| 71,9\ (14)
Ma \ 2 v v




Figure 2. plots the dimensionless psrameter e M, /abdv’? S‘E;M}('M” versus the dimensionless
parameter g/,,/v for 8 =0.8, 0.9, and 1.0. It shows the increasing advantage to higher
specific impulse derived from Eq. (14).

A great deal of physical insight can be obtained just by studying the axis labels of the
dimensionless plot. From the ordinate, we see that for the same value of ¢/, /v, which is
more or less fixed by interceptor design. the asteroid deflection « is

s Proportional to the range of the assailant at launch (R;).
¢ Inversely proportionsal tc the mass of the assailant (M,).
o Nearly proportional to the velocity of the assailant relative to Earth (v7 =~ v%9),

o Nearly proportionsl ts the initial mass of the interceptor (.M"(ﬂ“) ~ MO9%Y,

e Proportional to the crater constant (a).

e Proportional to the square root of the fraction of interceptor kinetic energy con-
verted to blow-off kinetic energy (34?).

Equation (14) can be rearvanged to give the required initial mass or mass in orbsi of the

wterceplor, "
2
M, = 2.9 o ( : : ) ' (15)
aéﬂlglch U+ 57IapQ

The mass given by Eq. (15) will generally be the largest single factor in the cost of a
defensive system of this sort. To appreciate the magnitude of the problem, it is now
necessary to put in a few numbers. The best chemical fuels might have a specific impulse
aa high as 500 sec, which I will use to make the point. The density of potential astral
assailants varies greatly, from less than 1 gm-cm™® for a snow-ball comet to a little
over 1 gm:cm™? for a dirty-ice comet to about 3 gm - cm™? for a chondiite to about 8
gm - cm”? for a nickel-iron asteroid. An agreeable average is 3.4 gm - cm™?. The velocity
of the assailant relative to Earth cculd range from & km - sec™! for an asteroid in nearly
coincident orbit with Earth to 70 ki - sec™! for a long-period comet in retrograde orbit
near the plane of the ecliptic. | will take 25 km - sec™! for this example.

Because the maierial properties of asteroids and comets vary so widely, an estimate of
the crater constant and crater exponent is somewhat arbitrary. Here I will make an esti-
mate for impact cratering of medium hard rock. Glasstone uses # ~ 0.9 and a ~ 8.4 x
1074 gm - . cn# - sec? for an explosive buried at the optimal depth for maximum ejec-
tion of dry soil. For a surface burst, Glasstone tekes a ~ 1.6 x 107 gm¥1=%) . con™# . gncf.
The correct value of a for the impact crater is somewhere between a surface burst and an
optimally buried explosion. Foi the purpose of the estumating the crater size for kinetic
energy deflection, | will take a = 2x 10™* gm$(~# . cm~?  sec? Kreyenhsgen and Schus-
ter® have noted that impacts in the 20 ko - sec™! range couple 50-80% of their energy to
the ground, while surface bursts couple only 1-10%. [ will assume about, 60% coupling and
about half that goes to the blow-off. Thus about 30% of the interceptor’s kinetic energy
is converted to kinetic energy of the blow-off, corres; ~nding to § = 0.773.




Figure 3 shows the initial mase of the interceptor required to deflect the astral assailant
by 1 Mm, sa a function of the assailants diameter and its range when the assailant is
launched. The one-megamet or deflection is typical of the course change required to divert
an assailant from impact in a populated area to & nearby ocean. To interpret Fig. 2 for
s ten-megameter deflection, which would be conservative for missing the planet entirely
(Rg = 6376 Mm), we need to multiply the masses by about a factor of ten*. Figure
3 makes a clear statement nbout the applicability of kinetic-energy deflection. Kinetic-
energy deflection is practical only for assailants conazidernbly less than 100 m in diameter.
To handle a 100-m assailsnt wouid require a 1000 ton interceptor even if launched wheu
the assailant was atill ;. AU away. The mass would go to 10,000 tons if the assailant were
deflected to miss the planet entirely rather than diverted to an ocean. Thus dealing with
100-m assailants requires another technology. For practical purposes, the kinetic-energy
interceptor is limited to the 3- to 30-m assailant, which would require an intercep?or mass
of 1 to 130 tons.

3.2. Kinetic-Energy Fragmentation and Pulverization

Equation (15) gives the initial mass of an optimally designed interceptor for deflecting an
astral assailant by blowing-off its surface. It was derived under the assumption that the
amount of mass blown off is small compared to the assailant’s mass. If the ¢jected mass is
toc large, the crater will have dimensions a significant fraction of the assailant’s dimension,
and it is more likely that the assailant will break up. If the fragments are too large and are
scattered at random, they may still he able to penetrate the Earth’s atmosphere and do
damage. A two-meter fragment of a nickel-iron asteroid has about the same average pr as
the atmosphere measured vertically from sea level, and thus will penetrate the atmosphere
loosing cnly sbout half its energy. A ten-meter chondrite, however, will probably break-up
owing to the dynamic stress of traversing the atmosphere. Shock from the energy of its
explosion may still do damage. In order to ensure that no damage is done, it will be
necessary to pulverize the assailant, that is, break it into very small pieces that are sure
to dissipate all of their energy in the atmosphere.

To get a handle on the problem of whether the assailant will be deflected, fragmented,
or pulverized, we need au estimate of what fraction of the asssilant will be blown off in
the collision. By combining Eqs (1), {5}, {11), and (1§), we find that the fraction of the
assailant blown-off is given by

T
~ %‘H’ . i!_)_ i __J_)_.._>]ﬂ
= M/ { Y [ggia (1 F WlaQ/| “

where Q is again given by £q.(12). Some qualitative features of the biow-off fraction are
immediately apparent.

* From Eq.(18), M, x e'%T, 80 a factor of 1' in £ correspouds to a factor of 11.3 in M,
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¢ blow-cff fraction is nearly independent of assailant mass (M.ﬁ'} o M00830)
o blow-off fraction is nearly proportional to the crater constant (ad" ~ i 93y

s blow-off fraction is nearly inversely proportional to the energy coupling (6‘%’ ~
50.941)"

o blow-off fraction is decreases asymptotically with specific irnpulse.

Using the parameters above, Fig. 4 shows the blow-off fraction for ocean diversion as
a function of assailant diameter for three different ranges to the assailant at interceptor
launch. If more than 10% is blown-off, the assailant will probably break-up. What we
learn from Fig. 4 is that if we cannot launch the interceptor at about @& AU or betier, we
cannot deflect the assailant without fracturing it. Under those circumstances it is better
to try to pulverize it with an array of masses, probably resembling spears for maximum
penetration.

Equation (18) suggests a way to beat the fracture problem. The blow-off fraction can
be reduced by increasing the specific impulse, Figure 5 shows the blow-off fraction as a
function of specific impulse for & 100-m assailant with the mission lnunched at a range
of -i- AU. With a specific impulse of 500, over 14% of the asssilant mass is blown-off,

100

whereas at a specific impulse of 5000, less than 4% is blown-off.

3. Nuclsar Explosive Defiection

Much more deflection can be cbtained if » nuclear exploaive is used the provide the cratering
energy. In this scenario, most of the weigh after the rocket fuel is expended would be the
nuclear explosive, which produces a yield of

E=pMy,. (17}

where ¢ is the yield-to-weight ratio. Again, §2/2 of this energy goes into the dirt ejected
from the crater, so the transverse velocity imparted to the assailant is

§ e  ab L
vy =:7q:\/(pM]Af. xm(wM!)lf_ (18)
We can combine Eqs. (4), (5), and (18) to obtain

L. R VeM)T

T Moy V4w (18)

3.1. Optimum Mass Ratio for Nuclear Explosive Deflection
Substituting Eq. (1) into Eq. (19) =nd solviog Eq. (10), we find the logarithm of the mass
ratio that produces the largest value of ¢,

v
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In the limit of very high specific impuise, the optimum mase ratio is

M;

In the limit of very low apecific impulse, the optimum mass ratio is
M; 2
iy == (35): )

The meximum displacement of the impact location co Earth is then given by

.e—Q
o o 2R gLy QeMic 23)
M,v 91,,@ +v
For a surface burst, Glasstone uges 5 = 0.9, but takes a =~ 1.6 x 10~¢ gm$(1-2) . c;~*
.sac®. He describes the medium as dry soil. Medium strength rock would be more consistent
with a = 10~ gm#(1-) . =8 . sec?, and, in the 20-kt range, would roughly agree with
Cooper®. If about 5% of the nuclear explosive cnergy goes into kinetic energy of the
blow-off, then § = 1//10 = 3.16.

Equation (23) can be reasranged to give the required initial mass of the interceptor,

= [ (10 grf,q)}rh' 0

where now ( s given by Eq. (20).

It is generally known that nuclear warheads csn be a few kilotons per kilogram if they
weigh more than about » hundred kilogmams. For the purpose of these estimates, 1 will
take the conservative of ¢ = 1 kiloton - kilogram ™. Figure 8. is analogous to Fig. 3, using
the values of a and § given above.

A good way to compare kinetic-energy deflecticn with nuclear-explosive deflection is to look
at the ratio of the initial masses of the interceptors. If we divide Uq {2¢) by Eq. (15}, we
see that all varisbles drop out sxcept specific impulse (I,,), the assailant’s velocity (v), the
energy fruction (&), and the cratering constant {a). For a comparisoa of the techniques,
we wosild keep the same values of I, and v. We define the ratio

_ M, given by Eq (24)

Hon = M; giver by Eq. (13) (25)
The the appropriate dimensionless ratio for the comparisor is
Qndn
R P (26)
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where the subscripts n refes to the parameters for nuclear-expiosive deflecticn and the
subscripts k refer to the parameters for kinetic-energy deflection. This ia the actual ratio
of initial interceptor weights for kinetic-energy versus nuclear-explosive deflection. Figure
7a shows this rati< .= s function of assailant velocity (v) for specific impulse I,, = 300 sec.
Figure 7b shows . "» r.me ratio as & function of specific impulse ([,,) for assailant velocity
v =25 km - sec”’ Figure 7c shows the same ratio as a function of both specific impilse
and assailant velocity. For the numerical examples we have chcsen, we have

awbe 107 x 0.316
aydy  2x 1074 x 0.7T7%

= 0.204. (27)

So for my perticular seiection of parameters, we can read the mass ratios in Figs. 7a, 7b,
and 7c by multiplying the pumber on the vertical axis by 0.204.

From Figs. 7a, 7b, and 7¢, we learn the fallowing qualitative features.

¢ The interceptor weight is about three orders of magnitude less for nuclear-exploeive
deflection than for kinetic-energy deflsction.

¢ The advantage of nuclear-explosive deflection decreases significantly with assailant
velocity.

¢ The advantage of nuclear-explosive deflection decreases slightly with specific im-
pulse.

3.2. Nuclear-Explosive Fragmentetion and Pulvarisation
By combining Eqe (1), (5), {11}, and (24), we fina that the blow-off fraction is given by

M. a’ ‘pM.' s
i (%)

- uf {a [fg (‘ ¥ 'gI:’,,Q)]ﬂ}“17 |

where Q is given by Eq. (20). Somewhat remarksbly, Eq. {28) is indepandent of ¢ and
has the same fo:e w8 Eq. (18). The oaly differcnces are: (1) the different form of Q, (2)
the value of the enargy fraction §; and (3) the velue of the crutering constant a

(28)

Figure 8 showe the blow-off fraction for planetary miss (10 Mm}) as & function of assailant
d meter for two different reages to the assailant at interceptor launch. If the interceptor
18 lauaclied at a range much closes than é AU, the assailant will be frngmented rather than
deflected.

3.3. Penstrators

The biggest crater is not produced by & surface burst, but by an explodve buried some
distance below the surface. Clearly if it is buried too desply, it will prodiice no crater at
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all. The optimum depth for cratering is a function of all the usual parameters describing
material properties, but most importaatly, gravity, which, 4o a large extent, can be ignored
for comsts and astercids. For dry soil on the surface of the Earth, Glasstone gives the
optimum depth a8 150 E%3 feet and he would obtain the crater constant and exponent as
A =~09and oz 84x107% gm¥=P .cm~# . sec? for use in Eq. (5). For the moment,
let us say that the velue of « is increased an order of magnitude.

Looking at Eq. (24), we might expect the initial mass to decrease an order of magnitude,
but in order to penetrate to the optimal depth the explosive hss to be fitted with a weighty
billet: & cylinder of metal (probably tungsten) that will evode during penetration of the
assailant’s soil. In general, this will increase the weight by about an order of magnitude,
or decrease the vield-to-wsight o by about an order of magnitude. Thus in Eq. (24), the
decrease in initial interceptor mass M; owing to the increase in the cratering constant a
is just about compensated by the decrease in yield-to-weight ¢.

However, the blow-off fraction given in Eq. (28) becomes an order of magnitude larger,
becauss it does not depend on yield-to-weight . The conclusion is that a penetrator has
no value enhsancing deflection, but may be of great value if we choose to pulverize the
astral assailant.

3.3. Stand-of Defiection

The fracture problem can be much mitigated by detonating the nuclear explosive some
distance from the astral assailant. Rather than forming & crater, the neutrons, x-rays,
~-Faya, and some highly ionized debris from the nuclear explosion will blow-off a thin layer
of the assailant’s surface. This will spread the impulse over a larger ares and lessen the
shear streas to which the assailant is subjected. Of these four energy transfer mechanisms,
by far the moet effective (at reasonable heighta of burst) is neutron energy deposition,
suggesting that primarily-fusion explosives would be most effective.

The problem of calculating the momentum transferred from a stand-off detonation is sufR-
cieatly complicated that it is difficult to address analytically. Computer simulations seem
the most effective approach. However some genersl statements can be mads. At an opti-
mnal height of burst, sbout 2 to 8% of the explosive’s energy is coupled to the aseailant’s
surface, again depending on the aessilant’s actual compositicn and the neutron epectrum
and totsl neutron energy outpué of the explosive. This correspoada to an energy fraction
§ of 0.2 to 0.4. Most of the energy i» deposited in the fi'st 10 cma of the scl. The crater-
ing constants cen still be used as in Eq. (8), but for this surfece blow-off, # ~ 1 and a
ranging from 167% to 2 x 107 cm™ - sec. If we select an 2sssilant for which § = 0.3 and
a=15x 16" cm™" - sec, we find from Eq. {24) that the blow-cif fraction will be about
s factor of 35 times smaller than the surface burst. The blow-off fraction given in Fig.
(8) would be in the range cf 1% for R = % AU and in the range of 1% for R, = AU
Simularly, from Eq. (28) we find that the initial mass of the interceptor would have to be
sbout 4) times as large. So in Fig. (6) the mass would be multiplied by 40, i.e. ranging
from abcut 28 tons to about 28 kdlotons. The latter would not be very practical.
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4. Comments, Summary, and Tentative Conclusions

Since Alvarez’announced evidence for asteroid impact as the putative cause of the creta-
ceous-tertiary extinction, there has been a heightened awareness that our fair planet is
and always has been in a state of merciless cosmic bombardment. Not all this cannonade
has been delcterious, for example, the event Alvarez suggests may have cleared the vay
for tne rise of homo sapiens. But being & seifish sub-species, we would rather hold on to
our domination of the Earth, and deny a chance to eny more well adapted creature for as
long as we can. Less facetious is the possibility of a strike from an interplanetary body
with radius op the order of 100 m. If sn astercid, such an assailant would likely have a
relative velocity of about 25 km - sec™!, which would give it a kinetic energy of about 1000
megatons. In a populsted ares, the damage would be catastrophic. If it were a comet,
the relative velocity would be more like 50 km - sec™? and the energy would quadruple.
The Tunguska Event® (1908) offers sobering evidence that such potentially catastrophic
collisions are not 8o infrequent that they can be ignored. Thst impact wss abowut 10
megatons and could be expected every few hundred years. Recent estimates® indicate that
a 20-kiloton (Hiroshima-size) event should occur every year. This would be conspicuous,
apparently much of the energy is dissipated in penetrating the atmoephere. That such
cataclysmos are not generslly recorded in the archives of natural disaster seems somewhat
of a mystery. Perhaps it can be attributed to the fact that until the 20th century, very
little of the Earth's surface was populated.!® Nevertheless, the risk of being killed as &
result of astercid impact is somewhet greater than the risk of being killed in an airpiane
crash.!! '

The problem naturally divides into two parts: (1) detection of these relatively small as-
sailants; and (2) smashing or deflecting them shouid they be on an endangering course.
In this paper, I have addressed the letter issue. The reiationshipe I have derived should
guide thinking on how to counter such assailants. Their main value is to show the func-
tional relationship among the psrameters. This paper is not intended to be an exhaustive
study, and much research will be required to evaluate the constants in the equations I have
derived. But the following otwervations are compelling and unavoidsble.

o Kinetic-energy deflecticu is effective for ocean diversion for assailants smaller than
about 70 m, if the interceptor is launched when the asssilant is further than 3 AU
- At shorter range, intercaptors become impractically massive and the proba-
bility of fracture increases rapidly
- Ocean impact is probably unacceptable for larger assailants, and an order-
of-magnitude larger interceptor is requirad for missing the planet with con-
comitant incresse in fracture probability
- Higher specific impulse interceptors are more effective at increasing deflection
and reducing fructure probability, mainly because they divert the assailant
at a greater distance.
- Objects lese than 10 m are better pulverized at short range.
e Nuclear-explosive deflection is imperative for assailants greater than about 100 m
detected closer than ¢y AU because of the enormous mass of the interceptor required
for kinetic-energy diversion.
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¢ Nuclsar-surface-burst deflection offers a three-to-four order of magnitude reduction
in intercepior mase.
- Advaniage decresses slightly with specific impulse
- Advantage decreases dramatically with asailant velocity
- Fragmentation is & problem for intercepts closer than about 35 AU.
1 o Nuclesr penstratoms offer no advantage for deflection, but better for pulverization.
o Nuclear stand-off deflection grostly reduces fragmentation probability, but involves
& substantial increase in interceptor mase

The sesailant object depicted in Fig. 1 is roughly spherical in shape. In fact, comets o
sstegoids are generally quite asphevical, & “potato” or “peanut™ being the most popular
descriptions. All the deBection techuiques except the stand-off nuclear burst make & crater
that is small comnpared to the characteristic dimensicn of the amailant. The linear mo-
Mumimpuhewﬂlbeimpnnodm;&mmm‘uthammmemd
mass — with ccerections for local geclogy and topograply. Az aspheric cbject will aleo

receive some anguler momentum, depending on the location of the crater and the object’s

E inertial tengor. The sixs of the impulse will depend on material propertics, geclogy, ead

: topography.

Thus, it will be naceesary to characterise the geology and mechenical properties of the
sessilant when using the crelering deflection techniques. Such characterisation could be
sccomplished by & vanguard spececrafi. Stsnd-off deflection is much les sensitive to
thesce deteils. hm&ﬁwmﬁmﬁuwwmmmmm
detonation point with the center of mass, & langer level arm. Littls angular momentum will
be imparted, depsnding on projected arses compared to the inertial tensor. Thus, beside
ihMmdﬁwhﬁﬂwmwmmhantm
chbject it is deflocting.
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progrem. Proceedings of the onference aze yet to be published.




Figure Cantions

Figure 1. Interception Scenaric. (8) The astercid or comet is headed towerd Earth at a
velocity v. The interceptor, traveling at a diametric velocity V, is about to engage the
assailant. The assailant has a mass M,, and the interceptor, because it has long since
exhausted its fuel, it haa its final mass M;. (b) The interceptor supplies energy to blow-o
a portion (mass M,) of the assailant’s surface to impart a transverse velocity vi. The
blow-off materiel is very massive compared to the interceptor, M, > M, > M.

Figure 2. Dimensioniess Plot of Kinetic-Energy Deflection. Dimensionless parameter
eM./a&v’&M,;“ﬁ“) versus the dimensionless psrameter g/, /v for § =0.8, 0.9, and 1.0.

Figare 3. Initial Messes of Optimally Designed Inierceptors Using Kinetic- Energy De-
fiection for Ocean Diversion (1 Mm). Initial mass of the interceptor required to deflect
the acsailant by 1 Mm,unﬁmcﬁonoitheunﬂmt’adiametamdiurmgewhwthe
assailsnt is launched. Assurued guantities: p = 3.4 gm cm™?, v =25 km - sec™?, £ = 0.9,
a=2x10"% gni~N . cm~? . sec? and § ~ 0.775 The one-megnmeter deflection is typ-
icdofthccoumeh&ngeremﬁmdtodivutmmaﬂmt&wimpm&mapop\ﬂuedm
to ¢ nearby ccesn. To interpret a ten-megameter deflection, which would be conservative
for missing the plenet entirely (Rg = 6.373 Mm), multiply the mnses by about a factor
dten(M.'c:e"h, 80 a factor of 10 in & corresponds to a factor of 1.3 in M:.).

Figure 4. Blow-off Fractizn for Ocean Diversion (1 Mm) usiig Xinetic-Energy Deflec-
tion. Assumed quantities: p = 3.4 gm -cm™}, v = 2§ km -eec”), § = 09, a = 2 X
10~¢ gi(-2 . cm~?. soc? and 6 ~ 0.775. If more than 10% is blown-off, the asseilant
will probably bresk-up.

Figure §. Asympiotic Decresse of Biow-off Fraction with Specific Isipulse. The blow-off
fraction as a function of specific impulse for a 100-m aseailant with the mission launched
at a range of iy AU. With a specific imnpulse of 500, over 14% of the asssilant mass is
blown-off, whereas at s specific impulse of 5000, less than 4% is blown-off.

Figure 6. Initisl Messes of Optimally Designed Interceptors Unng Nuclear-Explosive De-
flection. Ocean detlection of 1 Mm is sought. Assumed quantities: p = 3.4 gm-cm™?,
v =25km-vec-!, =08, a=10"* gn}(~ .cm~? . sec’ and § > 0.318.

Figure 7. Ratio of Kinctic- Energy Intercepior Mass to Naclear- Explossoc Interceptor Mass.
(1) As a » function of asssilant velocity {v) for specific impulse [,, = 500 sec. (b) As &
runction of specific impulse (1,,) for assailant velocity v = 28 km - sec™!. (c) As a function
of both specific impulse and assailant veloaty. For the present numerical examples we
have choseni, aads/asby = 0.204. So figures can be read by multiplying the pumber ca the
vertical axis by 0.204.

Figure 8. Blow-off Frection for Colliaion Avoidance (16 Mm) using Nuclear- Ezplostve
Deflection. If the interceptor is launched at a range much closer than § AU, the assailant
will be fragmented rather than deflected.
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Astercid/Meteorite A

John L. Rero
Quantametrics Inc.
Brackenwood Path, St. James, N.¥. 11780

Abgtract; Analogs between meteorites and asteroids are organized
to permit a classification scheme for Near Earth Objects (NEO's)
in terms of their mechanical strength and thermal properties. An
abridged database on meteorite mechanical and thermal properties
is presented with a brief discussion. Some materials science
approaches to meteorite aralysis are discussed. There is a need to
carry out systematic experiments on meteorite properties.
recommendations for NEO material classification scheme (NEOM) is
suggested and a NEOM interception-interactions matrix is outlined.

1.Introduction

This paper has three ocbjectives. The first is to utilize
associations between metecrite mineral structures and obhservational
spectra of asteroids in order to establish a classification of
NEO's based on meteorite mechanical and thermal properties
anticipated dynamsic response to kinetic and radiation energy
interactions. Second, a preliminary database is initiated based on
currently available laboratory measurements which wmay not be
representative of the NEO properties in their environment. Third,
a material science approach to the analysis of meteorite properties
is discussed. Because of these cbjectives, the contents of this
paper are preliminary, limited in detail, and in some cases
incompiete. Also, recent significant experimental results are not
included; we hope to present them elsewhere. Monetheless, it is
anticipated that some of the suggestions contained herein will
spark interest or even controversy that will provide support and
motivation for continued research, which is the main scbjectiva.

In the past, the major objective of modeling asteroid types
according to meteorite analogs has been to assocjate the origin
and evolution of asteroids and meteorites in terms of the crigin
and evolution of the solar system. This objective has met with sowme
success in enhancing our understanding of the solar systen.
Additional understanding of the solar system may also be derived
from a study of Near-Earth-Okjects (NEO's) in general and Near-
Farth-Asteroids (NEA's) in particu}?r, which are regarded to come
primarily from mainbelt astercics'?. These cbiects are expected
to further increase our scientific knowledge buecause:

1. Many HEA's are believed to be remnants cf the originai planetary
building blocks as well as being metesorite pavent bodies.

2. Some HEA's mav be related to extinct comet nuclei and thereby
provide insight inte the origin and evolution of comets.

3. Terrestrial iwmpacts of NEZA'us are generally regarded to have
significantly influenced geclogical and Qiolcgical evolution on
the earth, je K/T extinctien hypothesis().

4. NEA's may provide a basis for space resource exploration.

Y. Some NEC's may be related to unknown mineral assemblages.
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Our approach is to characterize NEO's as asteroid-like objects that
have mineralogical analogs with meteorites and analyze how such
classes of materials will respond to technological processing
during NEO orbital adjustment. This approach does not minimize the
importance of this material serving as a link to the origin of the
solar system. Understanding the mechanical and thermal properties
of meteorites will aid in anticipating likely NEO characteristics.
This will assist the technology of NEO orbit management while
conserving as much as possible the integrity of the asteroid, comet
nucleus, or whatever the NEC turns out to be, for the natural
history record.

2. Astoroid Composition Types

Both mainbelt asteroids (MBA's} as well as NEA's have been
classified photometrically using reflectance spectra in the visible
through infra-red (VIS-IR) and in a more limited manner by radar
reflectivity measurements, thereby establishing some important
mineralogical characteristics that set 1imits for plausible
meteorite a§teroid materials analogs for the most populous
classes‘“*®"  aAdditional detailesd (astrodynamic) data on astercid
size, spin rate, arigntation, and surface properties is provided
by radar reflection'®. A brief exarple of some c©f the results
comparing asteroid composition types with xeteorite mineralogy and
relating them to mechanical properties is given in table one. From
the population of dozens of classified NEA‘'s, the (major types)
S:C:M ratio is approximately 7:3:1; while among the hundreds of
classggied Mainbelt-Astercids (MBA'sj the ratioc is approximately
7:5:1°7°.

Astercids as the source of meteorites is based on the following

generally accepted judgments:

1. Petrographic, physical, chemical, and isotopic differences among

various meteorite groups imply that at least 80 separate parent

bodies are needed to acccunt for the origin and evolution of
known meteorites. Characteristics of chendrites, irons, and
eucrites imply formation in parent bodies with radii of 100 to
60C kmnm.

Orbital and petrograpbic data of recovered meteorites and high

density meteoroids generally rule out the moon, active comets,

and extra-solar cbjects as the source for a significant number
of the recovered meteorites. However, there is the possibility

Mars way be the source for SNCs: highly shocked shergottites,

nildly shocked chassignites, and slightly shocked nakhlites.

3. Only a few of the thousands of recovered Antarctic meteocrites
are clearly recognizable as lunar in origin.

4. Analogs between asteroid snd meteorite reflectance spectra
suggest the Farth receives a nonrepresentative sample of
meteorites. Complete resolution of the asteroid/meteorite
anaioge will not he realized unti) the asteroids are sampled.

[ o8]

In texrms of relative abundance among fallen meteorites, the

chondrites make up the overwhelming wajority of the metecrites with
Toughly 84% of the total. The echondrites represent about &%; the
iron metecrites represent about 7% with the remaining 1% consisting




Table 3i: Most Abundant Near-Barth Astercid Composition Types,
Possible Meteorite Analogs, and Mechanical 8trength

I. B,C,F, and G (Primitive and Metamorphic)
Inferred Mineralogical Surface Composition : Hydrated
silicates and carbon/ organics/ opaques. Low albedo, ~ 2 - 7 %.

Spectral Reflectivity: Neutral, slight blue absorption, and strong
UV absorption.

Possible Meteorite Analogs (PMA): Carbonaceous chondrites. CI1-CM2
as weli as assemblages produced by aqueocus alteration and/or
metamorphism of CI/CM precursor materials. Low crushing strength.

I1. D anéd P (Primitive)

IMSC: Carbon/organic rich silicates. Low albedo, ~ 2 ~ 7 %.

Spectral Reflectivity: Red

PMA: Carbonaceous chondrites. Organic rich, primitive, cosmic dust
graips; CI1 - CM2 plus crganics; iow crushing strength.

1Il. B (Igneous)

IMSC: Enstatite and/or other iron free silicates.

Spectral Reflectivity: E; High albede >23 % and appears slightly
red but othervise featureless (no diagnostic spectra). R; Moderate

albedo, is very red with a strong infra-red absorption due to
pyroxens.

PMA: Enstatite chondrite and enstatite achondrite (E); pyroxene-~
olivine achondrite (R); moderate structural strength.

17._ M (Igneous}
ISHMC: Metal (Fe-Ni) with possible traces of silicates.

spectral Reflectivity:; Neutral, moderate albedo, High radar
reflectivity.

PMA: NiFe metal with possible silicate inclusions. Enstatite, NiFe
metal, or a combination of both and enstatite chondrites
derived from differentiated parent bodies; very stronqg
structurally if metallic.

V. 8 (Ignecus and/cr Metamorphic)

ISMC: Olivine, pyroxene, and FeNi metal combined.

spectral Reflectivity: Moderately high albedo, ~ 7 - 23 %;
Red; absorption band at 0.9 to 1.0 and near
2 microns: Broad absorption band in the
blue and uv.

PMA: Ordinary chondrites and/or stony irons; possible parent kody
of chondrites. Only the extreme metal poor and olivine poor
members of tiie S group have spectra that approach the ordinary
chondrites; moderate structu:al strength if chondritic: strong
if stony-iron.
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of stony iron meteorites. The propcrtional representation amon¢ the
meteorite classes is very different for finds which are heavily
weighted toward irons and stony irons because their distinctive
metallic characteristics are sc different from terrestrial rocks.
The observed fall statistics are generalily regarded to represent
the proportions of meteoroids orbiting in the vicinity of the
earth, and this statistic heavily favors the likelihood that most

asteroids are stony. However, there are other factors to consider
with regard to the probability of an encounter with a large NEO.

In Table 1 the most abundant (not all) asteroid composition types
are categorized with metecrite analogs that will have generally the
same mechanical and ‘thermal properties. This allows the
classification of a meteorite-like NEO to be divided intoc three
structural classes. Based on the inferred mineralogical surface
composition (IMSC) and the possible meteorite analogs (PMA) the
composition types B, C, D, F, and G as we'l as D and F are likely
to be mechanically (structurally) weak and can be placed in the
same category. Similarly, from the IMSC and the PMA we may assume
that the E and $§ have compositions similar to chondrites ang
achondrites and are somewhat stronger mechanically than the than
the B, ¢, D, F, ¢, D, and P types. Continuing this argument, we
consider the M type asteroids to be predominantly metallic and
structurally resemble metallic meteorites which are mechanically
Tthe strongest class, which is apparent from the data in Table 2 ard
other experimental work‘'’ 19

Although meteorite-like asteroids may be divided into three
structural classes and present a relatively limited range of
materials, there is still an extensive range of mechanical and
thermal properties on the micre and macroscopic scales caused by
inhomogeneities originating from the circumstances of origin and
evoclution. Most of the cata from which the mineralogical properties
of asteroids is inferre/l comes from telescope observations of NEA's
which are generally faint and must be observed within a narrow
spectral window (figure 1 on the last page) which compares
reflectance spectra of minerals, asteroids and meteorites.

Data presented in tables 2, 3, 4, and 5 which describe the
mechanical and thermal properties of meteorites is taken from
individual samples with relatively h?mog§q§ons microstructure. but
this 1is only scmetimes the case!!®!' 143 However, there are
complications and factors to consider in understanding asteroid
properties based on meteorite analogs:

1. First is the effect of large scale (more than a Cm)
irhomoge eities within given microstructural phases.

2. Second is the possibility that totally different phase are in
physical and structural contact or fusion, possibly as a result
evolution within the same parent body or from collision. One
phase masks the other, giving a deceptive spectral analysis,
which my yiell an incorrect asteroid composition, creating
uncertainty in anticipated mechanical and thermal properties.

3. Even if there is an ideal homogeneous microstructural
composition, there may have been thermal, radiation, or impact
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interactions throughout the history of the asteroid which
altered its integrity from an ideal structure.

4. There is the effect of small scale inhomeogeneities (less than
1 ¢cm) in the microstructure such as inclusions or grain and
phase boundaries. Collectively, these can present either large
or small scale discontinuities to a propagating shock wave.

5. The NEO object may not be a contiguous object. It may be
composed of meteorite space debris nucleated around a solid
object or a swarm of rocks or small silicate and metal grains.
The received spectral signal would correspond to integration of
the individual spectral components.

6. The NEC object may be a twe (contact binary , three, or many-
body system composed of relatively large components (on the
order of hundreds of m).

7. The NEO may resemble an egtinct comet (nucleus), implying a
density of around 1 gm/cm” or even lass.

2

(14)
)

8.

ther factors to consider whern applying the values in Tables 2,3,4,
and 5 to a model is that these measurements of the weteorite
properties were most likely performed in terrestrial laboratories,
at room temperature and atmospheric pressure. Therefore, it would
be desirable to carry out a more extensive and systematic set of
measurements of meteorite samples at conditions similar to those
found in the regiun of space betwecen Earth and the asterocid belt.
We have already started such an undertaking.

'e) Meteorite Anaiogs

Predominantly iron meteorites (M type analogs) are sometimes
relatively easy to detect by radar (reflec*ivity is enhanced by the
metal or stony metal surface). Because of their structure they are
probably the most lethal per unit mwass to the earth of all the
NEA's. Observations indicate that there are currently at least two
M type NEA's (1986 DA and 1986 EB)“SJM which have a mineralogy
identifiable with iron meteorites. Additicnal M type asteroids are
thought to exist in the main belt. These asteroids, which are
either partial'y or completely composed of iron-nickel, are
generally thought to be fragments of large cores and/or localized
metal reservoirs of differentiated parent asteroids. Their
survival, after the outer layers were (presumably; stripped away
by collision, demonstrates an ability to withstand a high velocity
impact with other asteroid bodies. This is not surprising from
detailed studies of their mechanical properties and microstructure.
Their survivability is based upon two physical properties; first,
the relatively high mechanical strength, especially when Ni
enriched (taenite phase) and second, their density (7.8) and
hardness wvhich is an impediment to external penetration and the
ensnuing pt lverization wechanisms. For parent asteroids tens of
kilometers in size, an additional structural factor is internal
(hvdrostatic) pressure on the uore which can lower the ductile-
brittle %“ransition temperature thereby strengthening the core
against catastrophic failure. However, the asteroid must be well
over 1CO0 km for this ettect to be significant.
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4. Mechanical Propertiss of Hickel-Iron MEA's

The great mechanical strength of M type asteroids can either be an

important asset or pose a formidable problem toc NEO interaction

missions whose aim is to modify the orbit. One of the assets of
~ - such robust materials is their presumed ability to absorb the large
amount of energy (impulsive forcee} necessary to undergo the
required change in mwomentum to satisfactorily adjust their orbit.
Another advantage is the relatively simple modeling afforded by
an ideal iron-nickel surface which is not complicated by several
variables associated wii’ a varjety of mineralogical components as
well as the presence of extensive regolith and/or breccla.
Disadvantages in dealing with M type asteroids include resistance
to penetrator devices, the presence of a network of inclusions
e which may introduce faults which can weaken structural properties,
= and large scale discontinuities ({eg. satony -~iron mixture).
e Materials properties and design methods to optimize penetyrator

device effectiveness for M type asteroids or planetary surfaces

will be discussed elsewhere. Also, the high density of M type
e asteroids indicates a large inertial mass to size ratio which will
- require & precisely targeted payload delivery system.

Some mechanical properties of iron-nickel meteorites are listed in
~ table 2. These results are based on a limited number of select
- samples which do not take inte a~count inhomogeneities and other

B variations in the material prope: ies. In addition, the actual
R asterocid analog to these meteoriie properties may be composed of
- internal layers or regions of silicate materiasl mixed with the iron
' nickel phases. Such a structure will present gress mechanical
discontinuities to a penetrating projectile or HE. Other surface
complications external radiation photo-ablation HE impulsive force
are structural discontinuities such as a substantial regolith
e layer. 1deally, the velocity vector of the astercid should be
) changed with a minimum amount cf work done on the structure of the
i asteroid, preserving its structural integrity. An example cf the
' gross mechanical property dependence on microstructure, or in
particular the weight % Ni, is the ductile-brittle transitien
temperature as shown in figure 2. The yleld strength for an impact
depends on the Ni contert. In figure 3, the impact yield &nergy for
the three iron meteorite classes, octahedrite, hexahedrite, and
ataxite are plotted as a function of temperature. Other factors,
guch as the effects of mnicro-inclusions as a function of
tempera32§$1a‘&re also important and are currently being

studied Vield Enargy for Ataxite, Octehad:iite, end Hexohndine Mitsonitie
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Table 2. Mechanjical Properties of Iron NWickel Meteoxrjtes

1. Density; Iron Nickel 7.29 - 7.88
Mesosiderites 5.20 - 6.20
Pallasites 4.74

. Hardness; Brinell, correlated with Ni content-Taenite 90 - 660
Kamacite 90 - 320

Brinell, hard inclusions (cohenite,troilite,
schreibersite, and chromite) 950
Vickers 200-350

[ 3]

3. Tensile strength; 0.58 - 1.8 x 10" d/cn’
4. Young's modulus (tensile) 2.0 x 10" d/cm2
5. Compressive strength; 1.1 - 3.4 X 10" d/cnz

Compressibility; Bulk modulus (all sides cgmpreSSLOn)
1.67 x 10" d/cm

6. Surface tension; 1200 d/cm

7. Coefficient of viscosity; 0.026 to 0.019 poises (d s/cmﬂ
molten meteoritic iron; 0.92
at effective temperature of vaporization; 0.01

3. Thermeal

Modification of the NEO orbit should couple as little energy as
possible into thermal modes <f melting and vaporization. However,
an instantaneous alteration of the asteroid trajectory is likely
to require a large amount of energy to be imparted in a very short
time. Examples of such heat generating methods include high speed
impact by penetrators with or without HE or nuclear devicss,
external nuclear explesives and the associated X-ray photo-ablation
and vaporization, or excavation and vaporization effects associated
with surface nuclear detonations. Ther~ -'vnamic properties of iron-
nickel meteorites are presented in Tz ;i< three.

Little effort .as been directed towar:.. understanding meteorite
properties in terms cf the technolocy of materials science, or
mining engineering. Characterizatior <f 1impulsive loading from
hypervelocity impact and associated shock, radiative scattering,
and thermal cycling effects over a broad temperature range
simulating NEO space interception should be carried out and addad
to the database. Such data can assist in validating computer codes
that may be used to simulate complex materials responsc to
arbitrary stress loading and to deterwmine strain levels required
for a material to fail either locally or catastrophically.
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Table 3: Thermal Propertiass of Iron - Nickel Neteoritas

1. Melting point (with 10% Ni): 1770 K

2. Boiling point: 3580 K

3. Averaqge specific heat: o
a) solid ( O - 1508 C) 6.91 x 106 erg/g-deg
b) Liquiag 6.66 x 1% erg/g-deg
c) Gaseous Cp = 3,72 x 107 erqg/g-deg

C. = 2.23 x 10° erq/g-deg

v

4. Latent heat of vaporization: 3.72 ev/atom 6.40 % 10" erg/g

S. Latent heat of fusion: 2.69 x 190° exqg/qg

6. Thermal conductivity (deg/cm) 4 x 108 erg/cmlus
7. Vapor pressure:

aj) Yron log p = 10.607 - 16120/T
b) Nickel log p = 10.725% - 16120/T

Qggg sted Metallic (M) Asterold iMal ._Propexties -]
If is suggested that to address the issues associated with the
benign modification of NEO, a systematic and detailed study should
be carried out on the iron-nickel and related stony iron meteorite
analogs of M type asteroids. From this study, one may be able to
determine what is known, what can be extrapolated frowm similar
terrestrial materials, and what research must be carried out to
gererate critical new data. To generate predictive models on the
results of explosive and impulsive interactions with any type of
asteroid or comet, we must attempt to understand such wechanical
properties;
1. Low strain rate impact properties.
2. High strain rate impact properties.
3. Shock wave propagation and microstructural effects.
4. Effects of inclusions and dislocations on plastic structure and
fracture characteristics.
5. Radiation effects in nmeteoritic and comet-like materials.

Measurements must be carried out on synthetic samples of (extinct? )
comet rnucleil to determine the distribution of €O, and i',0 ice, dust,

carbonacecus and other metecorite related minerals. enerdIYy
required are accurate values of those thermodynamic progerties that
will be of assistance in modeling interactions with high enerqgy
generated X-rays if nuclear explosives are used.

In addition to the above pxupoqed new work, wany of the iron
meteorite pioperties listed in Tables 2 and 3 should be re-
calibrated and extended with special emphasis on the effects
stony-iren mixtures, inclusions, and other imperfections in the
FeNi phases. There are critical gaps in the data base, especially
those involving high strain rates, efftects of 1nc1ua10ns, shock
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wave effects, and high energy x-ray and neutron flux interactions.
sume additional experimental work may have to be carried out on the
mechanical and thermecdynamic properties of iron meteorites if one
wishes to accurately model and predict the etfects of orbital
modifications by the methods discussed in this communications.

7. Stony Astercids

The physical properties of matallic metecrites are more homogeneous
than those of the stony metecrites. The origin of iron-nickel
meteorites is generally regarded to have occurred when the liquid
metal solidified yielding the important steel alloys kamacite and
taenite which have been extensively studied by metallurgists. While
meteorite structures of kamacite and taenite differ from steel,
they still retain many of the same properties and resemble a
manufactured material in uniformity. Stony astercids on the cther
nand can be divided into three groups with significantly different
physical and chemical properties:

Primitive (C, D, and P types): Dominate the outer part of the

asteroid belt.

2. Metamorphic (F, G, B, and T} Peak in the central reglon uf the
asteroid belt.

3. Igneous {S and E): Common in the iunner part of the beit. The

metallic (M) asteroids may also be considered in this group,

although its materials properties are very different from those

of the S and E.

it
.

Table 1 categorizes asteroid types based on their VIS-1R spectra
and relationship to known meteorite types (analogs). From the point
of view of interacting with the astercid by means of HE and/or
penetrator systems, we will regard the astercids to be further
classified into the above threc materix. groups.

Additional complications for the interaction with stony asteroids:

1. They may not be composed of one type of (meteorite analog)
material.

2. They may have cracks and iractures or be otherwise degraded
which will considerably reduce their structural integrity. This
is less likely for the stronger metallic meteorites.

3. The may have extensive regolith or regolith breccia vn thelr
surtface.

Tables 4 and 5 outline sowme of the wechanical and thareal
properties of stony meteorites. hs in the case of the iron
meteorites, the values presented are representative of a very
limited sampling of ideal specimens and do nct take into account
inhomogsneities, structural, or chemical variations within a given
metcorite class. Also, the conditions under which these
measurements wers obtained did not properly take into account space
conditions associated wi‘h asteroid orbits. We are currently
designing a series of experiments to more accurately determine
these chemical and physical properties.
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Tabie 4. MNechanical Properiies of Stony Meteorites
1. Density: Range 2.38 - 3.84

4. Hean atomic weight: 23

e 3. Porosity: a) micro 2.7 - 3.59 %
; b) macro 3.0 - 12.4 %
4. Surface tension: at fusion 400 d/cm

1f; at volatilization 360 d/om
il 5. Compressive strength: 0.062 - 3.7 kb.

6. Viscosity: 1.3 x 10° poises at 1400 C.

7. Seismic velocity: chondrites

. a) Leongitudinal 2050 - 4200 km/s
i b) Transverse 600 - 1220 km/s

Xable 5: Thormal Propertjes of Stopy Meteorites
. 1. Average melting point: 1250 - 1800 K

5; a) Magnesia olivine 18%0 C

2 b) Iron olivine 1100
- C) Magnesia pyroxene 1554
d) Ferrosilicate 1100

2. Boiling or disscciation point: 2960 K

3. Average specific heat: solid, 9 - 1200 C ; 8.95 x le°7deg/q-deq
liquid, 1.1 x 10" deg/g-deq

4. Late it. heat of fusion (fayalite): 2.65 x 10" erg/qg

5. Latent heat of vaporizaticn {average for meteoritic stone)-from

mean lattice energy: 6.05 x 10" erq/qg

5. Thermal) conductivity (at 50 C) : 3.6 5.8 x 107 cal-cm/deg-sec

172




8. Recommendations

In terms of the mechanical and thermal properties NEO-maternrials
(KEOM) are divided into three meteorite related groups and cne
comet related group:

NEOM 0: NEC's identified as being similar toc what is regarded to
resenble extinct comet nuclei are expected to have a very
low density ~ 1.5 gm/cm?, poor mechanical strength,
variable compositions, and variable thermal properties.

NEOM 1: NEO identified as being composed of materials similar to
the structurally weakest (friable) meteorites, and
resembling the (primitive) asteroid classes; C, D, P, B,
F, G, and T. These materials will also have similar thernal
characteristics.

NECM 2: NEO identified as being ccamposed of metamorphic and
igneous materials and corresponding to asteroid classes E,
R, and S, and have similar thermal properties. This group
is stronger than the NEOM 1 group.

NEOM 3: NEO identified as resembling metallic meteorites and
corresponding to the M type asteroids. This is the group
with the strongest mwechanical structure and similar
thermal characteristics. -

This classification 1is not ideal and may need revision or
expansion. However, this appears to be the simplest starting point.
Note that if a NEO object is classified into one of the above
categories, it does not necessarily mean that it is homogeneous.
Indeed, a NEO might represent fused collision fragments from two
or more different type of asteroid-like bodies, thereby leaving a
macro-heterogeneous object which falls into two or more of the
above groups.

The NEC zsteroid mitigation methods mission wilil take into account

interactions with objects from each of the four materials groups
which gives the following interactions matrix:

NEOMC NEOMY NEOM2 = NEOM3

gsurf HE/NE
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The interactions matrix elements is meant to describe the
interaction of a given material type (NEOM) with an interactive
device, and does not take into account such parameters as the size
of the object or other gross material characteristics. Therefore,
each matrix element in the materials interaction group may have an
additional parameter associated with NEO size, thereby giving a
three dimensional matrix.

Figure 1: Reflectance
spectra for olivine,
pyroxene, and ircn-
nickel metal. Meteoritic
material consisting

of a mixture of these
minerals would have a
composite spectrum formed

spectrun forned |7\ g,/ /
by the weighted integration | 7/ _~121L//—

of these curves.To the left : ,~»———3355/,_££E£55
1 3 N3l £ ! S D T |

1s a comparison of the o L & 35 P ERTRET I T e
reflectance spectrum of Wavcirugeh (o)

asteroids and meteorites.
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Report of MEO Xnterception Workeshop: Appendix to Workshop 4
NEO Material Properties

John L.. Remo
Quantametrics Inc.
Brackenwood Path, St. James New York 11780

Detailed information on the possible range of NEC material
properties is critical to the successful applicaticn of NEO Defense
Options, the Systems Analysis evaluation, and the establishment
Program/Pclicy Options. Therefore, a strategy to mitigate the NEC
threat must be based on a comprehensive analysis of the NEO
material properties and their response to:

Buried, surface burst, and stand-~off nuclear explosives
Kinetic-energy deflection and pulverization

Laser deflection

Attached thrust deflection methods

T * % N

The working group report of NEO Interception Workshop 4," Energy
Delivery/Materials Interaction" evaluated the above options.

The Materials Properties appendix briefly outlines additional
scientific and technical efforts on the likely NEO materials that
should be carried out in order to provide the best data possible,
given the current uncertainties in knowing the NEO composition.
Efforts should be directed towards:

1. The establishment of a high probability property database
(HPPD)} for the range of NEO compositions and structures based
on asteroid/meteorite analogs. The HPPD should provide
information on the mechanical and thermal properties as well as
atomic compositiona. Input to the HPPD will be cobtained by means
of a series of experiments on a set of meteorites which will
serve as analogs to the observed asteroid types from which a
porticn of the NEO population is likely to have originated.
Other laboratory work is necessary to measure basic physical
properties of meteorites.

¢. Development of detailed modeling cf both the macro ard
nicro~structure response to thermal, mechanical, and nuclear
radiation alteration as encountered in a NEO response strategy.
This modeling should be based on experimentation and simulate
the NEO orbital (encounter) environment. The HPPD will be
enhanced by such experiments and integrated into the mocdeling.

3. The HPPD and modeling may be axtended to (extinct) comet nuclei.
4. A satellite reconnaissance mission to remotely sample one or
more NEO objects should be carried out to test the model

analogs.

We have already started to conduct research in the first two
categories.
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Some Notes o Terrestrial Blasting Design and NEO Interception

Richard Gertsch
Earth Mechanics Institute
Colorade School of Mines

Golden, CO 80401

These notes result from experience in terrestrial blasting
practice. They are very qualitative, like terrestrial practice
which is dominated by trial and error.

The design of rock fragmentation with conventional explosives as
terrestrially practiced is controlled by two broad
considerations: powder factor and blast geometry.

nowder factor is the amount of energy (commonly measured as mass)
of expiosive required tc fragment a unit mass of rock. Geometry
determines how the energy is delivered in space and time.
Gecmetry has a profound influence on powder factor.

These considerations have implications for deflecting and
fragmenting asteroids. While unconventional point sources are
obviously orders of magnitude higher in energy than conventional
chemical explosives, there will be similarities in application.

Previous workshops have already incorperated the concept of
powder factor into the problem definition, although defined in
different terms.

POWDER FACTOR

The basic measure of explosive application is powder factor: the
amount of blasting agent required to fragment a unit mass of
rock. It is, more properly, the amount of energy delivered to a
unit mass of rock (Morehard, 1987).

A common conventional powder factor measure is kg/t. To fragment
hard crystalline rock (e.g. basalt) into pieces smaller than
several meters requires a factor of about 0.05 to 0.5 kg/t.
Making several gross assumptions, a million t astercid would need
S0 to 500 t of conventional chemical agent or eguivalent
unconventional agent.

Evern Jif this overly simplified analysis would work, 1t says
nothing about the geometry of application. Powder f{actor tells
how much explosive enerqgy should be delivered, geometry tells how
that energy should be delivered.

It is interesting to ncte that powder factor as used in mining is
largely an economic measure. Since explosives cost money, a
great effort is made to reduce it and still maintain the required
degree of fragmentation,
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BLAST GEOMETRY

In terrestrial blasting, poorly applied explosive energy can
result 1in wuncontrolled fragmentation, which 1is particularly
undesirable in NEO interception. At least as bad is using more
scurces than necessary because of poor application geometry.

Efficient blasting results from well designed blast geometry.
There are two related geometrlies %0 be discussed: space and
time. Both are the result of the concept of free face.

FREE FACE

The most inanportant design factor in terrestrial explosives is the
free face, which is a rock face at some distance from the
explosive source (Fiqure l). In reflection theory, the explosive
charge {nitiates a compression wave. The wave hits and is
reflected from the face, in tension. The wave action causes
fragmentation at the iree face. Other thecories such as gas
f:xpansion, flexural rupture, nuclei, etc., still require a free
tace (Morehard, 1987; Langefors and Kihlstrom, 1978).

Consider two conditjons without free face: If the source is too
deep, the shock wave is dissipated before it can transfer energy
to fragmentation at the free face. If the source is cutside the
rock mass,. little energy is trenstered to the rock.

Fragmentation, conventional or otherwiso, requires a free face.
This necessity controls the geometry of the sources both in space
and time.

OPTIMAL ENERGY PLACEMENT: DELIL <RY in SPACE and TIME

The ubiquitous tervestrial methcd used to place explosi: :s in
rock is vo drill holes in the rock and load the holes with the
blasting agent (Figure 2). Fach hole with its explosive ic
designed to break a cylindriceal column of rock. While a drill
emplacement for NEO is very unlikely, a look at mining practice
should be iilustrative.

A single point source is aimost always not a desirable

fragmentation geometry. 1in general, fragmentation i3 improved by
diffusing the explosive throughout the vock mass as much as
practical . However, dittusion is probablyv more of a

consideration for 1low energy conventional chemical agents
compared to high eneray unconventional ones.

Terrestrial drill hole placement is defined by burden, spacing,
hole depth, explosive enerqy, and rock strength (Figure 2). The
holes are placed so that over time each hcle fragments rock using
the same locally optimum powder factor. Rock strength combined
with hole spacing, burden, and depth define the volume of
breakable rock. Explosive energy and the rate of application of
that energy are controlled by the type of explosive.
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In Fiqure 2, the drill holes are designad to be fired
sequent.ially in order to have each one break to a free face. The
exact pattern may vary, e.g. one hcle at a time or each row at
once. The timing may also be varied in order to cause
interaction of the explosive columns; one fast firing method
detonates a hole when the shock wave from its predecessor
arrives. w.thin the free face principle, there are many
variations on firing methods.

Rock strength is an extremely difficult variable to quantify, yet
it has the most influence on charge placement. The stronger the
rock, the higher the powder factor. But cracks or faults
profoundly change the fabric c¢f the rock strength and can direct
the energy in unwanted ways, causing uncontrolled fragmentation
and energy waste.

As a minimum, the effect of very powerful point sources within
large rock masses 1is unkncwn. The geometry of explosive
applicaticn is an important question. To fragment a body, it may
be far more cffective to apply 100 hits of 100 kt than to apply
one hit of 10 Mt.

Deflections using mass ejected from the object raise the seame
guestions. A series of smaller ej=2ctions could possibly out
perform one large one, while maintaining better control over the
object. :

Deflection with stand-cff shots may also be improved with point
source arrays. To ensure no rogue fragments hit the earth, a
stand-off plane of point socurces may give better odds against
unicontrelled break-up than a large single source.

SHAPED CHARGES and ARRAYS

The concept of shaped charges is not new, but the concept of
shaped arrays 1is. A shaped charye directs energy through the
geometry of the blast. An early application was the anti-tank
rocket (bazooka) that empioyed a forward focused parabolic shape
to direct energy toward the tank armor.

it should be possible to direct the energy with an array cf

unconventional sources to enhance both deflection and
fragmentation. In deflection for example, a shaped array couid
ensure that a rogue fragment, in the case of an uncontroled
break-up, will still be deflected away. Similarly, several

fragmentation scenarios may be more tractable with shaped arrays.

SOME IMPLICATIONS for NEOs and UNCONVENTIONAL SGCURCES

Object Rotation: The whcle notion of delivery in space and time
is contradicted by rotating obijects. ?1lmost all NEOs rotate.
How are point source arrays dellvered to a votating object?
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Flying Gravel Pits and Other Nasty Surprises: It was established
at workshop 4 that some NEOs are completely unconsolidated. what
elgse i8 out there? How to deliver energy to such a body has not
been considered. 1In the terrestrial excavation business, the one
major unknown, the source of all problems, is the rock itself.
Given a six month warning scenario, a quickly delivered and gross
over-kill is the only solution.

The need for over-kill increases as the size of the body
increases. Large bodies are far more destructive, mechanically
less predictable, need far more energy application, and need,
consequently, far more overkill.

Timing and Fratricide: Point sources delivered in time need to
be far encugh apart to prevent fratricide cf the sources. 1In the
scale of space, the egquivalent of a five second terrestrial
blasting round may last days.

Available Point Source Inventory: The available size
distribution inventeory may dictate the point source array
delivery design. Are there other implications of the available
inventory?

Critical Size: There is an asteroid size threshold were a single
point scurce will sufficiently fragment the NEO. For NEOs larger
than this critical size, the blast design is critical.

CONCLUSIONS

Terrestrjial experience tells us that, geometrically, large single
point explosicns will probably be less wuseful than smaller
multiple patterned blasts. Our thinking should include arrays of
point sources.

Similarly, the number of devices and their total effective energy
transfer will depend heavily on delivery geometry. Guod point
source delivery geometry will lower the number necessary. The
time to begin the design of the delivery geometry is now.

Uncontrolled fragmentation, either during a deflection or a
fragmentation attempt, 1is the least desirable result of he
at.tempt. Blast design for either case must have the ability to
counteract it.

Probably, the best defense is highly reasoned and well designed
overkill.
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Penetrator Device Applications and NEO Matarials Propertioes

John L. Remo
Quantametrics Inc.
Brackenwood Path, St. James, New York 11780

Abstract: Penetrator devices (PD) represent a robust technology
that may play a key role in NEO (or planetary probe) diagnostics
missions, initial NEO orbital adjustments, and dispersing secondary
threats originating from NEO fragments. The advantage of PDs is
location of the payload within the NEO body and thereby optimizing
coupling for analysis, momentum transfer, or pulverization. The
major disadvantage of some PDs is large mass, especially uranium
alloy penetrator cores, which can reduce the NE or I'E payload.
Metallurgical properties of uranium alloy penetrator are discussed
and some design requirements to faciliate the NI'0 interception
mission are addressed.

1. Introduction
Penetrator devices (PD) may play a key role in modifying the NEO-

orbit by directly imparting momentum with or without a high energy
(HE) or nuclear energy (NE) explosive payload, depending on the
size, density, mechanical structure, and the amount of orbital
change or pulverization desired. The PD can also be used as a NEO
or planetary and satellite probe in general. HE and NE payloads
are generally available and lend themselves to integration with the
penetrator system. The mission criteria for the penetrator will
likely require a design configuration based on a high strength
alloy and/or a depleted uranium alloy core or component with a hard
tip or insert to maintain structural integrity to facilitate the
optimum depth penetration by the (payload) inertial mass into the
NEO target. Designs not requiring a large inertial mass and the
associated weight penalty are more desirable. Whatever the eventual
design configuration, the ultimate goal is to achieve the cptimal
depth penetration into the target in order to maximize the momentum
coupling and explosive yield directly to the NEO the NEO.

Advantages and factors to take into ccnsideration with respect to

the use of a2 PD include:

1. If there is a thick regolith and/or breccia like surface layer
which must be penetrated to deliver the HE or NE payload to the
main NEO body. The PD must be protected as much as possible
against deformation and fragmentation during the initial impac’.
even at At high velocity ( order of 1 or 2 km/s) by recessing
the tip and sheathing the (payload) core. The specific design
options shpould be influenced by the range of NEO target
materials and structure.

2. The amount of mcmentum transferred to the NEO target will depend
on the depth at which the HE or NE payload is detonated and thwe
structural integrity. Again, this will be a function of the NEO
material density, mechanical structure, and HE or NE vyield.
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3. If the purpose of the missicn is to pulverize the NEC, the FD
should embed itself to optimize fragmenation ané crater size.
This implies that the buriel should be as near to the center of
mass as possible and still allow the shock wave to be reflected
from the free iface in tension. The pulverization interaction can
take place during the primary NEO interaction with the use of
NE or can be used "0 neutralize secondary fragments from the
original NEO mass. lhe secondary interaction may rely only on
kinetic energy to neutralize the fragments.

4. The PD may be able to overcome the barriers presented to HE or
NE emplacement by penetrating through regolith and outer strata
to achieve optimal emplacement for momentum transfer and/or
pulverization. Optimal application requires a knowledge of the
mechanical, geolcgical, and dynamic properties of the NEO.

2. Depleted Uranjum 2lloy Systems

There has been a extensive amount of full scale testing and
engineering design to penetrate metal targets (armor) and a range
of penetration depths as a function of velocity, mass, aspect
ratio, and tip configuration. Much data is available and can be
applied tc the NEO problem. For instance, depleted uranium alloy
penetrator cores (PC's) have been extensively tested and used for
numerous missions. Several rsbust configurations of penetrator
cores are available with excellent aspect ratios for deep
penetration wlile delivering a high energy HE or NE pavlocad at a
rapid spin rate and under extreme g (acceleraticn) levels.

a. PC techrology can be adapted to be used with a high speed rocket
payload for use in either an (instrumented) diagnostic or
payload supporting interections mission.

b. HE or NE payloads for PC's are standardized and readily
available for NEO missions with a variety of equivalent TNT
yields.

c. Currently zvailable combined penetrator core and HE
configurations can penetrate 50 meters into tuf{ and several
meters into hard rock.

d. With modification PC technology can be adapted for use with a
variety NEC class objects.

However, depleted uranium alloy may not bhe the best choice for all
three of the possible PD missions.

3. Somé Metallurgical Issues

A review of the literature indicates there are some metallurgica.
issues that must be addressed if the PC technology is to be applied
in the space environment and perform at temperatures as low as 150
to 200 K. A primary concern regarding the utilizaticn of penetrator
cores with or without HE or NE pz ‘oads for the asteroid intercept
mission is the ductiie~brittle ti -isition temperature .f depleted
uranium alloy, such as U-0.8 wt% Ti, which exhibits a ductile to
brittie transition at about 243 X ‘%%, It has been demonstrated
that tensile ductility of polycrystalline uranium decreases rapidly
with decreasing temperatures < .25 T, (306 K). The ultimate tensile
strength also decreases with decrease in temperature in this range.
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the impact energy vs temperature for U-0.8 wt% Ti is shown in
figure 1. The anticipated asteroid temperature range at impact is
(shaded) is below 50 C. The fracture of uranium alloys versus that
of iron-nickel meteorites shown in figure 2 where the Charpy impact
energy as a function of temperature is plottedc on the same graph
as the charpy impact energies for three crystalliine classes
(function cf wt$ Ni) of iron nickel metereorite. The PD yield
strength does not compare favorably to the iron at these low
temperatures. This indicates that unless precautions are taken, the
PD will fracture in a brittle manner upon impact with the NEO.

Other metallurgical factors that are cf concern which will enter

into the model (depending on the mission) include the plastic flow

and strength of the uranium alloy, and fracture characteristics.

Since the strength of uranium and its alloys as well as other

candidates for the penetrator device are influenced by the crystal

structure as well as the point, planar, and volume defects, the

temperature and strain rate influence the various strengthening

mechanisms in different ways. Some strengthening mechanisms to

consider for PD's in general include:

1. Textural, strain, and solid solution hardening

2. Intermediate and high temperature hardening > .35 T_, where
T.,= 1225 K is the absclute melting temperature of alpha uraniuam.

3. Grain and subgrain boundary hardening.

4. Precipitation and dispersion hardening.

5. Superplasticity of uranium and its alloys.

6. Utilization of composite materials.

7. Low temperature ductility.

4. Recommendations for Pepetrator Technology

Table 1 shows the ductile~brittle transition characteristics of U-
0.75 wt% Ti pentrator cores. This data indicates that the impact
energy required to cause fracture is a function of temperature,
being extremely brittle at -54 C. To effectively carry out the NEC-
Asteroid mission, this brittle behavior must be supressec before
impact. The impact energy required to cause fracture appeared to
be insensitve to microstructural and hardness variations.
Therefore, medifications to the penetrator core design should be
analysed principally to overcome the effects of the high dictil-
to-brittle transition temperature. A possible solutions is the
complete heating of the PC to at least 300 C prior to NEO :impact.

7K Average ismpact Bneray {J)
219 3.3
296 5.0
347 6.4
373 6.5
473 12.7
$00 18.3

Table 1: Ductile to brittle transition of U-0.75 wt% Ti
2 penetrator Cores
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3. Summary

An optimally buried NE will eject a considerably larger amount of
mass from a crater and thereby provide the opportunity to optimize
the momentum coupling effect necessary to adjust the NEO orbit
which cannot be achieved with either a surface or stand-off NE.
Also, the penetrator device may overcome boundary discontinuities
of the NEO such as regoiith layering or other inhomgeneous effects.
Information regarding these inhomcgeneities end other physical
characteristics may be obtained from a precursor peretratcy mission
which can provide dlagnostic information on NEO geology, macro-
structure, and cther dynamic characteristics. Another advantage of
the penetratcr with a NE payload is the ability to provide a highly
efficient destruction of the original NEC or cone of the larger
fragments by pulverization, if that is deemed necessary. The
penetrator may be able to place the NE close to the center of mass
and interact with as much material as possible.

A drawback of the PD 1is the large increase in mass to the
interceptor payload that might otherwise be used to transport NE.
This is especiaily serious in the case of the U ailoy PC which also
have the added problem of brittleness at temperatures typical of
NEO orbits. On the other hand, if a lightweight terrain penetrator
can be developed that is ductile in the NEO orbital interaction
environment, the NEO penetrator device may provide an optimal
solution for orbital adjustment, pulverization, or a diagnostic
intercepticn.
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NEQ Interaction with X-Ray and Neutron Radiation
P. Hammeriing and J.L. Remo
Quantametrics, St. James, N.Y. 11780

INTRODUCTION

One potential approach to dealing with a large near-Earth-objects(NEO'S) on a
collision course with the Earth! is tc attempt to alter their orbits by means of radiation
induced momentum transfer produced by the surface blow-off from stand-off nuclear
bursts. This effect will depend primarily on the NEO composition via the atomic cross-
sactions and is therefore particularly advantageous in mitigating uncertainties
associate : v ™ ' 2 observational characterization of NEO'S. Reflection spectra and
radar refi.. 1y iy < ata at best provide limited information on material composition, and
current inforiasion on material compositions makes it difficult to establish meteorite/
asteroid analogs. Another advantage of using nuclear irradiation to dsliver the
specific impulse is that it could first be used to provide a diagnostic of the NEO size
and composition and then subsequenily be used via a sequence of repetitive
intera: uons to impart precision orhital adjustmants to the NEQ. At sach step in the
nuclear burst sequence the NEO surface will be “fire-polished" theraby setting the
stage for a penetrator device or surface detonation if it should appear desirabie. The
blow-off and “fire-polish’ can also mitigate other physical characteristics such as
regolith laysrs, past fragmentation history, shape, center of mass, ana structural
integrity, which prasent varnous levels of uncerntainty to a surface nuclear explosicn or
penetraticn device.
it is therefore reascnabie to sugest that nuclear irradiation in the form of X-rays and
neutrons will provide, via ablation induced momentum transtfer, a means to adjust the
NEQO orbit sequentially. The interaction cross-sections wil, vary betwesn those
appropiate to silicats and metallic(FeNi) valuas with a density range from 2 10 7.8
gm’cnd Howaver, if the NEO resembiles an extinct comet head the density may be 1
gm/cn or less and the use of stand-off niuclear irradiation may be problematical. The
NEO 15 expected to range in size up ¢ saveral kilometers

Wa present beiow some order of magnitude estimates te help evaluate th
concept. The estimates are intended tc provide a guide to the problem and are not to
ba considerad a substitute for more elaborats computer simulations.
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ANALYSIS

The specific impulse(momenturn per unit area), |, imparted by ablation due to x-
ray or neuiron absorption is tound by integrating the differential relationship:

(1 . dl = pvdx
where
(2) v/2=€-¢,

p isthe density, ¢ and ¢, are the incident energy per unit mass and vaporization
energy per unit mass respectively, and dx is the radiai differential to the NEO surface.
€ is related to the fluence F, and the opacity, . , by

(3) € =pF
Therefore:
X,
(4) I=V2 [(uF ~¢,)"?pdx
0

Additionaily, it is assumed that the fluence varies with the penetration depth according
to

(5) F =F, exp(-pux/cosd)

where 8 =0 is normal to the surface
For simplicity we take the obliquity factor to be unity and ignore the temperature
variaticn of the opacity.

Using the scaled variables

(6) | = (e, /u)*
Fo=F, IF .
Foin =€, 11
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The evaporation depth, X, in the integrai is given by:

(7) X, ={1/pu)inF,

With this form, the integrai can be readily evaluatea:

(8) I = 2V2{yF, = 1-tan™[F, -1}

which should be compared to the result guoted in the APS study?, re-oxpressed in the
same non-dimensiona quantities as above

(@) s = 2(F, - 1)InF,

’

If, instaad of an axponentially decreasing absoiption one used & constant
absorption model upto X, and zerc theraafter, the above calculation gives

(10) I =A2(FL -

These and othar similar modals ziso have been discussed by Lawrence3. In the
asymptotic regime, F, >>1, and, using Equation 6

e 2\,@?:‘?;[ exponentiai absorption
(11) = J§FU7IE constant abssrption
= V’FPT(F“ /w)ink, APS form

it is seen that the results are relativaly, insensitive to the model usad, and 3ven to
approximations.

I ts usually measured in taps (gnvcm-sec).

Assuming a nuclear device with its entire yield in x -rays or neu! 7ns aexplodes at
a distancs L from the NEQ's surface, the resulting fiuence is

(12) F o= Y/U = 4.2x10%(Y /1) J/em?
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whare the yield, Y, is expressed in MT and L. in km. It T denotes the "bumn-time" of
the explosion then the intensity, 1, is, with T in units of 10ns
[=4.2x10°(Y /)W /em?,

X-RAY FLUX

We first wilt apply the above to ablation by x-rays. Typicaily for 1 keV x-rays the
opacities lie in the range
(13) 16 <pu<10* cm?/gm

and the vaporization enargy:
(14) 10° <e, <10° Jgm

so that 10" <F_, <10 J/cm’

For example with a 1 MT yield expl ded at a distance of 1 km and taking
w=10‘cm’/gm and €, =10'J/gm, F_ =4.2x10% and | = 5.8x10" taps,
assuming e: ponential absorption of the x-rays.

Let us compare this baseline result to some spedific materials. For silica, using
mass averages of the tabuiated data, | = 13x10° teps at 1 keV and an order of

magnitude higher at 10 keV. Foriron, | = 6.5x10*taps at 1 keV and = 4.7x1 Ostaps
for 10 keV x-rays. We sse the sensitivity t« the spactrum of x-rays inadiating the NEO.
We can also make contact with studias of x-ray driven ablation in itha centext of
the ingrtial confinemant fusion (ICF) program. This can be dcne by using the results
of Murakami and Meyer-ter-Vehn4 for the mass ablation due to soft x-ray absorion:

(15) m, « *®mgm/cm’

andd the ablation pressure

(16) P, (Mbar) = 401°% /°"°
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In the above, time is measured in units of 10ns and the intensity in units of
10" W /cm?. The specific impuise is rslated to the ablation vsiocity, V,, and the

ablated mass by

(17) f=m v,

The abiation velocity is related in turn to the ablation prassure and mass ablation rata
by

(18) v, =P, /{dm, /dt)

Combining Eqns. (15)-(18) resutts in an expression for the spacific impulse:

(19) - i={m, /(dm, / d)iP,

(20) _ b= 4.7x10°1°%1°° 1aps
’ = 2.3x10° tapsfora t MT burst at 1 km.

The simulations on which the above resutts are based used a 20 frequency group
Planckian spectrum, tabuiated equations of state (SESAME) and tabuixted opacities
assuming LTE(loca! thermodynamic equilibrium). The radiation temperature
corresponded to the absorbed flux,

it should be noted that if the x-ray intensity is too high, & supersonic heatng
wave rather than an ablative heating wave may resuli. The breakpoint is in the region
of 10° -10"“W/cm’,

Estimates basad on thess order of magnitude caiculations or nu