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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, could potentially be diverted from an Earth impacting trajectory by a

rocket launched, 10? to 10% kg impactor, with a lead time of ~10 yr. For larger bodies or

shorter lead times, the use of kinetic energy impactors appears impractical because of

the larger mass requirement. For any size object, nuclear explosions 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.

I. INTRODUCTION

Several hundred asteroids and short-period comet nucleii with diameters
>10? m, have been discovered in Earth-crossing orbits. Upon extrapolating '
this known population of near-Earth objects (NEOs) to those not yet discov-
ered, it is estimated that ~2 x 10® objects 21 km in diameter are present in
a transient population (Shoemaker et al. 1990; see Chapter by Rabinowitz et
al.).
Comets are brought into the swarm of NEOs by gravitational perturbation
mainly by Jupiter from their orbits in the Kuiper belt or Qort cloud (Weiss-
man 1990). Some objects currently classed as near-Earth asteroids may be
devolatilized comets. In the case of asteroids, the source of NEOs is largely
from the main asteroid belt. Earth- or near-Earth-crossing objects are removed
from this population either via collision with a planet or by gravitational per-
turbation which causes them to be ejected into hyperbolic orbits. The largest
Earth-crossing asteroids have diameters approaching 10 km. It is unlikely
that any objects larger than ~5 km diameter remain undiscovered, but some \
3 to 5 km objects are probably still to be found.
Scientific interest in NEOs is great because it appears that many of these ’
|
|
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objects are mainbelt asteroids which have been perturbed into terrestrial
planet-crossing orbits, and thus give rise to a large fraction of the impact
flux on terrestrial planet surfaces (Binzel et al. 1992). NEOs as small as 5
to 10 m in diameter can occasionally be telescopically observed (Scotti et al.
1991; see Chapter by Carusi et al.). Meteorites are fragments of NEOs that
have survived passage through the Earth’s atmosphere. Because the num-
ber distribution of different meteorite classes correlates poorly with asteroid
type, as inferred from reflectance spectra of mambelt 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 ren-
dezvous missions to near-Earth asteroids (NEAs) are currently being planned
by NASA (Veverka and Harris 1986; see Chapter by Cheng et al.). Finally,
the composition of NEOs is of interest as these objects represent possible
mineable resources which, in principle, could supply raw materials, includ-
ing water, and hence, oxygen and hydrogen for extended space flights (see
Chapter by Hartmann and Sokolov).

Earth-crossing asteroids have been recognized telescopically since 1932,
when K. Reinmuth discovered 1862 Apollo. However, it was the American
geologist, G. K. Gilbert whose work on Meteor Crater, Arizona, and many
later workers, conclusively demonstrated that the impact of Earth-crossing
asteroids and comets produce the ~120 known meteorite impact craters on
the Earth and virtually all the craters on the Moon.

In 1980, a startling discovery was reported by Alvarez et al. (1980). They
found a concentration of platinum group metals of 10* to 10* times normal
crustal sedimentary abundances, and in approximately chondritic meteoritic
proportions, at two sites in Europe, exactly at the Cretaceous-Tertiary (K/T)
boundary. On this basis, they proposed that an asteroid or a comet, ~10 km
in diameter, impacted the Earth 65 Myr ago and the prompt high speed
projectile ejecta from this impact was lofted upward to the stratosphere and
was dispersed worldwide. They further proposed that this dust layer gave rise
to a temporary decrease in solar insolation and drastically, but temporarily,
affected the world’s climate, and hence the biotic food chain.

Inthe 13 yr since the publication of the Alvarez et al. hypothesis, probably
the most significant discovery in paleontology in this century, the platinum-
rich element layer has been uncovered at some 200 sites all over the Earth, in
terrestrial sediments and shallow marine and deep marine sedimentary envi-
ronments. The concentration of platinum-group elements in the impact ejecta
varies such that it can be considered to consist of typically ~1% meteoritical
material (Gubbio, Italy). In some localities it occurs up to ~10% concentra-
tion (Stevens Klint, Denmark). The platinum-rich element horizon is always
found in sediments of exactly Cretaceous-Tertiary (65 Myr) age. In addition,
the K/T ejecta layer contains mineral grains (quartz and feldspar) which bear
distinctive shock-induced lamellae as well as spherules of impact-induced
glass spheres. Such spherules have long been associated with impact craters
both on the Earth and the Moon.
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In 1992 good radiometric ages (Sharpton et al. 1992; Swisher et al. 1992)
and stable isotope data associating the molten ejecta with a source terrane
(Blum and Chamberlain 1992; Blum et al. 1993) have been obtained. The
shocked mineral grains and shock-induced glasses are now believed to be part
of ejecta from the ~250 km diameter Chicxulub Impact Crater located along
the northwest coast of the Yucatan Peninsula in Mexico. The radiometric and
stable isotope data reinforce the association of the Chicxulub Crater, which
formed in shallow marine sediments, with the K/T boundary impact event.
Previously Bourgeois et al. (1988) and Hildebrand et al. (1991) reported the
occurrences of local, presumed tsunami-related, deposits directly underlying
the platinum-rich element layer around the rim of the proto-Caribbean sea
in Central America and in the Southeastern United States (see the Chapters
by Smit and by Hills et al.). Such deposits were anticipated earlier, on a
theoretical basis, by Ahrens and O’Keefe (1983).

The K/T boundary marks the end of the Mesozoic era and thus represents
the demarcation between the age of reptiles (Mesozoic) and the age of mam-
mals (Tertiary). Evidence that similar extinction-causing impacts occurred
previously in Earth history is incomplete. The K/T event appears to be the
most recent, and hence has the best preserved record, of five major extinction
events which have been recognized by paleontologists to have occurred in the
last 500 Myr of Earth history. Approximately 50% of all marine genera and
probably 90% of all species became extinct at the K/T boundary. These in-
cluded terrestrial, marine, micro- and macro-organisms, and the well-known
groups of dinosaurs. An impact of such a large bolide on the Earth is believed
to give rise to a large number of global physical (Gerstl and Zardecki 1982;
O’Keefe and Ahrens 1982; Toon et al. 1982; Vickery and Melosh 1990) and
chemical effects (O’Keefe and Ahrens 1989; Brett 1992; Sigurdsson et al.
1992) which are deleterious to life. However, the generation of environments
which endanger the existence of a multitude of life forms and their detailed
effect on the global environment are not yet thoroughly understood (Chapters
by Sheehan and Russell and by Toon et al.).

As the Alvarez et al. hypothesis became more widely accepted in the
1990s scientists, and eventually governments, recognized that the Alvarez
scenario bore many similarities to the post-nuclear winter environment (Covey
et al. 1990; Crutzen and Birks 1982; Turco et al. 1990).

Sparked by public concern, the United States House of Representatives in
1991 requested the National Aeronautics and Space Administration to conduct
studies of the asteroid-impact threat to the Earth’s human population (Mor-
rison 1992; Chapter by Morrison et al.) and possible measures which could
be taken to prevent cosmically induced disasters with global consequences
(Rather et al. 1992; Chapter by Canavan et al.). The recent Near-Earth Object
Detection Workshop (Morrison 1992; Chapter by Morrison et al.) quanti-
fied the hazards to the world population from different sized Earth impactors
based, in part, on the results of an earlier workshop (Shoemaker 1983) in
1981.
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Using the estimated population of NEOs and their size distribution, ob-
jects with diameters of about 10 m impact the Earth almost annually, and
although visible and audible for distances of 10? to 10* km, these objects
largely break up and expend their typically 10 Kton (of TNT) energy in the
atmosphere. Earth impact of NEOs of about 100 m diameter, e.g., the 1908
Tunguska event (energy ~10 Mton) has a frequency of about once every
~300 yr. Although the Tunguska bolide did not hit the Earth’s surface, it
nevertheless did great damage. These objects, although inducing local areas
of devastation of ~5 x 10° km?, have an annual probability of leading to the
death of a given individual of only ~3 x 10~ %yr~!. Although less frequent,
once every 0.5 Myr, Earth impactors of the ~1 km diameter size are inferred
to be the minimurm size which can induce global catastrophic effects (~25%
human mortality). Thus the annual individual death probability from such an
event is of the order of S x 10~7. This is comparable to the annual worldwide
probability of an individual succumbing in a commercial airplane accident.
(Chapter by Morrison et al.)

When viewed in this way, it appears to us that a balanced response for
society to deal with the NEO impact problem might be an expenditure perhaps
up to some sizeable fraction of the amount of funding committed to air safety
and control. We believe this would be in the range of 107 to 10® dollars per
annum 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 groundbased and
possibly space-bome telescopes. We consider it premature to conduct detailed
engineening studies or construct prototype systems for deflection of NEOs for
several reasons. Itis unlikely that such a system will ever be needed. If a body
exists on a collision course, it is likely that it can be detected with enough lead
time to construct a deflection system after the discovery and characterization
of the body and its orbit. With today’s technology, a deflection system is
bound to be vastly more costly than a thorough groundbased survey. Thus
for the present, in the absence of a discovered threatening body, it appears
more useful to direct resources to improved searching rather than deflection
technology.

In this chapter we examine the orbit perturbation requirements to de-
flect objects from the Earth, which might be found to have Earth-impacting
trajectories. We then examine several physical means for both deflecting
and explosively fragmenting such objects. We consider NEOs in three size
ranges: 0.1, 1, and 10 km in diameter. Their collision fluxes, on the total area
of the Earth are respectively, 107, 1075, and 10~ per year. Objects signifi-
cantly smaller than 100 m pose little threat, because they do not penetrate the
atmosphere intact. Short duration responses, which might be considered for
new comets, have recently been described by Solem (1991,1992; Chapter by
Solem and Snell). This study addresses the physical means of encountering
NEOs with spacecraft-bearing energetic devices many years, or even decades,
before projected Earth impact.
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To quantify the present work especially with regard to nuclear explosive
cratering in the low-gravity asteroid environment, we employ recent studies of
cratering at varying gravities and atmospheric pressures (Housen et al. 1993;
Schmidt et al. 1986) and impact ejecta scaling (Housen et al. 1983), which
were not available to earlier studies (MIT Students 1968; Solem 1992).

II. NEAR EARTH ASTEROID ORBIT DEFLECTION CONSIDERA-
TIONS

A. Short Time-Scale Deflection

On a time scale short compared to the orbit period P, the displacement §
achieved by a velocity change Av is the same as for rectilinear motion:

5=Av-t (1)

in either transverse or along the track of the orbital motion. For t<P /27, to
perturb a body 1R in time ¢ requires

Ay~ — ~ ————— 2)

where R g is an Earth radius.

B. Long Time-Scale Deflection

On a longer time scale, a transverse increment of velocity perpendicular to the
orbital plane results in a change of inclination. If the Av is applied as shown
in Fig. 1a, the maximum displacement of the NEO, 8.x, occurs at 90° from
the place in the orbit that the perturbation was applied. The semimajor axis
remains unchanged. Then

Smax = AP /271 3)

Thus, the perturbed NEO changes only its inclination.

If a perturbation Av is applied radially as shown in Fig. 1b, the maximum
radial displacement occurs 90° around and is the same as given by Eqg. (3).
However, as the body moves closer to the Sun, it moves faster, so that 180°
around in its new orbit it is displaced along the orbit track by a distance

Smax = 2AVP /7. 4

In the second half of the orbit, the displacement motion is reversed, so that
the particle returns to the point of application of Av at the same time as the
unperturbed reference point, because the semimajor axis, and hence the orbit
period was unchanged.

A velocity increment applied along the track of motion of an object
produces a change of orbital semimajor axis, and hence orbital period, in
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Figure 1. Sketch of the effect on the orbit of an NEO upon perturbing its velocity by
Av: (a) perpendicular to its orbital plane; (b) radially in its orbita) plane; and (c)
tangentially to its orbit, in its orbital plane.

addition to a change of eccentricity. Thus, the resultant displacement from
the original motion consists of an oscillatory component, but also a secular
drift, which continues to grow with successive orbits. The mean rate of drift
can be derived from the equation for the energy of orbital motion:

_GM, _ GM, 1,

E = =
2a ¥ 2

®)

where G 1s the universal constant of gravitation, M is the mass of the Sun, a
is the orbital semimajor axis, r is the distance from the Sun at the point in the
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orbit where the velocity increment is to be applied, and v is the heliocentric
velocity at that point in the orbit. After applying a velocity increment Av
along the time of motion, the energy of the new orbit is

, GM, GM, 1 \

E = — = ——— - A 6

2(a + Aa) r +2(v+ v) ©)

where Aa is the change in orbital semimajor axis. After expanding the above

expression in terms of the small quantities, and differencing from the initial
energy, we can obtain:

Aa 2Av [2a
~~ — =1 @)
a Vo r

where v, = /G M;/a is the mean orbital velocity. From Kepler’s third law,
we have P? « 4, and hence Aa/a = (2/3)(AP /P). The mean position
in the new orbit diverges by a distance —27a AP /P from the position in the
original orbit, so the mean velocity of divergence is

2wa AP AP

AY = —— — = —y, 5

P P
2
AV = —-3Av‘/)—fl -1 9)

For a circular orbit, a = r, and the above expression reduces to

®)

and thus

AV = —3Av. (10)
After one orbit, the maximum deflection for a nearly circular orbit is (Fig. 1c)
8§ ~ —3AvP. (1D)

Thus, over a time ¢ long compared to P, an increment Av applied parallel to
v produces a deflection of
8 ~3Avt. (12)

It can be seen that for an eccentric orbit, the greatest effect is achieved by
applying Av at the perihelion. For example, for an orbit of eccentricity 0.5,
r = 0.5a at perihelion and Av' = —3+/3Av &~ —SAv. At aphelion of the
same orbit, » = 1.5a and AV = ~3Av ~ —1.7Av. Thus for typical NEO
orbits, the circular orbit value, Av’ ~ 3Av is accurate within a factor of 2
or so. In order to achieve a deflection distance of one Earth radius in a time
t(>P), the velocity increment required is:

Rg 0.07ms"
Av @ o 20/MS (13)
3r tyr
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Thus it appears that if a time of the order of a decade is available to achieve
deflection, a velocity increment of ~1 cm s~} is sufficient.

II. IMPLEMENTATION OF ORBITAL DIVERSION

Several scenarios are considered, including deflection via kinetic energy im-
pactor, mass driver systems, as well as nuclear explosive radiation and blow-
off, and ejecta impulse from cratering explosions (see also the Chapter by
Melosh et al.).

A. Direct Impact Deflection

It is feasible to deflect a small (~10?m diameter) NEO via direct impact
because:

1. The kinetic energy delivered for even a modest encounter velocity (~12
km s~!) of an upper stage launched spacecraft is much more efficiently
coupled (70 to 80%) to the asteroid (Smither and Ahrens 1992) than
surface explosions. The energy density at 12 km s™' is 70 x 10'%rg
per g of impactor. This 1s much greater than typical chemical explosive
energies (4 x 10'% erg g=!), and as demonstrated below the ejecta throw-
off from such an impact will suitably perturb the NEO.

2. Although cratering efficiency on a small (100 m diameter) NEO (escape
velocity 5 cm s~!) is unmeasured, extrapolating small-scale studies (at
high and low gravities) suggests that the cratering efficiency may be
~10* times (Holsapple 1993; Housen et al. 1993) the earthly value of
2.8 tons of rock per ton of equivalent explosive yield (Cooper 1977) For
impact of an Earth-launched projectile into an NEO, two regimes of cra-
tering mechanics need to be considered. At small scales (tens to perhaps
hundreds of m), the strength of the target asteroid or comet needs to be
considered as affecting, and perhaps even controlling impact cratering
mechanics whereas for larger impact craters local gravity controls the
cratering process.

Strength Regime. Housen et al. (1983) observed, on the basis of the
experiments of Gault et al. (1963), that upon impact into basalt (here assumed
to be typical of NEO materials), where the strength of the target controls the
size of the crater, the cumulative mass of ejecta, M (>v) traveling faster than
v is given by

M(>v) =0.05R}p (%) (14)
PV

where p and Y are the target density and material strength, respectively, and
R is the radius of the crater produced. In the strength-controlled regime,
the size of the crater is determined by the scale to which elastic deformation
exceeds the yield strength of the target material, which in tumn dictates the
minimum speed with which broken fragments are ejected. We can derive the
minimum speed vy by equating the mass M (>vn,) with the total mass M,;
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evacuated from the crater. Assuming the crater is a half-oblate spheroid of
radius R, and depth ~0.4R . (see, e.g., Pike (1980), we can relate the total
mass excavated to the crater radius approximately:

M,
0

Inserting Eq. (15) into Eq. (14), and equation M(>vmin) = M,;, we can
rearrange the resulting expression to obtain the following for the minimum

ejecta velocity:
Y Y
Umin & [0.06— ~0.24 [—. (16)
P P

Thus expression (14) is valid for v>vy,;,. Note that the elastic energy den-
sity per unit mass stored in a material when stressed to its yield point Y is
~YS§/(2p), where S is the yield strain. Thus vy, is related dimensionally to
the “rebound velocity” of the material, assuming a constant vatue of the yield
strain for materials of various strengths. We note also that vpis1s much greater
than the escape velocity from a small asteroid, e.g., for a very weak material,
Y = 107 dyne cm ™2, vmin5 m s~'; for a 1 km diameter asteroid, the escape
velocity is vese™0.5 m s,

Using the compilation of Holsapple and Schmidt (1982) of cratering
experiments conducted in vacuum, for impacts into metals, the mass M., of
material excavated as a function of impactor mass M;, density p; and impact
speed v; is given by

R2=~12 (15)

U2 0.709
M.,; ~ 0.458M, (ﬁ) (ﬂy—) . 17
1
The differential form of Eq. (14) can be wrntten
202 M,
dM = _“—m;—’ dv (18)

with vmin given by Eq. (16) and M,; given by Eq. (17). The momentum
impulse imparted to the NEO is thus

% 202 .M, cosf

> dv = 2vpiaM,jcosd  (19)

oo
p= / vcosfdM =

Unin Ymin

v

where 6 is the angle from vertical of the ejecta spray, which we take to be
~45°. Thus

P~ V20miaMe;. (20)
By conservation of momentam, we obtain the recoil deflection velocity of an
NEO of mass Mngo which results from the impact:

A Mivi +p N Mv; + \/ivminMej

~ NP 1)
Mygo ~ M,; Mygo — M,;
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By substituting expression (17) for M,; and (16) for vmin, and neglecting M,;
compared to Mngo, we can rewrite the above to obtain an expression for the
ratio M;/ Mneo:

0209
M; Av p\ [ pv?
—_— 14+0.16{ — - . 22
Mneo Wi |: + (p;)( Y (22)

In the above expression, the numerator without the denominator gives the
recoil which would result from au inelastic collision. The denominator is the
“enhancement factor” which results from the added recoil from ejecta.

In Table I we list the masses required, impacting at 12 and 40 km s~',
to produce a Av of 1 cm s~" in NEOs of diameters 0.1 and 1 km diameter,
and yield strengths of 107 (soft rock or ice) and 10° (hard rock) erg cm™
respectively. We have taken p=p;= 2 g cm~> to compute these results.

k]

TABLE I
NEO Deflection via Impact, Strength Regime for 1 cm s™! Perturbation
v; Y M; /Mneo M; M;
(kms™!)  (dyne cm™?) (D=100m) M; (D =1km)
12 107 2.0 x 1077 250 kg 250 T
40 107 4.5 x 1078 50 kg 50T
12 10° 3.1 x 1077 450 kg 450 T
40 10° 7.6 x 1078 100 kg 100 T

From the above table, it is clear that the impactor mass required to deflect
a 100 m NEO with a decade lead time is modest, less than 1/2 metric ton over
a plausible range of strengths and impact velocities. However to deflect a
1 km NEO requires a very large impacting mass, generally hundreds of tons.
As will be seen shortly, nuclear blasts offer a more economic solution for all
but very small NEOs.

B. Gravity Regime

As an outgrowth of a program led by Robert Schmidt at Boeing Corporation
(Seattle, WA) to study the scaling via variable gravity (centrifuge experiments)
on gravity controlled impact and explosion craters, the cratering efficiency
of these craters is better understood (see, e.g., Schmidt and Housen 1987;
Holsapple and Schmidt 1980, 1982; Housen et al. 1983; and Holsapple 1993).
They obtain the following empirical expression for the ejecta velocity distri-
bution from impact craters where gravity dominates material strength:
1.22
M(>v) = 0.32pR> (——ViRC> . (23)
As before, we can relate the total mass evacuated to the radius of the crater
from Eq. (15). Equating M (> vmin) to M. ;, we can solve for vy, in the gravity
regime:
Vmin ~ 0.5/gR ;. (24)
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Note that this velocity is about that necessary to “hop” out of the crater from its
center, and thus is in all cases less than the escape velocity from the asteroid.
Because ejecta traveling at speeds less than the escape velocity will fall back
on to the asteroid and not contribute to the momentum impulse, the integral
analogous to Eq. (19) should be taken from a lower limit of v, rather than
Umin*
o = || TS NEQ (25)
Rneo
Schmidt and his co-workers (see references above) also derive empirical
relations for the total volume of material evacuated by impacts into various
materials. For dry sand under gravity scaling, they obtain:

1)2 0.51
M, =0.132M; . 26
’ (ng) (26)

By combining Eqs. (26) and (15) into Eq. (23), we can arrive at an approxi-
mate expression for M(>v) as a function of impactor mass M; and impactor
velocity, v;:

0.203 N
M(>v) ~ 0.047 (p') M, (v—) . 7
p v

The differential form of this, neglecting the factor (p;/p)%2%, is:

122d .
dM = 0.057M, 22, (28)

The momentum impulse from the ejecta is thus:

0 01.22 szz
p= / vcos6dM = / 0. 057M 23 Cos 6dv = 0.26 M, —— o2 cos .
Vesc vesc

(29)
Because the above integral involves velocities down to veg, the trajectories
of ejecta at such low velocities are distorted, and the velocity after escape is
less than that at the surface. We have numerically integrated the function with
these corrections, and find for 6 = 45°,

1.22

v;
p~0.16M;—— 02

eSC

(30)
By conservation of momentum, the recoil velocity of the asteroid is:

vl.22
Ay ~ MiUi+P _ M;v; +016M,;‘235 a1
Myeo — M, Mxeo — M,;
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As before, we can neglect M,; compared to Mngo, and rearrange Eq. (31)
to obtain the ratio of impactor mass to asteroid mass to achieve a deflection

velocity Av:
M A 022
a2 1+o.16(”‘> . (32)
Myeo Vi Vese

As with Eq. (22), the denominator is the “enhancement factor” due to recoil
from ejecta.

In Table IT we list the masses required, impacting at 12 and 40 km s~!, to
produce a Av of 1 cm s~ in NEOs of diameters 0.1 and 1 km diameter. We
have taken p = 2 to compute these results.

TABLE IL
NEO Deflection via Impact, Gravity Regime for 1 cm s ~! Perturbation
v Diameter M;:/Mxeo M;
(kms~") (km)
12 0.1 2.4 x 1077 240 kg
40 0.1 6.0 x 1078 60 kg
12 1.0 3.4 x 1077 340 T
40 1.0 8.6 x 1078 86 T

As with the strength regime, it is feasible to deflect a 100 m NEO by a
few cm s~ with a kinetic impactor, but the masses required to deflect a | km
object are prohibitive, compared to deflection by nuclear explosion.

B. Mass Drivers for Deflection

As a long-term response, one might imagine employing a mass driver system
which 1s in operation for many years. For a lead time of three decades prior to
Earth encounter, and assuming a constant deflecting thrust over the entire time
interval, a Av~0.4 cm s~} would be required. (For 4 continuous acceleration,
8 =1/2at*= 1/2(at)t = 1/2Av't. Hence from Eq. (12), §~3Auvt/2.) It
might be technically 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 ejection velocity of ~0.3 km s™), the ejected mass
necessary to produce a recoil of 0.4 cm 57! is

0.4cms™!
S EE— { ]
03kms ' °

~

33)

where my, is the NEO mass. For a 1 km diameter, 2 g cm™> density NEO,
the ejected mass is 14 Ktons. Although such a system might be technically
feasible, it will become clear from what follows that nuclear energy offers a
much less expensive solution.




DEFLECTION AND FRAGMENTATION OF NEAs 909

C. Momentum Transfer from a Stand-Off Nuclear Blast

One means of coupling the energy of a nuclear explosion to an asteroid to
deliver amomentum impulse to the asteroid is to use a neutron (and penetrative
X-ray)-rich nuclear device in the stand-off mode (Hyde 1984). Specifically,
we assume that neutrons from such a device penetrate a characteristic distance
1,220 cm (for a mean atomic weight of 25 and an assumed NEO density of
2g cm™?) along the line of travel in the process of being absorbed. This results
from simply considering the absorption cross section of nuclei compared to
their lattice spacing in typical mineral crystals. The absorption length is along
the line of travel of the peutrons, thus for neutrons striking the surface at an
oblique angle, the vertical depth of penetration s reduced by the cosine of the
angle of incidence.

Flat-Plane
T Approximation
v, h (a)

Curved Surface
Geometry
(b)

Figure 2. Geometry of deposition of nuclear explosive radiation on (a) a half-space,
and (b) a spherical NEO.

From Ahrens and Harris (1992), Eqs. (9) and (10), the vertical velocity
of the layer spalled off the asteroid (Fig. 3) is

_ YAE
T oc

Av,

(34)

14

where y is the thermodynamic Griineisen ratio, assumed to be near unity,
AE is the absorbed energy density, per mass, and ¢, is the sound speed in
the asteroid material, typically ~2 km s™! for rocky regolith. To evaluate
the integrated momentum impulse, we need to evaluate AE and the depth of
penetration ¢ as a function of distance away from the sub-blast point. Consider
first the flat-plane approximation, where the ratio of stand-off distance % to
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Figure 3. Sketch of the use of nuclear explosive radiation to induce a (~1 cm s~!)
velocity perturbation in a NEO. (a) Nuclear explosive designed to provide a sub-
stantial fraction of its yield as energetic neutrons and gamma rays is detonated at

an optimum height (~2 — 1)R, above an asteroid (see Appendix), (b) Irradiated to
a depth of ~20 cm, surface material subsequently expands and spalls away from
the NEO, inducing a several kilobar stress wave in the NEO. (c) Blow-off of the
irradiated shell induces a cm s~! velocity perturbation in the NEO.

asteroid radius R is small, thus the surface of the asteroid can be regarded as
a flat plane (see Fig. 2a).

In a ring of mass dm which lies a distance x from the sub-blast point,
of width dx and thickness ¢, the characteristic depth of penetration of the
neutrons 1s

t =1,cos¢ (35)
The angular area of the ring as seen from point of explosion is
da = Lxeosg 2mx (36)
r ¥

where the first term 1s the radial angular length and the second term is the
circumferential angular length. The energy absorbed is thus

de =dA-y/(4r) 37)

where y is the neutron yield of the explosion. The mass contained in this ring
is
dm = 2mpxtdx = 2w pxt, coOS pdx (38)

where p is the density of the asteroid material, ~2 to 3 g cm™>. The energy
per unit mass in the annular volume is therefore

AE = de/dm. (39

Hence,
_ycos¢ y

AE = = .
drritp  Amwrityp

(40)
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Thus the ring of matter will be ejected upward from the asteroid surface at a
velocity

Yy yycos’s
" dmritype,  Amhitypc,

Av (41)

The increment of momentum impulse to the asteroid is thus dp = dm-Av ,:

vy

_ 3
= 2hchxcos ¢dx. (42)

dp

We can substitute cos ¢ = h/~/h? + x? in the above and integrate to obtain
the total momentum transfer:

yyh [ xdx vy
2, Jo (R24x2)32 7 2,

(43)

Interestingly, almost all of the physical parameters (k. p, ¢,) disappear from
the final result. One must be careful, however, to scrutinize the resulting
absolute values of the energy density AE and the ejection velocity, Av,,
implied by the chosen yield and stand-off distances. In particular, AE should
not be so large that the surface material is melted or evaporated, nor should
Avw, be less than the escape velocity from the asteroid surface.

Now consider the more general case of a stand-off distance where 1/R~1,
that is, where the curvature of the asteroid surface is important (see Fig. 2b).
The depth of penetration of the neutrons becomes

! =tycos (44)

and the mass in a ring on the surface an angle 8 away from the sub-blast point
is

dm = 27 ptR sin ORAH = 27 pt oR * cos a sin Hd6. (45)

The expressions for AE and Av, remain the same as above, but with r related
to i, R, and ¢ as shown in Fig. 2b. In the spherical case, the mass increment
is ejected radially, but only the component of velocity Av, parallel to the line
from the center of the asteroid to the center of the explosion will contribute
recoil momentum, thus Av, = Aw,cosé. The increment of momentum
becomes

yy (R\?
dp =dm- Av, = oo (7> cos o sin f cos 8d6. (46)
p

To obtain the total momentum, this must be integrated over the entire surface
exposed to radiation. Because the integration is with respect to 6, the upper
limit, where o = 90°, is

1

COS@O = m

47
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We can state the result in terms of the flat plane approximation, as follows:

p=A chy_ @8)
§4

where A is a constant that tends to 1 in the limit of #/R — 0:

R \? [% sin®qcosacosd
A= — —_—dh. 49
(R+h) ,/(; siné 49)

Note that we have made use of the sine law of triangles to eliminate r, i.e.,
r/sin@ = (R + h)/sine. We have numerically evaluated the above integral
to obtain the plot of A vs #/R in Fig. 4.

1

Efficiency factor A

01
01 A 1

h/R

Figure 4. Geometrical efficiency factor A (Eq. 49) vs normalized elevation &/R.

We now express the neutron yield y as
y=nW (50)

where W is the total explosive yield. The momentum impulse p is related to
the recoil velocity of the asteroid by dividing by the mass of the asteroid:

P__~o1™W 1)

81) = ~
%npR3 D3

In the approximate expression, we have inserted nominal values of the con-
stants as mentioned above, and converted units for convenience, to asteroid
diameter in km, total explosive yield W in Kt, (1 Kt =4 x 10%rg), and §v in
cm s~1. For most cases of interest, the requirement that Av, be greater than
the escape velocity from the surface is not an important limitation, nor is the
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requirement that the surface not be melted. Thus one can generally employ
a stand-off distance of #/R~0.4 as suggested by Ahrens and Harris (1992)
(see also the Appendix at the end of this chapter), whence A~0.3 (Fig. 4).
Therefore, to obtain a §v of ~1 cm s~! requires ~30 Kt of neutron energy
yield for a 1 km diameter asteroid. If the efficiency of producing neutrons n
lies between 0.03 and 0.3 as suggested by Ahrens and Harris (1992), then the
required total explosive yield is 0.1 to 1 Kt, 100 Kt to 1 Mt and 100 Mt to
1 Gt, to deflect 0.1, 1, and 10 km asteroids by 1 cm s~ 1.

D. Deflection by Surface Nuclear Explosive

Another approach to the use of nuclear explosives is to use a surface charge
to induce cratering on the NEO. The thrown-off ejecta effectively induces
a velocity change in the NEO and the ejecta is highly dispersed and is not
expected to be a hazard when it is encountered by the Earth. This method
suffers the disadvantage in that the NEO may be inadvertently broken into
large fragments which may represent a hazard to the Earth. For 0.1, 1, and
10 km diameter, we examine the nuclear explosive surface charge required
to perturb the NEO. Again we consider explosive cratering in the cases for
strength and gravity controlled cratering.

Strength Regime. There is relatively little data for mass of the ejected
volume of nuclear craters in the strength regime and there are virtually no
calibration experiments. Schmidt et al. (1986, p. 190) give a value of ~10 kg
mass of excavated “dry soft rock” per kg equivalent yield of high explosive.
We take “soft rock” to imply a yield strength of ~108dyne cm~2. To estimate
the recoil impulse of the ejecta from a surface nuclear explosion, we replace
Eq. (17) by:

M,;=~10W. (52)

Equations (14), (16), (18), and (19) are all valid for this case, changing only the
above expression for M,;. In Eq. (16), we use Y = 108dyne cm~2 to evaluate
Umin~17 m s~!. Because for a nuclear explosive, the “impactor mass” is
negligible, the momentum Eq. (21) consists only of the recoil momentum.
Neglecting the mass of the ejecta compared to that of the NEO, we obtain

p _N2:10-v-W

Av =
Mneo Myzo

(53)

and thus,
W a4 x 10‘5AvMNEo 54

where Av isincm s~!. Hence to deflect asteroids of 0.1, 1, or 10 km diameter
by 1 cms™!, explosive yields of 40 t, 40 Kt, or 40 Mt are required, respectively.

Gravity Regime.  Although a large number of large-scale surface ex-
plosion experiments have been conducted in air at Earth’s gravity, the effects
of both reduced (and increased) gravity and reduced (from atmospheric) and
increased atmospheric pressure on cratering has been studied from surface
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Figure S. Normalized crater volume (Eq. [62]) vs normalized depth of burst (Eq. [60])
for 1.7 g cm™ sand. Data taken by Johnson et al. (1969) at varying gravities 167,
373, 981 and 2453 cm s~2. Polynomial is fit to data.

and buried explosive charges only in the laboratory. Johnson et al. (1969)
first studied these effects using several gram charges and igniters at gravities
varying from 167 to 2450 cm s™2 (Fig. 5).

Although the initial packing density of Johnson’s et al.’s 1969 samples
are reported as 1.7 g cm™2, it appears possible that this density may have de-
creased substantially during the period that the test apparatus was subjected to
reduced gravity. (These experiments were conducted within an aircraft flying
a reduced gravity trajectory.) Moreover, the greater excavation efficiency of
the propellant igniters vs detonators used in later experiments may account
for the larger normalized crater volume vs depth of burst, as compared to later
studies. Lower, but still highly variable, normalized crater volume cratering
experiments are reported by Herr (1971) (Fig. 6). Herr conducted an exten-
sive series of cratering tests on quartz sand and granulated carbonate material
studied at variable atmospheric pressure and depth of burial.

The most extensive study of the effects of charge size, placement with
respect to the free-surface, explosive type, soil density and atmospheric pres-
sure on explosive (and impact cratering) have been conducted by Schmidt et
a]. (1986) and Housen et al. (1993). These data are also used to describe the
effect of charge burial in the next section. On the basis of close modeling of
nuclear explosion craters with small scale high explosive tests, we employ the
formalism of explosive crater scaling of Holsapple and Schmidt (1980,1982)
in which they define the cratering efficiency for gravity scaled cratering as:

w, = pVe/W = amy® (55)

where @ and b are constants which depend on charge type and placement, p
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Figure 6. Herr’s (1971) data for experiments in 1.52 and 1.60 g cm™> granular media
for varying depths of burst and atmospheric pressures. Polynomial is fit to data.
Coordinates are the same as in Fig. S.

is the mass density of the media, V, is the crater volume, and W is explosive
equivalent mass, usually of TNT. The product

is the same quantity as in Eqgs. 17 and 26. Here m; is the gravity scaling
parameter and is defined as

1/3
=5 (K> (57)

where Q is the energy content per mass of TNT, 4.2 x 10'%rg g~!, and § is
the mass density of the explosive charge.

For surface nuclear charges with high radiative outputs, the parameters
a and b of Eq. 55 in the gravity regime are given by the curve of Schmidt et
al. (1986, p. 192) as @ = 0.008 and b = —0.49. Using Eq. (23) for the mass
of ejecta traveling at velocities greater than ves, Eq. (15) and Eq. (55) in the
integral analogous to that of Eq. (29) we find

€sc

oo
p= f vecos® dM = cos OM*"/(0.22 v%7) (58)

where M,; is taken from Eq. 56.
Again in analogy to Eq. (31), we find

Av =p/(Mneo — M,j). (59)
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The extrapolation of cratering efficiency to the low gravity (0.003 cm s~2)
for a 0.1 km NEO should be regarded with caution. Moreover, whether
cratering on asteroids is gravity or strength dominated may also depend on
asteroid type.

Thus, surface explosions appear to be not substantially better than ra-
diative stand-off explosions, in deflecting NEOs. However, it is clear that
the knowledge requirements for surface cratering, especially with regard to
material properties, for large NEO masses, are subject to greater uncertainty.

IV. DISPERSAL AND EXPLOSIVE FRAGMENTATION

Gravity Regime. By burial of a nuclear charge in a NEO, cratering efficiency
can be drastically increased. There is good reason for desiring some nuclear
charge burial, as surface exploded nuclear charges couple only a small fraction
of their energy to rock (0.2 to 1.8%) for radiative and hydrodynamic coupling
(Housen et al. 1993), whereas the large fraction of the energy of a deeply
buried charge is coupled into rock. This approach can be employed with
two objectives: the ejecta mass will increase down to some burial depth—
however, its velocity will in general be lower and less momentum per unit of
ejecta will be imparted to the NEO; secondly, the buried charge may be used
to fragment and disperse the NEO.

In this section we use, as suggested by Housen et al. 1993, the normalized
depth of burst, DOB’ which is defined as

DOB
DOB = ——m* {1 4 0.9[P 7%/ (pga)1*"}* (60)
a

where DO B is the actual depth of burst, a is the radius of the equivalent sphere
of TNT chemical explosive, P is the atmospheric pressure and the empirical
parameter, « = 0.581. Because nuclear explosives, in general, couple their
yield less effectively than chemical explosives into Earth media we reduce
nuclear yields by a factor of 1.6 when correlating to chemical explosive data.
The exponent y, is given as

x = a/[0.7(3 — a)]. (61)
Similarly the normalized excavated volume V' is defined as
V' = mym® {1+ 0.14[P 7% [ (pga)] '} (62)

where y is given as:
¥y =9%/(3 —a). (63)

Scaled results for small scale tests in quartz sand (1.8 g cm ™), at normal
and variable gravity up to 5 x 10°cm s~2 and variable atmospheric pressure,
tests using a high density magnetite-bearing sand (3.08 g cm~?), data from
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Figure 9. Housen et al.’s (1993) data for experiments in 1.8 g cm™ sand, 3.1 g cm™>
sand, scaled laboratory (alluvium) and large scale nuclear and explosive tests.
Coordinates are the same as in Figs. 5 and 6. Equation (64) is fit to these data.

large chemical (0.5 Kt-TNT) and nuclear (up to 100 Kt) explosions are shown
in Fig. 9. These have been fit by Housen et al. to:

V' = 0.64log,g DOB’ + 0.2884 —9.7757 x 1073/

(0.6959 — log,, DOB')" 1803 (64)

Figure 10 shows the equivalent radius of the mass of ejecta yielded, vs
the DO B values, calculated from Eqs. (60) through (64). The peak values
of each curve are those which result in “complete excavation,” that is, the
radius of the mass of the ejecta equals the radius of the NEO. The yield
values required for an excavating charge are less by a factor of 3 x 10 to 5
in going from 0.1 to a 10 km NEO, than those calculated for fragmentation
below. These charges are 800 kg for a 100 m NEO, 22 Kt for a 1 km NEO,
and 0.6 Gt for a 10 km diameter NEO. The effect of gravity on the radius of
excavated volumes is seen to be substantial. Notably, the optimum (largest
radius of excavated volume) depth of charge decreases with increasing NEO
size and surface gravity. Figure 10 also shows the radius of excavated volumes
between craters on the Earth and a 10 km NEO differ by a factor of up to 5 in
going from the gravity of a 10 km diameter object, 0.3 cm s72 to that of the
Earth (982 cm s™2). Also shown is the curve of normalized charge depth vs
radius of excavated volume when the slight effect of the Earth’s atmosphere
is taken into account.

Strength Regime. Small-scale fragmentation experiments 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
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Figure 10. Radius of excavated sphere of asteroidal material for 0.1, 1, and 10 km
NEO vs normalized charge depth. Effect of nominal yield explosive for each size
NEO is indicated. The effect of gravity is demonstrated by the curve labeled “Earth
Gravity” which gives the excavated crater volume assuming terrestrial rather than
asteroidal gravity for the 10 km asteroidal case, where a 0.6 Gt explosive charge
yields a radius of excavated volume of crater corresponding to spheres of 5 and
I normalized radius on the asteroid and Earth, respectively. When the Earth’s
atmosphere js taken into account, the minor decrease in crater volume is indicated.

demonstrated to have a differential velocity of no more than ~1 m s™! (see,
e.g., Nakamura and Fujiwara 1991). From Eq. (2), if the body is fragmented
~75 days before Earth encounter then most of the £ 10 m fragments 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 may be sufficient, as long as no
fragments 210 m are allowed. For areally large object (> 1 km) fragmentation
would need to be conducted 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. (11) and in the transverse
direction according to Eqs. (3) or (4). For a characteristic velocity of ejecta of
10 m s, the debris cloud would be ~10 Rg in radius (with some oscillation
about the orbit) and grow in length by ~200 Rg, per orbit period. Thus, if the
NEO were destroyed one orbit before encounter, the Earth might encounter as
little as 0.1% of the debris. But more conservatively, if many large fragments
with Av<1ms~' remained, as much as 10% of that mass might be intercepted.
Thus fragmentation is likely to be a safe choice only for long lead-time
response (decades) or for relatively small bodies where the fragments may be
allowed to hit the Earth.

“Catastrophic disruption” is generally defined as fragmentation where
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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 to 1 to 10 km size bodies (see, e.g., Housen and Holsapple
1990). However, for the present purpose, we are interested in the energy
density necessary to break up a NEO so that all fragments are <10 m in size.
This is obviously a higher energy density than that required to just “break it
in two,” and we suggest that it should be of the order of the energy density
needed to “break in two” a 10 m object E gy, ~107crg g",
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Figure 11. Particle velocity from contained explosion vs scaled radius. Left: hard
rock; Right: tuff, representative of soft rock.

Because of the large energy requirements to fracture a well consolidated
NEO, only nuclear explosives are considered. In order to relate the energy
density as a function of radius r for a completely coupled (buried) nuclear
charge of yield W, we employ the empirical relations of shock-induced particle
velocity v vs energy scaled radius 7’ = r/(W)'/? of Cooper (1977) (Fig. 11).
For hard (mainly igneous) terrestrial rocks Cooper’s compilation can be fit.by

v (ems™") = 5.72 x 10972, (65)
Similarly, for soft rocks, Cooper’s compilation can be fit with

v (ems™') =2.90 x 10'%'%. (66)
The shock wave internal energy per unit mass is equal to v?/2:

E =022 (67)
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where v? can be specified by Eq. (65) or (66) and thus, E = E ¢ = 107erg g~
Upon substituting Eq. (66) into Eq. (67) for 1 Kt, we find r =36 m. Thus, a 1
Kt explosive is expected to fragment a 36 m radius sphere of soft rock, if the
explosive is placed well within the NEO. Also, a 1 Mt charge of explosive
will fragment 360 m radii of soft rock and 1 Gt of explosive will fragment
3.6 km of soft rock. In contrast, for hard rock (Eq. [65]), which describes
less attenuative rock, gives a radius of fracture of 70 m for 1 Kt explosion.
From Eq. (66), to deliver 107erg g7' 10 0.1, 1, and 10 km diameter NEOs,
similar to soft rock, requires 1 Kt, 1 Mt, and 1 Gt, centrally placed. For NEOs
similar to hard rock 0.1, 1, and 10 km diameter require 3 Kt, 3 Mt and 3 Gt,
of explosive, respectively.

The above discussion is based on the premise that the charge is buried to
sufficient depth so as to obtain optimum fragmentation. Dispersal seems to
require about the same energy as deflection, and also is benefited by charge
burial. Hence, NEO deflection rather than destruction via fragmentation,
appears to be the favorable choice.

V. MAXIMUM Av ACHIEVABLE IN A SINGLE IMPULSE

Most of the deflection methods discussed above operate impulsively, by 1m-
pacts or explosions. It is implicit in such methods that the impulse is applied
unevenly throughout the NEO. Thus in the case of an incoherent NEO, vari-
ous parts of the NEO will receive unequal increments of the velocity impulse;
indeed the dispersion in Av among various parts of the NEO is likely to be of
the order of Aw itself. Thus the various parts of the NEO will have relative
velocities with respect to the center of mass of the order of Av. If Av exceeds
the NEO surface escape velocity, then the result of the impulse will be to
disperse the various pieces of the NEO, rather than to move it coherently as a
single body. If Av is less than the surface escape velocity, then the separate
pieces will not escape from one another, and deflection may occur coherently.
In the case of an initially coherent NEQ, i.e., a solid rock, the shock wave
propagating through the body as a result of a surface explosion or stand-off
nuclear blast is likely to fracture the NEO at least into large pieces. Note
that the energies calculated for comminution and dispersal of an asteroid
by explosion are only about an order of magnitude greater than required to
divert it by 1 cm s~!. Hence even an impulsive Av of only ~10 cm s~
would cause major fracturing of the NEO, so that in terms of its response to
such an impulse, it should behave the same as an incoherent NEO, even if it
were a single coherent rock before the impulse. We can appeal to terrestrial
experience in this matter. Major earthquakes can deliver an impulsive Av of
the order of T m s~ on a time scale of 10' to 10?s, and such impulses do
indeed cause 100 m objects (large buildings) to fracture and even fragment.
Thus it appears that for NEOs >100 m in diameter, the maximum single
impulsive Av that can be applied without danger of dispersing the NEO into
large fragments is of the order of its surface escape velocity. This is ~1 m s~
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for a 1 km diameter NEO, and is directly proportional to diameter, i.e., ~10
cms™! for a 100 m NEO and ~10 m s~* for a 10 km NEO. One can imagine
that it would be desirable, indeed probably necessary, to apply several small
velocity impulses to an object in order to divert it accurately. However there
are limits to the number of impulses that could be economically employed,
perhaps of order 10. It therefore appears reasonable to take ~10ves as a
practical limit to the Av which can be applied for diverting a NEO of a given
size.

VI. CONCLUSIONS

We have examined the velocity criteria for perturbation of the orbits of Earth-
crossing objects (asteroids and comets) so as to cause objects that have trajec-
tories which intersect the Earth to be deflected. For objects discovered only
as they approach on a collision course, the velocity perturbations required are
tens to hundreds of m s™'. Energy levels are prohibitive for larger bodies, and
the required perturbation impulse would disrupt the body as discussed above.

We also note that perturbation of an object is most effective by applying
achange in velocity Av along its original orbit and thereby inducing a change
in orbital period. An impulse Av along the line of motion provides a larger
deflection 8, after time ¢, of the order of 3Avt.

For a ~100 m diameter NEO, the kinetic energy of ~10? to ~10%kg
impactors, intercepting at 12 km s~! will provide enough energy to crater
and launch ejecta in the low gravity environment of these objects to induce
velocity perturbations of in the order of 1 cm s~!. For larger diameter NEOs,
deflection via this method appears impractical because of the large mass of
impactors required. Mass drivers require launching ~10° to 10* tons of NEO
material over an interval of 30 yr prior to encounter in order to deflect a 1 km
NEO from Earth impact. Nuclear explosive irradiation may be used to blow-
off a surface layer from one side of the asteroid, to produce a recoil deflection
velocity. Charges of 0.1 to 1 Kt, 100 Kt to 1 Mt and 100 Mt to 1 Gt of nuclear
explosives are required in order to blow off a shell sufficient to perturb the
velocity of 0.1, 1, and 10 km NEOs by 1 cm s™). The ranges of explosives
required correspond to a radiative efficiency range 0.3 to 0.03 assumed for
the nuclear explosives. Surface charges of 500 Kg, 90 Kt and 200 Mt may be
used to eject crater material to greater than local escape velocity, and hence,
perturb 0.1, 1, and 10 km diameter NEOs by a velocity increment of ~1
cm s~!. These estimates are based on using radiative nuclear charges and
extreme extrapolation of the effect of gravity on gravity-dependent cratering.
Burial of nuclear charges to induce fragmentation and dispersal requires in-situ
drilling which is difficult on a low gravity object or technically challenging if
dynamic penetration methods are to be employed. Optimally buried cratering
charges required to excavate completely (working only against local gravity)
0.1, 1, and 10 km diameter NEOs require nuclear yields of 800 kg, 22 Kt and
0.6 Gt, respectively.
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Upon examining the deflection or fragmentation options, deflection ap-
pears to be the most promising goal because charge burial is not required
or desirable. For a small (100 m) NEO, the kinetic energy impact deflec-
tion method is both technically feasible and does not involve the politically
complex issue of placing nuclear explosives on a spacecraft. For the 1 to
10 km diameter NEO, 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 method. This would appear to require less
detailed knowledge of the physical characteristics of an Earth-crossing object,
and the development of the charges required to deflect large Earth-crossing
objects appear to be technically feasible.

Finally, we should note that while further study of the feasibility of
diverting NEOs may be warranted, we do not believe it is appropriate now to

. conduct engineering designs of systems because of: (1) the low Earth impact
probability of hazardous NEOs; (2) the high cost compared to low probability;
and (3) the rapid changes in defense systems technology.
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APPENDIX

Analytic Derivation of “Optimum Stand-Off Distance” 4

The solid angle subtended by a cone of apex half-angle 6 is 2 (1 — cos #),
or in units of the total unit sphere, (I — cos8)/2 (Fig. 12). Thus the fraction
of the NEO surface which is irradiated by a nuclear explosion at a stand-off
distance h is

= %(1 — cos0). (A1)

Similarly, the fraction of the radiative yield that intercepts the NEO
surface is

f= %(] —cos¢) = %(1 — sin8). (A2)

Nuclear

Figure 12.  Geometry for calculating the optimum stand-off height A to deflect an
NEO of radius R using the scheme shown in Fig. 3.

One criterion for an “optimum stand-off distance” /2 might be the distance
at which the product £.f is maximum. Hence

S py = Y g O
5P = 5F+f 5 =0 (A3)

This reduces to the following equation:
sinf — sin*6 = cosd — cos> 6. (A4)

The solution of interest is 6 =45°, whenf = F = (1 —cos45°)/2 = 0.146
and h = (ﬁ — DR, or #/R = 0.414. In Fig. 13, we show f, F, and the

product F-f vs the stand-off distance ration 2/R. It should be noted that the

above criterion is not a rigorous condition. For example, to deflect a very
small asteroid, it is likely that the explosive yield required would be small,
but the Av required may be close to the limit that would fracture and disperse
the asteroid, thus it may be better to use a larger explosive yield at a larger
stand-off distance in order to push as gently as possible on the largest possible



DEFLECTION AND FRAGMENTATION OF NEAs 927

Fracton f ot
explosive yield
11 Intercepted

Product
Fxt

o1k Fraction F of

asterod surface
nradiated

001 |

0001

00001 4 o s 4
0001 001 .01 A 1 10

h/R

Figure 13.  Fraction f and F of the explosive yield intercepted by an NEO and of
the NEO surface irradiated, vs normalized height 4/R. Also shown is the product
fxFvsh/R.

fraction of the asteroid’s surface. Conversely, for a very large asteroid, it is
more likely that the required Av would be only a small fraction of that which
would disrupt the body, but the total yield required would be large. Thus, in
this case, it may be more efficient to use a lower stand-off distance to achieve
a higher fraction of the yield intercepted by the asteroid.




