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PREFACE

Since at least the era of Thomas D. White as Air Force Chief of Staff,
the Air Force has espoused the full use of the medium of space for
national security. Its 1997 vision document, Global Engagement: A
Vision for the 21st Century, made clear that

the Air Force recognizes that any further! use of space will be driven
by national policy, international events, ... and threats. ... How-
ever, the nation will expect the Air Force to be prepared to defend
U.S. interests in space when necessary.

Since then, the topic of full exploitation of space for national security
has become prominent in current congressional interest. A national
debate on space weapons seems near.

In preparation for that debate, this report is intended to provide a
common vocabulary and common expectations of the possibility,
utility, legalities, and limitations of using space weapons in terrestrial
conflicts. This report defines and classifies these weapons, describes
their different attributes, and explains how they might be used. It
explores ways in which the United States and other countries could
decide to acquire such weapons. It also explores the ways they could
be acquired.

The study was sponsored by the Deputy Chief of Staff, Plans and Pro-
grams (AF/XP). The result should be of interest to a wide audience

1Beyond intelligence, surveillance and reconnaissance; warning; position location;
weapons guidance; communications; and environmental monitoring.
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interested in the military use of space and national security space
policy.

Project AIR FORCE

Project AIR FORCE, a division of RAND, is the Air Force federally
funded research and development center (FFRDC) for studies and
analysis. It provides the Air Force with independent analyses of pol-
icy alternatives affecting the development, employment, combat
readiness, and support of current and future aerospace forces.
Research is performed in four programs: Aerospace Force Develop-
ment; Manpower, Personnel, and Training; Resource Management;
and Strategy and Doctrine.




CONTENTS

Preface . . ... ... .. . . iii
Figures . ...........vuvin.... S ix
Tables. . . . ... e iii
Summary ... ... e XV
Acknowledgments. .. ........ ... .. ... ... ... ... ... XXV
Abbreviations .. ....... ... XXvii
Chapter One
INTRODUCTION . ...... ... ... 1
Purpose .. ... ... .. .. 1
SCOPE .o e 2
Organization............ ... ... ... ... 3
Chapter Two
BACKGROUND . ... ... . i .. 5
History ...... ... . 5
EarlyRocketry .. ... ... ... ... .. ... ........ 5
Satellite Feasibility Studies . . . ................... 6
DawnoftheSpaceAge........................ . 8
Bombardment Satellites. . . ..................... 9
Defenses ......... ... ... 12
ABMTreaty . ..... .. ... .. .. .. 13
The Strategic Defense Initiative .................. 14
Post-ColdWar ....... ... ... ... ... ... ....... 15
Current U.S. PolicyandPlans . . .................. 15
Legal Considerations. . . ......................... 17



Space Weapons, Earth Wars

SpaceTreaties ... ... .
Arms Control Treaties . ............ueueien...
Other Treaties . . . ... oottt e e e e

Chapter Three

SPACE WEAPONS KINDS AND CAPABILITIES .. .......
Types of Space Weapons . ........................
Directed-EnergyWeapons . . . ..........ovvveeooonn
General Characteristics . .......................
Targets .. ... e
Medium . ........c. i

Basing . ....... ..o
Example: Laser for Missile Targets . . ..............
Mass-to-Target Weapons . ...............ouooonn
General Characteristics . ........... ... ... .....
Kinetic-Energy Weapons Above the Atmosphere. . . . ..
Kinetic-Energy Weapons Against Terrestrial Targets . . .
Conventional Weapons Against Terrestrial Targets . . . .

Chapter Four

EMPLOYMENT . . . e e
Employment . ............. . i,
FunctionsandTasks ............. . ... ... ... ...
ComponentandSequence .. ....................
Command. . . ..ot e e
WhatlsCommanded . . ............... .. ... ...
How They Are Commanded .. ...................
Who CommandsThem ............... .. .......

Chapter Five

HOW MIGHT THE UNITED STATES ACQUIRE SPACE
WEAPONS? . . .. e
How Might the United States Decide? ...............
Deliberate Decisions to Acquire . .................
Incidental Decisions to Acquire ..................
Assuming a Decision to Acquire, How Might
TransitionOccur? .......... .. ...
Incremental Decision .........................
Monolithic Decision . .................. ... ...
Scope, Sequence, and Visibility of Impiementation . . . .
CONSEQUENCES . . . . oottt et e

18
20
21

23
23
24
24
26
27
28
31
31
36
36
37
40
45

51
53
53
57
60
61
63
65

67
67
68
75

77
77
79
80
81



Contents vii

Chapter Six
HOW MIGHT OTHERS ACQUIRE SPACE WEAPONS? . . .. 85
PeerCompetitor . ....... ... ... . .. 86
Definition ....... ... ... . . 87
Decision ......... ... . i 88
Transition . ........ ... .. . i 89
FriendorAlly ....... .. ... . . i 90
Definition ........ ... .. ... . 91
Capability ........ ... 91
Decision ..... ... ... .. e 92
Transition . ..... ... . 93
Neither AllynorAdversary........................ 94
Definition ......... ... .. .. . 94
Capability ....... ... ... 94
Decision .......... ... i 95
Transition .. ...... .. .. .. . 97
NonpeerAdversary .. ............. ... ..o, 96
Nonstate Coalition ............ ... ... 98
Summary ... ... ... e 98
Chapter Seven
CONCLUSION ... i 101
Advantages . ...t i e 101
AccessandReach ............ ... ... ....... ... 101
Responsiveness .. .......... ..., 102
Distance ....... ... .. i 103
Difficulty of Defending Against Them . . ... ......... 103
Limitations . . . ... ... ... 103
StaticDefense .. ........ ... ... .. . ... ..., 104
Stable, Observable, Predictable Orbits ............. 104
LogisticExpense . .......... ... .. ... ... . ... 104
LargeNumbers ....... ... ... ... ... ... ... ... 105
Legal Consequences .......................... 106
UsesandImplications . . ... ..... ... ... ......... 106
Appendix A
SPACE-BASED DIRECTED-ENERGY WEAPONS . ... .. .. 109

Appendix B
KINETIC-ENERGY SPACEWEAPONS . .............. 131



viii Space Weapons, Earth Wars

Appendix C

NATURAL METEOROIDES ASWEAPONS ............ 173
Appendix D

BALLISTIC MISSILE DEFENSE COUNTERMEASURES ... 185
Bibliography . .. ..ot 189




FIGURES

3.1

3.2.
3.3.

Al
A2
A3.
Ad.
AS5.
A.6.
A7.
AS8.
AS9.
A10.
All
Al2.

A.13.

Artist’s Concept for an 8-m Next-Generation Space
Telescope for Launch Around 2007 ..............
Example Space-Based Laser Kill Capacity..........
President Eisenhower Viewing Discoverer 13

Capsule. ... ... ... ... ... ... ... ... ... ... ... ..
Ballistic Missile Trajectories, Altitude Versus Range . .
Ballistic Missile Trajectories, Boost Phase .........
Ballistic Missile Trajectory Ground Trace, Short

Range ........ ... .. ... . .. .. ..
Ballistic Missile Trajectory Ground Trace, Medium
Range........ ... ... .. ... ... ...
Ballistic Missile Trajectory Ground Trace,
Intercontinental Range . ......................
Space-Based Laser Constellation Snapshot .. ... ...
Example Space-Based Laser Kill Capacity..........
Space-Based Laser Kill Capacity, Higher-Altitude
Constellation ..............................
Space-Based Laser Kill Capacity, Lower-Altitude
Constellation ..............................
Space-Based Laser Kill Capacity, Lower-Altitude
Constellation, Short-Range Missile Target .. .......
Space-Based Laser Kill Capacity, Lower-Altitude
Constellation, Long-Range Missile Target .........
Space-Based Laser Kill Capacity, Shorter

Wavelength. . ....... ... ... . ... ... .....
Space-Based Laser Kill Capacity, Longer

Wavelength. . ....... ... . ... ... . ... ....



x  Space Weapons, Earth Wars

A.14. Space-Based Laser Kill Capacity, Relay Mirror
Constellation . ..o oo v v e
B.1. Velocity, Idealized Spherical Meteoroids ..........
B.2. Acceleration, Idealized Spherical Meteoroids . . . .. ..
B.3. Acceleration, Idealized 325-Ton Iron Spherical
Meteoroid . .« o v oo et et e
B.4. Kinetic Energy, Idealized Spherical 325-Ton
Meteoroids . . o v v v e
B.5. Velocity, Tungsten Sphere . ...............ocn.e
B.6. Kinetic Energy, Tungsten Sphere . ...............
B.7. Cross Section of Classic Reentry Vehicle. ..........
B.8. Fragment of Sikhote-Alin Iron Meteoroid with
Ablative Pitting . . . ... .o oo
B.9. Time to Reentry from Circular Orbit .............
B.10. Deorbit Av from Circular Orbit . ................
B.11. Total Av for Inserting, Circularizing, and Deorbiting a
Weapon from Circular Orbit . .................-
B.12. Av for Faster Deorbit at 3,340 km Ground Range . . . . .
B.13. Av for Faster Deorbit from 32,000km .. ...........
B.14. Reentry Angle for Faster Deorbit at 3,340-km Ground
RANEE « v v vcvvvaveme s as e
B.15. Reentry Angle, Minimum Energy Deorbit from
Circular Orbit . . .o oo
B.16. Reentry Velocity Minimum Energy Deorbit from
Circular Orbit . .. ..o
B.17. Impact Velocity Minimum Energy Deorbit from
Circular Orbit . .. ..o
B.18. Orbit Terminology ........ ... ovvrervnnnne
B.19. Total Av (km/s) 8,000-km Circular Orbit . . .........
B.20. Time of Flight to Reentry (min) from 8,000-km
Circular Orbit, Minimum EnergyPath . ...........
B.21. Impact Velocity from 8,000-km Circular Orbit . ... ..
B.22. Reentry Angle from 8,000-km Circular Orbit........
B.23. Time to Reentry from 8,000-km Circular Orbit . ... ..
B.24. Total Insertion and Deorbit Av for Minimum-Energy
Deorbit from Elliptical Orbit Apogee . ............
B.25. Reentry Angle from 8,000 km for Minimum-Energy
Deorbit from Elliptical Orbit Apogee . ............
B.26. Impact Velocity for Minimum-Energy Deorbit from
Elliptical Orbit Apogee . ................ooco--




Figures xi

B.27. Total Av for 6-Hour Elliptical Orbit Apogee . . . ... ... 163
B.28. Impact Velocity from 6-Hour Elliptical Orbit

ApPOgee . ... 164
B.29. Time of Flight from 6-Hour Elliptical Orbit Apogee . .. 165
B.30. Reentry Angle from 6-Hour Elliptical Orbit Apogee . .. 166
B.31. Velocities for Ballistic Trajectory from Terrestrial Base

with 60° ReentryAngle ....................... 167
B.32. Time of Flight for Ballistic Trajectory from Terrestrial

Base with 60° ReentryAngle. . .................. 168
B.33. Total Av (km/s) for 500-km Circular Orbit ......... 169
B.34. Time of Flight to Reentry (min) 500-km Circular Orbit,

Minimum-EnergyPath ............ ... ....... 170

B.35. Ballistic Trajectory from Terrestrial Base with 30°
Reentry Angle—Time of Flight . .. ... ............ 171



TABLES

S.1.
4.1.
6.1.

Al
A2,
A3.
B.1.
B.2.
B.3.
B.4.
B.5.

Space Weapon Comparison....................
Space Weapon Contributions to Military Functions . .
National Interests of Other Countries That Could

Lead Them to Consider Space-Based Weapons . . . ..
Target Ballistic Missile Trajectory Parameters ... ...
KeytoLaserCases...........................
Hydrogen Fluoride SBL Horizon Parameters . . ... ..
Tungsten Sphere Entries from 11 km/sat60° ... . ...
Representative Reentry Vehicle Characteristics . . . ..
Typical Circular Orbit Footprints . .. .............
Sample Elliptical Orbits . . . ....................
Propulsion Requirements for Kinetic Energy

Weapon ......... ... . .. ..

xiii



SUMMARY

Space weapons for terrestrial conflict have been the subject of
intense debate twice in the modern history of space. The first time,
at the beginning of the Cold War, was over the possibility of bom-
bardment satellites carrying nuclear weapons. The second time, at
the end of the Cold War, was over the possibility of space-based
defenses against nuclear missiles. Now, well past the Cold War, the
topic of space weapons seems headed again for public debate, this
time based on ballistic missile defense. National policy documents
tacitly include the development of advanced technology to improve
ballistic missile defense options. The latest space policy document
from the Department of Defense (Cohen, 1999) supports “ballistic
missile defense and force projection.” To this end, the United States
is developing space-based laser technology, which is approaching
the demonstration phase. For these reasons, as well as the threat
that space weapons could pose if developed by an adversary, it is
time for public discussion of the subject.

This report does not present an argument either for or against space
weapons but instead describes their attributes and sets out a com-
mon vocabulary for future discussions. The report classifies and
compares these weapons and explains how they might be used. It
also explores ways in which the United States and other countries
might decide to acquire them and the potential reaction of other
countries if the United States or some other nation fielded such
weapons. The report dispels some of the myths regarding space
weapons to help ensure that debates and discussions are more fact
based.



xvi Space Weapons, Earth Wars

SPACE WEAPONS COMPARED

It is important to understand that “space-based weapons” generally
includes several distinct classes of weapons:

« directed-energy weapons
+ kinetic-energy weapons against missile targets
« kinetic-energy weapons against surface targets

s space-based conventional weapons against surface targets.

Directed-energy weapons, which destroy targets with energy trans-
mitted at the speed of light over long distances, are in a class of their
own. The other three weapon types destroy targets by delivering
mass to the target using either the kinetic energy of their own veloc-
ity and mass or the stored chemical energy of conventional explo-
sives to destroy the target. Each type of weapon operates in different
ways, is suitable for different kinds of targets, has different response
times, and requires different numbers of weapons in orbit to achieve
the degree of responsiveness required to reach a particular target
when needed. Table S.1 summarizes these distinctions.

DIRECTED-ENERGY WEAPONS

Directed-energy weapons include a range of weapons from elec-
tronic jammers to laser cutting torches. While jammers need to
transmit only enough power to compete with the targeted receivers’
intended signals, destroying ballistic missile boosters would require
developing and deploying lasers with millions of watts of power
directed by optics on the order of ten meters in diameter.

Directed-energy weapons could destroy targets on or above the
earth’s surface, depending on the wavelength of the energy propa-
gated and the conditions of the atmosphere, including weather.
Although the energy a laser delivers propagates at the speed of light,
the laser has to hold its beam on a target until energy accumulates to
a destructive level at the target. After destroying a target, it can retar-
get as quickly as it can point at the next missile, should it have
sufficient fuel. When defending against a salvo of missiles, the laser
will only be able to destroy a certain number of missiles while they
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are in their vulnerable boost phase. That number will depend on the
laser’s distance from the launch position and the hardness of the
missile target. The farther the laser weapon is based from the target
and the harder the material of the target, the fewer missiles the laser
will be able to destroy during boost phase. Because the distance of
laser satellites from missile launch points fluctuates in a predictable
way, an opponent launching missiles will be able to choose to launch
at times that allow the maximum number of missiles to penetrate the
defense.

Kinetic-Energy Weapons Against Missile Targets Above the
Atmosphere

Kinetic-energy weapons come in two types: those designed to
destroy targets outside the earth’s atmosphere and those that can
penetrate the earth’s atmosphere. The first type, described here,
could conceivably provide an additional layer of defense against tar-
gets that leak through the laser weapons’ boost-phase defense. They
would destroy targets using the kinetic energy of high-velocity
impact and would require very little weapon mass. As with directed-
energy weapons, the short response time for missile defense would
require dozens of weapons in space for each one within reach of a
potential target.

However, kinetic-energy weapons for use against missile targets are
handicapped in their ability to respond quickly to the missile threat.
They are not able to engage targets below 60 km because the inter-
ceptor needs to stay out of the atmosphere. This may mean that the
intercept could only occur after the missile’s boost phase, when
multiple warheads and decoys may have been deployed, creating the
potential for saturation an order of magnitude greater than for boost-
phase defense with directed-energy weapons.

Kinetic-Energy Weapons Against Surface Targets

Space-based kinetic-energy weapons for surface targets also destroy
targets by using their own mass moving at very high velocities.
Unlike weapons that engage targets outside the earth’s atmosphere,
these must be large enough to survive reentry through the earth’s
atmosphere with a speed high enough to be destructive. To preserve
accuracy and energy through reentry, they have to attack targets at
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steep, nearly vertical trajectories. This would mean having either a
great many weapons in low orbits to have one within reach of a tar-
get whenever needed or a smaller number at higher orbits with
longer times to reach targets. A reasonable high-altitude constella-
tion would place about six weapons in orbit for each target to achieve
response times of two to three hours from initiation of the attack to
destruction of the target.

The effort required to deliver one of these weapons to orbit and then
to a target would be similar to that required for a large intercontinen-
tal ballistic missile (ICBM). Such weapons could be effective against
stationary (or slowly moving) surface targets that are vulnerable to
vertical penetration of a few meters, such as large ships, missile silos,
hardened aircraft shelters, tall buildings, fuel tanks, and munitions
storage bunkers. Because of their meteoroidlike speed entering the
atmosphere, these weapons would be very difficult to defend against.
Although they would be of little interest to the United States because
it already has weapons that are effective against this class of targets,
kinetic-energy weapons could be desirable for countries that seek
global power projection without having to duplicate the U.S. invest-
ment in terrestrial forces.

Space-Based Conventional Weapons Against Surface Targets

Space-based conventional weapons would inherit their accuracy,
reach, target sets, and lethality from the conventional munitions they
deliver. Such weapons could engage a broader range of targets than
kinetic-energy weapons, including maneuvering targets and more-
deeply buried targets. They could use “old” technology. The systems
used to deliver them from space might resemble those developed for
the return of film and biological specimens from orbit in the 1960s.

The effort to deliver conventional weapons to orbit and then to a ter-
restrial target is similar to that for space-based kinetic-energy
weapons, but conventional weapons are much more responsive.
They would take about 10 minutes from weapon release to deploy-
ment in the atmosphere, plus whatever time the conventional muni-
tions need to reach the target after that. Small, precision weapons
would be preferred for space basing, since their launch costs are
higher than the costs of delivering them from aircraft or ships. It
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would take about six weapons in orbit to keep one within 10 minutes
of a target on earth.

OVERVIEW OF CAPABILITIES

Taken together, space weapcns provide a number of distinct advan-
tages and disadvantages:

Advantages

Access and reach. Space weapons can attack targets that may be
inaccessible to other weapons, could provide access to targets with-
out concern for transit of denied airspace, and could provide global
power projection to nations that possess them.

Rapid response. In contrast to weapons launched from ships or air-
craft, which could take a few days to some weeks to reach a theater of
operations far from the United States, space-based weapons could
offer response times from several minutes to several hours. Only
long-range ballistic missiles can achieve similar performance.

Distance. The great distance of space-based weapons from earth
and from other objects in space has two key advantages. First, it
makes space-based weapons less vulnerable to attack. Second, it
would help distinguish them from terrestrial ballistic missiles carry-
ing nuclear weapons.

Difficulty of defense. Space-based kinetic-energy weapons directed
at surface targets are very difficult to defend against because of their
very high velocity and very brief flight through the atmosphere. The
difficulty is similar to that involved in defeating reentry vehicles from
ICBMs but is complicated by the possibility of a much-shorter
warning time.

Disadvantages

Static defense. Space weapons are static in the same way that stone
fortifications are static; for this reason, they can be saturated by an
opponent that is able to concentrate an attack against them. This
limitation could be an advantage if a limited defense against a lim-
ited threat were needed, one that would be incapable of destabilizing
a deterrence relationship with another more-capable opponent.
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Stable, observable, predictable orbits. The positions of space-based
weapons are predictable. As defenses, their effectiveness will fluctu-
ate over the course of their orbits in predictable and exploitable
ways. Stable orbits also mean that a weapon destroyed on orbit
would leave a persistent cloud of debris, in a shell of nearby orbits,
that would pose a hazard to other satellites.

Logistic expense. Space-based conventional or kinetic-energy
weapons require greater transportation effort than do ICBMs deliver-
ing the same weapons to targets, roughly equivalent to launching the
missile’s payload a second time to medium range. Space-based
chemical lasers that use technology now in development would con-
sume laser reactants weighing as much as a small satellite to kill a
missile target. The space-based laser weapons themselves are
extremely large satellites to lift into orbit.

Large numbers required. It would generally be necessary to have
multiple weapons in orbit to ensure that one of them would be in the
right place when needed. Space-based ballistic missile defenses
would require dozens of weapons in orbit for each needed to engage
targets at a particular time and place. For other kinds of force appli-
cation, constellations could be as small as three to six weapons for
each needed to engage a target at a particular time and place. This is
roughly comparable with terrestrial weapon platforms.

Legal consequences. Existing treaty provisions explicitly restrict the
basing of missile defenses or weapons of mass destruction in space.
A decision to base missile-defense weapons in space would require
changing or abandoning the Anti-Ballistic Missile Treaty and related
arms control treaties (as would most national missile defenses con-
templated). Use of a space-based weapon against a terrestrial target
could result in claims of absolute liability for damage caused under
Article II of the Space Liability Convention. However, Article VI of
that convention should insulate the launching state from claims of
absolute liability by the targeted country if the weapon is used in
legitimate self-defense.

USE AND COMMAND

One could imagine special, limited cases in which space forces could
be employed in isolation from other forces, but space-based
weapons would be most effective used in combination with other
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forces. The military functions they might serve include prompt long-
range force projection, strikes against highly defended surface tar-
gets, and attacks on large ships. The one military function that
directed-energy weapons would be uniquely suited for is boost-
phase missile defense in locations that cannot be reached by other

means.

It should be possible to develop effective concepts for the employ-
ment of space-based weapons in the context of joint warfare, but it is
critical that they be integrated effectively into the command struc-
ture. A commander of theater forces having tactical control over all
terrestrial assets devoted to a particular function, such as counter-air
or strategic attack, should have similar control over the space assets
that contribute to the mission in his area of operations.

UNDER WHAT CIRCUMSTANCES MIGHT THE UNITED
STATES ACQUIRE SPACE WEAPONS?

A U.S. decision to acquire space weapons could come about under a
variety of circumstances. Among them are:

« defending against a threat to national security posed by an
adversary who is undeterred by other capabilities (including the
case of denied-area, boost-phase missile defense)

o responding in kind to the acquisition of space weapons by
another nation, whether ally or adversary

« acquiring space weapons in coordination with another nation or
nations to forestall, control, or influence their independent
acquisition of space weapons

e unilaterally undertaking the acquisition of space weapons on the
basis of any one of several purposes, for example, to demonstrate
global leadership, to protect U.S. and allied economic invest-
ments, or to improve the efficiency and effectiveness of military
capability.

Although there is currently no compelling threat to U.S. national
security that could not be deterred or addressed by other means, the
United States could consider space-based weapons as a component
of its vision of global power projection for 2010 and beyond.
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WHAT MIGHT LEAD OTHER COUNTRIES TO ACQUIRE
SPACE WEAPONS?

The opportunity to acquire space weapons is not limited to the
United States. Only the option to acquire lethal, directed-energy
weapons is proprietary to the United States. and not inherently or
indefinitely, but simply as a consequence of the current state of
technology.

Why would another country choose to acquire space-based
weapons? The report offers answers to that question for several
types of countries: peer competitors of the United States; countries
that are friends or allies of the United States; non—peer competitors,
neither friend nor foe; or a nonstate coalition of entities.

Although motives and opportunities may exist, there is no immedi-
ately compelling threat driving any country to choose space
weapons, unless it is the overwhelming advantage in terrestrial
weapons that the United States enjoys. The United States needs to
be aware that a few dozen space-based kinetic-energy weapons
against terrestrial targets could threaten its maritime means of power
projection. The technology, numbers, and supporting space-based
sensing and command and control are reasonably within reach of
countries that, like India and China, have only modest spacefaring
capabilities. Such space-based weapons could be a high-leverage,
asymmetric response to U.S. military strengths.

Before deciding to acquire or forgo space weapons for terrestrial
conflict, the United States should fully discuss what such weapons
can do, what they will cost, and the likely consequences of acquiring
them. The discussion should also address whether other countries
might acquire them, which ones would be most likely to do so, and
how the United States could discern these developments and
respond effectively.



ACKNOWLEDGMENTS

This work was sponsored by Lt Gen Roger DeKok, Deputy Chief of
Staff for Plans and Programs, Headquarters, USAF. The authors are
indebted to General DeKok and his staff. Lt Col Forrest Morgan was
the responsible action officer.

Early drafts of the manuscript benefited substantially from discus-
sions with a number of helpful people, including Col Chuck Bauland,
Col (ret) Owen “Juice” Jensen, Col (ret) Chris Waln, Col Bill
Henabray, and Lt Col Douglas Anderson. The final edition owes
much to critical review by Bruno Augenstein, Dean Wilkening,
Burrus Carnahan, and Gen (ret) James P. McCarthy. It also owes a
great deal to analysis and advice from Laura Zakaras.



ABBREVIATIONS

ABM Anti-ballistic missile

AFSPC Air Force Space Command

BAMBI Ballistic Missile Boost Intercept

BMD Ballistic missile defense

DoD Department of Defense

ICBM Intercontinental ballistic missile

J joule

LOCAAS Low Cost Autonomous Attack System

MIRV Multiple independently targetable reentry vehicle

MRBM Medium-range ballistic missile

OTA Congressional Office of Technology Assessment

SDI Strategic Defense Initiative

SDIO Strategic Defense Initiative Organization

START Strategic Arms Limitation Talks

UN United Nations

Av Change in velocity

B Ballistic coefficient

apogee The point in an elliptical orbit farthest from earth
and thus the highest altitude

perigee The point in an elliptical orbit closest to the earth

and thus the lowest altitude




Chapter One
INTRODUCTION

Space weapons have been debated intensely twice in the modern
history of space. At the beginning of the Cold War, the issue was the
possibility of bombardment satellites carrying nuclear weapons. At
the end of the Cold War, the issue was the possibility of space-based
defenses against nuclear missiles. Aside from these debates, there
has been little public discussion of the topic. Now, well past the Cold
War, the topic of space weapons is surfacing again. Military vision
documents give space weapons an air of inevitability. Responsible
scientific advisors to the Department of Defense (DoD) have recom-
mended development of some space-based weapons. The official
timetable for acquiring them in the next ten to twenty years implies
that development decisions are imminent. A space-based laser
technology program continues toward demonstration of the ability
to destroy missiles from space. The current debate over national
missile defense includes the issue of space-based defenses.

Regardless of the pace of the current debate, there is another, per-
haps more urgent, reason to discuss space weapons: the possibility
that other nations will decide to acquire them. A modest number of
space-based weapons with limited space-based support could deny
the United States its maritime means for power projection. Such
space-based weapons, reasonably available to spacefaring countries
having even the modest capabilities of India or China, could be a
high-leverage, asymmetric response to U.S. military strengths.

PURPOSE

With the objective of informing the public discussion of space-based
weapons, this report describes their potential attributes, limitations,
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Jegalities, and utility. It is thus a tutorial or sourcebook, not a
blueprint for building such weapons or an argument for or against
them. The report defines and classifies these weapons, describes
their different attributes, and explains how they might be used in
conflict, then explores the reasons a nation might choose to acquire
them, possible means of acquiring them, and the possible conse-
quences.

SCOPE

Since the target of this primer on space weapons in terrestrial conflict
is public discussion, an unclassified discussion is essential. The
critical decisionmakers in government naturally have the clearances
to access any classified material they need to illuminate their own
decisions. While the public does not have similar access, it is not
necessary for understanding the fundamental issues well enough to
hold decisionmakers accountable. Including classified material
would not change the conclusions of this report. Because the exam-
ples used here are all unclassified, none of them should be taken as
surrogates for real programs or proposals. The specifics of any
weapon that might reveal limitations or vulnerabilities should be
classified.

That the subject is space weapons in terrestrial conflict, as opposed
to uses of space in conflict or weapons in space conflict, is a matter of
focus. We focus on space weapons in terrestrial conflict because
they are a looming decision issue. The others are not. The use of
space in conflict and the use of weapons against space systems are
both historical fact and current reality. From its beginning, man’s
use of space has included conflict, wars cold and hot: finding targets,
warning of threats, relaying commands, aiding navigation, and fore-
casting weather. Because of this usefulness in conflict, the military
use of space has long been a target. Through most of the Cold War,
both sides developed, tested, and deployed weapons against satel-
lites. Most of the world has weapons that can be used against space
systems—to jam links, blind sensors, or disable ground stations.
Several countries have used them, including Russia’s recent jamming
of communications satellites during its war in Chechnya (Agence
France Press, 1999). Although weapons against space systems are
not the primary focus of this report, they do come up in discussing
acquisition decisions and the consequences of acquisitior.
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This report does not estimate costs or claim performance for specific
programs or possible applications. That would require assumptions
about dates, numbers, targets, and rates, as well as about competing
and contributing force structures, that are beyond the scope of a tu-
torial. Instead, the report indicates the general scale of effort and
range of attributes associated with different kinds of space-based
weapons for different purposes. In some cases, it suggests relevant
experience with terrestrial systems that could provide a basis for es-
timating costs. Both U.S. and international decisions would be made
in the context of international law. Some space-based weapons are
explicitly prohibited by treaty: weapons of mass destruction and, for
the United States and Russia, components of ballistic missile de-
fense. Because missile defense is one of the near-term interests
driving U.S. consideration of space-based weapons, that mission is
discussed here. We do not consider a U.S. decision to base weapons
of mass destruction in space; there is no obvious reason the United
States would want to do so. However, we do consider the possibility
that another country might find reasons to do so.

ORGANIZATION

To set the stage for the tutorial material and discussion, the next
chapter provides a short history of space weapons. It traces the roots
of the idea in literature to the dawn of the space age, through the
Cold War, and to the present. It describes the dominant perspectives
toward space weapons today. Chapter Three provides brief technical
descriptions of the effects, logistics, responsiveness, and basing of
different kinds of space-based weapons, with more-detailed descrip-
tions in Appendixes A, B, and C. Chapter Four builds on the “what”
and “why” of the technical tutorial to explore the “so what” and
“how.” It examines the potential employment and command of
space weapons in the broader context of other forces. Chapter Five
addresses how the United States might come to a decision to acquire
space weapons and how the transition from a world without space
weapons to a world with U.S. space weapons might take place.
Because a decision to acquire space weapons is not a purely U.S. pre-
rogative, Chapter Six discusses who else could decide to acquire
space weapons, under what circumstances, and with what kind of
transition. Appendix D provides some technical background for
both of these chapters, describing a low-technology class of missile-
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defense countermeasures that could also be used for basing a
weapon of mass destruction in space. Chapter Seven provides con-
cluding observations.




Chapter Two
BACKGROUND

One of the earliest literary traces of the idea of weapons coming from
space appears in the 19th-century science fiction novel of Martian
invasion by H.G. Wells, The War of the Worlds (Wells, 1988 ed.).
Although the weapons had come from space with their extraterres-
trial owners rather than being stationed there by nations of the earth,
they included many of the kinds of weaponry we will see in later
chapters: meteoroidlike capsules entering the earth’s atmosphere
from space to deliver cargoes of weapons; heat rays, which we would
recognize as infrared lasers; chemical weapons; and the nemesis of
the Martian invaders, biological weapons—earth’s own microbes.
The accuracy of his vision is impressive. It has also been durable and
persuasive, as demonstrated by the public panic following Orson
Welles’ radio adaptation in 1938 and by the U.S. N avy’s World War I1
intelligence assessment that the Germans could orbit satellites “for
reconnaissance or for relaying what scare pieces in the press called
‘death rays’” (Green and Lomask, 1997).

HISTORY

Early Rocketry

We can trace the history of the potential for real space weapons from
shortly after Wells’ prescient novel through the modern development
of rocketry and satellites.! An Englishman, Charles Golightly, had

1Unless noted otherwise, the timing of the historical events cited in the material below
is documented in Emme (1961).
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registered a patent for a rocket-powered vehicle as early as 1841
(Noordung, 1929). Rigorous theoretical discussion of rocket propul-
sion for spaceflight was pursued as early as 1903 by Konstantin Tsi-
olkolvskiy in Russia (Green and Lomask, 1997) and later by Robert
Goddard in the United States (1919) and Hermann Oberth in Ger-
many (1923) (Noordung, 1929). In 1924, the Soviet Union formed the
Central Committee for the Study of Rocket Propulsion. In the Kitty
Hawk event of rocketry, Goddard launched the first modern, liquid-
fueled rocket in 1926. Technical and amateur societies for space-
flight were established in Germany (1927), France (1927), and the
United States (1930). In August 1932, the German Army Ordnance
Office established a military rocket development program, which re-
sulted eventually in the development of the V-2 ballistic missile, first
tested on June 13, 1942. By the end of World War II, some 2,800 V-2s
had been fired at targets in England and on the Continent.

Coincident with the development of the V-2 in Germany was that of
the atomic bomb in the United States. The first controlled atomic
chain reaction occurred in Chicago on December 2, 1942. The first
use of the atomic bomb in war followed on August 6, 1945. The co-
incidence of nuclear weapons and modern rocketry provided a syn-
ergistic reinforcement of incentives for rapid development of mis-
siles, weapons, and satellites. A push followed to make the weapons
small enough to fit on missiles, which could reach further and faster
than aircraft and could bypass air defenses. The weapons’ enormous
destructive power made missiles, which were previously of marginal
military value, potentially decisive weapons. And extending the
missiles’ reach incidentally made them suitable for placing satellites
in orbit. Satellites became the essential platforms for discerning the
threat that weapons based in the interior regions of closed societies
posed. The destructive power of nuclear weapons and the immedi-
ate reach of long-range missiles formed the backdrop for public atti-
tudes about space vehicles and space weapons. That backdrop per-
sists today in popular views of space weapons, linked explicitly with
nuclear weapons in ballistic missile defense.

Satellite Feasibility Studies

In January 1945, Germany tested a prototype of a missile with an in-
tercontinental range that could have reached the United States. By




Background 7

October of that year, the U.S. Navy Bureau of Aeronautics established
a Committee for Evaluating the Feasibility of Space Rocketry. In .
November, the committee recommended a high priority for satellite
development and optimistically estimated the cost of developing one
at between $5 million and $8 million. When the Navy approached
the Army Air Force to discuss a joint program, General Curt LeMay,
then the Deputy Chief of Staff for Research and Development,
commissioned the Douglas Aircraft Corporation’s Project RAND to
produce a quick assessment of satellite feasibility in time for discus-
sions with the Navy. The seminal RAND report, Preliminary Design
of an Experimental World-Circling Spaceship, developed the techni-
cal basis for a small (500 Ib, 20 ft3), low-altitude (300 mi), experimen-
tal satellite and projected the cost to develop one a little more con-
servatively, at about $150 million over five years (Clauser et al., 1946).

The RAND report included a short section on potential uses of satel-
lites. Among the military uses listed were reconnaissance, weather
observation, communications relay, missile guidance, bomb impact
spotting, and weapons: “after observation of its trajectory, a control
impulse can be applied in such direction and amount, and at such a
time, that the satellite is brought down on its target” (Clausen et al.,
1946, p. 10). The RAND report also predicted that “the achievement
of a satellite craft by the United States would inflame the imagination
of mankind, and would probably produce repercussions in the world
comparable to the explosion of the atomic bomb” (Clausen et al.,
1946, p. 2). Another RAND report the next year turned that
observation around:

one can imagine the consternation and admiration that would be
felt here if the United States were to discover that some other nation
had already put up a successful satellite.2

This observation was as prescient of Sputnik as Wells had been of
exotic weapons.

2Iames Lipp, “The Time Factor in the Satellite Program,” in Reference Papers Relating
to a Satellite Study, RAND RA-15032, 1947 (quoted in Davies and Harris, 1988, p. 17).
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Dawn of the Space Age

Despite the military service interest in satellites at the time of those
early studies, U.S. public, international, and even senior DoD atti-
tudes toward the military interest ranged from skepticism (of
feasibility or utility) and ridicule to outrage and fear. Disclosure of
the services’ study activity in the first annual report of the Secretary
of Defense in 1948 provoked such responses from journalists as “Will
America possess moons of war?” and “Will the Elbe frontier be
defended from the moon?” and “a campaign calculated to terrorize
the people” (Air War College Evaluation Staff, 1956, p. 31). In con-
gressional testimony in 1945, Dr. Vannevar Bush, by 1948 chairman
of the DoD’s Research and Development Board, was derisively skep-
tical of the feasibility of even long-range missiles, much less satellites
(Peebles, 1997, pp. 4-7). It should come as no surprise that the
board’s March 1948 evaluation of service satellite proposals was that

neither the Navy nor the USAF has as yet established either a mili-
tary or a scientific utility commensurate with the presently expected
cost of a satellite vehicle. However, the question of utility deserves
further study and examination. (Emme, 1961.)

Further study focused first on reconnaissance from space. RAND’s
Project Feedback studies in 1953 and 1954 produced preliminary de-
signs of weather and photographic reconnaissance satellites, which
resulted in formal Air Force requirements and program direction to
begin developing a reconnaissance satellite in 1954 and 1955. With
growing concern over the possibility of a Soviet surprise attack,
President Dwight Eisenhower commissioned scientific leaders to
advise him of means to avoid surprise. The euphemistically named
Technological Capabilities Panel produced a final report, Meeting the
Threat of Surprise Attack, on Valentine’s Day 1955. Among other
things, the report recommended a satellite program to establish a le-
gal precedent for the freedom of space for eventual reconnaissance
satellites. That recommendation produced the National Science
Foundation proposal for flying a satellite as part of the International
Geophysical Year and, subsequently, a delay of the fabrication of a
reconnaissance satellite until after the civil pathfinder (Peebles, 1997,
pp- 15-25). The policy to use a civil precedent setter before inviting a
military response to a military space launch went so far as a gag or-
der forbidding General Bernard Schriever, the Air Force pioneer of
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missile and space development, to use the word space in public
speeches when he proposed that the United States should establish
space superiority in February 1957 (Futrell, 1989, pp. 549-550;
Peebles, 1997, p. 26).

All that changed on October 4, 1957, when the Soviets launched
Sputnik, and the U.S. public, press, and political opposition reacted
with shock. By November 29, the Air Force Chief of Staff could say in
his “dawn of the space age” speech that

We airmen who have fought to assure that the United States has the
capability to control the air are determined that the United States
must win the capability to control space. (Futrell, 1989, p. 550.)

By December 5, President Eisenhower had directed the Corona pro-
gram to develop reconnaissance satellites covertly. By August 1960,
the United States had flown its first photographic reconnaissance,
weather, navigation, signals intelligence, missile warning, and com-
munications satellites—first articles of all of the current U.S. military
space activities—seven months before the first human made it to
orbit (AFA, 1998; Hall, 1998). The comprehensiveness and prepon-
derance of military firsts reflect Eisenhower’s judgment that

the highest priority should go of course to space research with a
military application, but because national morale, and to some ex-
tent national prestige, could be affected by the results of peaceful
space research, this should likewise be pushed, but through a sepa-
rate agency. (Eisenhower, 1965.)

Bombardment Satellites

Weapons were not left out of discussions of the many military appli-
cations of space explored in the post-Sputnik rush. Only 12 days af-
ter Sputnik’s launch, the Air Force fired a blast of pellets into orbital
and escape velocities from an Aerobee sounding rocket, although
this was not intended as a weapon (Emme, 1961).3 In 1956, the Air

3Only the pellets with earth escape velocity would have persisted for long in space.
Since the Aerobee’s highest altitude was only 54 miles, this would be the lowest
altitude for pellets reaching orbital velocity. At this altitude, orbits would quickly
decay, and the pellets would reenter the atmosphere.
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Force’s Air University evaluation staff, in proposing legal regimes for
outer space, considered bombardment from satellites to have signifi-
cant advantages over ballistic missiles. In fact, the Soviets apparently
considered the perceived advantages real enough to develop and test
such a system in the next decade (Air War College Evaluation Staff,
1956, p. 26). President Eisenhower’s science advisors, on the other
hand, judged space to be an unsuitable arena for weapons, labeling
space weapons “clumsy and ineffective ways of doing a job” (Killian,
1977, p. 297) in their 1958 catalog of uses of space. We will explore
the issues behind both points of view in greater detail in Chapter
Three.

A Space Policy Subcommittee of the National Security Council sum-
marized U.S. space development programs in a then-Secret docu-
ment in June 1958. In the 1950s, well before the Outer Space Treaty
of 1967, the Eisenhower administration sponsored development pro-
grams for anti-intercontinental ballistic missiles (ICBMs), early
warning missile detection satellites, reconnaissance satellites, mili-
tary communications satellites, satellites for electronic countermea-
sures (jamming), navigation satellites, “manned defensive outer
space vehicles (which might capture, destroy, or neutralize an enemy
[sic] outer space vehicles),” bombardment satellites, and a manned
lunar station (National Security Council, 1958).

To develop an understanding of the possibilities for and limitations
of using constellations of bombardment satellites as delivery plat-
forms for nuclear weapons, RAND studied them in some detail from
1958 through 1960. Meanwhile, the United States carried on a public
debate about orbital bombardment systems:

Week after week during 1960 the US aerospace trade journals pa-
raded out another orbital weapon system, designed either to attack
the Soviet Union and her artificial satellites or to nullify her limited
ICBMs. (Johnson, 1987b, p. 31.)

An outline of this policy debate can be found in Schelling (1963). He
discussed nuclear bombardment satellites as weapon systems
(including issues of accuracy, reliability, timing, costs, ability to pen-
etrate defenses, recoverability, control, and relationship to other
weapon systems) to predict the motivations for wanting them, the
uses they might be put to, and the implications for the balance of
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military force, concepts of war, and arms control. Schelling pre-
dicted that military activity in space would become acceptable for
communication, weather observation, reconnaissance, and mapping
(all of which had already begun, with little public fanfare or debate)
and suggested that nuclear bornbardment satellites might constitute
a separable class of military object that could be agreed to be unac-
ceptable in space, if only as a clear statement of commitment to the
idea of arms control.

The studies and debate on bombardment satellites were conducted
against a backdrop of international negotiations to restrict the
placement of nuclear weapons in space. On October 17, 1963, the
negotiations culminated in United Nations (UN) General Assembly
Resolution 1884 (XVIII), which called on states

to refrain from placing in orbit around the earth any objects carry-
ing nuclear weapons or any other kinds of weapons of mass de-
struction or from installing such weapons on celestial bodies.

The resolution was formalized in the 1967 Treaty on Principles Gov-
erning the Activities of States in the Exploration and Use of Outer
Space, including the Moon and Other Celestial Bodies (UN, 1967).

Despite the resolution and treaty, the Soviets tested a fractional orbit
bombardment system in 1966 and 1967 (Johnson, 1987b, p. 131;
Stares, 1985, pp. 92, 99-100). There had been public statements sug-
gesting the ability as early as 1962 and public displays of a purported
system in 1965. In contrast to a ballistic missile, which puts its
weapon payload into a ballistic trajectory that will intersect the earth
without further maneuvering, a fractional orbit bombardment sys-
tem injects its payload into a satellite orbit that continues around the
earth if not maneuvered into another (deorbit) trajectory that inter-
sects the earth.

The primary perceived advantage of a fractional orbit bombardment
system was a shorter time of visibility to defense sensors in the target
area because the orbital portion of its trajectory (around 160 km) was
lower than that of a ballistic missile’s trajectory (which would nor-
mally reach a peak altitude of about 1,300 km) (Garwin and Bethe,
1968, p. 26). Fractional orbit bombardment weapons could also ap-
proach their intended targets from any direction, even from the
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south, making them invisible to the U.S. early warning sensors of the
time. However, the attacker paid a price for complicating the de-
fender’s surveillance and warning problem: payload had to decrease
substantially to make way for the additional fuel needed for achiev-
ing orbit and the subsequent deorbit maneuver. Also, with the guid-
ance and navigation capabilities of the time, the orbital bombard-
ment system would have been less accurate than ballistic missiles
(Johnson, 1987b, p. 132). Chapter Three will quantify the “price” of
orbital bombardment in terms of the extra effort relative to ballistic
missiles.

Two other developments also made fractional orbit bombardment
less interesting. Space-based missile-warning sensors could detect
and warn defenders of impending bombardment independently of
trajectory altitude. The arrival of submarine-based ballistic missiles
presented a more effective alternative to fractional orbit bombard-
ment, complicated defenses, and assured a survivable deterrent
force.4 The price of fractional orbit bombardment was not worth the
limited advantage to be gained.

Defenses

The specter of bombardment satellites and the reality of ballistic
missiles stimulated both the United States and the Soviet Union to
explore defensive space weapons. The Soviet Union first tested the
Polyot interceptor in 1963 and successfully tested a coorbital anti-
satellite (ASAT) weapon in 1968 (Peebles, 1997, p. 241). In 1954, a
RAND researcher described a concept for a large (approximately
1,000 vehicles), low-altitude (250-300 mi. altitude) constellation of
satellites to intercept ballistic missiles early in their flights with costs
comparable to air defenses of the time (Raymond, 1954). The United
States tested air-launched ballistic missiles as ASAT weapons in 1959
(Air Force) and again in 1962 (Navy). A program called Ballistic
Missile Boost Intercept (BAMBI) studied space-based, conven-
tionally armed ballistic missile interceptors in some detail in the

4The missiles were smaller, and an arguably greater logistic infrastructure was neces-
sary to maintain them on station.
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early 1960s, but the concept was discarded (Flax, 1986, p. 49).5 The
United States eventually deployed an operational ground-based,
nuclear-armed, ASAT missile in 1964 (Stares, 1985, pp- 108-128).

ABM Treaty

Through the 1950s and 1960s, both the United States and the Soviet
Union developed land-based, nuclear-armed missiles to defend
against ICBMs. The Soviet Union deployed a defense around
Moscow. The U.S. defense was intended to preserve some portion of
its land-based ICBMs. In the United States, funding and deployment
of the defense was contentious, primarily because of concern about
the defense’s contribution to a continuing arms race (Nitze, 1985).
In the end, both sides agreed to limit anti-ballistic missile (ABM) de-
fenses as part of their framework of arms control treaties. The
United States abandoned deployment of its land-based defense,
choosing to rely instead on deterrence.

Adopted in 1972 as part of the first round of Strategic Arms Limita-
tion Talks (SALT I), with the Soviet Union, the ABM Treaty contains
specific limitations on space weapons for missile defense. The terms
of the treaty prohibit the signatories from undertaking efforts

to develop, test, or deploy new ABM systems or components which
are sea-based, air-based, space-based, or mobile land-based.
(Article V[1]; emphasis added.)

ABM systems are those that “counter strategic ballistic missiles or
their elements in flight trajectory.” The components are ABM inter-
ceptor missiles, launchers, and radars (Article II). Systems and com-
ponents cannot be tested “in an ABM mode,” that is, against strategic
ballistic missiles or their elements in flight trajectory. The treaty also
prohibits non-ABM component testing “in an ABM mode” (Article
VI). Recognizing the potential of future advanced technologies,
Agreed Statement D of the treaty also subjects ABM systems and
components based on other physical principles to discussion.

SUntil revived in the SDI era, first as a space-based interceptor and later as Brilliant
Pebbles.
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The Strategic Defense Initiative

Research and studies of ballistic missile defense continued through-
out the Cold War, including space-based weapons. During the Rea-
gan administration in the 1980s, vigorous public debate surfaced
with the Strategic Defense Initiative (SDI), a sustained, significant in-
vestment in technologies for defense against ballistic missiles.8 The
initiative explored space-based defenses—interceptors, directed-
energy weapons,’ and even nuclear weapons (x-ray lasers). All these
space-based missile defenses would require renegotiation or abro-
gation of the ABM Treaty and presumably also of related arms con-
trol treaties. The last item would also violate the Outer Space
Treaty’s ban on nuclear weapons in space.8

According to a Ballistic Missile Defense Organization historian, the
threat of space weapons in terrestrial conflict was one factor in ad-
vice supporting President Ronald Reagan’s decision to reinvigorate
investment in ballistic missile defense, which previous administra-
tions had discarded and which the 1972 ABM Treaty with the Soviet
Union limited. The threat of space weapons this time was not from
nuclear weapons on bombardment satellites, but from space-based
directed-energy weapons. Karl Bendetson and the High Frontier
panel of private citizens advising Reagan recommended a crash
program to develop missile defenses not just to defend against Soviet
nuclear weapons but also because of “strong indications” that the
Soviets were going to deploy “powerful directed energy weapons” in
space to gain control of space, which, they alleged, would “alter the
balance of world power” (Baucom, 1995, pp. 190, 193). To avoid this,

8For SDI-era surveys of space weapons issues, see Long, Hafner, and Boutwell (1986)
and Nye et al. (1987). For a thorough history of the SDI Organization (SDI10), see
FitzGerald (1994).

7Directed-energy weapons include lasers, high-energy particle beams, and high-
power microwave beams.

8T0 avoid the issue of nuclear weapons in space, proponents of the x-ray laser offered
to base it on the earth or in the oceans on missiles that would lift the weapon above
the atmosphere where its x-rays could propagate to the target. The resulting race to
catch up with its target missiles before they proliferated aimpoints by releasing decoys
and submunitions would have made for a challenging operational concept. In any
case, developing the technology for the weapon turned out to be more difficult than
proponents anticipated (FitzGerald, 2000, p. 374). Development now would be prob-
lematic with the Comprehensive Test Ban Treaty (Department of State, 2000). We will
not explore this weapon further in subsequent chapters.
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High Frontier's memorandum urged corresponding U.S. develop-
ment of space-based directed-energy weapons and other missile de-
fenses.?

With the end of the Cold War, the focus of U.S. ballistic missile de-
fense research shifted from strategic to theater defenses and largely
away from space-based weapons.

POST-COLD WAR

The idea of space weapons for terrestrial conflict has survived the
Cold War in national policy. However, current policy and plans treat
the idea as a future issue.

Current U.S. Policy and Plans

The U.S. national space policy includes explicit goals for strengthen-
ing and maintaining national security and promoting international
cooperation to further U.S. national security and foreign policy.10
The national space policy directs the conduct of specific space activ-
ities necessary for national defense, with emphasis on activities that
support military operations worldwide, monitor and respond to
threats, and monitor arms control and nonproliferation agreements
and activities. The language suggests that the emphasis is on
support but does not specifically preclude the possibility of space
weapons. The generic catch-all is of providing support for the
inherent right of self-defense with the following, more specific,
details (the White House, 1996):

* Deter; warn; and, if necessary, defend against enemy attack.
* Ensure that hostile forces cannot prevent U.S. use of space.
* Ifnecessary, counter the hostile use of space.

* Maintain the capability to execute mission areas of space control
and force application.

9For more complete discussions of the policy debate over these weapons in the Cold
War context, see Durch (1984), Gray (1982), and Payne (1983).

10The national policy was updated in 1996, after having last been published in 1989.
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« Consistent with treaty obligations, develop, operate, and main-
tain space-control capabilities to ensure freedom of action for
the United States and to deny freedom of action to U.S. adver-
saries.

« Pursue a ballistic missile defense program to enhance theater
missile defenses, to provide readiness for national missile de-
fense as a hedge against emergence of a long-range threat, and to
develop advanced technology options to improve planned and
deployed defenses.

Defense against enemy attack, counters to the hostile use of space,
and ballistic missile defense may all be attempted with terrestrial or
atmospheric weapons. Administration exercise of the line-item veto
in 1997 explicitly singled out congressionally added space-based bal-
listic missile defense and ASAT development programs for veto in
favor of terrestrial weapons. On missile defense, administration
spokesmen said:

Our own development program within the Department of Defense
for a possible national missile defense deployment option . .. does
not include space-based weapons in its architecture. (Raines, Bell,
and Hamre, 1997.)

On ASAT weapons, the administration position was:

We simply do not believe that this ASAT capability is required, at
least based on the threat as it now exists and is projected to evolve
over the next decade or two ... we are confident that alternatives
exist . . . including destroying ground stations linked to the satellite
or jamming the links themselves. (Raines, Bell, and Hamre, 1997.)

Space force application sounds like space weapons in the national
space policy’s direction to maintain a capability for that mission
area, but Air Force Space Command’s (AFSPC’s) discussion of the
mission area in its mission statement refers only to terrestrially based
ICBMs (AFSPC, 1998). The national policy does not rule out space
weapons implicitly in its commitment to develop advanced technol-
ogy to improve planned ballistic missile defense options.

The DoD updated its own space policy in 1999 (Cohen, 1999) to in-
corporate the new national space policy and recognize changes in
technology, international environment, resources, force structure,
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and the commercial space industry.1! The memorandum transmit-
ting the new policy referred to the capability to control space with
the caveat “if directed” and to the ability to perform space force ap-
plication as a possibility “in the future.” DoD directive 3100.10
defined force application more generally than it did ballistic missiles,
as

Combat operations in, through, and from space to influence the
course and outcome of conflict. The force application mission area
includes: BMD and force projection (Cohen, 1999, p. 9).

The policy directed long-range planning to “provide space control
capabilities consistent with Presidential policy as well as U.S. and
applicable international law.” It directed long-range planning to
“explore force application concepts, doctrine, and technologies”
subject to the same constraints (Cohen, 1999, p. 9).

The plan that documents U.S. Space Command’s roadmap to its vi-
sion of the future acknowledges that the “notion of weapons in space
is not consistent with national policy” but provides “alternatives to
civilian leaders if a decision is made that this capability is in the na-
tional interest” (Estes, 1998, Ch. 6). Among the alternatives
described for missile defense are space-based lasers, high-power mi-
crowave weapons, and interceptors. For terrestrial targets, it lists
space-based lasers, high-power microwaves, and a maneuverable
reentry vehicle .0 dispense precision conventional munitions. The
Defense Science Board has recommended some space weapons—
specifically, space-based kinetic energy weapons for terrestrial tar-
gets and space-based lasers for missile defense—for joint operations
in 2010 and beyond (Bender, 1999). The Space Command’s long-
range plan calls for policymakers to “shape [the] international com-
munity to accept space-based weapons to defend against threats in
accordance with national policy” (Estes, 1998, p. 139).

LEGAL CONSIDERATIONS

Because one of the uses of space weapons of current interest to the
United States is explicitly illegal, a brief survey of law applicable to

11The DoD policy had last been published in 1987.



18 Space Weapons, Earth Wars

space weapons, which is an intersection of international law and the
Jaws of spacefaring nation-states, is appropriate. This section will
survey existing space treaties and laws to identify those with
particular relevance to space weapons.!2

The United States is a party to a number of treaties and international
agreements that either pertain directly to space operations (e.g., the
Outer Space Treaty) or possess relevant environmental, arms control,
or system constraints that include space (e.g., the ABM Treaty) or
that may possibly affect or influence space operations (e.g., the Envi-
ronmental Modification Convention).

Space Treaties

Efforts in the late 1950s and early 1960s to confine the use of space to
peaceful purposes led to the Treaty on Principles Governing the Ac-
tivities of States in the Exploration and Use of Outer Space, Including
the Moon and Other Celestial Bodies, more commonly known as the
Outer Space Treaty. This treaty provides the basis for further elabo-
ration of specific points in subsequent treaties, among them the
Astronaut Rescue Agreement (1968), the Space Liability Convention
(1972), and the Convention on the Registration of Space Objects
(1975). The Outer Space Treaty prohibits placing “objects carrying
nuclear weapons or any other kinds of weapons of mass destruction”
in orbit or on celestial bodies (Article IV). Activities on the moon and
other celestial bodies will be for peaceful purposes only, and

the establishment of military bases, installations and fortifications,
the testing of any type of weapons and the conduct of military ma-
neuvers on celestial bodies shall be forbidden (Article IV).

International cooperation is strongly emphasized, including launch-
ing states offering other states the opportunity to observe the flight of
space objects (Article X), providing appropriate information about
space activities to the Secretary-General of the UN (Article XI), and
honoring requests to visit space installations on the basis of reciproc-
ity (Article XII).

12Much of this section has been derived and updated from Johnson (1987). Another
major source is ACDA (1990).
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Several treaties were later built on the principles expressed in the
Outer Space Treaty and are further elaborations of its Articles V, XII,
X, and XI:

» the Agreement on the Rescue of Astronauts, the Return of Astro-
nauts, and the Return of Objects Launched into Outer Space, also
known as the Astronaut Rescue Agreement (1968)

« the Convention on International Liability for Damage Caused by
Space Objects, also known as the Space Liability Convention
(1972)

* the Convention on the Registration of Objects Launched into
Outer Space (1975).

The Astronaut Rescue Agreement focuses on rendering assistance to
astronauts in distress. Its relevance to space weapons lies in the
provisions for recovery and return of space objects to the responsible
“launching authority” (state or international organization).

The Space Liability Convention assigns responsibility to the launch-
ing state for damage caused to another state by a space object and
establishes procedures for filing claims for compensation. Article II
of the treaty assigns absolute liability for damage caused on the earth
or in the atmosphere by a space object to the launching state. Article
111 assigns liability for damage caused in space to the launching state
if it is negligent. Article II's absolute liability could be the basis for
claims against a state that launched weapons into space for any
damage those weapons cause on earth or in the atmosphere. How-
ever, Article VI exonerates the launching state from absolute liability
for damage that “resulted either wholly or partially from gross negli-
gence or from an act or omission done with intent to cause damage
on the part of a claimant State.” Acts done with intent to cause dam-
age on the part of a claimant state would seem to include acts for
which a launching state could reasonably claim the right of self-
defense in use of a space-based weapon. On that basis, the weapon
launching state might go beyond asserting exoneration from abso-
lute liability and claim reparations for the claimant state’s belligerent
acts. At worst, the launching state might claim reparations offsetting
its liability for using the weapon. Alternatively, a state acquiring
space weapons could choose to withdraw from the convention with a
year’s notice.
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The Convention on the Registration of Objects Launched into Outer
Space establishes a central register of space objects in the UN, to
which launching states are to furnish the following information “as
soon as practicable” (Article IV):

1. the name of the launching state(s)

2. the space object designator or its registration number
3. the date and location of launch
4

. orbital parameters, including nodal period, inclination, apogee,
and perigee

5. the general function of the space object.

Furthermore, each state is required to notify the U.N. Secretary Gen-
eral, “to the greatest extent feasible and as soon as practicable,” of
space objects no longer in orbit (Article V). This treaty could compli-
cate hiding space weapons on orbit.

Arms Control Treaties

The treaty of most direct relevance is the ABM Treaty. However, any
weapon that would raise issues with this treaty would also raise is-
sues with all the strategic arms control and nonproliferation agree-
ments limiting nuclear weapons that are tied to it. The treaty was
negotiated in the belief that ballistic missile defense could be readily
overcome by proliferating offensive systems. Therefore, since de-
ploying ABM systems might encourage the proliferation of offensive
forces, limiting development and deployment of ABM systems would
in turn encourage limitation of strategic offensive nuclear forces
(Nitze, 1985). The treaty has received renewed attention in recent
years, both during the SDI's exploration of missile defenses and,
more recently, in renewed discussions with Russia over the possibil-
ity of deploying theater missile defenses and a limited national mis-
sile defense.

The terms of the treaty prohibit the two signatories from undertaking
efforts “to develop, test, or deploy new ABM systems or components
which are sea-based, air-based, space-based, or mobile land-based”
(Article V([1]). Article II defines systems in terms of their ability “to
counter strategic ballistic missiles or their elements in flight trajec-
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tory” and components as ABM interceptor missiles, launchers, and
radars. Systems and components cannot be tested “in an ABM
mode,” that is, against strategic ballistic missiles or their elements in
flight trajectory. The treaty also prohibits non-ABM component
testing “in an ABM mode” (Article II). Recognizing the potential of
future advanced technologies, Agreed Statement D of the ABM
Treaty states:

{IIn order to ensure fulfillment of the obligation not to deploy ABM
systems and their components except as provided in Article III of
the Treaty, the Parties agree that in the event ABM systems based on
other physical principles and including components capable of
substituting for ABM interceptor missiles, ABM launchers, or ABM
radars are created in the future, specific limitations on such systems
and their components would be subject to discussion in accordance
with Article XIII and agreement in accordance with Article XIV of
the Treaty.

At five-year intervals, the Standing Consultative Commission reviews
the ABM Treaty in accordance with the provisions of Article XIV. Re-
cently, the Clinton administration has held discussions with the
Yeltsin and Putin governments in Russia concerning theater and na-
tional ballistic missile defense. A Department of State fact sheet
summarizes the consequences of these discussions for space-based
components of ballistic missile defense:

The Parties also agreed not to develop, test, or deploy space-based
TMD interceptor missiles or space-based components based on
other physical principles (OPP) such as lasers that are capable of
substituting for space-based TMD interceptor missiles. ... As a
practical matter, distinguishing space-based ABM interceptor mis-
siles from space-based TMD interceptor missiles is difficult if not
impossible. Similar difficulties arise in distinguishing between
space-based components based on OPP capable of substituting for
ABM interceptor missiles and space-based components based on
OPP capable of substituting for TMD interceptor missiles.
(Department of State, 1997.)

Other Treaties

A number of other treaties and international agreements could influ-
ence the acquisition and development of space weapons, including
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the Convention on the Prohibition of Military or Any Other Hostile
Use of Environmental Modification Techniques (commonly known
as the Environmental Modification Convention) and such others as
The Hague Convention on the laws of war.!3 These treaties and
agreements contain provisions that could influence system and
weapon design, operation, and content. For example, environmental
modification could include attempts to create an orbital debris field
or enhanced radiation belts to harm satellites.

13¢onvention with Respect to the Laws and Customs of War on Land, with Annex of
Regulations (signed at The Hague, July 29, 1899; entered into force April 9, 1902; re-
placed by Convention of October 18, 1907, as between contracting parties to the later
convention). 32 Stat. 1803; TS 403; 36 Stat. 2277; TS 539.



Chapter Three
KINDS AND CAPABILITIES OF SPACE WEAPONS

By space weapons, we mean things intended to cause harm that are
based in space or that have an essential elemernt based in space. The
degree of harm we include in defining space weapons may range
from temporary disruption to permanent destruction or death. This
definition does not include things that are based on the earth and
transit space without achieving orbit, such as ballistic missiles.
Although the dynamics are similar, the logistics are very different.
Even more important, the legal regimes are different for the two
types of weapons.

We also do not mean things in space that improve the use of terres-
trial weapons, such as reconnaissance, navigation, weather or com-
munications satellites. The improvements such satellites provide
certainly make some of them targets themselves in terrestrial con-
flict. And while some of the space weapons we consider may also be
useful against targets in space, our interest here is in war on earth
rather than war in space. As Chapter Two pointed out, weapons
against targets in space are old news, and all of them developed to
date have been based on earth, not in space. We also do not mean
information weapons that might use space-based communications
for access to the database, decisionmaker, or computer that is their
target.

TYPES OF SPACE WEAPONS

Space weapons are not all alike. They differ importantly in the
physical principles they use, in the physical constraints that limit
them, and in the targets they can attack. This chapter will character-
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ize space weapons in a technical way—what they might look like,
how they would work, what kinds of targets they could attack, how
they scale, what their logistic issues are, and how they would com-
pare to more-familiar weapons. The discussion includes general is-
sues of the costs of owning space-based weapons, in particular, the
circumstances and performance regimes in which the costs might be
comparable to those of terrestrial alternatives. It also suggests refer-
ence points from which more specific cost projections could be
made. However, more-detailed costing requires decisions on num-
bers of weapons and specific targets, as well as assumptions about
the operational concept and context, including other competing and
contributing force structure elements. This level of detail is beyond
our scope here.

We will divide the discussion into two general types of weapons: (1)
those that direct destructive energy to their targets without
transporting significant mass and (2) those that must deliver
significant mass to their targets for destructive effect. Within the
second category, we will differentiate between weapons that rely on
the kinetic energy of their own mass and velocity for destructive
effect and those that deliver a more-conventional warhead with
stored chemical energy for destructive effect.

DIRECTED-ENERGY WEAPONS
General Characteristics

The most significant characteristic of this class of weapon is propa-
gation of destructive energy at very high speeds. Space basing of
directed-energy weapons (or of the means to direct a terrestrial
weapon’s energy to target) seems a natural match for the long dis-
tances from space to targets on earth. For some fleeting targets and
denied-area locations, there might be no other way to have any de-
structive energy available in time. Early posters for space-based
lasers in missile defense used the catch phrase “defense at the speed
of light.”

However, while the speed of propagation may be dazzling, the speed
of effect will be more pedestrian. Because useful effects take time to
accumulate or sustain and time to redirect from target to target, the
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capacity of directed-energy weapons is inherently limited. The
specific limits depend on the scale and duration of effect necessary
for the military purpose at hand. Useful levels of disruptive or
destructive energy at the target range from gentle to extreme; the
class of weapons we discuss here includes the range from electronic
jammers to laser cutting torches. At the level of jamming, a weapon
consists of a radio transmitter tuned to cover a target range of fre-
quencies and focused on target receivers to achieve a power level
high enough to compete with the receivers’ intended signals. At the
level of destruction, a weapon supplies enough power to heat some
critical component of the target beyond its ability to survive.

The challenge in achieving destructive levels of directed energy from
space is scaling up to the power levels and component sizes needed
to focus a lethal energy level over the much greater distances inher-
ent in space basing. For example, a laser welding machine in a fac-
tory typically uses a laser with a few hundred to a few thousand watts
of power directed by optics with a diameter less than 0.1 m. A space-
based laser intended for targets on or near the earth requires millions
of watts of power and optics with a diameter of about 10 m. The
ability to create effects at the level of interference or disruption (e.g.,
jamming) is readily available worldwide; generating and directing the
more destructive effects from or through space is a stretch for ev-
eryone.

While both generating and directing destructive levels of energy may
be challenging, the technology for directing energy will have the
greatest leverage for basing the weapons in space. The critical tech-
nologies are large, deployable optics for lasers and large, deployable
antennas for radio frequency weapons. The technologies for both
will mature and diffuse at some rate for science and surveillance—
independently of weapons development.

When the technologies do mature, space-based directed-energy
weapons could have the potential to engage targets from the surface
of the earth outwards, depending on the form of the directed-energy
selected. Their targets will generally have to be relatively soft, such
as aircraft and missiles (not armored vehicles), but may be very swift.
The weapons’ effects may range from temporary interference to
permanent destruction and should be available within seconds of
release authority. Even so, the cumulative effects available against
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multiple targets in any window of time will be bounded by the finite
time needed for the desired effect against an individual target.

Weapons capable of destructive effects will be large and expensive.
For example, a single space-based laser for missile defense would be
something like the combination of a next-generation space telescope
with a large rocket engine and its propellant tanks. The combination
is challenging because the telescope is a precision instrument requir-
ing precise, stable pointing despite being subjected to the noise and
vibration of a large rocket engine firing. Some technologies would
have the additional challenges of highly corrosive fuel and exhaust
from the laser.

Space-based directed-energy weapons cannot provide leak-proof
defenses. As with all space-based defenses, these weapons are in-
herently static and subject to saturation. Because their effectiveness
falls off with the square of the range to the target,! they will likely
have lower orbits—in easier reach of terrestrial weapons. Such orbits
also mean that the absentee ratios for engaging time-critical targets
on or near the earth will be in the dozens.?

Variation of effectiveness with range also means that there is a pre-
dictable fluctuation over time in the capacity of a constellation of
weapons to engage urgent targets. Weapon sizes and basing alti-
tudes can be used to control the magnitude and shape of that fluctu-
ation. The fluctuation in capacity creates a reserve that may be used
against less-urgent targets, if consumables are replenished in time.

The remainder of this section briefly explains and illustrates these
characteristics of space-based directed-energy weapons. A more-
detailed explanation is available in Appendix A.

Targets

The essence of logistics is knowing how much is enough and what it
takes to deliver that much where and when needed. Understanding

10r, conversely, their size grows with the square of the range needed.

2The absentee ratio is the number of platforms needed to have one in place when
needed. For satellites, the absentee platforms are in other orbital positions waiting for
the combination of earth’s rotation and orbital motion to bring them within reach.
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the quantity and timing of effort required begins with selecting tar-
gets and effects to achieve a desired objective. Understanding how
much energy is enough per target begins with determining the effect
desired on or in the target.

The amount of energy needed at the target to produce the desired
effect depends on how the weapon’s energy couples with the target.
Factors that influence the degree or efficiency of coupling include
the target’s materials, configuration, and orientation and how these
interact with the particular characteristics of the energy the weapon
transmits. Laser energy interacts with the surface of the target.
High-energy particles penetrate further into the target. To protect
the target, it helps to have materials that do not absorb a weapon’s
energy efficiently, as well as a shape and an orientation that mini-
mize exposure to the harmful energy. These preferences may di-
rectly conflict with the target’s purpose, particularly if it relies on en-
ergy in a similar form for its own function, for example, sensing or
communication. The weapon’s budget for energy needed at the tar-
get must include an assumption about the efficiency of coupling (or,
equivalently, of the hardness of the target) and some degree of
uncertainty about the assumption. For the more-subtle effects, it
will be necessary to have feedback to confirm effectiveness despite
the uncertainty.

For a representative instance of the magnitude and range of target
hardness, ballistic missile boosters could be destroyed by burning a
hole through a propellant tank by depositing something like about
1 to 30 kJ of energy of energy per cm? of target spot area, depending
on the thickness and materials of the tank and any protective
coatings (Carter, 1984, pp. 17-18).

Medium

Presuming that we have some idea of the level of energy the weapon
needs to deliver to the target to produce the particular military effect
we have in mind, the next step is to understand how the energy
propagates through the medium between the weapon and the target.
For targets on or near the earth, the atmosphere normally has the
most significant effect. For radio frequency weapons, the ionosphere
and the charged-particle environment in space may also be signifi-

cant.
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The idea that propagation conditions vary with weather is as familiar
as a cloudy day. The notion that propagation of radiated energy
through the atmosphere varies with the wavelength of energy ought
to be familiar to anyone who has been sunburned on a cloudy day.
Only selected wavelength bands are suitable for space weapons
aimed at terrestrial targets. For example, hydrogen fluoride chemical
lasers could attack targets only at altitudes above about 14 km. A
deuterium fluoride laser or a chemical oxygen iodine laser (COIL)
could attack targets down to the surface.

Finally, one aspect of directed-energy propagation that is indepen-
dent of weather, atmosphere, aerosols, charged particles, or mag-
netic fields dominates the effectiveness, logistics and basing of space
weapons: distance. Even though the energy is focused as tightly as
the weapon can project it, its intensity will still decrease in propor-
tion to one over the square of the range from weapon to target.3 At
the great distances to be expected for space weapons, this effect
dominates. This inverse square dependence has a profound effect
on the combinations of size, number, and altitudes of a weapon con-
stellation that will make sense.

Weapon

If we have a budget for the energy needed at the target for the effect
desired, including entries for the uncertainty in the amount needed,
coupling into the target, and propagation to the target, we have a
basis for sizing a weapon to deliver that energy. For the sake of con-
creteness, we will use a particular instance of this class of weapon for
illustration in this section and the next: a space-based laser. The
principles are the same for other kinds of directed-energy weapons.
Laser technology represents one of the earliest opportunities to field
a lethal space-based directed-energy weapon for terrestrial targets.

The intensity of the energy flux a directed-energy weapon can deliver
to a target is a critical sizing parameter. The higher the intensity, the
less time it takes to kill a single target. The rate of kills possible in a

3In short- range cases, in which the focus may result in a spot on the target too small to
be confident of causing the desired effect or of hitting a vulnerable part of the target,
the weapon may deliberately defocus its beam.
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given time is determined by the time for a single kill and the time
needed to retarget the weapon to the next target. The kill-rate
capacity is critical for sizing weapons, force structures, and counter-
measures. A time-honored means of overcoming defenses is to con-
centrate or mass an attack in space and time to overwhelm the ca-
pacity of a defense. For ballistic missiles, concentration can be
achieved with salvo launches. For directed-energy weapons, the in-
tensity of directed energy is the fundamental measure of the
weapon’s capacity to deal with concentration.

The intensity of the energy the weapon can direct to a target depends
on a combination of the power the weapon can generate and its
ability to concentrate that power at the target. The power the
weapon can generate depends on the efficiency and capacity of the
means it uses to convert stored or generated energy into the needed
form. Energy for a laser may be stored as some combination of
chemical fuels and electrical energy. The efficiency of converting the
stored form to the directable form will influence the logistics of re-
supplying the weapons in orbit (energy or fuel storage and trans-
port). Efficiency varies among different kinds of weapons. Hydrogen
fluoride or deuterium fluoride chemical lasers should use of about 2
to 3 kg of fuel per second of operation per megawatt of laser power
generated (Velikhov, Sagdeev, and Kokoshin, 1986, p. 29).4

The laser’s ability to concentrate energy spatially on the target de-
pends primarily on the size of the optics, measured in wavelengths of
the energy directed. With allowances for structural elements that
may block portions of the optical aperture, the ability to concentrate
energy on a small spot at the target improves in proportion to the
area of the primary optical surface. Up to the point that the spot size
at the target range is too small for the weapon’s user to be confident
that it will hit something vulnerable, larger optics and shorter wave-
lengths are better. There are challenges to this. Bigger optics and a
smaller spot at the target also mean a need for greater precision in
aiming the weapon and a need for a steadier “hand”—that is, mini-

4Fuel includes the diluting gas used to keep the reactant concentrations low enough to
prevent detonation. The estimate here represents the middle of the range of effi-
ciencies predicted in the range of references cited. Predictions in the 1980s ranged
from 1 to 10 kg/MW.
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mizing jitter to keep the smaller spot concentrated on the intended
target area.

Within the limits of available technology, bigger optics are logistically
preferable to a more powerful laser with smaller optics. In this case,
the increase in lethality comes with a one-time transportation cost to
put the weapon in space, while a larger laser must have its fuel
replenished, a continuing transportation cost. NASA’s proposal for a
next-generation space telescope is a useful benchmark for space-
based laser optics (see Figure 3.1). The spacecraft will use
lightweight segmented mirrors, is projected to weigh around 2.5 to 3
metric tons, and will have a diameter of 8 m (GSFC, 1998). When the
technology is available for mirrors of that scale, weight, and optical
quality in space that are able to withstand the heat of a high-power
laser, space-based laser weapons for terrestrial targets will become
feasible. When they do, logistic suitability and basing is will deter-
mine when they become reasonable, as discussed in the next section.

RANDMA1209-3.1

Figure 3.1—Artist’s Concept for an 8-m Next-Generation Space Telescope
for Launch Around 2007
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Basing

To illustrate the issues in sizing and basing a space-based laser, we
will focus on one stressing mission: boost-phase ballistic missile
defense.> We will look at one example here. Appendix A explores the
variations possible as a function of the missile targets and trajecto-
ries and of weapon characteristics, sizing, and orbital basing in more
detail. None of the variations has been optimized or designed for an
actual threat; they are intended to illustrate broad trends rather than
argue for or against specific technologies or designs.

The allure of space-based lasers against such time-urgent targets as
ballistic missiles is the possibility of engaging the target sooner,
within the atmosphere, thus eliminating the need to characterize the
target’s probable future trajectory before selecting weapons that can
reach it in time. Later discussions will restrict kinetic-energy en-
gagements against missile targets to altitudes above 60 km and will
delay weapon release until 30 seconds after the target’s launch. The
first is needed to keep the kinetic energy interceptor out of the atmo-
sphere. The second is required for predicting the target’s trajectory
and selecting a suitable weapon. In the laser case, the engagement
can occur at an altitude as low as the directed energy can efficiently
penetrate. The engagement can begin much sooner after launch be-
cause we do not need as much trajectory and signature information
to begin an engagement.

Example: Laser for Missile Targets

To illustrate space-based lasers for boost-phase missile defense, we
will start with a target damage threshold of 10,000 J/cm2 and require
a hydrogen fluoride laser to deliver that level of energy in a damage

SThe Reagan-era debate over the use of strategic missile defense as an alternative to or
an element of nuclear deterrence produced an extensive literature on ballistic missile
defense. The discussion here will not revisit all of that material but will focus on some
of the issues for the use of space weapons against ballistic missile targets in general.
For a balanced, if somewhat dated, tutorial on the general topic of ballistic missile
defense in the context of massive nuclear arsenals, see OTA (1985).
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spot with a radius no smaller than 10 cm.b We will assume the ability
to retarget the laser to a new target within 0.5 sec.

Given these parameters, a single laser should, in the 49 seconds from
the time the medium-range missile targets reach the laser’s 15-km
minimum altitude until they burn out, kill about three medium-
range ballistic missiles out of a salvo launch from a range of about
1,700 km and a base altitude of 550 km with an aspect angle from its
line of sight to the target around 30 degrees off of broadside. So, any
salvo of four or more missiles would saturate this laser’s defense.
The remaining missiles would be able to deploy their warheads. In
the process of killing three missiles, the laser might consume about
500 to 750 kg of laser fuel. All the qualifications on this sample
statement of capability are a reminder that the actual performance of
a constellation of space-based lasers is a dynamic combination of
factors that fluctuate over time with contributions from the entire
constellation.

Because any one space-based laser may not be in view of the area
from which its target missiles are launched at a particular time, we
must supply a constellation of lasers to ensure that one or more of
them will be in view of potential launch areas in time to engage the
targets while they are vulnerable. For this example, the constellation
includes 24 space-based lasers at an altitude of 1,248 km. The num-
ber of satellites is representative of a relatively small constellation.
For missile defense from low earth orbit, laser constellations will
number in dozens. Figure 3.2 shows the number of missiles that this
example constellation of lasers could kill at any time during the day
out of a salvo launch of medium-range ballistic missiles from Korea
against Guam.” The absolute value of the number killed is less im-
portant here than the overall shape over time. If the one to six mis-
siles killed seem disappointing, bear in mind that the number killed
could vary by a factor of ten or more with different assumptions
about target hardness.

6The hydrogen fluoride laser is the space-based laser technology that has received the
most funding and development.

7Appendix B explains the shape of this figure in more detail.
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Figure 3.2—Example Space-Based Laser Kill Capacity

Figure 3.2 points out an important aspect of laser performance: The
shape of this curve (and thus the timing of its capacity to kill missile
targets) is predictable and readily available to any opponent sophis-
ticated enough to have ballistic missiles. The opponent will certainly
time missile launches to coincide with the lowest points. Although
the opponent may not be confident of how hard his missiles are
against the power of the lasers (and so of the minimum salvo size
needed to have some penetrate), he will be certain of the timing of
his best opportunities—which will be regular and frequent. This is
not something the owner of the space-based lasers can prevent.

Because of their size, the lasers would be extremely difficult to hide
or to maneuver enough to be unpredictable. While it would be fairly
easy to field a capability to track the lasers, Internet access would
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probably make owning a space tracking system unnecessary because
mature astronomers are likely to publish the orbital data on line.8

Claims about laser constellation lethality should be checked carefully
for their assumptions about the timing of launch. A maximum kill
rate assumes that the opponent is willfully self-destructive. An aver-
age kill rate assumes that the opponent is blissfully oblivious. Only a
claim of minimum performance is reasonable for this class of time-
urgent targets. Any apparent excess of maximum over minimum kill
rate capacity is surplus or wasted (at least for this target). Appendix A
discusses weapon and constellation design approaches that could
reduce the sources of variation in kill rate capacity in more detail.

For less-urgent targets or alternative missions in which the laser’s
owner can choose the time and geometry of engagement, this sur-
plus target capacity could be put to use without compromising the
constellation’s capability against the ballistic missile targets. For ex-
ample, a laser whose wavelength is chosen to penetrate low enough
into the atmosphere could be used against airplanes or cruise mis-
siles in flight or even against terrestrial targets, such as aboveground
fuel tanks, missiles still on their launchers or transporters, fuel
trucks, and other relatively thin-skinned or flammable targets. To
the degree that such targets are vulnerable to the kind of surface-
heating damage that a laser can inflict, they should require amounts
of laser fuel to engage that are similar to those required for a missile
target,? although the laser could presumably pick the times of
engagement to take advantage of the shortest ranges to target. of
course, any use of the excess kill-rate capacity would still have to fit
within the logistic limits of energy storage (electrical or chemical)
and replenishment.

The lethality of a constellation of such weapons fluctuates dynami-
cally and predictably. Yet the situation is essentially static because,
like an interlocking network of fortifications on the ground, the pre-

8seeSat-L is an example. The site advertises itself as “the Internet mailing list for vi-
sual satellite observers. ... SeeSat-L has become an almost invaluable tool for the
satellite observer,” providing up-to-date orbital elements for U.S. spy satellites, MIR,
the Space Shuttle, and others (Clifford and DePontieu, 1994).

%0r possibly less for nonlethal and indirect effects such as illumination or stimulating
fluorescence in aircraft canopy materials to degrade the pilot’s view out of the cockpit.
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dictability cannot be altered once the satellites are in orbit. Like any
static defense, a constellation can be saturated by attacks that are
sufficiently concentrated in space and time. And determined oppo-
nents will evolve the weapons and tactics to do so.

A space-based laser constellation should therefore be augmented by
weapons and tactics that blunt the opponent’s opportunity to satu-
rate or that bring additional resources to bear in response to such an
attempt. It will not be reasonable to concentrate directed-energy
weapons in orbit. It may be reasonable to augment them with terres-
trial and atmospheric platforms, if such platforms can be in place in
time. It will certainly help to add layers, such as the kinetic-energy
interceptors discussed in the next section and conventional surface-
based interceptors, to concentrate on the leakage through the static
defense. Taking advantage of the longer time it takes missiles to be
assembled and prepared for a salvo would allow taking the fight to
the opponent to reduce his ability to mount a concentrated attack—
if weapon design (wavelength selection) and weather permit. Mis-
siles prepositioned in hardened silos or bunkers would be attacked
using kinetic-energy rods or conventional weapons, as we will
discuss in later sections of this chapter.

Some degree of reserve capacity might be useful for a directed-
energy weapon constellation—if the excess can be applied against
useful targets. For example, the reserve capacity could be available
for taking the fight to the opponent, against the targets and at the
times one chooses. Focusing on only the most urgent mission—for
example, by selecting a wavelength that does not propagate to po-
tential targets of interest or by overoptimizing weapon and orbit se-
lections—could easily cause one to miss the opportunity to concen-
trate such a reserve.

For some problems, the static limitations of such a constellation may
be desirable, possibly essential. There is, however, such a thing as
too much defense. In the current context, the issue is national mis-
sile defense against a limited threat—accidental or rogue nation
launch—since mutual deterrence of nuclear war is already in place
among peers. To avoid destabilizing deterrence among peers, the
defense must not be too capable (Wilkening, 2000). Whereas deploy-
able terrestrial defenses may be ambiguous in their application to
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theater defenses and national defense, a space-based directed-
energy defense would be observably limited.

MASS-TO-TARGET WEAPONS

The important military issues in delivering mass to a target are the
suitability of the destructive effect to the reason for engaging the tar-
get (including certainty and timeliness of the effect and avoiding
unintended consequences) and the logistics of delivering the effect
on target (both transportation delay and expense). When the deliv-
ery is from space to a target on earth, the suitability and logistics are
dominated by the Keplerian dynamics of motion outside the atmo-
sphere in the earth’s gravity well and the dynamics of reentry
through the atmosphere from orbital speeds, both of which are gen-
erally unfamiliar. The discussion that follows will try to make the in-
fluence of these dynamics on weapon effects and employment more
familiar; Appendix B provides more detail. Before discussing the
challenging problem of atmospheric reentry, we will first cover the
use of weapons against targets leaving the atmosphere, which is a
logical progression from the previous section’s discussion of boost-
phase ballistic missile defense. This kind of weapon might provide a
defensive layer to engage targets that leak through the laser’s boost-
phase defense.

General Characteristics

We will review three different kinds of space-based weapons that de-
liver mass to a target for destructive effect. One is confined to targets
above or leaving the atmosphere. The two others have to penetrate
the atmosphere to reach targets. For all three, there is a transporta-
tion cost for basing in orbit rather than on the ground. Depending
on the base orbit, the additional transportation effort is equivalent to
the effort needed to deliver a short- to medium-range ballistic mis-
sile.

Moreover, if the user cannot choose when to use the weapon, an-
other potentially big penalty comes into play: If the timing is urgent,
the absentee ratio may be large. Depending on the nature of the
weapon and the urgency of delivering it to target, absentee ratios for
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orbital basing can range from a handful (comparable to theater-
range terrestrial platforms) to dozens.

Space basing is more responsive than the alternatives. Independent
of the economics, operational necessity, such as the need to differen-
tiate nuclear weapons from others, may drive a preference for space
basing over more economical long-range ballistic missiles.

These weapons do not require particularly exotic materials or tech-
nology. Anyone who has developed ICBMs or spacecraft and, for the
missile interceptors, air or missile defenses has the ability to develop
and produce mass-to-target weapons. For that matter, their devel-
opment for space basing could reasonably be concealed within con-
ventional programs. Only large-scale deployment in space might be
obvious.

Kinetic-Energy Weapons Above the Atmosphere

Here, the weapon and basing issues are very different from those for
the terrestrial targets described later in this chapter. Because the
most interesting and challenging use of these weapons is for missile
defense (much as discussed above under space-based lasers), the
issues are similar. Against the urgent targets of ballistic missiles
leaving the atmosphere, basing must be at low altitude, and absentee
ratios begin at the level of several dozens. Against that target class,
this kind of weapon is best employed in concert with others (like the
space-based lasers of the previous section) that reduce the urgency
and extend the utility of this weapon’s contribution. Because the
entire engagement occurs outside the atmosphere, these weapons
can be very small because they kill by hitting their targets at a very
high velocity. Small size helps to reduce the cost of the additional
propulsion needed for each weapon to leave its orbital base.

Targets. For targets that can be usefully intercepted at altitudes
above about 60 km, the atmosphere is not important for weapon
choice. Instead, what drives the logistics here is the time available to
complete the intercept, which begins with commitment of the
kinetic-energy weapon to a target (after launch detection and
characterization) and ends when intercept is no longer possible or
useful. If the target missile has a single warhead, the end could be as
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late as reentry into the atmosphere—if an intercept that late would
reliably destroy the target’s potential to do harm.

But interception might not reliably eliminate all the destructive po-
tential of a target carrying chemical or biological agents, particularly
if the payload is intentionally fractionated. Some hazardous debris
might survive reentry. Most would be dispersed over a very broad
area by winds in the atmosphere, its harmful effects made more dif-
fuse, perhaps acceptably so, depending on the nature of the agent
and the environmental effects of chemistry, temperature, and solar
radiation on the agent as it disperses and falls. If a “late” intercept
would not decrease the target weapon’s effects to an acceptable
level, 10 it would be important to intercept the target soon enough for
the debris to fall as far from its intended impact point (or as close to
its launch point) as possible. As a deterrent, the possibility of
poisoning one’s own homeland should give a rational actor more
reason not to employ such weapons.

If the missile carries a fractionating payload, it should be intercepted
while it is still boosting, before it has the opportunity to deploy its
warheads or decoys and increase the number of aim points. This
would, in addition, allow the interceptor to home in on the bright
signature of the booster’s exhaust, and cause any debris from the in-
tercept to fall closer to the launch point. Depending on the range
and the design of the missile, the duration of boost can vary sub-
stantially from about 1 to 5 minutes (Carter et al., 1984, p. 52; OTA,
1985, pp. 156, 173). The shorter times occur for shorter range mis-
siles or for hypothetical, but possible, “fast-burn, long-range” mis-
siles. Some of that boost time, perhaps 30 seconds, would be needed
to detect the launch, characterize the trajectory (and possibly the
vehicle by its propulsion characteristics), and select weapons capa-
ble of reaching it in time.

Weapon. Since the destructive kinetic energy results from the com-
bination of the target ballistic missile’s high velocity (reaching sev-
eral kilometers per second) with the weapon’s velocity, we can

107 ate, in this case, does not mean over the target area but late enough in the boost
phase, while still over the launch area, that the ballistic path of the debris continuing
outside of the atmosphere after the intercept would still reach the vicinity of the
intended target area.
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minimize the mass of the interceptor. The minimum mass may be
little more than the weight of the sensor and propulsion needed to
complete intercept once accelerated to the speed necessary to reach
the target in time from its initial orbital location. From the intercep-
tor’s point of view, an intercept on the downward part of the mis-
sile’s trajectory may be preferable, since the geometry could allow
the interceptor to view the target against the cold, dark background
of space. Since the contrast would be better than against an earth
background, sensing and homing on the target would be easier.

Basing. Except for “fast-burn” missiles, the target missile burns out
at an altitude somewhere between 200 and 400 km, where atmo-
spheric drag on a satellite either would require it to have substantial
additional propulsion or would quickly shorten its life. So, to inter-
cept the target before burnout, the interceptor will need to shoot
down from its base altitude, which will need to be as low as possible.

To see how critical the allowable time for the intercept is, consider
the following: A base altitude of 500 km and an available time of 330
sec to strike a missile target at an altitude of 200 km, and interceptor
propulsion magnitude similar to that of a medium-range ballistic
missile would require an absentee factor of about 60 for global cov-
erage. But with a propulsion magnitude similar to that of an ICBM,
the absentee ratio could be about 30. As the time the interceptor has
to reach its target at a given altitude decreases, the effort needed to
do so increases greatly and rapidly begins to exceed what rocket
propulsion can reasonably supply. At some point, accelerating the
interceptors would require more exotic propulsion technology, such
as electromagnetic guns.

If this weapon class were the only contributor to boost-phase missile
defense, opposing technology developments for faster-burn missiles
could quickly make them outmoded. If, on the other hand, the
urgency of intercept is limited, perhaps by sharing some of the
boost-phase problem with other classes, such as lasers, and if the
engagement window is opened to include the full extent of the bal-
listic missile’s trajectory outside the atmosphere, this kinetic-energy
weapon could contribute effectively to a layered missile defense.
However, like all space-based defenses, it would be static and thus
subject to saturation by a determined opponent, even with the
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extended opportunity to engage targets throughout their flight out-
side the atmosphere.

Kinetic-Energy Weapons Against Terrestrial Targets

These weapons also use only their own mass and very high velocity
to create a destructive effect. However, unlike kinetic-energy weap-
ons operating outside the atmosphere, those for use against surface
targets must be large enough to survive reentry through the
atmosphere with the high velocity they need for their destructive ef-
fect. A reasonable starting point for estimating their size and costs
would be the upper stage of a multiple-warhead, independently tar-
getable reentry vehicle ballistic missile—including the reentry vehi-
cles but minus the warheads. Adjustments would have to be made
for the power and thermal effects of extended orbital life, maneuver
magnitude, commanding, different guidance, and production vol-
ume.

Because of their extremely high velocity, these weapons are very dif-
ficult to defend against during their brief transit through the atmo-
sphere and might therefore be particularly interesting against heavily
defended targets. These weapons may be of only limited interest to
the United States, which has other means of global power projection.
However, they may be a very good fit for another country, such as
one seeking global power projection without duplicating the U.S.
terrestrial investment or one seeking to deny access to U.S. power
projection forces. For example, instead of playing catch-up against
highly evolved air and submarine defenses, a country might prefer
these space weapons to bypass the defense entirely.

Targets. Because they must be long and slender to retain their high
kinetic energy through the atmosphere and yet have reasonable
weights, these weapons would be useful only for targets susceptible
to the kind of damage a vertically penetrating weapon can inflict.
Suitable targets would include tall buildings, missile silos, ships,11
and hardened aircraft shelters but not runways; deeply buried

111f the ships cannot move too far unpredictably in the few seconds it takes for
weapon reentry.
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bunkers; bridges!?; and long, low buildings.13 For most susceptible
targets, defense against this kind of weapon would be very difficult
inside the atmosphere. Burying is the best defense for fixed surface
targets, but other armor is unlikely to be practical. Alternatively, an
opponent with an appropriate surveillance capability could find
these weapons in space and attack them before they can release
penetrators.

Medium. Rodlike reentry vehicles face two significant problems in
transiting the atmosphere that impose peculiar basing constraints:
Making sure that they can survive the intense heat of very rapid
reentry and that they fall, not fly.

To address the first problem, the vehicles will generally require active
cooling, extruding material through pores in their nosetips for
evaporation. Relying on ablative cooling—the melting away of an
outer layer——would run into the second problem.

At the high velocities of reentry, any aerodynamic behavior will cause
large, unpredictable misses, even if the rod survives unexpected
changes in heat and structural loading from flying. Ablation would
erode the nose unevenly and unpredictably. The rods must remain
symmetrical to avoid any tendency to fly. They also need to be deliv-
ered with a zero angle of attack to minimize any tendency to fly. This
constrains their trajectory outside the atmosphere, requiring them to
enter it close to vertically.

Weapons. Among the kinds of space weapons that rely on delivering
mass to the target, the kinetic-energy weapon is one with a counter-
part in nature: the meteoroid.!4 This natural counterpart, although
too destructive to be useful, provides a starting point for scaling to
the more modest effects desired for man-made weapons. One signif-
icant difference between meteoroids and nuclear weapons is that the
meteoroid leaves no radioactive debris. Among the other differences
significant for understanding kinetic-energy weapons are the sizes of
meteoroids and their velocities.

12ynjess enough weapons are used to be confident of hitting a vulnerable point.
13ynless the buildings are filled with flammables.

MNote that, although there are technical distinctions between the terms meteor, me-
teorite, and meteoroid, we prefer meteoroid for ease of discussion.
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Meteoroids encounter the earth’s atmosphere at 11 to 70 km per sec-
ond (Bjork, 1961). Those that survive the trip through the earth’s at-
mosphere may be as small as a gram, but the result is more like dust
settling than a weapon impacting. In contrast, the crater-makers
start at around 300 metric tons yet leave only small fragments behind
after they hit (Dodd, 1986). The largest of the three craters at Wabar,
Saudi Arabia, was caused by a fragment in the range of 3,000 metric
tons (Wynn and Shoemaker, 1998), the smallest by one about 4 met-
ric tons.15 The Barringer meteor crater in Arizona is a little over 1 km
wide and was caused by an iron meteor with a diameter of about 15
to 20 m and a mass of about 18,000 to 62,000 metric tons (Bjork,
1961). At the extreme end of the range (in notoriety if not size) is the
10- to 20-km-wide stony meteorite that left a 170-km-diameter crater
in the Yucatan peninsula (Hamilton and Hamilton, 1995). This im-
pact is the one associated with the Alvarez hypothesis on the extinc-
tion of the dinosaurs.

Fortunately, as Appendix C explains, natural meteoroids cannot rea-
sonably be considered as weapons, despite their potential for enor-
mous destruction. A reasonably sized kinetic-energy weapon to
place in space would be larger than dust but would preferably weigh
less than tons and would have less-drastic effects than mass extinc-
tion. In between the dust and the crater-makers are objects that slow
down enough through the atmosphere to survive impact.

Low-drag reentry vehicle technology for ICBMs provides a useful
middle ground. The approach here is to make a small, solid, long,
and narrow reentry vehicle out of a high-density material.1® For ex-
ample, one such weapon might be a 1-m-long tungsten rod weighing
about 100 kg. The rod would actually be a slender, sphere-capped
cone with a nose radius of about 1 cm and a cone half-angle of about
a couple of degrees. It should be able to penetrate about 1.5 m of
steel, almost 3 m of clay or stone, and only 1 m of uranium. Reactive
armor should not be effective against it, because the rod is solid be-
hind the leading edge eroding its way into the target material. What
penetrates through that depth (or less) of target will be a very hot
mixture of target and penetrator material and any remaining pene-

15The craters have diameters of 116, 60, and 11 m.
16Appendix B provides the details of sizing, materials, and basing.
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trator length, still moving at high velocity. As with a shaped-charge
explosive, the damage is done almost entirely in the direction of the
impact, except for damage from fires or explosions secondary to the
impact.l” The shock wave of the impact will also cause some spalling
of brittle target materials, such as concrete, as it propagates forward.
This would turn an otherwise nearly cylindrical penetration into a
narrow (of about 30 degree) cone opening up from the point of
impact.

Basing. Space-based kinetic-energy weapons incur a number of
other constraints that become important for basing. In addition to a
steep reentry angle, these weapons need to be delivered to have
enough velocity on entering the atmosphere to have a lethal terminal
velocity. But within these constraints, there are orbital options. The
task in selecting the orbit is to minimize the number of platforms and
the logistic effort required to put them in orbit and deorbit them yet
achieve the desired degree of responsiveness and reach. For global
or hemispheric reach, the responsiveness can reasonably be a few
hours for the logistic effort needed to deliver a single weapon, which
is similar to that for a large ICBM.

The fuel required to emplace and deorbit the weapons might be
about 50 times the mass of the weapons delivered. This compares
with a reported fuel-consumption ratio of 40 tons per ton of air-
delivered ordnance in the Gulf War (Scales, 1999, pp. xvi, 88). The
absentee ratio needed for global access would be about 6, and for
hemispheric coverage, about half that. These are similar to absentee
ratios for terrestrial platforms.

Note that the responsiveness limits still allow much more timely tar-
get updates. Targeting adjustments are possible throughout the
flight outside the atmosphere, and small changes are possible up to a
few tens of seconds before impact. This could make large, slowly
moving targets, such as ships, vulnerable if their maneuvers could be
observed, either by the weapon dispensing platform or, more likely,
by other satellites.

17while solid tungsten is not pyrophoric at room temperature, hot tungsten vapor,
liquid droplets, and small solid particles will combust. The portion of a penetrator
that reaches atmosphere inside the target (say, in a bunker or the interior of a ship) in
a combustible form will act like an explosive charge.
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In selecting orbital basing for weapons to be deorbited to strike ter-
restrial targets, the survivability of the weapons and difficulty of de-
fending against them will depend on how difficult the chosen base
makes surveillance. The difficulty of detecting the initiation of an at-
tack depends on the volume of space to be watched, the duration of
the observable event, and the detectability of the event’s signature.
Detectability will depend on the intensity of the signal, its contrast
against the background, and the distance its energy must propagate.

For example, looking down at a continental landmass to detect long-
range ballistic missile launches requires only one or two high-
altitude satellites with moderately sized sensors that scan the
landmass a few times a minute. The sensors should see the hot
exhaust of missiles that burn for several minutes against the
background of the earth and track them well enough to characterize
the event with some confidence. From three to six such satellites
could watch the entire globe.18

On the other hand, detecting a rocket firing that deorbits a space-
based weapon might require about two dozen low-altitude satellites
with much wider fields of view and more-capable sensors that stare
at the volume of space around and above them or scan it rapidly
enough to be confident of seeing a deorbit burn that lasts a fraction
of that of a long-range ballistic missile.!® Depending on the altitude
of the space weapon’s orbital base, the deorbit burn might last about
one-fifth that of an ICBM launch.

Basing at higher altitudes increases the volume of space to be
watched, increases the distance from terrestrial sensors, and de-
creases the magnitude of the maneuver needed to deorbit. On the
negative side, such bases increase the total effort required to em-

18The U.S. Defense Support Program is one such constellation, a missile warning sys-
tem described on line at http://www.losangeles.af.mil/SMC/MT/DSP/HISTORY/

Dsppg0lc.htm.

196ych a constellation would be similar to the Space-Based Infrared System-Low
(SBIRS-Low) component of the current program to replace U.S. missile warning
satellites. The difference is that SBIRS-Low is intended to have a surveillance sensor
looking down for ballistic missile launches and a track sensor able to follow detected
launches through trajectory after burnout. A system to detect space-based deorbit
rocket firings would need surveillance sensors oriented toward space. A description of
the SBIRS-Low concept is available on line at http://www.losangeles.af. mil/SMC/MT/
BROCHURE/brochure.htm.
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place and deorbit a weapon and increase the delay between a deci-
sion to strike and the impact on a target.

Conventional Weapons Against Terrestrial Targets

Adding the option to use conventional munitions against terrestrial
targets changes the issues considerably. The targets for this class of
weapon depend on the capabilities of the conventional munitions
delivered to the proximity of their targets from their bases in space.20

Conventional weapons delivered from space against terrestrial tar-
gets inherit the lethality and utility of their fundamental design. But
because delivering them to targets from space is more expensive
logistically, only those that are precise and accurate and, therefore, of
small mass are likely to be interesting for orbital basing. For this
group, the responsiveness of orbital basing can reasonably be about
20 to 30 min, with an absentee ratio of about 6 for global access. The
costs of basing such weapons in space for this purpose are sensitive
to the packaging and aerodynamic performance on reentry. In this
regard, early film-return or astronaut capsules would be a useful
starting point for less-expensive, lower-performance weapon
packaging, and advanced maneuverable reentry vehicles for more-
expensive, higher-performance packaging.

Targets. Our discussion of kinetic-energy weapons against terrestrial
targets focused on targets fixed on the ground or moving slowly
enough that they would not escape the footprint of a cluster of
weapons aimed at them in the few seconds between the last oppor-
tunity to adjust the weapons’ trajectory outside the atmosphere and
impact. Although reentry vehicles can maneuver extensively through
the atmosphere at the expense of significant complexity and some
loss of kinetic energy, their maneuver is better suited to complicating
the task of defenses or to correcting guidance errors against fixed tar-
gets than to following dynamic targets. Aside from the very high
speed and short duration of reentry, which make intercept difficult, a

20Conventional munitions could include rather exotic munitions, including such
things as radio-frequency or high-power-microwave munitions, such as those de-
scribed in “Just a Normal Town” (2000). The key attribute here is that the weapons re-
quire physical delivery to the proximity of the target without retaining the high veloc-
ity associated with hypervelocity kill mechanisms.
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sheath of hot, ioniz around the reentry vehicle effec-
tively isolates it frc mmunication for critical periods
of reentry.2l How y vehicle decreases its velocity to

deploy a conventional subm.... 0, the ability to engage maneuver-
ing targets would depend on the capability of the submunition to
find and reach its target. For example, a smart anti-tank submuni-
tion dispensed from a reentry vehicle should be as effective as it
would be if it had been dispensed from a cruise missile or aircraft.

In addition to attacking targets that maneuver more rapidly, conven-
tional ordnance delivered from space could attack targets not acces-
sible to kinetic-energy weapons. This includes surface targets that
require the destructive force to be directed outward, as opposed to
downward, from the point of impact, as well as targets that are more
deeply buried. Slower-speed penetrators do not erode in the same
way as the hypervelocity rods discussed in the last section. However,
they do require explosives and fusing that can survive the impact and
determine the correct depth of penetration for detonation.

Because these weapons have a longer, slower reentry and have con-
ventional weapon characteristics after being deployed from reentry
vehicles, they are more susceptible to terminal defenses than the
kinetic-energy weapons would be. For basing orbits with attractive
combinations of logistic effort and responsiveness, defense against
them outside the atmosphere would have less time to work with after
deorbit starts but easier reach from the earth beforehand.

Medium. For conventional weapons delivered from space, the at-
mosphere is less of a challenge and something of an opportunity.
Unlike a kinetic-energy weapon, a conventional-weapon reentry ve-
hicle would deliberately prolong its transit through the atmosphere,
starting at shallower reentry angles and maneuvering (or modulating
its shape) to increase drag at higher altitudes to reduce the intense
heat load on the vehicle at denser, lower altitudes. The atmospheric
lift and drag that were a problem for kinetic-energy weapons are the
means of achieving an expanded footprint, a cooler vehicle, and the
transition to conditions suitable for dispensing the conventional
weapons in the vicinity of their targets. If footprint flexibility were

2lThe exception would be inertial sensing, which does not require electromagnetic
energy propagation through the plasma sheath.
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not worth the added complexity of maneuver, using a simpler, less
expensive, blunt design for the reentry vehicle could yield the same
cooler reentry and transition to slower, even subsonic, conditions for
dispensing munitions.

Weapon. Again in contrast with kinetic-energy weapons, lethality no
longer depends on retaining high velocity and a steep angle of re-
entry but rather on the accuracy of targeting and maneuver after
reentry. An example of a conventional weapon that might be
particularly suitable is the Low Cost Autonomous Attack System
(LOCAAS), a miniature airplane that has a laser radar to sense and
identify targets, a range under powered flight of about 100 mi after
deployment, and a “self-forging” warhead capable of adapting to
different targets and ranges by assuming long-rod penetrator,
aerodynamic penetrator, or multiple fragment shapes (Barela, 1996).

For conventional weapons that have their own means of terminal
maneuver and guidance to target once released from the reentry ve-
hicle, a simple, blunt design would be logistically more efficient than
a winged or lifting-body reentry vehicle. A shape capable of carrying
a large number of smart munitions might resemble a larger version
of the original Discoverer/Corona film return capsules. The first of
these capsules successfully recovered is shown in Figure 3.3. The
technology for this kind of reentry vehicle is old and widely available.
The technology for the submunitions that it would deliver is newer.

Basing. For space basing of these weapons, timely response and
long reach are still in conflict with each other, but the conflict has a
happier resolution than it did with kinetic-energy weapons. Because
steep reentry angles and high reentry velocities are not constraints
(or even desirable) for conventional weapons, the base orbits can be
substantially lower to increase responsiveness without reducing
footprint. For example, if the goal is continuous, global access to tar-
gets, an absentee ratio of about 5 at a 500 km altitude and with a re-
sponsiveness of about a half hour from decision to destruction
should be possible. This would be possible for roughly the same
level of total effort to deliver a weapon as that for kinetic-energy
weapons.
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National Air and Space Museum, Smithsonian Institution (SI A-47680-A).

Figure 3.3—President Eisenhower Viewing Discoverer 13 Capsule

This combination of responsiveness and reach is similar to that pos-
sible with long-range ballistic missiles, which would require equiva-
lent or less effort to deliver to target. Long-range ballistic missiles
would also have no logistic penalty for absentee ratio. The principal
argument against using them to deliver conventional weapons is
concern that they might be confused with nuclear weapons.

One might think that space launch vehicles could be confused with
ballistic missiles during launch. However, basing location, number
Jaunched at one time, and signature (infrared intensity over time)
indicate the vehicle type at launch. As the launch proceeds, when
tracking no longer provides a predicted impact point on the earth,
i.e., when the trajectory achieves orbit, there is no doubt that the
launch is a spacecraft rather than a ballistic missile.
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Aircraft, cruise missiles, and shorter-range ballistic missiles that have
a historical association with nuclear weapons have later been used
for conventional warheads without that confusion. Some—such as
the B-52, B-1, and B-2 bombers, the air-launched cruise missile, and
the Tomahawk cruise missile—have been converted from nuclear
warheads to conventional warheads while retaining nuclear capabil-
ity. If the kind of responsiveness and reach possible with long-range
ballistic missiles is desirable, it should be possible to avoid the con-
fusion with nuclear weapons through some combination of vehicle
characteristics, operational practice, basing, and arms control.
Achieving distinguishable vehicle characteristics might be a natural
consequence of developing a vehicle similar to a ballistic missile but
with better economy, possibly through reuse or derivation from a
space-launch vehicle.



Chapter Four
EMPLOYMENT

It may seem premature to discuss employment issues for weapons
that the United States has not even decided to acquire, but such
issues are a necessary part of defining and understanding proposed
new capabilities, particularly those that exploit technologies that are
not widely understood. This chapter will argue that an understand-
ing of space weapons must relate their technical characteristics to
their possible uses and command structure. This is important for
several reasons.

First, deciding whether to acquire new capabilities should be
grounded in an understanding of how they could be made most
useful to the warfighting commanders. The current space-based
laser program, for example, uses a technology that cannot engage
targets low in the atmosphere because of its specific wavelength. A
discussion that focuses on this particular program would not include
a number of possible uses of space-based lasers in warfare. Simi-
larly, even if the space-based laser discussion included wavelengths
that penetrated further into the atmosphere, a system acquired for a
command structure tailored to national missile defense might not be
usable for theater missile or air defense.

Second, the consideration of how a weapon could best be employed
should be a key factor in deciding what to acquire—i.e., the weapon’s
size, number, and characteristics. For example, should a space-
based conventional-weapon dispenser be a highly maneuverable
aerodynamic reentry vehicle carrying only two or three “silver bullet”
submunitions for extremely high-value targets, or should it be a
large, blunt capsule with drag augmentation designed to carry as

51
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large a load of tank-killing submunitions as possible? How many
kinetic-energy penetrators should be packaged on a dispenser with
how large a cross-range footprint for how many of what kinds of tar-
gets? How do the apportionment, planning, release, and abort of ki-
netic and conventional weapons from space fit into cycles for plan-
ning and using other forces for engaging those targets? Decisions on
the last three issues would constrain the options available to
warfighters for the life of the constellations of weapons acquired.
How diffuse a spot should a space-based laser be able to illuminate
and with what intensity? What wavelength should a laser have to en-
gage what targets? How much reserve capacity should a space-based
laser have for other targets? How should it be allocable to what uses?
What combination of on-orbit fuel and resupply should a laser con-
stellation have? The answers to these questions all depend on how
the weapons are going to be employed.

Third, focusing on the technical characteristics of a proposed
weapon program without considering how the weapon would be
used runs the risk of having weapons that are ineffective in the field
or that cannot be readily apportioned among the commanders who
need them. Among the more-notable historical examples of this
problem is the original use of the machine gun by the French in the
Franco-Prussian War of 1870. The French had developed their
Gatling-gun-like mitrailleuse in secrecy (O’Connell, 1989). When it
was ready, the French treated it like an artillery piece, deploying it in
the rear with other artillery, where it could not reach infantry targets
effectively but could itself be reached by Prussian artillery. The
machine gun was not employed compellingly by Western armies
until World War I, and then first by the Germans (Brodie and Brodie,
1973, p.145). There is a real possibility that an existing military
acquiring space weapons might, much like the 19th-century French,
employ them according to the doctrines and customs for other
weapons—which may be the wrong sort of example for space
weapons. The purpose of this chapter is to suggest, instead, a
thoughtful consideration of the similarities, differences, and
constraints peculiar to different kinds of space weapons for different
uses, rather than simply basing doctrine on the general attributes of
the space environment or adopting a custom from any other realm of
experience.
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EMPLOYMENT

The previous chapter described the technical possibilities of four
distinct categories of space weapons: directed-energy weapons,
kinetic-energy weapons outside the atmosphere, kinetic-energy
weapons within the atmosphere, and conventional weapons deliv-
ered from space. The targets and effects for some of these weapons
are narrowly defined, but the full collection spans a broad range of
capabilities with a diverse set of constraints. To see that breadth in
employment, consider the range of functions or tasks to which they
might contribute in concert with other means of achieving the same
functions and tasks.

Functions and Tasks

The defining distinction between the technical and tactical levels of
conflict is the addition of enemy action in the context of the battle-
field to the isolated, theoretical interaction of weapon and target. In
the theoretical isolation of the technical level, it seems possible sim-
ply to match weapons to targets—for example, “use space-based
lasers to destroy theater ballistic missiles in the boost phase.” But in
the real world, it is also necessary to consider the opponent and any
of his independent actions. It is thus also necessary to consider ag-
gregations of weapons and tasks into functions.! For example, if the
opponent adapts to the above ballistic missile defense task by at-
tempting to saturate laser missile defenses with salvo launches and
competing aim points,? the tactical-level response should include all
the elements of the counter-air function. Otherwise, the opponent’s
action may render the technical-level contribution of the laser irrele-
vant.

IThe usage here follows the recent U.S. joint doctrine definitions of the terms roles,
missions, and functions. A mission is a task assigned by the National Command Au-
thorities to a combatant command. A function is a specific responsibility assigned to a
service (or Special Operations Command) to organize, train, and equip forces for the
combatant commands. The roles of the services are the broad, enduring purposes for
which the services are established in law (JCS, 1997). Earlier versions of doctrine used
the term mission to describe the counter-air, -sea, -land, etc., activities now called
functions.

2Perhaps not with decoy ballistic missile launches {(which would be difficult to create

inexpensively) but perhaps with aircraft, cruise missiles, and decoy cruise missiles
(which could be less expensive) added to the ballistic missile salvo.
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Conversely, the space weapon’s contribution to the counter-air
function could include the addition of tasks from other space
weapons and other targets, such as the following:

+ Destroy aircraft and cruise missiles in flight with space-based
lasers.

+ Destroy ballistic missiles leaking through laser defenses with
kinetic-energy weapons outside the atmosphere.

« Destroy ballistic missiles on transporters and missile propellant
trucks en route to salvo launch points with space-based lasers or
space-based smart munitions.

e Destroy ballistic and cruise missiles and aircraft in protective
structures with space-based kinetic-energy penetrators.

The value of embedding the tasks in this way is that it forces consid-
eration of the opponent’s responses in the broader context of alter-
native or contributing means (air, land, or naval), when they are
available.

Exploring other functions yields opportunities for space weapons to
contribute to several. Table 4.1 lists some theoretical contributions.
A quick inspection reveals that few of these functions could be sup-
ported solely by space weapons.3 For example, counter-sea requires
weapons suitable for undersea targets. Although it seems possible to
use reentry vehicles to deliver antisubmarine torpedoes from space,
they would need targeting information from acoustic sensors on lo-
cal air, surface, or subsurface platforms that could just as well carry
torpedoes themselves.*

3The counter-space contributions from space could be comprehensive but would
benefit from contributions by terrestrial forces—such as ground-based satellite uplink
jammers, terrestrial weapons in reach of launch and control facilities, direct-ascent
antisatellite weapons—when those are more economical. While not strictly terrestrial
conflict, the counter-space function belongs in the list of theater functions any time
space weapons or capabilities contribute to the theater conflict.

41f the logistics of maintaining the mass of weapons more centrally were competitive
(in the case of air platforms, because of the expense of maintaining mass aloft or, in
the case of surface and subsurface platforms because of the speed of deployment),
there might be a combination of local sensors and space-based weapons in the ab-
stract, but the possibility seems unlikely.
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The counter-land contributions could be as complete as the kinds
and numbers of munitions deployed in space would allow. However,
the logistic expense of delivering them from space would likely re-
strict their utility to relatively higher-value targets, e.g., armored ve-
hicle concentrations, not individual, dismounted infantry. Similarly,
the cost of using a space-based laser to destroy a fuel tanker truck
might be too expensive, given that the laser reactant used would
have to be replenished by launching the equivalent of a small satel-
lite—unless the target carried a high value in the harm it could do.
For example, the fuel in one tanker of a convoy resupplying a tank
column might not be worth the equivalent of a several-million-dollar
space launch. But if the tanker were carrying rocket propellant and
was in the process of fueling a ballistic missile ready to launch
weapons of mass destruction, using a laser to destroy it might be well
- worth the costof replenishing the laser.

Alternatively, a space weapon might be the weapon of choice for an
otherwise lower-value target if the space weapon were the only
choice available in time, particularly for a time-critical political
effect. For example, a locomotive might not be worth a space-
delivered smart munition. However, it might be well worth the use of
a space-delivered smart munition to target a locomotive pulling a
train full of people forced from their homes for transport to the
border or to a concentration camp at the beginning of an ethnic-
cleansing campaign—particularly if aircraft and helicopters cannot
reach the train because air defenses have not been suppressed,
basing and overflight rights have not been granted, or coalition
consensus on the action has not been reached.

Defensive counter-air contributions could be quite extensive if
weather conditions permit directed-energy weapons to propagate to
atmospheric targets or if air targets are susceptible to the energy that
can be delivered at wavelengths able to propagate through the
weather. For some ballistic missile threats (e.g., fast-burning, early
fractionating missiles launched out of reach of airborne lasers), an
attack from space might be the only effective means. Space-based
weapons could contribute to the offensive counter-air function as
extensively as to the counter-land function, depending on the kinds
and numbers of munitions deployed in space.
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Component and Sequence

The operational level of conflict encompasses not only the effects of
the opponent’s actions but the opportunity (sometimes the neces-
sity) to sequence and coordinate the actions of multiple forces from
diverse components—air, land, sea, and space—of the joint forces
available. At the theater level, the actions of the forces are set in a
specific geographical context. The sequence of actions is designed to
meet objectives tied more directly to the broad political aims of the
conflict. Both the sequence and the combination with diverse land,
sea, and air operations are of interest for understanding the em-
ployment of space forces.

One could imagine special, limited cases in which the employment
of space forces could occur in isolation from other forces.> However,
such limited use in isolation would likely be incidental to having the
space weapons for more general use when sequence and combina-
tion of employment with other forces matter.

Use of space weapons in an area might also be a brief prelude to joint
operations. The fact that extended air campaigns, such as the 1999
war in Yugoslavia over Kosovo, have occurred with the success of the
campaign ruling out a ground component, suggests the possibility of
some kind of extended space weapon campaign. However, that
possibility presupposes that the relative logistic expense trade-offs
have made space weapons competitive with air forces or that politi-
cal and basing constraints have made use of space weapons neces-
sary. The possibility seems remote at this time.

The most attractive attribute of space forces is their availability on
short notice without the need to ask permission for access or the
need for a substantial footprint in theater.?® Whenever access is op-
posed; infrastructure (airfields, ports, fuel, water, etc.) is lacking; or

50ne example would be a limited raid, such as the August 1998 cruise-missile strikes
in Afghanistan and the Sudan after the embassy bombings in Nairobi and Dar es
Salaam and the April 1986 air strikes in Libya in response to terrorist actions in Rome,
Vienna, and Berlin.

6The long-range ballistic missiles, conventional or reusable, have the same allure if
they can be distinguished from nuclear weapons. Long-range aircraft and cruise mis-
siles are somewhat less alluring; although they can respond within about a day, they
are handicapped by overflight restrictions.
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land, sea, or air forces simply are not available, space forces could
initiate or support operations. In such a theater, space forces should
be the first, or among the first, forces employed. However, unless
they themselves are backed up with suitable replenishment logistics,
they cannot operate alone for long before sharing some of the bur-
den with other forces arriving in theater. Even if the space forces
have the logistical staying power to operate alone for an extended
time, it would be better for other forces with complementary
strengths to join in as soon as possible. Extended operations by only
one kind of force will quickly teach the opponent to adapt to its limi-
tations. Instead, the preference should be to combine complemen-
tary forces quickly in a concentrated, joint operation. With these
general caveats, the duration of a space-only or space-heavy period
of operations would depend on the specifics of the threat and theater
and on the reach and speed of the air, land, and naval forces joining
the fight.

When air, land, and naval forces do join the fight, they should fill the
gaps and relieve some or most of the space force’s burden. Aircraft
and surface-to-air missiles should be able to prosecute air targets in
bad weather that space-based lasers cannot penetrate. As enough
assets arrive, they should take over the burden in fair weather where
they can reach. As airborne lasers and surface-to-air missiles arrive,
they should prosecute ballistic missile targets within their reach,
leaving the targets out of reach to the space-based lasers. Aircraft
and cruise missiles should be able to attack interdiction targets.

When other forces are in play, the special attributes of space
weapons should enter into decisions about when and how to employ
them. Because of their quick response, space weapons may be the
only ones that can reach fleeting targets in time—provided that the
value of the target is worth expending the weapon.

When the risk of using manned aircraft is unacceptable, space
weapons could accomplish many strategic attack and interdiction
objectives traditionally reserved for the air component. Currently,
the low-risk alternatives are to drop precision-, laser- or Global Posi-
tioning System-guided bombs from aircraft that are beyond the
reach of air-defense artillery (once the surface-to-air missile threat is
suppressed), to drop precision bombs from stealthy airplanes (when
the threats are not suppressed), or to use cruise missiles. However,
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even stealthy aircraft are vulnerable to the “golden BB” of random
antiaircraft fire. Cruise missiles can be shot down en route to their
targets and may be as logistically expensive as space alternatives, de-
pending on how launch platform costs are counted. Opponents may
withhold and hide some air defense missiles to prevent suppression.

In hostile air defense environments in which the chance of losing a
pilot is high, space weapons could be an alternative to high-altitude
aircraft or cruise missiles. For small numbers of heavily defended,
high-value targets, space weapons could be the weapon of choice.
This may make them particularly attractive for strategic attacks on
enemy economic and infrastructure targets, which are often fixed
and may be protected. Because the responsiveness of space
weapons is high relative to the sortie times and scheduling complex-
ity of long-range stealth bombers,” it may be easier to achieve the
shock effects of mass and concentration against such targets using
space weapons, either alone or in conjunction with the aircraft for
restrike after damage assessment. If they are being used for the first
time against an opponent, their unfamiliarity might also add to the
shock.

Because of the difficulty in defending against space weapons that
provide destructive suppression or radio frequency jamming, they
may also be helpful in suppressing enemy air defenses at targets that
need a heavier air attack. But if the attacks are not suitably synchro-
nized with air operations, they may only alert air defenses. On the
other hand, because of the agility and reach of space weapons, this
effect might be exploited to misdirect and confuse air defenses.

Given an adequate understanding of targets, conditions, timing, and
quantities of space weapons in the context of joint warfare, it should
be possible to develop effective concepts for their employment.
However, their employment concepts will depend critically on hav-
ing suitable structures for commanding the weapons, that is, suitable
location and apportionment of command authority. This is the topic
of the next section.

"For example, B-2s operating from Missouri have a 30-hour round trip for sorties to
Yugoslavia, requiring multiple refuelings for each leg of the trip (Katzaman, 1999;
Ricks, 1999).
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Before leaving this issue, we should note one important aside. The
conventional definition of theater must change when space forces
are added to the mix. The geographic bounds of the theater must
extend to include the space forces. Any side on the receiving end of
space forces (weapons or support) will respond where it can be ef-
fective against them. In addition to prosecuting the theater cam-
paign, one of the first-order tasks for space weapons will likely be to
help protect itself (when terrestrial forces cannot reach in time). An
example of this might be a need for space-based conventional
weapons to strike ground-based lasers attacking low-orbit satellites.
No matter how we might define the theater or apportion command
of space forces, the opponent engaged or threatened by them will
consider them to be in theater and legitimate targets.

COMMAND

The essence of command is having the authority to allocate limited
resources, human or material, among competing needs—and being
accountable for the allocations made. Accountability includes the
normally conflicting responsibilities for efficient use of the resources
and achieving the intended purpose—largely an issue of effective-
ness. The art is in selecting the level of command of forces that can
be effective—providing adequate insight into likely consequences
before deciding and allowing timely implementation of desired ef-
fects after deciding—without squandering resources or hoarding
them inefficiently. If the level of command is too low (i.e., too
narrowly defined in terms of geography or mission), the commander
may not be aware of the consequences of use and depletion of the
resource at higher levels. If the level is too high (i.e., too remote for
timely awareness), the commander may not be aware of unintended
consequences of employment in collateral effects and possible
conflict with other operations at lower levels. Because the balance
between effectiveness and efficiency depends on changing
circumstances and priorities, good mechanisms for command
should have the flexibility to adjust to such changes at least as
dynamically as the changes occur. However, the general form of
mechanisms available will depend on the laws and customs of the
country or alliance in question. We will explore the particular forms
in U.S. law.
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There are three practical questions that need to be answered about
command of space weapons:

* What is commanded? More specifically, what form and quantity
of space weapon resources can a commander with operational
control task to subordinate commanders who exercise tactical
control?

* How should they be commanded? In particular, do space
weapons have attributes that make commanding them different
from commanding terrestrial weapons?

* Who commands? Who should exercise operational and tactical
control, given the form of allocation of space resources identified
in the first two questions?

What Is Commanded

When we discuss command of space weapons, it is important to dis-
tinguish command from the operation of equipment or platforms. It
is a commonplace that commanders must have some degree of skill
and experience at the technical level in operating the equipment un-
der their command. This can both establish the commander’s credi-
bility with equipment crews and improve the morale and esprit of
subordinates. It should also improve the commander’s credibility
with his own peers and superiors responsible for other capabilities.

However, in the case of space weapons, this does not necessarily
translate to a need for skill and experience in operating satellites.
Since the beginning of human activity involving space, there has
been little need for human skill—actually, little tolerance of direct
human interaction—in operating space equipment. What does re-
quire human skill in operating terrestrial and atmospheric weapons
and vehicles is largely the design of satellites. Humans normally in-
teract with space systems to

* resolve anomalies in system operation (an engineering or main-
tenance activity)

* interpret or use the space system’s products or effects
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¢ manage or allocate limited resources among competing re-
quirements in the context of environmental constraints.

Skill and experience in the last two activities may be the valuable pre-
requisites for commanding space weapons.

Another caution in thinking about operations and employment of
space capabilities for terrestrial interaction, particularly for space
weapons, is that the unit measuring the thing being operated or
commanded should seldom be “satellite.” First, with the rare excep-
tion of satellites in geosynchronous orbit (unlikely for space weapons
targeted against the earth), the space resources needing manage-
ment and direction are those of the elements of an entire constella-
tion that are within reach of the areas being supported. Second,
most satellites have multiple payload capabilities, which can be
managed to support multiple purposes with some degree of inde-
pendence. Finally, even within a single payload, function may often
be apportioned flexibly among many uses and customers, either
simultaneously or time-shared. A single operator may control a con-
stellation of satellites, transmitting instructions and receiving
telemetry through a network to maintain its health and monitor its
status. However, command of its employment should be measured
in terms of the functional capabilities that may be apportioned flex-
ibly among as many uses and users as needed. The identity, location,
and organizational affiliation of the operator need have little to do
with the allocation of command authority for employing the constel-
lation’s capabilities.

For space weapons, what is commanded should be defined in terms
of functional forms of apportionment, as opposed to equipment,
satellite, or even constellation forms. Given a definition in terms of
function or capability rather than hardware, the need to define form
and quantity remains. For example, with a space-based laser, lasing
time or fuel consumption may define availability for a secondary
mission before resupply; setting time windows for secondary mis-
sions may reserve kill-rate capacity needed for higher-priority mis-
sions when thin spots in the constellation are overhead.
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How They Are Commanded

Several factors influence the command of weapons. Those relevant
for the distinctive features of space weapons include technical char-
acteristics of responsiveness, effect, flexibility, precision, cost, and
communications architecture.

Responsiveness. Because the lead time for delivering a mass-to-
target weapon from space can range from tens of minutes to hours,
its responsiveness can limit the types of targets missions for which it
might be useful. Longer deorbit times mean that mobile ground and
air targets are probably too elusive to be worthwhile, unless the
space weapon delivers a conventional submunition with appropriate
sensing and reach. In contrast, the time from the firing of a directed-
energy space weapon to contact is almost instantaneous, and the de-
lay between contact and effect is short.

The level and structure of command of space weapons should be
consistent with the timeliness desired and achievable. In missions
that require short decision cycles, tactical control of the more-
responsive space weapons could reside with the lowest-level
commander having control of all forces on the scene contributing to
the task. For example, the theater air defense commander might be
allocated a portion of a space-based laser constellation’s capacity to
manage in real time in conjunction with airborne laser, interceptor,
and surface-to-air missile defenses in the area. Command over
conventional space weapons with delays of a few minutes might pass
to a weapon controller overseeing time-critical targets, who can task
sorties of aircraft, surface-to-surface missiles, and artillery against
them. And the joint air component commander might exercise
control over an allocation of kinetic-energy space weapons as part of
an air tasking order to air force and naval aircraft and cruise missiles.

Flexibility. Some space weapons, kinetic-energy weapons in
particular, have fairly specific effects that are suitable for a relatively
narrow range of targets. Others, directed-energy or conventional
munitions, could be used more flexibly against a variety of targets
and under a range of more or less restrictive rules of engagement.

Lethal use of space weapons may also provide flexible opportunities
that require flexible command. Space-based lasers might be useful
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against aircraft in flight, cruise missiles, and fuel transporters, as well
as the ballistic missiles in boost phase that were the primary reason
for acquiring the weapons in the first place. Tailoring the weapon’s
command structure specifically and solely to the ballistic missile tar-
gets would waste its flexibility.

Precision. The precision and selectivity of the space weapon, in par-
ticular, the amount of collateral damage it is likely to cause, will help
determine when and where it can be used and the appropriate levels
of command. For example, in an urban battle, a kinetic-energy space
weapon might destroy the basement (and all intervening stories) of a
multistoried building—and might also do the same to a few of the
neighboring buildings, if the cluster of weapons used were dispersed
too highly. Generally, space weapons with less-discriminate effects
should be constrained by rules of engagement that require higher
levels of command authority to release.

Cost. Space weapons having high logistical or opportunity costs may
also require higher command authority. Even though there is no
inherent limitation, 20-year-old squad leaders do not have the
authority to use million-dollar cruise missiles and should also prob-
ably not have the authority to commit a space-based weapon. Simi-
larly, because of the opportunity costs inherent in the resupply time
involved in restoring used capacity, the National Command Authori-
ties would likely need to review reallocation to any other purpose of
any portion of a space-based laser constellation’s capacity needed
for national missile defense.

Communications. Commanders at the lowest tactical level may not
have the communications necessary to use space assets. However,
commanding a space asset does not have to mean much more than
the ability to communicate a target location and identity, the desired
effect, and the time of attack with the authority to be sure it will be
engaged within allocated resource limits. Ideally, the commander
should also have enough communication connectivity and capacity
to confirm receipt of tasking, be advised of tasking consequences,
and to commit resources to the task if the consequences are accept-
able. This is not necessarily a difficult communication problem,
particularly if there are intermediate relays (or a network) between a
mobile commander and the space asset.
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Who Commands Them

If effective choices have been made about what is commanded and
how it is commanded, determining who commands begins with de-
termining the purpose and who is available, controlling what re-
sources, to accomplish that purpose. The purpose is defined by the
mission assigned to a commander.

Who is available to command a space weapon may depend on par-
ticulars of the stage of conflict in a theater. In the early phases of fu-
ture contingency operations that are remote from the United States,
little to no terrestrial force may actually be present at the outset. In
fact, if it is very early in the conflict, the responsible command au-
thority may not have had a chance to designate a responsible task-
force authority. If an entire conflict were to be conducted with U.S.-
based long-range forces, say the destruction of a country’s
infrastructure for weapons of mass destruction, space forces could
be under central control from the United States. However, if the
conflict required halting an invasion force and introducing shorter-
range theater forces to expel it, control of the contributing space
forces would presumably shift to the command controlling the
introduction and use of theater forces.

If a commander of theater forces has tactical control over all assets
devoted to a particular mission or function—such as counter-air or
strategic attack—he should have similar control over the space assets
contributing to the mission in his area of operations. For example,
the commander who usually has tactical control over forces for air
defense and airspace control is the Joint Force Commander or the
Joint Force Air Component Commander. To prevent fratricide and
maximize overall counter-air effectiveness, one could argue that all
systems intended to counter ballistic and cruise missiles should also
be under his control, including space weapons supporting these the-
ater missions. Gaps in the engagement capabilities of fighters or
ground-based air-defense assets could be supplemented by space-
based weapons. Space weapons could handle a larger share of the
missile threat (or the strategic attack of fixed targets) so that air
power could concentrate more on close air support and short-range
interdiction. Whoever has tactical controi of the forces for a particu-
lar mission in a given situation should be responsible for matching
all the appropriate weapons against the right kinds of targets and re-
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solving conflicts in their concurrent operations. If space weapons
are to be synchronized, integrated, and deconflicted with the alloca-
tion of other assets devoted to the same mission, one commander
should ideally have tactical control over all the assets allocated to

that mission.




Chapter Five

HOW MIGHT THE UNITED STATES ACQUIRE
SPACE WEAPONS?

This chapter addresses the following questions:

¢ Under what circumstances might the United States decide to ac-
quire space weapons?

» If that decision is made, how might the transition occur? What
sorts of strategies are available, and what are the possible conse-
quences?

The first question presumes a conscious decision to develop and ac-
quire space weapons. Incidental or accidental outcomes might also
be possible, in which the U.S. government makes no deliberate deci-
sion to develop space weapons, but related technologies and systems
developed for commercial or other purposes then become available
for or are applied to military operations. We will examine this pos-
sibility as well. Assuming a decision, we then turn to its implementa-
tion and examine the consequences of implementing it, intended or
not.

HOW MIGHT THE UNITED STATES DECIDE?

There are a number of hypothetical ways the United States might
decide to acquire space weapons, which this discussion groups into
deliberate and incidental decisions. The primary interest should be
in deliberate decisions; however, to avoid being unpleasantly sur-
prised by an incidental decision, we should not lose sight of the pos-
sibility.

67
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Deliberate Decisions to Acquire

Several sets of circumstances might lead U.S. decisionmakers, after
measured deliberation, to choose to acquire space weapons, includ-
ing the following:

 torespond to a threat to national security posed by an adversary
who is undeterred by other capabilities

e to respond in kind to another nation’s acquisition of space
weapons, whether ally or adversary

» with another nation or nations, to forestall, control, or influence
their independent acquisition of space weapons

o unilaterally, in the absence of a compelling threat, to demon-
strate global leadership, protect U.S. and allied economic in-
vestments, improve the efficiency and effectiveness of military
capability, etc.

Responding to a Threat by an Undeterred Adversary. If there is an
adversary who cannot be deterred by other means, a decision to ac-
quire space-based defenses should be understood in the context of
stable deterrent relationships with adversaries who can. Space
weapons that might change a perception of first-strike stability
should be evaluated for their effects on deterrence.

For example, space-based ballistic missile defenses are inherently
thin, not capable of rapid reinforcement, and are therefore naturally
subject to saturation by concentrated salvos. Such defenses should
not threaten stable first-strike nuclear deterrence, if the opponent
believes he will retain enough capability after a first strike on his
forces to saturate the defense and still inflict the damage he deems
necessary for deterrence.! This might be the case for a space-based

11 an otherwise insightful exposition of first-strike stability dependence on transi-
tions in vulnerabilities and defenses, Wilkening and Watman (1986) attributed a first-
strike destabilizing effect to mutual deployment of space-based lasers. They based
this on a presumption that “speed-of-light weapons” might enable the side that strikes
first against an opponent’s defenses to destroy the opponent’s defense-suppression
capability at the same time. While space-based lasers could promptly destroy other
nearby space-based defenses, it is not clear that they could remove the opponent’s
means of defeating space-based defenses, some of which should be inherent in his de-
terrent force structure or based out of reach. The presumption of advantage in attack-
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laser defense and Russia’s large nuclear forces. It might not be the
case for China’s smaller nuclear forces. Similarly, acquisition of
space weapons (kinetic or conventional) to strike terrestrial targets
with less warning than existing weapons could degrade first-strike
stability if they are perceived to hold enough of the opponent’s deter-
rent force at risk. This might be the case for a target state that de-
pends significantly on fixed, land-based missiles for its deterrent,
such as China. This calculus of first-strike stability is particularly im-
portant in considering the transition phase between no space
weapons and space weapons in place.

Assuming the United States considers such issues before turning to
space weapons, there is still the adversary who cannot be deterred by
other means. Recent governmental discussions have already re-
flected a consensus in the executive (Cohen, 1999) and legislative
branches (Abrams, 1999) about the imminence of the threat of re-
gional failed-state and nonstate threats having potential access to
weapons of mass destruction. The response so far focuses on termi-
nal and midcourse defenses based in the continental United States.
However, such opponents have access to unsophisticated counter-
measures that can saturate these defenses.2 Consequently, there is
some pressure to accelerate the development of space-based de-
fenses that can engage the threats before they can apply counter-
measures (Senate Armed Services Committee, 1999a).

In this context, space-based weapons could provide limited, boost-
phase ballistic-missile defense over areas terrestrial, maritime, and
airborne defenses cannot reach.3 The qualifier “limited” is necessary

ing the opponent’s defenses assumes that the initiating side’s laser defenses are thick
enough after destroying the other’s lasers to deny the opponent a deterring response
after the first strike. In stable deterrence, each side should presumably have sized its
deterrent force to ride out a first strike and still saturate or penetrate defenses, even if
they were undepleted by an initial attack on the other’s laser defenses. Losing one’s
own defenses would not change this unless they were critical to the survival of a large
enough deterrent force. This would be so only if the deterrent force were vulnerable to
the first strike, say, in land-based silos. However, survivable deterrent forces are avail-
able to both sides through combinations of mobility and stealth, as well as defense.

2Appendix D discusses this assertion and the range of applicability of space-based
weapons to counter in more depth.

3At the moment, there is no clearly identified undeterred, rogue-state threat to which
the United States could not gain access from littoral areas, although some portions of
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for space-based defenses to be useful, given their inherent thinness.
It is also necessary, as already mentioned, to preserve stable
deterrence with states possessing substantial arsenals of weapons of
mass destruction whose use the U.S. nuclear capability can deter.

It could be argued that there is some room between these two ne-
cessities for a useful defense against limited threats from unde-
terrable sources. The rationale for this is as follows: It is still possible
to defend against the small undeterrable opponent and to protect a
stable deterrence relationship with a large, deterrable power if the
depth of the defense is limited but stationed far enough forward
(overhead) to eliminate “cheap-shot” counters.4 If the undeterrable
opponent can and does acquire enough means to saturate the boost-
phase defense, the hope would be that he has enough of value that
holding it at risk is a deterrent.

But the question is this: Do we understand the previously unde-
terrable opponent’s values well enough to know what to hold at risk,
and how, with a credible deterrent force? Given such an understand-
ing, the challenge in implementation would be to achieve a good
balance between defense, deterrence, and arms control among a
large (and growing), diverse population of states with dangerous ca-
pabilities.

Responding in Kind to Acquisition of Space Weapons by Another
Nation, Ally, or Adversary. Even with another nation’s precedent,
the United States could, as a matter of principle, elect not to acquire
space weapons, or some kinds of space weapons, provided that pre-
serving the principle did not sacrifice vital national interests. For ex-
ample, the United States might choose not to acquire (and might en-
courage others not to acquire) a space weapon that was initially
more cost-effective than terrestrial alternatives if the acquisition
could end up endangering a particularly valuable commons in space.
For instance, a conscious decision might be made to forgo weapons
that, if only by their destruction in a conflict, might create a perma-

Iran might be out of reach for some hypothetical missiles, and some central Asian
states could be imagined.

41f such terrestrial defenses as forward-deployed naval, ground, and air forces can
reach the sources of undeterrable cheap shots, this should be more affordable than a
space-based defense.
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nent debris hazard for certain orbits. Geosynchronous orbits, a
unique and irreplaceable orbital locus, would be particularly worthy
of a weapon-free designation.

However, if another nation decided to acquire space weapons first,
the decisionmaking context for the United States would probably
change radically. The question would cease to be whether the
United States should acquire these weapons and become how and
what kind it should acquire. A U.S. decision to “respond in kind”
could have different purposes and outcomes, depending on the
other nation, the nature of the U.S. relationship with that nation, and
the U.S. understanding of the other nation’s intent. Chapter Six will
examine ways in which different classes of other nations might ac-
quire space weapons.

A future peer competitor, say a resurgent Russia or an economically
mature China, could decide to acquire space weapons for the same
types of reasons reviewed here for the United States. For example, if
one such state chose to develop space-based missile defenses for
reasons parallel to those we have discussed, it would be possible,
even rational, for all the peer states concerned to develop and deploy
orbital missile defenses separately or in concert to preserve stable
deterrence among major competing powers.

However, depending on the political climate of the time, a unilateral
peer-state decision to acquire space weapons could affect public
opinion and government decisions in the United States out of pro-
portion to the event and could preclude rational dialog between
countries. The obvious example of this was the U.S. response to
Sputnik. Despite the technical and military insignificance of the
event and despite its having been announced well in advance as part
of the International Geophysical Year activities, the U.S. public and
political response was of stunned surprise and a “crisis in confi-
dence” (Killian, 1977, pp. 2-12).5> Imagine the effect if the Chinese
disclosed a space-weapon program or capability in a climate charac-

S5Both the United States and the Soviet Union were developing ballistic missiles
concurrently; both had successfully tested them before Sputnik; and both pub
licly planned space launches that year. The U.S. tests were of shorter-warning
intermediate-range missiles; the Soviet tests were of ICBMs (Emme, 1961). Sputnik
was launched on one of the ICBMs already tested and should have been no more
militarily significant than the earlier tests and certainly no surprise.
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terized by such events as the Chinese government’s internal repres-
sion in Tiananmen Square, U.S. congressional allegations about
widespread Chinese espionage against U.S. space and nuclear-
weapon technology (Cox, 1999), and the Chinese government’s offi-
cial claim that an accidental NATO bombing of their embassy in Bel-
grade was a deliberate act by the United States (Gertz, 1999; Loeb

and Mufson, 1999).

If an ally or friend, rather than an adversary or potential adversary,
acquired some kind of space weapons, responding in kind might not
entail the same measures. Rather, they might also include commer-
cial and economic competitiveness considerations, diplomatic mea-
sures to influence the ally, or incentives that would alleviate the
problem that led to the acquisition in the first place. For example, if
the French made an effort to acquire space weapons to support their
force de frappe, the United States might pursue both a diplomatic ac-
commodation of interests and a parallel system acquisition. Again,
the U.S. response might turn on interpretations of intent and esti-
mates of the consequences of not responding, regardless of whether
the other nation’s action was directed against the United States.

It is possible that a friendly state could acquire space weapons as a
consequence of U.S. investment and technology supplied to that na-
tion before the United States is ready to decide whether to acquire its
own. A plausible parallel example would be Israel acquiring national
missile defenses (something the United States itself could not have
do without revisiting the ABM treaty) with U.S. financial support. In
such a case, the political situation that made the investment and
technology transfers possible in the first place might severely limit
U.S. response options.

A country that is neither a peer competitor nor ally acquiring some
kind of space weapon capability might not obviously be directing the
action against the United States. But the United States could still ex-
pect to confront the consequences of the weapons (if not the
weapons themselves). A smaller potential state adversary that can-
not expect to succeed in a head-on confrontation using nuclear or
conventional weapons might still be able to confront the United
States effectively by exploiting a perceived U.S. weakness in some
other area, such as some aspect of the U.S. force structure. Thus, a
limited space-weapon capability acquired ostensibly for other pur-
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poses could later be applied, perhaps in concert with political and
diplomatic strategies, against U.S. interests. For example, a regional
power in the vicinity of the Indian subcontinent might acquire
space-based conventional or kinetic weapons in response to local
threats, such as the land-based ballistic missiles of a neighboring
power, and later find the space weapons convenient for keeping U.S.
carriers away from the Indian Ocean should the United States at-
tempt to use its surface navy to project power there.

Acquiring Space Weapons in Concert with Another Nation(s). De-
pending on the purpose of the weapons and the intentions of the
other states, the United States might choose to acquire space
weapons jointly with another nation or nations. One obvious moti-
vation would be to forestall the independent acquisition of a capa-
bility over which the United States would otherwise have less influ-
ence or control. This decision could be a preemptive response to
another nation’s apparent intent to set the precedent of space
weapons in ways that the United States might deem dangerous. The
kinds of weapons that the United States might seek to acquire via in-
ternational collaboration would likely be such more clearly defensive
weapons as missile defenses. The kind of control that the United
States might want to exert, aside from operational employment de-
cisions, might be to restrict the opportunity for wider use of the
weapons by imposing inherent design limitations. For example, the
United States might choose to join a multinational acquisition of
space-based lasers for missile defense and constrain the selection of
wavelength to keep the lasers’ effectiveness out of the atmosphere,
where the substantial U.S. advantage and investment in air power
could be endangered.

Unilaterally Acquiring Space Weapons in Advance of a Compelling
Threat. Here, the United States would decide to pursue a unilateral
effort to acquire space weapons without a compelling threat or pre-
vious precedent to fulfill several purposes or a combination of pur-
poses. This possibility has been articulated in a number of places,
including some popular literature projecting the imminent need for
space weapons for U.S. national security (Friedman and Friedman,
1998).

Beyond popular literature shaping public opinion, there is an in-
creasing level of official discussion in formal documentation and



74 Space Weapons, Earth Wars

public statements. The 1997 Air Force vision, Global Engagement,
recognizes that U.S. military use of space beyond supporting terres-
trial forces will be “driven by national policy, international events,
threats . ..” but anticipates that “the nation will expect the Air Force
to be prepared to defend U.S. interests in space when necessary”
(Fogleman and Widnall, 1997). U.S. Space Command currently pro-
jects that there will be weapons in space for use against terrestrial
targets within the first two or three decades of the 21st century, some
(related to missile defense) driven by perceived threats and some
intended as more effective or timely alternatives to terrestrial capa-
bilities (Estes, 1998). The National Space Policy commits the country
to a variety of ballistic missile defense efforts that would fit the earlier
case of a threat-driven decision. It also directs the Department of
Defense to “maintain the capability to execute the [space] mission
areas of ... force application” (National Science and Technology
Council, 1996). What might be meant by executing the mission area
is not clear, but the policy at least uses a term (without identifying
the threat) normally associated with space weapons applied against
terrestrial targets. While less than an unambiguous commitment, it
hints at future possibilities and provides some cover for the discus-
sion in Air Force and U.S. Space Command planning documents.
Most of these official documents have a tone of eventual inevitability
without providing a clear picture of a proximate cause for a unilateral
decision to acquire.

The notion of space weapons as a central element of the future U.S.
national security, in advance of a specific compelling threat is be-
ginning to appear in scientific advice to the Defense Department.
The Defense Science Board (1999) recommended that the Depart-
ment of Defense acquire some of the space-based weapons de-
scribed in this text as essential capabilities for implementing the
Joint Chiefs of Staff Joint Vision 2010 (Bender, 1999; Shalikashvili,
1996).

Although a threat-driven decision seems more urgent, it is conceiv-
able that the United States could decide to acquire space weapons in
advance of a specific compelling threat. Such a decision might be
made to implement an emerging vision of U.S. national security
needs based on maintaining technical advantage over potential ad-
versaries and providing a greater degree of flexibility and reach for
increasingly diverse global operations with a decreasing forward base
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of infrastructure. A widespread, international appreciation of the
possibility, utility, and effectiveness of space weapons combined
with apprehension of the intentions of other nation to acquire them
could produce a turnabout in worldview. Aviation provides a prece-
dent for this: All but two powers at the Second Hague Conference in
1907 refused to ratify the extension of the consensus moratorium on
weapons in balloons that had been adopted at the Hague Conference
in 1899 (Futrell, 1989, p. 17).

Incidental Decisions to Acquire

All the paths to acquisition above presumed a conscious, deliberate
decision process. But what if the necessary components and tech-
nologies were developed for other reasons, such as commercial or
civil interests, and then adapted to or employed in military applica-
tions, perhaps in the press of operational necessity, without exten-
sive public deliberation?

If this situation ever happens, it would be in the future, given the
trends in development of commercial space capabilities. The com-
mercial space industry is not likely to develop specific weapon
products. Given current trends, the industry is not even likely to
contribute substantially to enabling technology or capacity, except
perhaps to reduce the price associated with general large-scale
enterprises in space (DeKok and Preston, 1999). But one possible
trend in commercial space activity could produce effective means of
delivering conventional weapons from space.

Any capability to deliver and retrieve large quantities of material
economically to and from space could be adapted to emplace and
deliver conventional weapons from space. There is no such ability
on the horizon in commercial space activity yet. The only going
concern in that business, SpaceHab, relies on a free ride from a
heavily subsidized and very expensive space shuttle (SpaceHab,
1999).

However, the lack of such a capability is primarily a question of de-
mand. More-economical spaceflight requires some reuse of its ex-
pensive elements, which in turn requires increased design margins in
reusable elements for durability and reliability. With the already thin
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margins inherent in the physics of spaceflight, economic recovery of
the investment in reuse requires large scale and rate effects.

There are three possible sources for scales and rates large enough to
make reusable spaceflight economically feasible.® One of the
longest-anticipated (but still seemingly remote) sources is the pos-
sibility of a market for materials that can be processed or manufac-
tured only in space. None has emerged, and no likely candidates are
on the horizon.

The most-credible current source of high-rate demand for space-
flight in commercial space activity is communications. Recent pro-
posals for large-scale satellite constellations, such as Iridium and
Teledesic, prompted several small entrepreneurial activities to pro-
pose reusable launch vehicles. However, the pace of development
and the financial success of these activities are sensitive to the con-
tinuing development of large-scale commercial communication
constellations. The financial failure of the Iridium constellation has
clouded that future (Leibovich, 1999).

The Space Transportation Association’s (STA’s) next great hope for
high launch and recovery demand is space tourism. STA formed a
Space Travel and Tourism division and sponsored a first-annual
conference on the development of space tourism in 1999 (STA, 1999).
But the association judged that

There can be no large space tourism business until the unit cost of
surface-LEO [low earth orbit] space transportation is reduced and
safety increased, by orders of magnitude re [over] today’s Shuttle
capabilities. (STA, 1999.)

If or when any of these markets creates a viable industry for econom-
ical launch and recovery, the step from transport to weapon carrier
could range from trivial to modest. Current U.S. Space Command
and Air Force Space Command plans outline how such a transition
might take place. The payloads for a space operations vehicle and

6 possible fourth, noncommercial, source of high-rate demand for launch would be a
reusable ballistic-missile-like vehicle intended to deliver large quantities of conven-
tional munitions promptly from the continental United States to distant theaters.
Such a vehicle is mentioned in Chapter Three and Appendix C.
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space maneuver vehicle could include a common aerospace vehicle
to deliver conventional munitions from space to earth. However, be-
cause the programs depend on congressional appropriations, a de-
cision to develop space weapons through the government path could
hardly be incidental or lack substantial scrutiny and deliberation.

ASSUMING A DECISION TO ACQUIRE, HOW MIGHT
TRANSITION OCCUR?

This section does not discuss the mechanics of purchasing or the
content of programs, since little here singles space weapons out from
other procurements. Rather, the purpose here is to outline possible
ways to transition to a world with U.S. space weapons, to identify
interactions with the decision processes, and to highlight policy is-
sues that should inform any decision before it is taken.

One of the obvious ways in which the transition might interact di-
rectly with the decision to acquire space weapons is in the structure
of the decision itself. A structural distinction can be drawn between
monolithic and incremental decisions and implementations.

Incremental Decision

When there is significant uncertainty in any decision environment,
one normal approach is to use an incremental or hedging decision
strategy. The normal defense acquisition phases of concept explo-
ration, demonstration and validation, engineering development,
production, and deployment are intended to allow incremental de-
cisions and create options (OUSD[A&T], 1999). Given the uncertain-
ties, risks, and decision context, such an approach would be likely in
a U.S. decision about acquiring space weapons. It has already sur-
faced in the technology development for space-based lasers and in
congressional interest in a readiness demonstrator flight experiment
(Senate Armed Services Committee, 1999a). For decisions and pro-
grams like this, a sequence of incremental decisions would be made
to

¢ develop technology
* develop components and subsystems
* test or demonstrate critical aspects of a capability
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+ deploy asystem
» employ the system for various missions.

Those making these incremental decisions can chose a strategic
posture that adapts to the evolving environment, shapes the envi-
ronment proactively, or reserves the right to play later. However, itis
seldom recognized that, despite any preference for an adapting or re-
serving posture, using this strategy for national security purposes in-
evitably involves a degree of shaping, some of which can distort the
apparent value of the options. The shaping occurs in both internal
and external environments. In the internal environment, the shap-
ing occurs with the alignment of institutional positions and the de-
velopment of constituencies for and against program continuation.
Having invested substantially in a program, the resulting con-
stituency for program continuation creates some obligation to con-
tinue.

In the external environment, the shaping comes from the changed
international perception of U.S. intention and capability and from
the decisions of other countries about how to respond to those per-
ceptions. For example, a U.S. commitment to midcourse and
terminal-area missile defenses would encourage opponents who
expect this action to devalue their own missile forces unacceptably to
develop missiles with penetration aids and to engage in early deploy-
ment of multiple munitions to saturate the defenses. If the United
States committed to a space-based laser for boost-phase missile de-
fense, opponents who felt that the laser would unacceptably devalue
their forces might

« develop faster-burning missiles to reduce their period of vulner-
ability or harden the missiles to reduce the laser’s capacity

+ proliferate the missiles and their launchers to saturate the lasers
« develop antisatellite capabilities against the lasers

o if the laser’s wavelength could not penetrate the atmosphere,
shift force structure toward cruise missiles.

In response to these measures, the United States might be compelled
to change its lasers’ wavelength to penetrate deeper into the atmo-
sphere, to develop defenses for the lasers, etc. The challenge for
countries evolving their capabilities is to avoid an unstable arms
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race. Rational decisionmaking; effective communication between
the various countries involved; and a balance of military capability,
diplomatic action, and arms control might avoid such an arms race.
The history of nuclear deterrence and arms control and reduction
provides vivid instances both of arms races (e.g., in the development
of MIRVs) and of eventually effective coping (SALT and START).

Monolithic Decision

The alternative to incremental decisions and implementation is a
monolithic decision and implementation. In the absence of uncer-
tainty and the presence of urgency, this is likely to be the quickest
and most efficient path. However, if the situation is not clear, the
urgency may proceed quickly and efficiently to an unintended desti-
nation. Perhaps the most profound example of this was the Manhat-
tan Project and the subsequent arms races and proliferation of
nuclear weapons. A more benign example might be the race to the
moon in response to Sputnik. The possibility of this kind of decision
and implementation is greater with the external pressure of ongoing
conflict (e.g., World War or Cold War) and the fear of unacceptable
consequences (e.g., a Nazi superweapon or nuclear missile attack)
magnified by surprise (e.g., Sputnik).

If the scope and impact of the capability sought are small enough, a
monolithic space weapons decision might not necessarily run the
risks identified in the last paragraph. For example, if another country
were to develop weapons against U.S. satellites—perhaps ground-
based lasers that could quickly decimate critical low-altitude intelli-
gence satellites before a terrestrial weapon could reach them—the
United States could choose a space weapon in response. A space-
based weapon might be the only timely response to such a threat.
The United States might quietly develop a small number of space-
based weapons that could destroy the opponent’s antisatellite
weapons quickly enough to protect most of the targeted satellites
once the threat against the satellites was imminent or attacking. In
this case, the effect of the space-based weapons might be seen as
reasonably limited and stabilizing, if, or once, disclosed. Disclosure
might be necessary to strengthen their credibility as a deterrent.
There is some possibility that disclosure would not be required for
deterrence and even some possibility that employment on a small
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scale might not require explicit disclosure of the nature or basing of
the weapon.

Scope, Sequence, and Visibility of Implementation

Whatever the structure of the decision and implementation, we need
to be aware of other significant implementation factors for under-
standing the transition to space weapons. The discussion here
singles out scope and sequence of capability and visibility of imple-
mentation. Scope of capability does not refer to a particular, absolute
level but rather to the general trend of limited or expansive utility.
We mentioned circumstances earlier in which the United States
might wish to limit the utility of an internationally developed and
controlled space-based laser to targets outside the atmosphere.
Conversely, for a U.S. development, there is a natural tendency to
Jeverage large investments in one capability to add additional capa-
bilities and constituents. The United States might choose to develop
a space-based laser for missile defense and extend its operation as
far into the atmosphere as possible to improve its effectiveness
against missiles and to add a capability against aircraft and cruise
missiles in clear weather. The previous section noted that this issue
of scope can have significant interaction with the control of un-
intended consequences.

Once the question of scope is raised, there is often a question of
sequence for the capabilities included in the scope. For example,
including the capability to protect the weapon, as well as to employ it
against intended targets, raises questions about how to protect par-
tially deployed capabilities. Would the first space-based lasers
Jaunched encounter space mines? Should kinetic-energy antisatel-
lite weapon escorts be launched first? Including protection in the
scope also raises questions of what ancillary supporting capabilities
might be needed for surveillance; threat detection; defense; and
resupply, repair, or replenishment and in what sequence they should
be deployed. Would the space-based laser require external space
surveillance support of possible attacks from above? Should its
assigned missions include imaging potentially threatening satellites
to identify them for surveillance or other responses? Will the laser’s
magazine and resupply logistics be adequate for additional missions,
when needed? Getting the sequence wrong could invite an arms
race.
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Visibility is another parameter influencing transition and conse-
quences. This could be taken as a sharp choice between overt and
covert acquisition, in which perhaps the only parameter is the timing
of a covertly acquired capability’s eventual unveiling. Such a choice
might have unpleasant consequences as shock and surprise herald
the unveiling. The other extreme of transparency could lead to a race
between countermeasures and counter-countermeasures. However,
a more useful perspective than either extreme would be to treat the
degree of visibility and to whom that visibility is afforded as transi-
tion elements to be managed in a way that insures against both un-
pleasant surprise and unstable competition.

Consequences

The preceding paragraphs gave some examples of hypothetical con-
sequences of a few transition strategies. Ideally, there would be no
unanticipated consequences and preferably no unintended conse-
quences of an action as significant as the U.S. acquisition of space
weapons. Realistically, given the human creativity and imagination
of opponents and allies, a complete enumeration of possible conse-
quences is not reasonable. Even so, some further discussion is war-
ranted here—not to seek or even bound enumeration, but to high-
light some of the topics peculiar to space weapons and to suggest
ways of navigating the possible consequences. The discussion is ar-
ranged according to possible sources of consequences.

Opponents. A potential adversary could choose any of a number of
responses to U.S. acquisition of space weapons, depending on his
assessment of the weapon and the means available to him. He might
attempt to deter its use, if he can formulate or acquire a credible de-
terrent. If he already has a credible nuclear deterrent, he might seek
to link use of the U.S. space weapons to his nuclear deterrent. For
example, if he became aware or suspected that a U.S. kinetic-energy
space weapon was threatening silo-based ICBMs that were a sub-
stantial part of his deterrent force, he could announce a launch-on-
warning or launch-under-attack policy tied to the status of the space
weapons.

The opponent might choose to attack the U.S. space weapons pre-
emptively with physical means, depending on his perception of the
vulnerability of the weapon and its threat to his interests. He might
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choose to avoid providing the weapon useful targets if it has opera-
tional limitations that leave him useful alternative force structures
(e.g., cruise missiles instead of ballistic missiles). He might choose to
harden some targets if he can develop adequate confidence in his
understanding of the weapon'’s limitations (e.g., burying targets vul-
nerable to kinetic-energy weapons deeper than he believes they can
penetrate, adding insulation against lasers to his missiles). He could
attempt to saturate defensive space weapons with multiple targets,
real and decoy.

Given a U.S. precedent of one kind of space weapon, an opponent
might choose to follow suit, but possibly with another kind, one bet-
ter suited to his perception of U.S. vulnerabilities and to his own
technology and doctrine. For example, a small quantity of U.S.
“silver bullet” space weapon carriers able to deliver a small number
of precision or brilliant weapons over a broad footprint might en-
gender a response of large numbers of lower-technology bulk
weapon carriers delivering large numbers of less-brilliant but still-
effective submunitions (such as those described in Appendix D)
against U.S. interests (possibly as instruments of terror if not of con-
ventional military utility). A U.S. space-based laser for missile de-
fense might legitimize a variety of antisatellite weapons targeted
against all U.S. space capabilities. Although U.S. space capabilities
that provide military advantage are already legitimate targets in a
conflict, an opponent might still threaten an antisatellite response as
a reason not to deploy the space-based laser.

Alternatively, an opponent might judge the utility of the weapons to
be not worth their cost and cede the high ground of space, instead
adopting the moral high ground and a legal strategy to try to use the
U.S. decision to fragment support from its allies and to arouse world
opinion against U.S. “hegemony.”

Allies. Depending on what it saw at risk from the introduction of
weapons into space, an ally might be susceptible to a U.S. oppo-
nent's attempt to use a U.S. acquisition decision against the alliance
relationship. Among other things, an ally might believe that destruc-
tive weapons in space would jeopardize its own intelligence space
interests, regardless of whether those interests are potential targets
or innocent bystanders. Commercial space interests might also ap-
pear to be at increased risk from possible orbital debris resulting
from conflict in a region of space important to the ally.
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If the United States involved its allies adequately in the decision and
implementation of the acquisition, allies could conceivably play
some substantial role in the acquisition, support, operation, or use of
the weapons. In the absence of that involvement, they may well have
reason to feel that the acquisition of a significant capability would
threaten their vital interests. At the very least, allies that are not ade-
quately involved in the acquisition would find themselves increas-
ingly relegated to second-tier status, increasing the likelihood and
degree of disproportionate roles in alliance operations. There has
been evidence of concern about this already in the 1999 NATO op-
erations in Kosovo and Serbia (Drozdiak, 1999).

The World. This section does not attempt a complete catalog of the
rest of the world’s reactions to a U.S. acquisition of space weapons.
One nearly certain consequence, however, would alter the world’s
environment, effectively permanently, and would unavoidably color
international perception of the United States. The one fundamental
difference between weapons in space and weapons on land, sea, or
in the air is that gravity brings the debris from terrestrial weapons
and platforms down and generally confines their effects to a limited
area. Aside from some persistent effects of some weapons (nuclear
radiation or chemical contamination) and pollution from destroyed
platforms, salvage is generally feasible if not economical, and the ex-
tent of damage is limited if cleanup is not practical. The damage is
seen as the regrettable, but unavoidable, consequence of conflict, to
be minimized in ideal conditions of war termination.

Dead satellites, on the other hand, do not fall out of the sky unless
they are carefully pushed with considerable effort. If they are frag-
mented by a violent death, the fragments are not confined to the
limited vicinity of the satellite’s original orbit. The fragments spread
under orbital perturbations around the ring of the orbit they began
from and gradually around a shell of orbits near the original orbit
(Johnson, 1989, fig. 30, p. 67). Their velocity and mass can make
them a hazard to navigation or operation within that shell. Except at
quite low altitudes,” space debris persists indefinitely.

7That is, below an altitude of 500 km; even then, there are generational time scales
that depend on the extent of solar storm activity heating and raising the upper atmo-
sphere.
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Even if a satellite does not die a violent, fragmenting death, any sig-
nificant stored energy in chemical propellants, batteries, or mechan-
ical energy storage may cause a violent fragmentation after an oth-
erwise peaceful death. Experience has taught satellite and launch
vehicle designers and operators to make them completely inert at the
end of their useful lives (Committee on Space Debris, 1995).

Choosing to station weapons in space may invite attacks on them
that would result in a permanent increase in the space debris hazard,
which can be estimated but must be valued in several currencies.
From the perspective of space weapons, it may be only a matter of
small degree in operational concern and design requirements for
maneuver and shielding. From the perspectives of civil, commercial,
international law, and the public, the risk may be seen or portrayed
as unnecessary, an unwarranted cost, illegal environmental modi-
fication,? or defilement of principle. The principle defiled is the
principle that space is a commons, the “province of all mankind” de-
fined in the Outer Space Treaty: “space . .. shall be free for explo-
ration and use by all ... not subject to national appropriation by
claim of sovereignty” and requiring its use “for the benefit and in the
interests of all countries” (UN, 1967).

If the United States is the first to station weapons in space and if the
debris hazard in a region of space increases as a result, the world will
see the risk as a U.S. choice. Even if the risk is insignificant in actuar-
jal terms, the political consequences may not be.

8The Liability Convention provides for claims against the launching state for damages
caused in orbit if the launching state is negligent. In the case of damage from debris
generated by hostile destruction of a satellite, the state that launched the destroyed
satellite should not be liable.

9The Environmental Modification Treaty prohibits creation in space of “widespread,
long-lasting or severe effects as the means of destruction, damage or injury to any
other State Party” through the “deliberate manipulation of natural processes” (UN,
1977). There might be argument over whether creating space debris constitutes ma-
nipulation of natural processes, but the treaty’s stipulation that the effects be
widespread and long-lasting definitely applies.




Chapter Six
HOW MIGHT OTHERS ACQUIRE SPACE WEAPONS?

The previous chapter looked at ways the United States could come to
a decision to acquire space-based weapons for use against terrestrial
targets. Two of these ways depended on another nation’s decision to
acquire space weapons. Depending on the nature of the other nation
and its decision, the U.S. alternatives and response could be very
different. How might other nations decide to acquire their own
space weapons?

The United States is not the only nation with the opportunity to ac-
quire space weapons. The only option that is proprietary to the
United States—Iethal directed-energy weapons—is so simply as a
consequence of the current state of technology. Given the oppor-
tunity for independent choice, why would another country choose?
How would it decide? This chapter address these questions from the
following perspectives:

*  peer competitors

¢ friends and allies of the United States

* non-peer competitors of the United States

» countries that are neither friend nor foe

* anonstate coalition of entities (possibly state assisted).

National interests that might motivate interest in space-based
weapons are tabulated in Table 6.1.

Individual countries may not fall completely into one of the above
categories. So, any country, region, or cause named in this chapter is
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Table 6.1

National Interests of Other Countries That Could Lead
Them to Consider Space-Based Weapons

Category National Interest

Security Limited threats suitable to inherently thin space defenses
Distant threats needing long-range force projection

Nearby threats to homeland-based deterrent forces, where longer
warning, increased survival, and decreased collateral damage
would result from basing deterrent in space (spacefaring alternative
to submarine-launched ballistic missiles)

Balancing or bypassing a competitor’s military strengths, such as its
navy
Economic Access to distant resources
Political Prestige of peer recognition, global reach
Independence from U.S. capabilities
National survival
Freedom from external interference in internal or regional affairs

Promotion or protection of beliefs, values, system of government

used purely for illustration. The discussions here therefore do not
represent any judgments about these entities or their intentions but
rather are simply abstractions of a particular attribute of or similarity
to the perspective under discussion. None of this discussion is
meant to suggest imminent decisions by any of the countries or to
malign any area or cause.

PEER COMPETITOR

Throughout the Cold War, the United States had only one peer com-
petitor: the Soviet Union. In a military sense, the United States has
no peer competitors at the moment. That may change, and the mili-
tary sense is not the only sense of competition that matters for a de-
cision to acquire space weapons. A peer might decide to acquire
them to reduce or bypass U.S. military advantages. An economic
competitor might decide to acquire them to gain an independent
ability to protect its own global interests, not because of a desire fora
confrontation with the United States.
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Although it might be natural to think of future peers in the same
terms once used of the Soviet Union, that would be too narrow here.
The previous chapter named a resurgent Russia or an economically
mature China as potential examples of a future peer competitor. By
another definition, a politically cohesive European Union might also
become a peer competitor. Therefore, discerning a nation’s motiva-
tions and its interests in space weapons and clarifying the range of
U.S. concerns and consequences require a careful definition of the
term peer competitor.

Definition

First, let us define peer in the context of national capabilities and in-
terests. Capabilities include both technical abilities (technology and
resources, including geographic) and economic resources. In the
realm of technical abilities, a peer competitor should be defined in
terms of the ability to acquire any of the kinds of space weapons
considered here that are of possible interest to the United States.!
This includes an expectation that a peer competitor would have its
own means of access to space.

In the realm of economic strength, a peer competitor need not have
the same economic resources and capacity as the United States but
should be able to devote economic resources to national security on
a scale large enough to achieve goals similar to those of the United
States. Size clearly matters but should not be measured too precisely
or against the same standards that would apply to the United States.
Other nations might be able to spend a higher percentage of their
overall economy on space weapons, if the decision process and
priorities allowed. Others might also acquire similar capabilities with
less actual outlay than the United States would for a similar
problem—if the development processes and standards allowed
greater efficiency or failed to capture some of the external costs (such
as environmental costs). The definition of peer in this case depends
on the kinds and scale of military capabilities achievable, not
necessarily on being a true economic peer.

1Although the levels of technology or technical approaches and styles might be differ-
ent.
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Peer might also be defined in terms of similarity in the kinds of na-
tional interests that would make a space weapon attractive. For ex-
ample, just as developing Korean capabilities spurred U.S. interest in
a limited national missile defense against accidental or small, rogue-
nation attack, Indian capabilities might spur Chinese interest in such
defenses. In a more general example, a peer in motivation would be
a country with interests that require the possibility of global, or at
least long-range, force projection. In this case, the peer’s military
capabilities need not match those of the United States. The peer’s
interest in space weapons would likely be greater if it did not have an
existing investment (financial and institutional) in a long-range navy
or air force. Among the other national interests that might define a
peer competitor is a desire to be seen as a peer of the United States in
technology and influence.

Decision

Any of the four circumstances that might lead to a U.S. decision to
acquire space weapons—responding to an undeterred threat,
responding in kind to another’s acquisition, joint acquisition to
forestall or control, and unilateral acquisition in advance of a
compelling threat—might likewise apply to a peer competitor. As
noted in the previous chapter, the first circumstance might lead the
United States and a peer to cooperate in a form of the third
circumstance. A U.S. decision to acquire unilaterally would almost
certainly lead a peer to the second circumstance. The circumstance
of greatest interest to the United States is the fourth: unilateral,
unforced acquisition.

Several of the national interests listed in Table 6.1 could motivate a
decision to acquire space weapons in the absence of a direct threat.
Two common threads run through them all: reach and autonomy.?
Given the global nature of U.S. interests, reach is almost certain to be
tangled up with U.S. interests. But such an entanglement could be-
come an opportunity for cooperation if the U.S. role in that coopera-
tion did not threaten the other nation’s autonomy.

2particularly autonomy from the United States.
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One security interest in Table 6.1 was the protection of deterrent
forces. Space basing does not automatically improve the survivabil-
ity of a deterrent. Improvement depends on the terrestrial alterna-
tives available to the country and on the threats available to its op-
ponents. Basing a deterrent force of weapons of mass destruction in
space would create a new arena of competition between stealth and
surveillance similar to that of submarines but without a hard limit on
depth and volume. Deep basing of satellite weapons with deterrent
response times on the order of days would create a very large volume
for hiding and searching. Stationing a deterrent in space for greater
security would almost certainly include a prerequisite decision to
withdraw from, abrogate, or ignore the Outer Space Treaty, unless
the deterrent were not a weapon of mass destruction. Abandoning
the precedent of that treaty might seem a large step for a peer to
contemplate, given the international condemnation one would
expect to follow. However, the response might not be as severe a
deterrent as one might hope. In 1966 and 1967, the Soviets tested a
fractional orbit nuclear bombardment satellite to the point of opera-
tional readiness after signing the treaty.

Transition

The transition issues for a peer competitor parallel those for the
United States. The best circumstances (from a U.S. perspective) oc-
cur when the peer adopts an incremental and visible decision and
transition. Under those circumstances, there is greater chance for
the competitors to avoid an unstable arms race. Idealistically, they
might be able to find ways to implement a cooperative, even multi-
national, solution that might constrain subsequent activity by other
countries. More realistically, they might be able to combine weapon
development and arms control for mutually stable national secu-
rity—if there is adequate mutual visibility and shared concern for the
costs and consequences of competition.

Where the peer’s transition might differ from one for the United
States would be in its decision processes and its national interests.
Under a different political system, the decision process might be
generally less visible. A less visible transition strategy would mean
that the U.S. intelligence community would find discerning intention
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and capabilities from observable indications more challenging and
expensive. There would be greater likelihood of surprise and, with it,
greater likelihood of an arms race.

Reconciling differing national interests presents two challenges. The
first is discerning the peer competitor’s interests clearly, but increas-
ing dialogue between the peers should improve this. The second
challenge is more problematic. Many of the political interests cata-
loged above were phrased in terms of autonomy. Some of the
national-security interests were phrased in terms of countering the
United States. Accommodating the peer’s political interests in au-
tonomy would limit the possibility for cooperative deployment of
space weapons. Adjusting to efforts to counter U.S. capabilities with
space weapons would inevitably require some changes to the U.S.
force structure and possibly to the national strategy. If the peer’s
space weapons could deny U.S. surface vessels access,3 both the U.S.
force structure and the U.S. posture for forward deployment and
basing of all forces would have to change substantially if U.S. strate-
gic aims did not change.

FRIEND OR ALLY

The previous chapter mentioned the possibility that a friendly state
might be able to acquire space weapons thanks to U.S. investment
and technology or because of its own developments, even if the
United States has not made the decision to acquire them. Israel’s
acquisition of missile defenses would be a precedent. To explore
motivations for an ally’s or friend’s decision to acquire space
weapons, we will focus on a few examples that are as more or less
plausible, such as the Israeli example, and will mention others.
Again, this discussion is hypothetical and is not intended to impute
real motives or the possibility of such a decision to any of the exam-
ples.

3A recent article in the Naval Institute Proceedings pointed out that orbiting antiship
weapons might make U.S. carriers obsolete (Roy, 1997). However, the author judged
the prospect as a long-term concern because of the difficulty, magnitude, and avail-
ability of the launch capability needed to deploy such weapons.
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Definition

The defining attribute of the set of friendly or allied nations we con-
sider here is that strong common interests have established a mutual
relationship, either formalized by treaty or established over time by
custom.? Since the United States would not perceive these countries
as threats to its interests, their decision to acquire space weapons
would not evoke the adversarial response a competitor’s decision
might. The reason to consider this group separately is precisely that
the United States would perceive their actions differently and would
choose from a different set of responses. The mutual relationship
frequently includes a security element, but need not. Friends or
allies include any of the NATO members, Australia, Israel, Saudi
Arabia (or one of the other Gulf States that share U.S. interests in
regional stability and security), Japan, South Korea, and Taiwan.
Considering which of these might have the means to acquire what
kind of space weapons narrows the set further.

Capability

The first prerequisite for these weapons is access to space. Among
the candidates here, France, Japan, and Israel have indigenous
space-launch capabilities. Russian and possibly U.S. firms may soon
be launching from Australia, conceivably giving it the capability to
launch space weapons without interference, at least if not detected.
Taiwan has offered financing for the Kistler reusable space launch
vehicle in exchange for a commitment to transfer the technology
when it is mature (Barensky, 1999). Others might be able to do
something similar; might license an indigenous space-launch capa-
bility; or might purchase launches from Russia, Ukraine, China,
India, France, or the United States, if they could conceal their
proposed launches.

The second prerequisite for acquiring space weapons is satellite
technology. France, the United Kingdom, Germany, Italy, Japan, and
Israel already have adequate satellite industries and technology for

4The only distinction we draw here between friend and ally is the existence of formal
agreement for the ally. The common attribute we rely on here is the close relationship
with the United States.
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the development of some kinds of space weapons. Those with
ICBMs and reentry vehicles of their own design (France, U.K.) al-
ready have the technical basis for developing mass-to-target space
weapons. As Chapter Three noted, this technology is not especially
difficult or inaccessible. If (or when) international markets develop
for reusable space systems and recovery of material from orbit, the
capability to acquire mass-to-target space weapons should become
commonplace among all these satellite-building countries and pos-
sibly others. Technology for targeting directed-energy weapons in
space against terrestrial targets should remain quite rare (except for
nondestructive energy levels and long—that is, radio—wavelengths),
although within reach of many of these countries should they find
the incentive to invest enough resources to develop it.

The final prerequisite for the capability to acquire space weapons is
resources. Except for the substantial initial investment needed to
develop a space industry from scratch or to develop space-based
directed-energy weapons with power and size great enough to cause
damage on the earth, this is a matter of degree. If the need is for im-
mediate response, global reach, and many targets, the resources
needed would be large. However, if the urgency, coverage, and
quantities are relaxed, the resources could fit within national security
budgets for many of these countries.

Decision

Of the four circumstances listed for acquiring space weapons noted
for the United States, the first and fourth may be the most plausible
for friends and allies. The first circumstance, acquisition of space
weapons in response to an undeterred threat, is understandable
given the political interest of national survival in the face of a nearby
threat. This would be particularly understandable if the threat’s
proximity could undermine the credibility of our friend’s homeland-
based deterrent. A small country may have little area in which or op-
portunity to hide a mobile deterrent and may lack confidence in a
deeply buried deterrent. The country might also have no ready ac-
cess to an ocean or may lack the naval infrastructure to protect and
hide a deterrent at sea.

Israel and Taiwan face this kind of threat; Israel’s is closer, but Tai-
wan’s is larger and nuclear. South Korea could face this kind of
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threat if North Korea acquires suitable weapons. Of these three, only
Israel, at the moment, is reputed to have a nuclear deterrent (Cohen,
1998). When facing similar concerns about vulnerable deterrents,
the other nuclear powers chose to develop submarines armed with
nuclear missiles. Most already had the underlying naval and ship-
building infrastructure. For Israel, developing such an infrastructure
would likely be a larger undertaking than was the nation’s current
satellite and space launch capability development. A space-based
nuclear deterrent could be more attractive, particularly given Israel’s
modest defense budget ($6.5 billion in 1995) and already large share
(10 percent) of gross domestic product spent for defense (CIA, 1996).

The issue is less urgent for the fourth circumstance, acquisition of
space weapons in advance of a compelling threat. Nevertheless, a
decision motivated by critical economic interests in maritime trade
and access to distant resources would be understandable, particu-
larly if combined with some other constraints on more conventional
maritime power projection.

Transition

While the greatest concern with a peer competitor’s transition to
owning space weapons is avoiding an arms race, it would not be with
a friend or ally. A more likely concern for the United States here
would be the setting of a precedent and wider application of the
precedent. The transparency of the decision and transition is as
critical an issue with an ally or friend as it is with a peer competitor.
The difference is the range of possible responses.

For example, both the decision to acquire a space-based maritime
patrol force for out-of-area reach and the transition to it would be
fairly transparent. Given early insight into a friend or ally’s intent to
acquire such a force, the United States should be able to offer the
friend assistance that could make the space force unnecessary, at
least as long as the United States maintains the global reach of its
conventional maritime forces. While this might not, at worst, dis-
suade the friend or ally entirely, it might achieve some degree of
control or influence by joining or assisting the friend in acquisition of
the capability.
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In another example, a small country with neighboring enemies and
little room for a terrestrial deterrent might not be so transparent. Is-
rael has relied more on ambiguity than overtly demonstrated credi-
bility for its reputed nuclear deterrent.

NEITHER ALLY NOR ADVERSARY

Definition

Clearly, many states are neither peer competitors nor friends or
allies. These states do not generally have the range of global interests
that might motivate a preference for space weapons but may have
regional security concerns that could provide the motivation. The
Indian subcontinent, for example, is one possible locus for interest in
space weapons, with possibly unpleasant consequences for the
United States. While these neither-friend-nor-foe states may not be
adversaries of the United States, their acquisition of space weapons
might increase the possibility of bringing them into conflict with the
United States. The fact that these are neither friends nor allies limits
the range of possible U.S. responses to a decision one of them might
make to acquire space weapons. Similarly, because such nations do
not have the capacity to threaten that a peer competitor would have,
the United States might have more possible responses than it would
with a peer.

Capability

Some of these countries, such as India, have their own access to
space. Others might acquire it in the manner described for friends or
allies, although access might be more difficult because of missile
technology proliferation controls. However, these controls have
proven to be porous. Some, such as Pakistan, have already acquired
the beginnings of launch technology by buying missiles from North
Korean. Others, such as Brazil, have had their own indigenous space
launch developments, at times with assistance from the United
States, Russia, or China.

Of these sample countries, only India has a well-developed indige-
nous satellite industry, the second prerequisite for these weapons.
None of them has needed ICBMs, but the technology for reentry
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from orbital velocities is reasonably within reach of any of these na-
tions. Should commercial reusable space systems become com-
modities, mass-to-target weapons on some limited scale could be-
come within reach even of smaller countries, much as small states
maintain state airlines with small fleets. The technology for targeting
space-based directed-energy weapons against terrestrial targets
should remain beyond the reach of most countries that might fall in
this group, unless the technology is acquired in cooperation with a
peer competitor of the United States. Finally, these countries have
sufficient resources for a limited arsenal of space weapons.

Decision

Of the four circumstances for acquiring space weapons, the first
(acquisition of space weapons in response to an undeterred threat)
seems the most likely for a state that is neither friend nor foe. For ex-
ample, it might be reasonably plausible for either Pakistan or India to
find itself in a position something like Israel’s in the last section.

The second circumstance (responding in kind to another’s acquisi-
tion) is possible and is, in fact, likely if the other nation is a regional
competitor. However, in this situation, the implicit question is
“which came first, the chicken or the egg?”

In the third circumstance (acquisition with another country), how-
ever, the intent might not necessarily be to forestall or control.
Rather, the intent would more likely be to achieve a capability sooner
or to achieve one greater than would be possible alone.

Transition

The United States might be concerned about the precedent a country
that is neither friend nor foe would set by being the first to acquire
space weapons. Rather than being concerned that the country
would immediately use these weapons to compete with a regional
power, the United States should be concerned that the regional
power might become a more aggressive international actor—more
inclined to intervene where the United States has interests or to ex-
clude the United States from areas of interest. The country’s inter-
ests might expand to match the more global scope that the longer
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reach of its new weapons would provide. The Indian subcontinent
provides an example. India might use the conventional space
weapons it developed for Pakistani nuclear missile targets to try to
make the Indian Ocean its own (at least for surface navies). India
might threaten U.S. aircraft carriers it thought might interfere with
something it considered a local matter, say, intervention in Sri
Lanka’s Tamil insurrection. Taking the example a little further, India
might extend its concern to air forces operating from Diego Garcia
and threaten the base itself.?

If a country that is neither friend nor foe decided to acquire space
weapons, the United States might offer friendly assistance with the
proximate cause for the decision. However, with no suitable, estab-
lished relationship between the countries, such an offer might be
suspect. Alternatively, the United States might employ some of the
approaches discussed for a peer competitor, but that runs a risk of, in
effect, creating another peer competitor. Such a possibility might ac-
tually become an incentive for acquiring such weapons—a poor
man’s path to major-power status, achieving global reach without
the expense of a navy or air force capable of competing with the U.S.
Navy or Air Force. For such a country, if engagement failed to pre-
vent a decision and if U.S. assistance with the proximate cause were
not welcome, the best response might be international, possibly in-
cluding a space arms control regime.

NONPEER ADVERSARY

The earlier discussion of competitors neglected such smaller, less-
capable, or more-isolated countries as North Korea, Iran, and Iraq,
which might be considered adversaries. Such countries have limited
ability to acquire space weapons independently.® Were reusable
space systems to become readily available commodity items, modest

5India does not need to acquire space weapons to pursue regional sea control. It has
been acquiring Russian submarine and missile technology that could be used for the
purpose, but these weapons are precisely the threat that U.S. naval forces evolved to
defeat over the course of the Cold War (Ahmedulla, 2000).

6Although, given North Korea’s surprise on multistage ballistic missiles and a satellite
launch, the United States should not be too complacent about its ability to field some
kind of space weapon—particularly with the kind of nontraditional approach outlined
in Appendix D.
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trade and nonproliferation controls would make acquiring such sys-
tems difficult for an isolated adversary. However, the difficulty is
that a nonpeer adversary may not be a universal pariah. Indeed, in a
major peer competition, a smaller adversary might become a client
state of a U.S. peer competitor or at the very least a customer for the
elements of space weapons.

The first circumstance (response to an undeterrable threat) seems
the most likely here, with the United States perceived as the threat.” -
As with a nonaligned country, the third circumstance (acquisition in
concert with others), modified slightly for acquisition in concert with
a peer competitor or other adversary of the United States, might be
plausible here. Acquisition in concert with another country would
almost certainly not be with intent to forestall or control but to
achieve a capability it could not manage alone. The second circum-
stance (response in kind) is possible in response to a U.S. precedent
but would likely yield a very asymmetrical capability.

Included here are countries the United States has referred to as rogue
states (now referred to as states of concern)—states acting outside the
international community. The decision process and transition
would almost certainly not be transparent to the United States. The
worries here go well beyond setting precedents, and an arms race is
not an issue. The significant concern here is the likely willingness of
one of these states to use any space weapons it might acquire par-
ticularly if they are weapons of mass destruction. As Appendix D
points out, the possibility is not restricted to high-technology, ad-
vanced industrial countries.

With a rogue state, the United States should be most concerned with
the allure of a poor man’s path to major power reach. If engagement
fails to convert such a country from adversary to friendly (or at least
to nonaligned) status and if nonproliferation controls fail, the only
remaining alternatives are intrusive international intervention, as
with Iraq’s weapons of mass destruction after the Gulf War; preemp-
tive unilateral action; or preparation for conflict in space.

"The United States, of course, might consider this particular situation to fall under the
fourth circumstance: unilateral, unforced acquisition.
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NONSTATE COALITION

The final class of actor that might be able to put weapons in space for
terrestrial use at some point is not a country, but a coalition of actors
(perhaps including states or failed states). One example is the
transnational terrorist activity associated with Osama bin Laden. Itis
not obvious that space weapons would be more attractive than truck
bombs to such an entity. But it was also not obvious that Aum Shinri
Kyo would be able to develop chemical weapons. Another group
might pay more attention to effective means of delivery than Aum
Shinri Kyo did in its relatively ineffective release of sarin in the Tokyo
subway system. If incidental development via commercial, reusable
space systems is taken into account, the difference between a truck
bomb and a space cargo recovery module bomb might be only a
question of time and selection of suitable ordnance.

The obvious circumstance for such a coalition actor to consider
space weapons is to defeat its perceived threat. The other circum-
stances seem relevant only to nation-states. However, this case im-
plicitly exploits capabilities, such as space launch, resulting from the
endeavors of nation-states or their commercial industries. Such a
group is, by definition, criminal because it uses violence and is not a
state. The U.S. concern is not with precedent or competition but the
criminal act. So, as with the rogue states, the alternatives are intru-
sive international intervention, preemptive unilateral action,® and
preparation for conflict. To the degree that this activity is criminal
and is embedded in ordinary commerce, the United states would
prefer to use police and intelligence services, rather than the military,
to deal with such entities. However, for some time to come, it is
likely that only the military would have the means for surveillance,
inspection, and interdiction in space—and only if it recognizes the
threat.

SUMMARY

The option for any country to acquire space weapons is not about to
expire. Only the option to acquire lethal, directed-energy weapons is
proprietary to the United States, and this advantage is neither inher-

8Neither has been effective so far with such terrorists as Osama bin Laden.
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ent nor indefinite, but merely a consequence of the current state of
technology.

There is no immediately compelling threat driving any country to
acquire space weapons, unless it is the overwhelming advantage in
terrestrial weapons that the United States enjoys. Any country’s de-
cision to acquire them could be made incrementally to gather infor-
mation on cost, utility, and competitive response from other coun-
tries. A country’s ability to acquire them monolithically and covertly
should be a concern for the United States.

Earlier chapters pointed out the consequences for U.S. national
security strategy of another nation acquiring space-based weapons
that could deny maritime access. This chapter points out that these
weapons are reasonably within reach of many countries and that
they could be developed covertly, disguised in satellite and ballistic
missile programs.






Chapter Seven
CONCLUSION

The primary purpose of this report is to provide a common vocabu-
lary and a common set of expectations for the discussion of space-
based weapons. The capabilities of such weapons are similar to
those of weapons based on terrestrial and atmospheric platforms,
differing somewhat in degree and suffering some inherent con-
straints. Space basing could grant some advantages in access, reach,
and promptness in exchange for increased logistic expense and lim-
ited ability to concentrate (particularly for defense) or penetrate
(earth, water, or weather).

ADVANTAGES

Orbital basing of some kinds of weapons seems to have a number of
advantages (although some of these may actually be two-edged
swords).

Access and Reach

Here, access means access to a target without political constraints on
overflight or passage of the platform carrying the weapon, and reach
refers to the ability to engage a broader, perhaps global, range of tar-
gets than other weapons can. Space weapons share these attributes
to a degree with ICBMs. Space weapons generally have global reach,
although some weapons can reach into the northern or southern
hemisphere using roughly half the weapons needed for global reach.
ICBMs have roughly hemispheric reach. If there is some concern
about limiting the countries that might feel threatened by a space

101
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weapon, reach could be a liability. Within a budget for the number
and size of weapons and platforms, reach and responsiveness will be
trade-offs.

Responsiveness

Even with relatively few space weapons and platforms, the time it
takes to have one in position to attack a particular target will be less
than the time needed for most terrestrial weapons—unless the ter-
restrial weapons have already been deployed to the theater of opera-
tions containing the target. It could take a few hours for a space-
based kinetic-energy weapon to strike its target after release, given
weapon logistics comparable to those of terrestrial alternatives. It
could take about 20 minutes after release for a space-based conven-
tional weapon to be deployed in the vicinity of a surface target. In
contrast, it takes a few days to some weeks for terrestrial weapons to
reach a theater of operations from the United States. Long-range
ballistic missiles, which reach their targets in times comparable with
space weapons, are the exception. However, long-range ballistic
missiles are strongly associated with weapons of mass destruction.

The responsiveness of space-based weapons may also be seen as a
disadvantage. When the objective of owning weapons of mass de-
struction is to deter others who have weapons of mass destruction,
shorter times make stable deterrence more difficult if they threaten
the survivability of the opponent’s deterrent. Some have suggested
that the timeliness of ground attack weapons from space would
threaten the stability of nuclear deterrence. But this is not necessar-
ily so. Because the deorbit times for practical space-based weapons
are at best comparable with and generally longer than those of exist-
ing ballistic missiles, short warning times would degrade deterrence
only if surveillance systems were unable to see space weapons deor-
bit and if the terrestrial nuclear deterrent forces were vulnerable to
the space weapons. Surveillance of space for reliable attack warning
is more difficult than surveillance of the earth for missile warning,
but it is possible from space. However, warning of an attack is not
absolutely necessary for preserving stable deterrence if enough of the
opponent’s deterrent forces are survivable. Among terrestrial nu-
clear deterrent forces, only stationary or slow-moving surface plat-
forms, such as silo-based missiles, would be vulnerable to a first
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strike from space. But thanks to accurate ballistic missiles, silo-
based missiles have been vulnerable for a long time, so most nuclear
deterrent forces are at least partially based on mobile launchers or
submarines to improve survivability. These measures are just as ef-
fective against space-based threats.

Distance

Distance from other weapons and basing modes may help to disting-
uish a space-based weapon from another kind. For example, space-
based kinetic or conventional weapons that might be more economi-
cally based on terrestrial ballistic missiles could be usefully differen-
tiated from nuclear weapons normally based on terrestrial ballistic
missiles, if others were confident that the space platforms did not
carry weapons of mass destruction. The great distance from other
things that is normal in space can improve the survivability of space-
based weapons. There is also a downside to distance. If the space-
based weapons were weapons of mass destruction, their physical
distance from other targets might make stable deterrence more
difficult by inviting a disarming first strike with less collateral
damage. Also, distance and gravity are the sources of the logistic
limitations we will see in the next section.

Difficulty of Defending Against Them

Finally, some kinds of space-based weapons for some kinds of targets
can be extremely difficult to defend against or defeat. The leading
example of this is kinetic-energy weapons against fixed or slowly
moving surface targets. The difficulty of defending against them re-
sults from the weapons’ very high velocity and very brief flight
through the atmosphere. The difficulty is similar to that of defeating
ICBM reentry vehicles.

LIMITATIONS

On the other hand, basing some kinds of weapons in space also has
some apparent disadvantages (some of which may also be two-edged
swords).
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Static Defense

Because achieving a particular orbit requires such enormous effort,
significantly changing established orbits is not generally practical. As
a result, it is hard to concentrate the efforts of a constellation of
satellites in space and time. As defenses, space weapons are static in
the same way that terrestrial fortifications are. Space-based defenses
are inherently subject to saturation by a terrestrial opponent that is
able to concentrate an attack against them in space and time. This
limitation may be an advantage if a limited defense against a limited
threat is needed that is observably incapable of destabilizing a deter-
rence relationship with another, larger threat.

Stable, Observable, Predictable Orbits

Although the distances involved and the opportunity for activity to
take place out of the view of a particular part of the world may make
surveillance and observation of satellites difficult, it is hard to pre-
vent someone willing to spend the necessary resources from observ-
ing satellites. Because orbits are subject to only minor unpredictable
disturbances, satellite positions are predictable. If the satellites are
defenses, the depth of the static defense they provide will vary over
the course of their orbits. And because orbits are stable and pre-
dictable, the variation in defense depth will be predictable and ex-
ploitable. Another downside to stable orbits is that a satellite de-
stroyed in orbit leaves behind a persistent debris field that increases
the hazard to other satellites needing to transit its orbit.

Logistic Expense

Launching objects into space is notoriously expensive on both a per
pound and a per launch basis. Placing weapons in space should be
expensive for the same reasons. Orbiting and deorbiting weapons
will always require a greater effort than launching one on a ballistic
trajectory. The extra effort is roughly equivalent to that needed to
launch the long-range missile’s weapon again, but this time at
medium range. However, neither the absolute cost per pound of
transporting space weapons nor the effort relative to that for missile
weapons is a complete enough comparison of space and terrestrial
weapon logistics to establish a clear-cut preference.
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Terrestrially based weapons have to be flown or shipped into the
theater in which their targets are located. Because it is hard to de-
termine how much of the related costs—in terms of transportation
infrastructure and delivery force structure—would be saved by space
basing, it is difficult compare the costs of the two alternatives.

However, delivering space-based weapons to a theater target would
require expending fuel to the tune of some 50 times the weapon’s
weight, as opposed to a reported 40 times the weight for an air-
delivered theater weapon.! Operational considerations or the costs
of acquiring and owning the necessary infrastructure might outweigh
the difference, depending on a country’s existing relevant capabili-
ties. A country with a long-range navy and air force would have less
reason to be interested in space weapons. A country without such
forces might find acquiring space based alternatives economical for
some purposes.

The logistic expense for delivering and sustaining space-based
weapons that do not deliver mass to their targets is still substantial.
The delivery expense is the cost of launching some number of very
large satellites. The cost of sustaining expendables will vary with the
energy consumed in operation. A representative conceptual design
for a space-based laser to defend against ballistic missiles would
consume fuel weighing as much as a small satellite for each missile
killed.

For a complete picture of the logistic expenses of space-based
weapons, multiply the transportation costs for a single space-based
weapon by the number of weapons required to cope with absen-
teeism.

Large Numbers

A corollary of the significant effort required to establish or modify an
orbit is that it generally takes a constellation of satellites in orbit to
ensure that one will be within reach of an area of interest when you
want it to be. The number required to have one in the right place
when needed is the absentee ratio. Naturally, if there is something

1See the discussion of Table B.5 in Appendix B.
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useful for the absentees to do when they are out of reach of one task,
they are not entirely absentees. When they are useful globally all the
time, they are not absentees at all. This is normally not the case for
weapons, although it frequently is for reconnaissance, communica-
tions, or surveillance satellites. Space weapons for striking targets on
earth can have absentee ratios on the order of three to six, roughly
comparable with terrestrial weapons, yielding a level of responsive-
ness that is competitive with that of in-theater and much better than
that of out-of-theater terrestrial weapons. In contrast, the timeliness
needed for space-based ballistic missile defense requires absentee
ratios measured in dozens.

Legal Consequences

Existing treaty provisions limit U.S. space weapons, explicitly
restricting the basing of missile defenses or weapons of mass
destruction in space. A decision to base missile defenses in space
would require changing or abandoning the ABM treaty and,
probably, the associated arms control treaties as well. There is also a
difference in liability for use of space weapons against the earth that
could make a user liable for terrestrial damage the weapon may
cause, unless the use and subsequent damage resulted from actions
the claimant state had taken with the intent to cause damage (which
should be the case for weapons used in legitimate self-defense).

USES AND IMPLICATIONS

Space-based weapons may have a few unique and some useful
niches in terrestrial conflict. They might compete well with some
terrestrial basing alternatives for some tasks, depending on a coun-
try’s investment in alternatives and their continuing costs. Useful
niches might include prompt, long-range force projection,; strikes on
highly defended surface targets; and strikes on large surface vessels.
Unique niches might include denied-area boost-phase missile de-
fense and prompt destruction of terrestrial antisatellite weapons.

Regardless of the nation acquiring them, space-based weapons could
change the logistics and responsiveness of long-distance military
activities and would shift the proportion of forces and assignment of
tasks between long-range and short-range forces somewhat.
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Although these weapons would not make shorter-range weapons or
major military force components (army, naval, air force) obsolete,
they could make some systems or platforms significantly more vul-
nerable or less valuable. In particular, large surface vessels, such as
aircraft carriers and maritime prepositioning ships, could be at risk—
at least until opponents evolve capabilities to locate and attack
space-based platforms before they dispense their weapons. Space-
based directed-energy weapons could have a similar effect for long
flights of aircraft in clear weather.

When these changes could occur is not clear. As we have pointed
out, U.S. military vision documents give space weapons an air of
eventual inevitability, even though there is no compelling reason for
the United States to acquire them at this time. Scientific advisors to
the DoD have recommended development of some space-based
weapons as a component of the forces needed to implement the
Chairman of the Joint Chiefs of Staff’s vision of the U.S. military for
2010 and beyond. Official plans estimate their acquisition in the next
10 to 20 years (Estes, 1998), which would require a decision to de-
velop them soon. The United States has a technology program for
space-based laser weapons that is approaching demonstration of the
ability to destroy missiles from space.

As this report suggests, before deciding to acquire or forgo space
weapons for terrestrial conflict, the United States should fully discuss
what they can do, what they will cost, and the likely consequences of
acquiring them. The discussion should recognize that, whether the
United States decides to acquire them or not, there is a reasonable
chance that other countries may acquire them. The countries with
the greatest incentive to acquire them are likely to do so covertly.
The United States needs to anticipate which countries might acquire
space weapons, how it could discern the acquisition, and how it
could respond effectively.



Appendix A
SPACE-BASED DIRECTED-ENERGY WEAPONS

To illustrate the range of issues in sizing and basing a space-based
laser, we will focus on one stressing mission, ballistic missile defense,
and explore it quantitatively as a function of the missile targets and
trajectories and of weapon characteristics, sizing and orbital basing.
The allure of space-based lasers against these time-urgent targets is
the possibility of extending the engagement down into the atmo-
sphere and of initiating the engagement sooner, without having to
first characterize the target’s probable future trajectory in order to
select weapons that can reach it in time.

SAMPLE PROBLEMS: BOOST-PHASE MISSILE DEFENSE

To quantify the different degrees of urgency in boost-phase missile
defense, we will examine three different, representative target cases:
short, medium, and intercontinental range. The specific trajectory
parameters for these cases are summarized in Table A.1. The inter-
continental range burnout times are typical for solid-propellant
missiles. Older, liquid-propellant missiles typically have another
couple of minutes of burn time. The time to reach 15 km altitude is
highlighted to indicate the earliest time that a hydrogen-fluoride
laser could engage. Lasers at wavelengths that penetrate deeper into
the atmosphere can recover some portion of the previous 45 to 60
seconds—how much depends on when the surveillance system has
the opportunity to see the launch unobscured by clouds. Given a
total boost time of about 1.5 to 3 minutes, recovering any significant
portion of the lower altitude could mean a big difference in a
weapon’s kill capacity against a salvo of missiles.
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Figure A.1 shows the shape of the trajectories, from launch to impact.
Figure A.2 highlights the boost-phase portion of the same trajecto-
ries. To evaluate the effectiveness of various constellations of space-
based lasers, we will need to anchor those trajectories at specific
launch and target points. For the sake of illustration and variety,
implying nothing for future likelihood and no nostalgia for past con-
cerns, we will consider the short-range trajectory from Iraq to Israel,
the medium-range trajectory from Korea to Guam, and the intercon-
tinental trajectory from Russia to Washington, D.C.; the ground
traces appear in Figures A.3 through A.5.

BASE-CASE LASER

To begin our exploration of space-based lasers, we will start with a
target damage threshold at 10,000 joules/cm? (at the high end of the
1 to 30 kilojoule range discussed earlier, about 10,000 times the level
needed to burn exposed human skin) and will require the laser to
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Figure A.4—Ballistic Missile Trajectory Ground Trace, Medium Range
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Figure A.5—Ballistic Missile Trajectory Ground Trace,
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provide that level of energy in a damage spot with a radius no smaller
than 10 cm. The base case for our parametric calculations will be a
hydrogen-fluoride laser, which operates at a wavelength of 2.7 ym
(and is the space-based laser technology that has received the most
funding and development). At that wavelength, the laser will receive
credit for engagements beginning at altitudes above 15 km. The
base-case laser will operate at a nominal power level of 5 megawatts.
The base-case primary mirror will have a diameter of 10 m, with the
secondary mirror and supporting structure obscuring 20 percent of
that. We will assume the ability to retarget the laser to a new target
within half a second! and the ability to hold its beam steady to a jitter
level of 0.08 microradians, selected arbitrarily as consistent with
ideal, diffraction-limited optical performance.

Given these parameters and the 49 seconds available from the time
medium-range missile targets reach 15 km altitude until burnout, a
single laser could expect to kill about three medium-range ballistic
missiles out of a salvo from a range of about 1,700 km and a base alti-
tude of about 550 km with an aspect angle of its line of sight to the
target around 30 degrees off of broadside. In the process, it might
consume on the order of 500 to 750 kg of laser fuel. The qualifica-
tions on that sample statement of capability are a reminder that the
actual performance of space-based lasers results from a dynamic
combination of factors that fluctuate over time and with the contri-
butions of the entire constellation of lasers. The next section will
explore the dynamics of that combination as a function of the con-
stellation and individual laser parameters.

CONSTELLATIONS

Designing a constellation of satellites to provide service to the earth
is a matter of selecting the number of satellites, their altitude, and
their configuration in some number of orbit planes. Here, measures
of performance and cost are the ordinary figures of merit. When the
cost includes substantial ground equipment (such as communica-

1Although the angular distance the laser boresight must move through will decrease
with distance and altitude and the effort needed to move it through that angle will in-
crease with the size and mass of the laser and its optics, we will treat retargeting time
as a constant here to illustrate the trends with a broad brush. More detailed engineer-
ing studies should include the additional effects.
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tions terminals), the characteristics and costs of the ground equip-
ment may dominate the design and shift expense into the satellites
for a lower overall total cost. However, for these weapons, the
ground equipment is limited to what is necessary to control the
satellites and is not generally a large share of the total expense.
Minimizing the overall cost will generally mean minimizing the cost
of the portion of the system in space.

Minimizing the cost of the space segment of a weapon system is of-
ten misinterpreted as minimizing the number of satellites. Fewer
satellites for a given earth coverage mean either that the orbits must
be higher to allow a satellite to see more of the earth at once or that
the satellites must be spaced farther apart in the planes of their or-
bits. Both approaches increase the range a laser weapon must reach,
and the size and cost of the weapon increase with the square of the
range. The second approach also requires a directed-energy weapon
to propagate its energy through more atmosphere at shallower an-
gles, which further increases the size and cost. Bearing that general-
ization in mind, let us examine a specific example.

Figure A.6 is a snapshot of the positions of a constellation of 24
space-based lasers. Each laser is at an orbital altitude of 1,248 km,
RANDMR1209-A.6

Figure A.6—Space-Based Laser Constellation Snapshot
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and one orbit takes a little more than 110 minutes. The 24 satellites
are divided into six groups of four. Each group occupies a plane or
ring, with the six planes inclined 60 degrees to the equator and
evenly spaced around the equator. The four satellites in each plane
are evenly spaced around their orbital plane. The satellites in a plane
are offset a sixth of an orbit from those in adjacent planes.

The solid lines that undulate over the map are the ground traces of
the subsatellite points of an orbital plane at single moment. The la-
bels indicate which satellite is on which path: Satellite m-r is in orbit
position n in ring (plane) m. Following the ground trace from left to
right shows which ones are ascending or descending on that path.
The dotted lines depict the coverage of each satellite at the time
shown. The coverage is limited to the 15-km altitude established for
a hydrogen-fluoride laser. Taking one satellite as an example, num-
ber 1-3, there is a four-pointed star shaped area directly under it
where it alone has coverage of targets. That star is bounded by con-
vex lens-shaped areas where the satellite shares coverage with an-
other, adjacent satellite. At the ends of two of those lens-shaped ar-
eas are areas where three satellites may engage targets. These shapes
shift continuously with time. To visualize the dynamics of this, su-
perimpose the motion of the satellites around their rings every 110
minutes on the motion of the surface of the earth under them every
24 hours. To translate this into constellation lethality, factor in the
inverse-square effect of range and the projection? of each engaging
weapon'’s line of sight onto the target.

The dynamic translation from geometry to lethality is difficult to vi-
sualize but straightforward to compute. Figure A.7 resulted from
computing this for the base-case constellation of lasers against a
salvo launch of medium-range ballistic missiles from Korea against
Guam. The figure shows the number of missiles that the constella-
tion could kill as a function of the time of launch, minute by minute,
throughout the day. The graph resembles an amplitude modulation
of a higher frequency wave by a lower frequency wave. The high-

2As a target’s vulnerable surface is angled away from the line of sight of the laser, the
laser’s beam is projected over a larger area, diffusing its intensity. As the laser beam
has to propagate to longer ranges, the area it projects grows with the square of the
range, again diffusing its intensity correspondingly.
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Figure A.7—Example Space-Based Laser Kill Capacity

frequency variation is tied to the time it takes satellites to orbit the
earth. The time between the rapidly varying peaks (or, equivalently,
valleys) corresponds precisely to one-fourth of the 110-minute or-
bital period, reflecting the spacing between the four satellites in a
ring. Each peak in the short variation corresponds to the passage of a
laser satellite over the launch point (or as nearly over it as the orbital
plane allows at that time of day).3

The slower variation is tied to the earth’s rotation under the constel-
lation. The time between peaks of the slow variation corresponds to
one-sixth of the 24-hour period of the earth’s rotation. Drawing a
horizontal latitude line across the map in Figure A.6 at the launch
point to trace its path under the orbit planes through the day illus-

3The rapidly varying peaks would be even higher, because the beam spot size shrinks
with decreasing range and increases intensity, except that we have limited the spot
size to a minimum of 10 cm and have deliberately defocused the beam to keep the
spot at the minimum when proximity would otherwise have made it smaller.
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trates where the slow peaks and valleys occur. The valleys occur
when the launch point is under areas farthest from the ground traces
of the orbital planes. The peaks occur when the launch point passes
closest to the intersections of the six ground traces of the orbital

planes.

The shape of this pattern points out an important aspect of laser
performance claims. The shape and timing of this pattern are pre-
dictable and readily available to any opponent sophisticated enough
to have ballistic missiles. He will know when to launch a salvo to
achieve the best penetration of the laser defense. He may not be
confident of the relative hardness of his missiles against the power of
the lasers (and so of the minimum salvo size needed to have some
penetrate), but he will know with certainty when his best opportuni-
ties are. And they will be regular and frequent. This is not something
the owner of the space-based lasers can prevent.

Because of their size, the lasers would be extremely difficult to hide
or to maneuver enough to be unpredictable. The opponent could
easily field a space surveillance capability to keep track of them but,
thanks to the Internet, would probably not need to have his own
tracking capability. Amateur astronomers are likely to publish the
orbits electronically.4 The opponent will certainly time his missile
launches to coincide with the lowest points.

Claims of laser constellation lethality should be checked carefully for
their assumptions about the timing of launch. A claim at the maxi-
mum kill rate assumes a willfully self-destructive opponent. A claim
based on the average assumes a blissfully oblivious opponent. Only
a claim based on the minimum is reasonable for this class of time-
urgent targets. Any apparent excess of maximum over minimum kill
rate capacity is surplus or wasted (at least for this target).

However, for slower targets or alternative missions in which the
laser’s owner can choose the time and geometry of engagement, this
surplus target capacity could be put to use without compromising
the constellation’s capability against ballistic missile targets, which
would presumably avoid launching at times of peak lethality. For ex-
ample, a laser whose wavelength has been chosen to penetrate low
enough into the atmosphere could be used against airplanes or

4The SeeSat-L Internet mailing list is an example; see Clifford and DePontieu (1994).
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cruise missiles in flight or even against terrestrial targets, such as
above-ground fuel tanks, missiles still on their launchers or trans-
porters, fuel trucks, and other relatively thin-skinned or flammable
targets. To the degree that such targets are vulnerable to the kind of
surface-heating damage that a laser can inflict, engaging them
should require amounts of laser fuel similar to those for a missile tar-
get.5 Of course, any use of the excess kill rate capacity would still
have to fit within the logistic limits of energy storage (electrical or
chemical) and replenishment.

Certain approaches to weapon and constellation design could re-
duce the two sources of variation in kill rate capacity we observed in
the base case. The approaches can be used separately or in combi-
nation. Reducing the large, rapid variation associated with the pas-
sage of a satellite over the target area requires reducing the relative
range-to-target difference between the minimum and maximum en-
gagement ranges. This can be done by adding lasers to reduce the
spacing between them and increase the overlap of their coverage,
which will reduce the range of angle away from the local vertical,
where a single laser would have to carry the burden alone. Adding
more lasers in additional orbital planes to reduce the spacing be-
tween rings would reduce or fill in the gaps that provide the slow
variation.

Alternatively, having fewer lasers requires increasing their altitude to
smooth out the variation in kill capacity. Of course, maintaining
lethality at the longer ranges would require a corresponding increase
in laser power (and/or aperture). Number, size, and orbit altitude
determine the logistic cost of deploying and sustaining the constel-
lation. Size and power, which determine fuel consumption in oper-
ation of the lasers, influence the logistic costs of operation. Figure
A.8 shows the effect for the same target of raising the lasers from the
base-case altitude of 1,248 km to 3,367 km (see Table A.2 for a sum-
mary of the parameters varied across the various laser case figures).
To compensate for the increased range, we have increased the laser’s

5The engagement could require less for nonlethal and indirect effects, such as illumi-
nation or stimulating fluorescence in aircraft canopy materials to degrade the pilot’s
view out of the cockpit. The laser could also presumably pick the times of engagement
to take advantage of the shortest ranges to target.
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Figure A.8—Space-Based Laser Kill Capacity, Higher-Altitude Constellation

power to 35 megawatts, but we have cut the number of lasers on
orbit in half to twelve. The rapid variations in kill capacity that we
saw in Figure A.7 are broadened by the increase in orbital period to
159 minutes and smoothed out by the relatively flatter difference be-
tween minimum and maximum target ranges.

In the other direction, Figure A.9 shows the effect of reducing the
altitude roughly by half, to 550 km; increasing the number of
satellites by a factor of five; and decreasing the individual laser power
by a factor of five from the base case. To the degree that the logistic
cost for the entire constellation depends on the total weapon power
on orbit, the cost for this much-larger constellation of smaller lasers
should be similar to that of the base case. However, this constella-
tion’s performance against the ballistic missile threat is much better.
Its profile is not as smooth as those of the base and the highest-
altitude orbit (its orbital period, 96 minutes, is slightly less than that
of the base case), but the magnitude of the swing between high and
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Figure A.9—Space-Based Laser Kill Capacity, Lower-Altitude Constellation

low is smaller than in the base case, and the minimum capacity is
higher than in the base case. As an added benefit, this constellation
is much more robust to failure or loss of an individual laser.

The difference between minimum and maximum kill capacity for the
different orbital altitudes is primarily due to the way that the range to
target varies with altitude as the laser engages targets at angles di-
rectly below it as opposed to those at the “horizon.” Where the hori-
zon falls depends on how closely the lasers are spaced and the alti-
tude at which they can begin engaging targets. Table A.3 gives the
range, angle, and relative (to the shortest range) power needed at the
horizon for the 15-km minimum target altitude for the hydrogen-
fluoride laser.®

SFor a given orbital altitude, we could reduce the angle and range to the horizon by
adding lasers to reduce the spacing between them as we did in the lower-altitude vari-
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Table A.3

Hydrogen-Fluoride SBL Horizon Parameters

Orbit Angle to Horizon Range to Relative Power
Altitude from Nadir Horizon Needed at Hori-
(km) (deg) (km) zon vs. Nadir
554 67 2680 24.7

1248 57 4158 11.8

3367 41 7355 4.8

MISSILE TARGET VARIATIONS

For these constellation trends, the driving factors are short missile
flight times and the limited range of accessible target altitudes. Fig-
ures A.10 and A.11 help illustrate the urgency of the missile problem
by comparing the variations in laser power and constellation against
the data for shorter- and longer-range missiles from Table A.1. Fig-
ure A.9 shows the performance of a large, low-altitude, small-laser
constellation against a short-range missile launched from Iraq to
Israel. Against this more stressing, shorter-range missile, the constel-
lation’s minimum kill capacity is about 2. Figure A.10 shows the
performance of the same constellation against the longer-burning,
longer-range, intercontinental missile launched from Russia to
Washington, D.C. Now, the constellation’s minimum kill capacity is
about 12.

WAVELENGTH

Laser wavelength is another variable. If the laser’s power and the
physical size of its optics are kept constant, changing the wavelength
of the laser will change how well the optics can focus the energy on
the target.” Shorter wavelengths will do better. The wavelength in

ation above. We could also increase the spacing between lasers and engage targets
above the horizon at greater ranges, but the lasers’ effectiveness fal Is off with the
square of the increased range, and we would give up the time it takes the target to
reach the higher engagement altitude.

"This presumes that the shape of the optical surfaces remains accurate to the corre-
sponding tolerance of the new wavelength.
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Figure A.10—Space-Based Laser Kill Capacity, Lower-Altitude
Constellation, Short-Range Missile Target

Figure A.9 was 2.7 pum; in Figure A.12, the wavelength has been
decreased to 1.3 um, corresponding to replacing the hydrogen-
fluoride laser with an oxygen-iodine laser. The change in wavelength
should improve the kill rate by roughly a factor of four because of the
tighter focus at most ranges. This does not account for defocusing to
keep the energy at the minimum spot size at the shortest ranges with
the shorter wavelength.8

Another significant source of improvement with this change in
wavelength is that this wavelength propagates better through a win-
dow in the atmosphere’s absorption profile, yielding the opportunity

8The shorter-wavelength laser could focus to about 80 percent of the minimum spot
size assumed for the 15-km target altitude directly below the laser.
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Figure A.11—Space-Based Laser Kill Capacity, Lower-Altitude
Constellation, Long-Range Missile Target

to engage targets at lower altitudes. Figure A.12 gives the constella-
tion of lasers credit for being able to engage missile targets at alti-
tudes as low as 5 km.

Figure A.13 examines the performance of the example constellation
against a medium-range missile salvo but with a longer-wavelength
laser to penetrate farther into the atmosphere than the hydrogen flu-
oride baseline. Instead of hydrogen fluoride, this laser is deuterium
fluoride, with a wavelength of 3.8 ym. The figure gives credit for
reach into the atmosphere to missile targets at a minimum altitude of
5 km. Increasing the wavelength should reduce the kill capacity by a
factor of two because the focusing ability decreases for the same size
mirror. However, the increased reach into the atmosphere has kept
this constellation’s performance on a par with the hydrogen-fluoride
laser. This is not to say that deuterium is a good choice. Aside from
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Figure A.12—Space-Based Laser Kill Capacity, Shorter Wavelength

its longer wavelength, it is a very rare isotope of hydrogen and likely
to be expensive. Other things being equal, we would probably prefer
the oxygen-iodine laser to either the hydrogen- or deuterium-
fluoride lasers.?

RELAY MIRRORS

Once the choice of a suitable wavelength has moved the laser’s effect
on targets further into the atmosphere, the next conceptual step is to
move the entire laser down to the earth’s surface, keeping only the

9Among the other things that are not equal, oxygen-iodine lasers have not been in de-
velopment as long as hydrogen-fluoride lasers. Also, a political, arms control, or other
external imperative not to be able to engage targets deeper into the atmosphere from
space could rule out the benefits of the shorter-wavelength laser.
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Figure A.13—Space-Based Laser Kill Capacity, Longer Wavelength

mirrors in space to redirect the energy to targets around the globe.
This has the significant benefit of moving the logistic problem of re-
plenishment to the ground, where transportation is less expensive. It
has the additional benefit of largely eliminating the laser absentee
problem and limiting absenteeism to the relay mirrors.

Some degree of redundancy in the ground-based lasers is, however,
still necessary. Bad weather over the ground-based laser could cause
it to be just as absent from the fight as a satellite-based laser whose
orbit has carried it away from the target. There must be enough
lasers located far enough away from each other to be confident that
at least one site will have clear weather when a weapon is needed.
This might be as few as two locations, say Hawaii and somewhere in
the desert Southwest of the United States, depending on the clima-
tology of the locations and the degree of assurance needed. But the
absentee ratio here would still be a lot lower than those for the space-
based components.
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For the sake of propagation, the preferred locations for lasers will
have dry climates (at least at the altitude of the laser) and high alti-
tudes, such as mountaintops. A mountaintop would need infrastruc-
ture—roads, power, communications, and so forth. A handful of
suitable mountains have already developed this kind of infrastruc-
ture to support astronomical observatories.10 These locations also
might be attractive for the ground-based laser component of relay
system—assuming that the observatories have not run out of moun-
taintop real estate and that the laser’s normal operation can be made
compatible with the astronomical observations. The larger earth-
bound astronomical telescopes have begun sounding the atmo-
sphere with laser guide stars to correct their own observations
through adaptive optics. This might make a colocated laser weapon
compatible, since the laser weapon also needs a laser guide star.
Astronomers might even welcome the laser if its large optics could
also be used to increase observing time when not needed for weapon
operations, maintenance, or training. Also note that the common
technical interests make such observatories a logical place to look for
covert development and emplacement of such laser weapons.

There is, however, a price to be paid in space for moving the resupply
Jogistics and the laser itself to the ground. Once again, the dominant
factor is distance. In space, the laser weapon has the advantage of
shorter distance to its targets when they are in its line of sight. The
relayed path will be longer, unless the targets are relatively near the
laser.!l Over the longer path, the beam would ordinarily diverge and
diffuse within the angle in which the originating mirror could con-
centrate the energy, the intensity of the beam at the target being di-
vided by the square of the distance traveled. This could be done with
a single large, flat mirror at each point along the way, angled to de-
flect the beam to its next destination and with the size of the mirror
at each point increasing as the beam travels. It would be more prac-
tical, however, to use two large bifocal primary mirrors at each relay
point connected to each other by a secondary optical path of smaller

10These include the observatories atop Arizona’s Kitt Peak (AURA, 1999), New Mex-
ico’s Sacramento Peak (NOAO, 1999), California’s Mt. Hamilton (UCO, 1999), and
Hawaii’s Mauna Kea and Haleakala volcanoes (Wainscoat, 1997; Maberry, 1998).

1115 that unlikely case, something other than a space-based weapon would be more
appropriate for local defense.
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mirrors, much as the space-based laser would be connected to its
large primary mirror. One of the bifocal mirrors would capture the
incoming beam and the other would refocus it on its way. Compared
with the space-based laser constellations in the previous section,
moving the lasers to the ground effectively doubles the number of
large mirrors in space.12 All the mirrors require the same kind of
precise, stable pointing as the space-based laser’s mirrors but are at
least not physically connected with the laser’s mechanical distur-
bances. Because the beam inevitably spills some beyond the edges
of the capturing mirror(s) in the relay, some additional power is lost
at each relay. The saving grace of this arrangement is that it should
be easier to make up the losses with a higher-power laser because the
cost of emplacing and supporting a smaller number of lasers on the
ground is lower.

The effects of orbital basing on the mirrors for the relay architectures
parallel those for the space-based laser architectures in the previous
section. To illustrate this, Figure A.14 plots kill capacity for the
medium-range missile threat throughout the day for a constellation
of 24 10-m diameter bifocal relay mirrors orbiting at an altitude of
3,367 km. Two 35 megawatt lasers, hypothetically in Albuquerque,
New Mexico, and operating at the free-electron laser wavelength of
0.351 pm, complete the system.!3 The mirror altitude is similar to
that in Figure A.7. The laser power is about seven times greater,
which balances reasonably with the longer path lengths. Also, the
number of mirrors and the laser wavelength are different. The higher
power and shorter wavelength are responsible for the apparent im-
provement over Figure A.7.14

12There have been proposals to reduce the total number of mirrors in a relay archi-
tecture by giving them a mixture of high- and low-altitude orbits. The idea was to use
a small number of very large “relay” mirrors at high altitudes and a larger number of
smaller “fighting” mirrors at lower altitudes. Generally, depending on the difficulty
and cost of the optics, these architectures do not perform as well as or cost less than
architectures of self-relaying fighting mirrors at lower altitudes.

13Note that this laser would require correspondingly more-stringent pointing than the
longer-wavelength lasers used in the space-based examples.

1we also gave the ground-based laser credit for lower jitter, which contributes some
to the improvement.
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Figure A.14—Space-Based Laser Kill Capacity, Relay Mirror Constellation




Appendix B
KINETIC-ENERGY SPACE WEAPONS

Chapter Three introduced kinetic-energy weapons for striking earth
from space by referring to the natural phenomenon of meteoroids.
Here, we present an idealized discussion of the physics of meteoroids
to develop a quantitative understanding of the physics of kinetic-
energy weapon reentry. The appendix then describes the physics of
hypervelocity impact and translates this into elements of weapon
design and goes on to explore the trade-offs in responsiveness, logis-
tic effort, lethality, and accuracy that constrain the selection of par-
ticular orbital basing alternatives. The appendix concludes by ex-
tending the exploration to the delivery of conventional munitions
from space, where some constraints are relaxed.

IDEALIZED METEOROIDS

Figures B.1 and B.2 plot velocity and acceleration against height for
some idealized spherical iron meteoroids (325 and 60 metric tons)
and stone (325, 60, 30, and 5 metric tons) entering earth’s atmo-
sphere at 20 km/sec and an angle of 60 degrees below horizontal. A
comparison of the traces of like material and traces of like mass re-
veals two effects: For a given material, the lower-mass objects decel-
erate at higher altitudes. For a given mass, the denser iron objects
retain more of their initial velocity to impact. The determining factor
for the different trajectories is the tug-of-war between the mass (or
inertia) of the object retaining velocity and the force of atmospheric
drag. That tug-of-war is captured quantitatively by the ballistic coef-
ficient (B): the ratio of the object’s mass to its drag coefficient times

131
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Figure B.1—Velocity, Idealized Spherical Meteoroids
(entry at 20 km/s and 60°)

the projected area of its cross section.! A projectile with a higher B
retains more of its velocity while transiting the atmosphere. Because
the kinetic energy we would like these weapons to retain after their
transit of the atmosphere is half the product of the weapon’s mass
and its velocity squared, a weapon with a higher 8 will be more effi-
cient than one with a lower B—if it can survive the heat and forces of
reentry intact.

The general shape and the magnitude of deceleration are the same
for all these different meteoroids. The altitude of greatest decelera-
tion is a function of the B. The higher-mass, smaller-area (higher p)
iron meteoroids begin decelerating lower in the atmosphere and
retain more velocity to the surface. The peak magnitude of decelera-

1an alternative definition uses weight instead of mass.
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Figure B.2—Acceleration, Idealized Spherical Meteoroids
(entry at 20 km/s and 60°)

tion is a function of the initial reentry velocity.2 Objects with the
same B encountering the atmosphere at lower velocities undergo less
stressful decelerations. Figure B.3 shows that the acceleration pro-
files of the 325-ton iron meteoroid of Figure B.2 become gentler as
initial velocities decrease from 20 to 15 and 10 km/s. The next sec-
tion will translate these idealized meteoroids into artificial mete-
oroids to explore the issues in designing kinetic-energy weapons
from space.

2Among the ways that this portrayal idealizes meteoroids is in the assumption of
structural integrity under loads of this magnitude. Real stony meteoroids in this size
range undergoing this kind of deceleration and heating would break apart into smaller
fragments with smaller Bs. Many are apparently rubble piles resulting from collisions
in space over their lifetimes, only loosely held together by their own gravity (Asphaug,
2000). However, these idealized trajectories do include the effect of losing material to
ablation as the intense heat of reentry vaporizes material on the surface of the object.
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ARTIFICIAL METEOROIDS

Artificial meteoroids for use as kinetic-energy weapons would
preferably consist of materials that would increase the destructive
energy at impact for a given mass of weapon material, since the ex-
pense and even the feasibility of moving the weapon will depend on
its mass. In the natural analog, iron appears to be more efficient
than stone. Something like tungsten might be a good choice for our
imaginary artificial meteoroids. Tungsten is one of the densest mate-
rials available (19.25 metric tons/m3; iron is 7.87). It has a higher
heat capacity and melting point than most materials, which would
help it to survive the intense heat of entry. It is readily available and
relatively inexpensive.3 Figure B.4 shows the kinetic energy of 325-

3The U.S. produces about 3,000 to 5,000 metric tons of tungsten metal powder an-
nually (USGS, 1998), at a price of about $50 per pound (Woolman, 1996). Ore thatisa
minimum of 65 percent tungsten trioxide costs about $40 to $50 per metric ton (USGS,
1998). Depleted uranium is marginally more dense, somewhat less expensive, and
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ton spherical “meteoroids” of stone, iron, and tungsten entering
earth’s atmosphere at 20 km/s.4 Tungsten is visibly more efficient at
delivering destructive energy to earth’s surface after reentry through
the atmosphere.

Given an efficient material for artificial meteoroids, how do the
weapon effects scale as velocity decreases from meteoroid velocities
to those of satellites and ICBMs and as mass decreases enough to
make lifting it within earth’s gravity well reasonable with known
propulsion technology? Figures B.5 and B.6 and Table B.1 show the
effect of reducing the initial velocity to a representative orbital reen-
try velocity of 11 km/s and of incrementally reducing the size of the

tungsten spheres. As sphere radius decreases from 1 m to 50 cm, im-
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Figure B.4—Kinetic Energy, Idealized Spherical 325-Ton Meteoroids
(entry at 20 km/s and 60°)

more readily pyrophoric (spontaneously combustible) than tungsten but has been
subjected to substantial public scrutiny for health hazards since the Persian Gulf War °
(Fahey, 1998).

4Note that this reflects only the kinetic energy. For some materials, there may also be
destructive energy due to chemical effects on impact.
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pact velocity and kinetic energy decrease rapidly. The 1-m sphere
retains about 34 percent of its kinetic energy (and about 99 percent
of its mass and B) to impact; the 75-cm sphere, about 24 percent (a
little more than 98 percent of its mass and B); and the 50-cm sphere,
only 11 percent (95 percent of its p and 96 percent of its mass) to im-
pact.

Looking at weapon efficiency in another way, the smallest sphere
delivers the equivalent of about 1.7 tons of TNT per ton of weapon;
the medium, 3.6; and the large 5.2. Avoiding this reduction in effi-
ciency as size decreases would be helpful for scaling down from
crater-making meteoroids to useful weapons. Aside from the reduc-
tion in efficiency with reduced weapon size, the impact velocities,
while still high enough to hurt, are beginning to fall below the levels
at which hypervelocity effects occur.’> Retaining the efficiency of a

5Hypervelocity damage effects require impact velocities higher than the speed of
sound in the target material, e.g., for stone about 4 km/s, for steel about 6 km/s.




Kinetic-Energy Space Weapons 137

RANDMR1209-B.6

1,400
L 1,200
z
[
c
S 1,000 ————r=100cm
é --------- r=75cm
2 800 ——— r=50cm
o
(0]
é 600
5 | e e
2 .-
o 400
@
£
x 200 ---------------------------

0 | ] l
0 20,000 40,000 60,000 80,000 100,000

Height (M)

Figure B.6—Kinetic Energy, Tungsten Sphere
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Table B.1
Tungsten Sphere Entries from 11 km/s at 60°

Initial Initial Mass Initial Ballistic Impact Impact Kinetic
Radius (metric Coefficient Velocity Energy
(cm) tons) (Pascals) (km/s) (tons TNT)
50 10 62,880 3.7 17

75 34 94,320 54 124

100 80 125,800 6.5 422

kinetic-energy weapon as weapon mass decreases means finding a
way to keep the B high by reducing drag.
SCALING TO USEFUL WEAPONS

In contrast to the artificial meteoroids of the last section, a tactically
useful weapon should achieve effects measurable in fractions of
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equivalent tons of TNT, with mass measured in kilograms, not tons.
The weapon should be small enough to allow delivery to all the de-
sired targets at a reasonable logistic cost—preferably one lower than
for other means of destroying the same targets. This requires main-
taining a high B while reducing the weapon’s mass, by reducing the
contribution of drag.

Conceptually, this is straightforward. Instead of reducing all the di-
mensions of the sphere uniformly, which will reduce the § propor-
tionately, reduce the projected frontal area, resulting in something
like an elongated rod. Reasonable shapes, such as those developed
for ICBM reentry vehicles, can increase the § by about 100 times over
a sphere of equivalent mass. The classic ICBM reentry vehicle (see
Figure B.7) is an elongated, sphere-capped cone. The slight flare at
the base provides better directional aerodynamic stability than a rod,
and blunting the cone with the cap reduces heating. Table B.2 lists
representative ICBM reentry vehicle characteristics.

While this representative reentry vehicle has a reasonable size for
existing rockets to launch, the tungsten sphere trajectories suggest
that the B should be higher for a kinetic-energy weapon. A slightly
similar mass and a B three to five times greater than the representa-
tive reentry vehicle. This would produce trajectories with impact
velocities of tungsten spheres weighing tens of tons. However, even
at similar impact velocities, the effects of these slender, rodlike
weapons will be qualitatively different from those of the crater-
making spheres, which will restrict the targets they can be used
against.

Although a higher B increases the kinetic energy available on impact,
there are limits in practice. Atmospheric density increases exponen-
tially with decreasing altitude, and the heat loading increases in pro-
portion. The increasing velocity itself further increases the heat
loading, proportional to the cube of the velocity. Getting rid of the
heat is a significant engineering challenge. Some of it is radiated
away. Some is carried off in the flow field around the body. Some is
more slender, 1-m-long tungsten reentry vehicle would produce a
absorbed in the material of the vehicle. However, with higher-g,
lower-mass bodies, some of the heat must be eliminated by sacrific-
ing some of the mass through sweating (transpiration) or melting
away from the external surface (ablation). For this purpose, tungsten
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Table B.2

Representative Reentry Vehicle Characteristics

Nose radius (cm) 1.98
Base radius (cm) 22
Length (cm) 152
Mass (kg) 92
Drag coefficient 0.1
Ballistic coefficient (3) 60,000

SOURCE: Regan (1984), p. 333.

material is attractive not only for its density but for its attractively
high melting and vaporization temperatures. The challenge is to
maintain a predictably uniform shape and aerodynamic lift charac-
teristics despite the ablation. Uneven ablation creates asymmetries
that cause substantial, unpredictable lift, causing a miss. Figure B.8
shows the effects of ablation on a hand-sized iron meteoroid. The
pitting visible in the photograph is uniformly present on all sides of
the object. Although the initial shape and reentry conditions are
unknown, it is clear that the pitting altered the aerodynamic
characteristics significantly.

Thermal design is the most challenging aspect of this weapon class,
and extrapolating beyond the ICBM reference point should be done
cautiously. However, more-specific discussions of the engineering
compromises would be classified and will not be pursued here.
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NOTE: The Sikhote-Alin iron meteorite fell in 1947 in the USSR between the Sea of
Japan and China. The total energy released was equal to that from a low-yield weapon.
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Figure B.8—Fragment of Sikhote-Alin Iron Meteoroid with Ablative Pitting

That said, let us consider representative sizing of a hypothetical
tungsten reentry body for a kinetic-energy weapon. The tungsten
sphere trajectories gave us a target B. Making the spheres more slen-
der and rodlike adds a new, design dimension—length—with critical
effects on weapon performance.

Hypervelocity impacts have four distinct phases.® The first phase,
the transient shock regime, begins at the moment of impact, when
the leading edge of the projectile is brought to rest relative to the
surface of the target. This generates very high pressures and tem-
peratures and usually a brief impact flash. The second phase, the

6The description here follows Hermann and Wilbeck (1987, p. 308-309), which
describes impacts into homogeneous, relatively ductile materials. Composite and
more brittle materials propagate the shock differently after the steady-state regime; for
example, concrete shatters and spalls.
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steady-state regime, lasts while the projectile is eroded away as it
continues to penetrate into the target material. The duration of this
phase depends on the length of the projectile. The third phase, the
cavitation regime, begins when the projectile is completely eroded
away and the crater continues to expand under its own inertia. The
fourth phase, the recovery regime, may reduce the size of the crater
slightly as the target material rebounds.

If the projectile has a similar length and diameter, like our tungsten
spheres, cavitatation dominates the effects. The size of the crater re-
sulting from a short, squat projectile depends on the projectile’s total
kinetic energy and the target’s hardness. If the angle of impact pro-
duces a component of the velocity vector into the target that is
greater than the speed of sound in the target material, the crater will
be hemispherical. For more glancing impacts, the crater will elon-
gate, becoming more elliptical. Either way, the damage proceeds
downward and outward from the point of impact. In contrast, the
damage for an ordinary explosive detonated at the same point would
proceed outward in all directions.

If the projectal is long and rodlike, on the other hand, the steady-
state phase dominates the effects. The crater is more cylindrical and
its depth is proportional to the square root of the ratio of projectile
density over target density. If the kinetic-energy weapon must pene-
trate shielding, e.g., a ship’s hull or a bunker, the depth to be pene-
trated determines the minimum projectile length, depending on the
density of the shielding material. For example, a 1-m-long tungsten
hypervelocity penetrator should be able to penetrate about 1.5 m of
steel, almost 3 m of clay or stone, and 1 m of uranium. What pene-
trates through that depth (or less) of target will be a very hot mixture
of target and penetrator material and any remaining penetrator
length. The damage is done almost entirely in the direction of the
impact, as with a shaped charge explosive, except for damage caused
by secondary fires or explosions ignited by the impact.”

"While room-temperature tungsten is a solid and not pyrophoric, hot tungsten vapor,
liquid droplets, and small solid particles will combust. The portion of a penetrator
that reaches atmosphere inside the target (say, in a bunker or inside a ship) in com-
bustible form will act like an explosive charge.
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ORBITAL BASING

Distance, time, gravity, and inertia impose some limits on a weapon
that must deliver a mass to a target. Passage through the atmosphere
also imposes some hard constraints on kinetic-energy weapons. To
retain sufficient destructive energy after transiting the atmosphere,
the weapon must begin reentry with a velocity that depends on the B
of the reentry vehicle. Beginning reentry with a higher velocity re-
quires either a higher orbit or additional propulsion and logistic
costs.

A higher orbit has a number of desirable attributes. It can increase
the weapon’s footprint—the portion of earth’s surface it can reach
from a single starting point in orbit. A higher orbit can also make it
more difficult to detect the initiation of an attack by reducing the
amount of propulsion (and therefore the visibility of its signature)
needed for deorbit and by increasing both the volume of space that
must be watched and the distance between the defense’s sensors
and the weapon. But higher orbits increase the transit delay, the
time between launch and target impact. The logistic cost per
weapon to achieve orbit is also higher, although the lower cost to de-
orbit and the increased reach offset this somewhat.

Aside from providing a minimum reentry velocity, the orbital basing
mode will have to provide a minimum angle of reentry off the verti-
cal. Relative to a steeper reentry, a shallow angle forces travel
through more of the atmosphere, thus slowing the weapon and giv-
ing defenses more time to react. A shallow reentry angle also magni-
fies any guidance errors. Ideally, to minimize miss distances, the
trajectory through the atmosphere should be as straight and near
vertical as possible. In practice, the trajectory should probably be
within 30 degrees of vertical or at least 60 degrees below the horizon-
tal.

Subject to the peculiar constraints of kinetic-energy weapons, the
selection of a particular orbital basing approach is a compromise
between interrelated factors, which the subsections below illustrate
using both circular and elliptic orbits:

e response time

¢ logistic expense




Kinetic-Energy Space Weapons 143

¢ lethality

e target coverage or access.

Circular Orbits

One of the prime reasons for going to space, whether for weapons or
any other purpose, is to achieve a global perspective. If the perspec-
tive and the interests are local, a terrestrial or atmospheric solution
would often be more economical. And if there is enough time for
such local solutions to get to the area of interest, a space solution
may not be as economical as a terrestrial solution.

With the notable exception of a geosynchronous orbit,8 the comb-
ination of earth’s rotation and the orbital movement of satellites
means that any one satellite will periodically be out of reach of its
service area. Under the circumstances, the penalty of providing
continuous ground coverage is additional satellites. If, however,
periodic coverage is acceptable, fewer additional satellites may be
necessary. Furthermore, space can an economical way to achieve
coverage that is more global, because the additional satellites would
be covering multiple areas of interest. Space may also be economical
when local systems (terrestrial or atmospheric) cannot reach a global
target in time (at least, without extensive prepositioning).

Because circular (or nearly circular) orbits do not favor any part of an
orbit with a longer dwell or slower velocity, they are more suitable
than elliptical orbits for global interests. The elliptical orbits consid-
ered below are more suitable for interests in either the northern or
southern hemisphere.

Responsiveness. There are limits to how quickly it is reasonable to
deliver mass from space to ground. Some responsiveness claims
have been optimistic. One credited the weapons with the ability to
strike any target in the world within 1 hour of launch or within 12

8There is one altitude at which the period of a satellite in a circular orbit matches the
rotation of the earth. Here, the satellite will appear to remain in one place in the sky
overhead if the orbit is over the earth’s equator (i.e., the plane of the orbit has an angle
of inclination with respect to the equator of zero). If the orbit is inclined with respect
to the equator, the satellite will appear to trace out a figure eight above and below the
equator.
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minutes from orbit (AF/XPX 1998, p. 104). While 1 hour from launch
is reasonable; 12 minutes from orbit has some costly strings at-
tached.

Figure B.9 shows the time necessary to reach the outer fringes of the
atmosphere from orbit using a minimum-energy path for circular
orbit altitudes of 500 to 32,000 km. The flight time is a function of the
range over the ground to the impact point (measured in the plane of
the orbit from the point on earth directly under the satellite—the
subsatellite point—when deorbit begins).? As one would expect, the
necessary deorbit times decrease as the altitude of the orbit de-
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Figure B.9—Time to Reentry from Circular Orbit

9Note that the ground ranges in this appendix do not include the effect of earth’s ro-
tation, which would shift the footprint of a given trajectory, depending on the angle of
inclination of the orbital plane relative to the equator. While this information is not
necessary for determining how many positions are necessary for a degree of coverage,
it would, of course, be necessary for selecting the particular orbital position from
which to engage a specific target at a specific time.
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creases. For a particular altitude, the times decrease according to
how close the reentry point is to the deorbit point. At the lowest alti-
tudes, a deorbit time of 12 minutes appears possible for ranges close
to the deorbit point. But this is possible only within a fairly narrow
range under the satellite—small enough to need around 40 to 150
satellites to provide global coverage. Worse, the constraints on
reentry velocity and logistics of deorbit make it hard to find a work-
able compromise with the other constraints at this low altitude. The
situation for higher altitudes improves, however, if circumstances
permit a 1-hour delay.

Logistic Reach. One of the things that makes the shortest time for
flight less desirable is the extra effort involved. The magnitude of the
effort led an eminent group of scientists to advise President Dwight
Eisenhower in 1958 against basing weapons in space:

Much has been written about space as a future theater of war, rais-
ing such suggestions as satellite bombers, military bases on the
moon, and so on. For the most part, even the more sober proposals
do not hold up well on close examination or appear to be achievable
at an early date. Granted that they will become technologically
possible, most of these schemes, nevertheless, appear to be clumsy
and ineffective ways of doing a job. Take one example, the satellite
as a bomb carrier. A satellite cannot simply drop abomb. An object
released from a satellite doesn’t fall. So there is no special advan-
tage in being over the target. Indeed the only way to “drop” a bomb
directly down from a satellite is to carry out aboard the satellite a
rocket launching of the magnitude required for an intercontinental
missile. A better scheme is to give the weapon to be launched from
the satellite a small push, after which it will spiral in gradually. But
that means launching it from a moving platform halfway around the
world, with every disadvantage compared to a missile base on the
ground. In short, the earth would appear to be, after all, the best
weapons carrier. (Killian, 1977, p. 297.)

To understand the trade-off between time of flight and effort, we
must calibrate the transition from “intercontinental missile” to
“small push.” The measure of that effort is the change in velocity
(Av) required to accelerate the weapon enough to achieve the desired
deorbit path. Figure B.10 shows the Av needed for the same mini-
mum-energy trajectories as for the times of flight in Figure B.9. At
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the lowest orbits, the magnitude for a “drop” from directly overhead
is 7 to 8 km/sec—about the same as for an ICBM. As might be ex-
pected, the magnitude gets quickly worse when shooting at targets
behind the deorbit point. However, things improve quickly as the
targets move out ahead and as the altitude of the launching orbit
increases. The small push, though, is still big enough to accelerate
the weapon through a few km per second, enough to deliver a
ground-based ballistic missile several hundred kilometers. The
trends in this figure suggest that increasing the orbit altitude makes
delivering the weapon significantly easier. However, the small push
for deorbit is only part of the logistic effort needed to deliver the
weapon to target.10

10The Av needed is a convenient way to quantify the size of the push needed. Trans-
lating this effort into the mass required depends on the kind of propulsion system
used. Later in this appendix, we will translate Av into approximate mass of propellant
needed for the total effort to deploy and deliver a given mass of these weapons. The

. cost for a given mass depends on the kind of propulsion, the number of vehicles, the
degree of component reuse, etc.
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A more-complete logistics picture has to include the total effort for
inserting the weapon into orbit, circularizing that orbit, and deorbit-
ing onto a target. Figure B.11 shows the total Av required for the cir-
cular orbital basing and weapon trajectory alternatives used in Fig-
ures B.9 and B.10. Including the effort required to deploy the
weapon to the higher altitude orbits, the total transportation cost for
a weapon is uniformly higher for higher than for lower altitudes.
However, the cost is not as sensitive over the range of reach for the
higher as for lower altitudes. This contributes to a general trend to-
ward greater reach from higher altitudes. The increased reach means
that fewer weapons are needed io provide access to an equivalent
area, which offsets the higher transportation cost per weapon at
higher altitudes somewhat.

The box in Figure B.11 indicates the logistic effort for delivering these
kinds of weapons using suborbital, ballistic trajectories starting on
earth’s surface. The details will be explored later, but Eisenhower’s
advisors were right in one respect: Within the ranges that can be
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reached by ballistic trajectories, earth is indeed a better weapon car-
rier if better is measured only by the logistic difficulty of delivering a
weapon.

Another trade-off between logistics and responsiveness is speed of
deorbit. What about the possibility of expending some effort to de-
orbit faster than the minimum energy trajectory deorbit from base
orbit allows? Figure B.12 shows (for the higher-altitude base orbits)
the deorbit effort required as the time of flight to reentry decreases,
as a fraction of the time for a minimum-energy deorbit trajectory.
The data are for representative trajectories reaching about 3,000 km
forward from the subsatellite point of the deorbit burn. Surprisingly,
the first 40 to 50 percent of reduction in flight time comes at very lit-
tle additional effort. This is not a peculiarity of the representative
range selected. Figure B.13 shows the same trend over a broad range
of reach for the 32,000-km-altitude base orbit. For higher-altitude
orbits, it should be possible to discount the minimum energy re-
sponsiveness by 40 to 50 percent without significant logistic penalty.
However, there is a limit to how low the discount is applicable.
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The earlier discussion of weapon characteristics noted an accuracy
constraint on the angle of the reentry flight path, nominally at no
more than about 30 degrees off vertical or, equivalently, no less than
60 degrees below the horizontal. Speeding up the deorbit with a
more-direct path necessarily flattens the trajectory. At lower alti-
tudes, this could make the reentry flight path angle too shallow at
longer ground ranges. Figure B.14 shows this effect for the altitudes
and ground range shown in Figure B.12. At that range, decreasing
the flight time by roughly half for altitudes above 16,000 km costs lit-
tle additional effort. At 8,000 km, the time can only be decreased by
about 30 percent before it begins to violate the shallow reentry con-
straint at this range. This constraint will come up again in the next
subsection.

Lethality Constraints. Here, lethality means the ability to deliver the
kinetic-energy weapon to a target with enough velocity to achieve
the desired destructive effect. The weapon’s orbital altitude affects
the lethality by establishing the initial reentry velocity and flight-path
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angle, which the weapon’s physical characteristics translate into
terminal velocity. Too shallow a flight path angle degrades accuracy
and increases the extent of atmosphere the weapon has to transit.
Figure B.15 shows the flight-path angle at reentry for the same vari-
ety of altitudes and ground ranges used in previous figures. At all
altitudes, there is a limit to how far the target can be from the
subsatellite point without making the reentry trajectory too shallow.
The limiting effect is particularly severe at the lowest altitude but im-
proves fairly quickly as altitude increases.

Unfortunately, while the reentry angle will be steep at the lowest alti-
tudes (close to the subsatellite point), the reentry velocity will be its
Jowest. Figure B.16 shows the minimum-energy trajectory velocity at
the beginning of reentry. At the lowest altitudes, even before the at-
mosphere bleeds off weapon speed, the velocity is too low for the
desired effects against some targets. The impact velocity will depend
on the specific B of the weapon; Figure B.17 shows predicted impact
velocities for a representative weapon with the initial reentry condi-
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tions in Figures B.15 and B.16.1! The effect of a shallow reentry angle
is visible in the way the impact velocity profiles bend down at greater
ground ranges {(compare the profiles in Figure B.16). Close to the
deorbit burn subsatellite point, where the low altitude, short time-of-
flight cases are driven by reentry angle, the impact velocities are 2 to
4 km/sec lower than desirable for some target classes. Adding
propulsion to the weapon would raise the impact velocity. But this
would not be a good compromise for two reasons. First, targets close
to the subsatellite point are already on the steep part of the effort
curve, even without making up the shortfall in impact velocity (see
Figure B.11). Adding another “hump” of 2 to 4 km/sec onto that
steep part of the curve would likely make individual weapon costs
prohibitive. Second, the increased individual weapon logistic cost
must be multiplied by the number of weapons and orbiting plat

11yn this case, a 1-m long tungsten sphere-capped cone with a nose radius of 1 cm, a
cone half-angle of 3 degrees, and a base radius of 6 cm.
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forms needed to compensate for the small footprint of any weapon.
That multiplier is worse at lower altitudes. The next subsection will

quantify this.

Target Coverage. Combining the constraints on individual weapon
logistic effort (e.g., a maximum Av of 15 km/s), accuracy (e.g., a
reentry angle of >60 degrees), and impact velocity (e.g., about 6
km/sec), and examining trajectories both in the plane of the plat-
form’s orbit and cross-range from the plane can define a footprint
reachable from a single orbiting weapon platform. If the goal is to
provide on-call weapon response within some time constraint, there
must be enough orbiting platforms to have one whose footprint will
cover the target in time—including both the waiting time for the op-
portunity to shoot and the weapon time of flight from its altitude. A
response time near 10 minutes from weapon release to target kill is
too short for this class of weapon. However, a less-demanding sce-
nario presents more reasonable compromises, starting with a
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response time of about 1.5 to 2 hours and an altitude of about 4,000
to 32,000 km.

Table B.3 shows rough typical footprint constraints for 4,000 and
8,000 km altitude orbits. To illustrate all this more clearly, Figure
B.18 provides an orientation and Figures B.19 through B.22 are con-
tour plots of the total delta velocity, time of flight to reentry, impact
velocity, and reentry angle for an altitude of 8,000 km altitude. Much
as a topographic map represents elevation by counturs, each map
here is a ground map (not shifted by earth’s rotation) that presents
the value of the constrained parameter. The horizontal, in-range, di-
rection of the map is in the plane of the satellite’s orbit, and zero on
the scale is the subsatellite point where weapon deorbit begins. The
vertical, crossrange, direction is perpendicular to the orbital plane,
with zero directly under the path of the satellite that released the
weapon. Selecting a particular value for a trajectory parameter limits
the weapon’s footprint to the area of corresponding contour on the
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parameter’s surface map. Constraining multiple parameters creates
a footprint in which the different parameters’ contours overlap. The
values in Table B.3 roughly illustrate the process for these plots.

These footprints produce absentee ratios for global coverage in the
mid-60s for an altitude of 4,000 km and in the mid-30s for 8,000 km,
both for a response time of about 1 hour. Those are still pretty hefty.
Raising the altitude to 32,000 km yields an absentee ratio of about 5.
This would require us to accept a delay of about 2 to 3 hours (taking
credit for a reduction in flight time from the minimum energy paths
in Figure B.9 of about 60 percent, as in Figures B.12 and B.13). Limit-



156 Space Weapons, Earth Wars

RANDMR1209-B.19

110

5000.38

Crossrange (km)

5000.38

16.463

14.126 / 1/5.684
14.905 A 14.90/5

0 3339.5 6679.1 1-104 134.104 167-10 2.104

1-10

Downrange (km)

Figure B.19—Total Av (km/s) for 8,000-km Circular Orbit

ing the target set to either the northern or southern hemisphere
yields lower-cost alternatives in elliptical orbits.

Elliptical Orbits

Elliptical orbits are less expensive than corresponding circular orbits
for two reasons: First, reducing the portion of the globe that can be
reached with a weapon by roughly half reduces the number of orbital
positions correspondingly. Second, the base orbit need not be circu-
larized, so less logistical effort is needed for each weapon. Elliptical
orbits may thus make sense, even for nearly global target needs.
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“Mirror-image” constellations, each covering either the northern or
southern hemisphere, could provide more extensive coverage, al-
though covering targets near the equator this way may be difficult.12

To provide a quantitative perspective on the differences between cir-
cular and elliptical orbit basing, Figures B.23 through B.30 graph a
subset of the timeliness, logistic reach, lethality, and coverage con-
straints examined earlier for circular orbits. The representative

127he difficulty is that a satellite in an elliptical orbit spends most of the time in the
high-altitude portions of its orbit, passing quickly over the low portion. To be usefully
stable, the high-altitude portion will be over one or the other of the earth’s poles. The
footprint reach information shown for elliptical orbits in Figures B.23 through B.30 are
for the highest points of the elliptical orbits.
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elliptical orbits are summarized in Table B.4. The perigee height is
selected to keep the satellite far enough above the atmosphere to
prevent its orbit from decaying prematurely. The orbit lengths were
selected as integer fractions and multiples of earth's rotation period
to simplify visualization.13

Figure B.23 shows the time to reentry from apogee for the sample
elliptical orbit. Generally, the minimum-energy time to deorbit is

13The integer relation with the earth’s period of rotation is not essential, but it also
helps to lock the orbit’s ground trace to the earth, reducing some of the perturbing ef-
fects of irregularity in the earth’s shape and, consequently, some of the satellite ma-
neuver propellant needed to maintain desired orbit parameters.
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about half the orbital period. For comparison with the reentry times
similar to those used above for circular orbits, we will discuss only 3-
to 12-hour elliptical orbits here.

Figure B.24 shows the corresponding total Av needed for these orbits.
The reasonable velocities here (10 to 12 km/sec) require substantially
less effort per weapon than those for circular orbits (12 to 15
km/sec)—especially since the magnitude of rocket propulsion
needed grows exponentially as the required Av increases.

Figures B.25 and B.26 show the trends in accuracy (reentry angle)
and lethality (impact velocity) for these orbits. In both respects,
these orbits are more forgiving than circular orbits with similar re-
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sponsiveness. Combining the effects and comparing the 6-hour
elliptical orbit with the 4,000- and 8,000-km circular orbits reveals
that the elliptical orbit, for roughly comparable responsiveness, has
better logistic reach, comparable accuracy, and better lethality
within its hemispheric coverage.

Figures B.27 through B.30 are contour plots for the 6-hour elliptical
orbit showing the in-range and crossrange footprints from apogee
for total Av, impact velocity, time of flight, and reentry angle. These
footprints would result in an absentee ratio of 4 to 8 for hemispheric
coverage, compared to ratios in the mid-30s to mid-60s for circular
orbits with global coverage. In general, if urgency is not the issue, a
small number of orbital positions in high-altitude elliptical orbits
(e.g., two per hemisphere in 24-hour-period orbits) might be prefer-
able if a delay between weapon release and target impact of about 12
hours is tolerable. However, other things being equal, terrestrial
basing is still the most economical for this class of weapon.
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Terrestrial Basing

As noted earlier, President Eisenhower’s advisors judged that earth is
a better weapon carrier than a satellite. The graphs in Figures B.11
and B.24, which show the total Av needed to base a weapon in orbit
and deorbit it onto a target, included a box indicating the rough
velocity range needed to deliver a weapon in a steep ICBM-like tra-
jectory from the surface of earth. The details are in Figures B.31 and
B.32.

Figure B.31 shows the burnout and impact velocities for ballistic tra-
jectories constrained to a reentry angle of 60 degrees, the minimum
for accuracy. The impact velocity assumes the same weapon B as in
the earlier orbital basing figures. To measure the logistic effort for
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transporting the weapon to target, compare the burnout velocity
with the total Av for the orbital cases.!4

Figure B.32 shows the time of flight needed for the lofted ballistic
missile trajectories. At longer ranges, a fractional orbit trajectory
may be necessary to keep the time of flight reasonable. But if the
weapon is based, for example, on a ship or submarine and if its range

14poth velocities are ideal in that they neglect gravity and atmosphere losses in
reaching orbit or burnout, which is acceptable for comparing relative differences. To
estimate the real velocities needed, include about 1 km/sec of loss for each.
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Figure B.28—Impact Velocity from 6-Hour Elliptical Orbit Apogee

from the target is suitable for a lofted ballistic trajectory with a rea-
sonable time of flight, the ideal propulsion effort is only about 8 to 10
km/sec, compared to the 10 to 12 km/sec for elliptical orbit basing
and the 12 to 15 km/sec for circular orbit. Depending on the
propulsion specifics and losses, these velocity requirements would
translate into propulsion needs per weapon mass of about those
listed in Table B.5.15 Note that Scales (1999, pp. xvi, 88) stated that it
took 40 tons of fuel to drop 1 ton of bombs during the Persian Gulf
War.

15These ratios are very rough magnitudes, useful only for relative comparison amon

» l’y. g g . y P p : - g
general basing alternatives. Better estimates for absolute sizing would require detailed
examination of staging, propellant performance, and inert (nonpropellant) weight
budgets.
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Figure B.29—Time of Flight from 6-Hour Elliptical Orbit Apogee

Another issue is the absentee ratio to achieve the desired degree of
responsiveness for a given basing mode. As noted earlier, this ratio
may range from 2 to over 60 for orbital basing. But propulsion mass
is only one element of the logistic costs for delivering these weapons.

The logistic cost of acquiring and supporting terrestrial bases—par-
ticularly ships and submarines, which have their own absentee ratios
set by endurance limits, transportation delay, and maintenance or
refit time—may be higher than the propulsion cost for orbital basing.
Also, terrestrial platforms have operational signatures similar to
those normally associated with nuclear weapons; this could make
such platforms unattractive for other kinds of weapons in a way that
overshadows logistic cost issues.
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Figure B.30—Reentry Angle from 6-Hour Elliptical Orbit Apogee

Table B.4
Sample Elliptical Orbits

Orbit Period Apogee height?

(hours) (km)
3 7,964
6 20,370
12 40,060
24 71,330
48 121,000

3All perigee heights are 400 km.
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Figure B.31—Velocities for Ballistic Trajectory from Terrestrial
Base with 60° Reentry Angle

Table B.5

Propulsion Requirements for Kinetic Energy Weapon

Propulsion Launch-to-Payload

Trajectory Type Mass Ratio
Ballistic Solid propellant ~-20-60

(expendable)
Ballistic Liquid propellant ~16-40

(e.g. reusable)
Elliptical orbit Liquid propellant ~30-55
Circular orbit Liquid propellant ~55-140
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Figure B.32—Time of Flight for Ballistic Trajectory from
Terrestrial Base with 60° Reentry Angle
CONVENTIONAL WEAPONS

For space-basing conventional weapons, timely response and long
logistic reach still conflict, but the conflict is easier to resolve than it
was for kinetic-energy weapons. Figures B.19 and B.20 show this
conflict for a 8,000-km orbit. In Figure B.19, the area a weapon can
reach economically is on the right; in Figure B.20, the area a weapon
can reach in a short time is on the left. Constraining either parame-
ter will mean compromising the other somewhere in the middle.
However, because a steep reentry angle and a high reentry velocity
are no longer constraints (or even desirable in this case), the base
orbit can be substantially lower, to provide greater responsiveness
without penalizing the footprint for the logistic effort.

Figures B.33 and B.34 show the corresponding contours of total effort
and reentry time for a 500-km orbit. The lower orbit allows a slightly
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larger footprint for the same total effort, with reentry of the atmo-
sphere within about 20 to 40 min, compared to 50 to 80 min at the
higher altitude.16 Also, since the time to complete an orbit at the
lower orbit is one-third that of the higher orbit, the constellation of
footprints can be less densely packed because the footprints move
faster over earth’s surface. For continuous, global access to targets,
an absentee ratio of about 5 should be possible at 500 km with a re-
sponsiveness of about one-half hour from decision to destruction,

16However, the share of the total effort apportioned to deorbit (as opposed to launch)
is greater at the lower altitude, so the magnitude of the observable deorbit rocket burn
is correspondingly greater. In each case we could keep the flight times closer to the
shorter end of the range of times available in close, using the excess propulsion avail-
able at the far end of the footprint to take a higher-energy, shorter time trajectory.
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for total logistic effort of about the same order as for kinetic-energy
weapons.

The comparison of terrestrial basing with orbital bases for this class
of weapon parallels that for the kinetic-energy weapon. However,
removing restrictions on the reentry angle and Av changes the ranges
and flight times of possible interest. Figure B.35 shows the equiva-
lent of Figure B.32 for a relatively shallow 30-degree reentry angle
(below the horizon), instead of the 60-degree reentry angle for
kinetic-energy vehicles. For equivalent flight times and effort,
standoff ranges of up to 20,000 km are possible with the shallower
reentry, compared to the 9,000-km constraint for the steep reentry.
ICBM trajectories would be more economical for this class of weapon
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than space basing if confusion with nuclear-armed missiles can be
avoided. This might be possible if a vehicle is developed specifically
for the purpose, such as a reusable vehicle, or possibly with ICBMs
based in some verifiably distinctive mode.



Appendix C
NATURAL METEOROIDS AS WEAPONS

Chapter Three and Appendix B used the physics of meteoroids as a
starting point for developing an understanding of kinetic-energy
weapons delivered from space. The discussions examined idealized
meteoroids at sizes having effects that would be of tactical interest in
conventional warfare. The impressive effects on earth of past large
meteoroids suggest the possibility that natural objects—earth-
crossing asteroids-—could be used as weapons on a scale more suit-
able for strategic deterrence, as are nuclear arsenals. Such notables
as Carl Sagan, in discussing means of preventing catastrophic natural
collisions, have expressed concern about the possibility of deliber-
ately deflecting an asteroid toward earth as a weapon (Harris et al.,
1994; Sagan, 1994; Sagan and Ostro, 1994).

For nations that already have nuclear arsenals, asteroid weapons
might be of only academic interest. Depending on the relative diffi-
culty of acquiring a nuclear arsenal or equivalent weapons of mass
destruction, the idea might be of more practical interest to other na-
tions. The decision process and motivations that might lead some
nation to acquire such weapons were discussed in Chapter Six.

This appendix will review some of the practical issues in employing
asteroids as weapons. As in Chapter Three, the critical military issues
are the suitability of the effect and the logistics of causing it. The re-
view here will discuss suitability briefly and logistics in more detail.
Suitability is determined by the size of the effect desired, which
depends on the size, velocity, and composition of the asteroid.
Logistics is a question of timely availability of an asteroid and the
effort needed to find and use one when desired.

173
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WEAPON SUITABILITY

By the time very small meteoroids impact the ground, they have
slowed to several hundred or a few thousand miles per hour. These
meteoroids are too small for this discussion. Very large asteroids or
comets penetrate the atmosphere as if it were not there and strike
the ground with full force. At the larger end of this scale (diameter 21
km) are asteroids, whose effects are too great to be useful for strate-
gic deterrence. Threats of a mass extinction event are not likely to be
credible. At the lower end of the scale are meteoroids large enough
to survive reentry to strike the ground; these represent the upper
bound of interest for strategic deterrence. Asteroids that can survive
to a low enough altitude to have blast effects represent the lower
bound.

Intermediate-size asteroids explode in the atmosphere. The altitude
at which such objects begin to explode is approximately determined
by equating the crushing strength of the material to the local atmo-
spheric density and the square of the instantaneous velocity. Aster-
oids have median entry speeds of 13 to 17 km/sec (Chyba et al.,
1994). Iron asteroids that are only 10 m in diameter retain most of
this speed even in the lower atmosphere. Small iron meteorites have
crushing strengths of as much as 4,000 atmospheres. A statistical
analysis of the weakening due to fractures would suggest slightly
lower strengths for an object with a diameter of several meters to a
few tens of meters (Lewis, 1997, p. 380), with fragmentation begin-
ning at about 1 to 10 km. Substantial blast and heat effect could oc-
cur on the ground below if the fragmentation takes place near the
lower limit of that range.

There were at least three demonstrations of the effects in the 20th
century alone (ordered from largest to smallest):

o Tunguska, Siberia, June 30, 1908. An asteroid weighing about
100,000 tons exploded at an altitude of between 2.5 and 9 km,
with a yield equivalent to 40 megatons of TNT (Vasilyev, 1996).
The blast felled trees over 2,500 km? and burned 1,000 km?. Had
this explosion taken place over an urban area in Europe, it might
have produced 500,000 human casualties (Gallant, 1993).

¢ Sikhote-Alin mountains, Kamchatka Peninsula, 1947. An aster-
oid estimated to have originally had a mass of less than 1,000
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tons fragmented at an altitude of around 5 km. The burst was
high but did produce some ground effects, and the explosive
yield was close to that of the Hiroshima and Nagasaki atomic
bombs. Over 30 tons of material have been recovered from this
event (Vasilyev, 1996).

¢ The Amazon, August 18, 1930. This smaller but still impressive
impact occurred in a remote region. This yield was about one-
tenth that of Tunguska, and reports of the event have resurfaced
only in recent years (Schaefer 1998).

Smaller asteroids produce no more damage than the psychological
effect on the viewing population (although demonstrating the ca-
pability of delivering an asteroid to earth precisely and on schedule
would have high deterrence value). On October 9, 1997, a fireball
was observed from Santa Fe to El Paso, where it finally exploded at a
height of 36 km and released energy estimated to be equivalent to
about 500 tons of TNT (Schiff, 1997). Assuming a stone asteroid—
since no meteorites were recovered—the diameter was estimated to
be 2 m and the mass 20 tons. Similar events happen a few times each
year. This one was notable because the meteoroid exploded high
over a major population center.

Much-more-energetic events have occurred recently. What was re-
portedly the brightest fireball to be seen by a satellite resulted from a
explosion on February 1, 1994, 20 km over a remote area of the west-
ern Pacific Ocean; the yield was estimated at 11 to 110 kilotons. The
object responsible was probably a stony meteoroid with a diameter
of 7 to 15 m (Satellites Detect Record Meteor, 1994). If the El Paso
object had been this size, the ground effects would have been very
minor, but the population of El Paso would have had much more to
talk about.

In 1996, a large asteroid designated “1996 JA1” approached earth—
453,000 km at closest. This is slightly more than the distance to the
moon, but some asteroids have been observed passing within a frac-
tion of the earth-moon distance. This particular asteroid is distinc-
tive because it was observed only four days before its closest
approach and is believed to have had a diameter over 100 m. The
impact of such an object would produce a ground or near-ground ex-
plosion equivalent to a 100-megaton weapon.
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In summary, the suitability of weapon effect depends on the combi-
nation of size and materials. Precise control of the effects in an im-
pact area would be very challenging. An object large enough to cause
a big explosion would generally have a high enough B to suffer only
minor angular changes in its trajectory due to atmospheric effects.
But even for such objects, precisely predicting the extent of destruc-
tion would require understanding their internal composition, includ-
ing possible internal fracture statistics or heterogeneity, to predict
the altitude of breakup and the extent of blast effects from the
breakup. The breakup of the Brenham stony-iron meteorite, for ex-
ample, produced some specimens that are essentially iron metal and
others that are mixtures of iron and olivine, a variety of stone.

LOGISTICS
Availability

Two well known groups of asteroids—the Atens and the Apollos—
currently cross earth’s orbit, and each originates in the main asteroid
belt between Jupiter and Mars. Astronomers have discovered 190
that are over 1 km in diameter and estimate that there are 900. In
addition, the 1,500 Amor asteroids are believed to be very large near-
earth objects that could pose significant future danger, having the
potential for global destruction.

Among the smaller, potentially useful objects may be over 1 million
asteroids over 30 m in diameter that cross the earth’s orbit
(Rabinowitz et al., 1994; Shoemaker et al., 1995). The objects among
them that are important for this discussion have diameters ranging
from a few tens of meters to a few hundred meters, depending on
whether they are stone or iron and on the effect desired. The rele-
vant questions here are

e Can we reasonably expect to find enough of them?

e Do they pass near enough to the earth to be deflected enough for
accurate collisions with the earth?

e Can this be done quickly enough?

e Can we expect to find them whenever necessary?
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The lower bound on the availability of likely candidates can be
determined from the history of actual natural collisions. The upper
bound will depend on the amount of effort and lead time that can be
devoted to deflecting what would otherwise be near misses into pre-
cise impacts. The frequency with which earth-asteroid collisions
occur without assistance has been estimated from satellite observa-
tions and from extrapolations by counting lunar craters (Morrison et
al., 1994). Objects of the 10-m diameter class impact almost annu-
ally. Stone objects this small fragment too high up to be useful
weapons. Iron meteorites are observed in 3.2 percent of all falls
(Lewis, 1997, p. 323). It would therefore follow that a 10-m iron
asteroid—a Sikhote-Alin class object—strikes land on average once
per century or so and the ocean twice as often. Objects with diame-
ters of 100 to a few hundred meters impact earth naturally with a fre-
quency of about one in a few thousand years (Morrison et al., 1994).
Iron objects produce craters like the Barringer crater in Arizona.
Stony objects produce air bursts like the Tunguska event in Siberia.

Increasing the opportunities to employ one of these natural weapons
requires increasing the range of near-misses to some maximum miss
distance. As the area the maximum miss distance covers expands,
the incidence of objects available to divert should increase in pro-
portion to the increased cross-sectional area. For example, diverting
asteroids that would otherwise miss earth by a distance as far as the
average distance to the moon should multiply the incidence of
“near-enough” misses by about 3,600. If it is possible to divert ob-
jects at such distances, suitable opportunities would be available as
often as weeks or months apart, rather than years or centuries.

Effort

Diverting the course of an asteroid requires only a small Av, if the de-
flection is done far enough in advance of earth impact. The dis-
placement is proportional to both the lead time and Av.! Done well

lcalculations of the Av needed to protect the earth often assume that the asteroid is
predicted to strike the earth and that the minimum deflection is about one earth ra-
dius. The assumed lead times are often very long, reducing Av estimates to numbers
much smaller than those assumed here for an asteroid used as a weapon. Deflecting
an object toward earth requires a larger Av if the miss is predicted to be close but by a
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in advance, diverting an asteroid that would otherwise come no
closer than midway between earth and moon requires imparting a Av
of at least several tens of meters per second to the asteroid. Deflect-
ing an asteroid within days of its closest approach to earth would re-
quire a very large Av, on the scale of kilometers per second. It is only
possible to deflect an intermediate-size asteroid well in advance.

The precision of the angle and timing of entry into the atmosphere
determine the degree of control over the location of the impact. Be-
cause the lead time for deflecting an asteroid is long, it is precise con-
trol of the velocity vector applied to the asteroid, not the time deflec-
tion begins, that is important. An error of only about 1 percent could
alter the impact point by about 1,000 km.2 In practice, ensuring
damage to a particular large, soft earth target would mean control-
ling the asteroid’s Av to at least 1 part in 10,000. Reducing the target
error to the range of kilometers would mean controlling the Av to 1
part in 100,000, an accuracy comparable to that of simple ballistic
missiles. The instantaneous position and velocity of the asteroid
must be known during the deflection process and must continue to
be monitored afterward for perturbations to the asteroid’s trajectory.
Radio astronomy provides the means of obtaining such precise posi-
tion and velocity measurements: the differential, very-long-baseline
interferometry used to navigate deep-space probes.> And, because
of their large mass, these objects inherently have Bs high enough to
preserve accuracy through atmospheric entry. The principal uncer-
tainty would be in the altitude of fragmentation for asteroids chosen
to achieve blast, rather than impact, effects.

safe margin. Precise targeting would need to account for the enhancing effect of the
earth’s gravity well,

2Infrequent observations alone cannot provide sufficient trajectory precision for tar-
geting. For example, a 1997 prediction claimed that a large Apollo asteroid, 1997 XF11,
would approach earth on October 26, 2028, at a dangerous minimum miss distance of
28,500 km. Subsequent calculations using additional data revised the distance to
865,000 km. The width errors were, respectively, 2,550 km and 750 km. Even the im-
proved error value would be inadequate if the goal were to manipulate a piece of this
asteroid to impact on earth. Furthermore, the refined length uncertainty, at 174,000
km, was still large.

3The Deep Space Network's representative error budget for deep-space probe velocity
measurements, under standard observing conditions, is about 0.1 mm/sec (Jet
Propulsion Laboratory, 1997).
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Other observers might eventually detect the changed trajectory and
recognize the threat, perhaps using the same radio signals used for
navigation. But what if the asteroid is not detected until the last part
of its trajectory? In this case, the larger the object, the less chance
even an advanced nation has of diverting it. Likewise, if the object is
not already on course for impact, even the attacker can do little to
correct the situation.

A nuclear weapon may be the only way to divert or fragment an as-
teroid of modest size in the days just before the expected impact—
assuming one were available and ready to launch. Even then, the
consequences would be uncertain, since this could just distribute the
damage over a larger area, with higher-altitude bursts than the at-
tacker intended. While this might be attractive for deflecting an as-
teroid away from earth on short notice, it would probably not have
enough precision for deflecting an asteroid toward an earth target.*
Given enough lead time, however, a number of other deflection
methods are available.

The most straightforward nonnuclear approach is to attach a device
to the asteroid to act as a mass launcher, using the asteroid’s own
material as propellant and the sun as a power source. Consider a
device that could produce exit speeds of about 1 km/sec.> Deflecting
an asteroid large enough to create effects comparable to those of the
Sikhote-Alin event with a lead time before impact of less than a
month would require ejecting at least several tens of tons of asteroid
material. This could be done in one day if the continuous firing rate
were 1 kg every few seconds. The launcher would be required to
make tens of thousands of shots, and an error in a single shot would
cause a noticeable target error. Prolonged firing would require a
greater total number of shots, which would only partially reduce the
firing rate.

Beginning the deflection months in advance would reduce the effort
required and keep the firing rate low. Here, the Av results from a

4In any case, a country that already had nuclear weapons would probably not need to
use asteroids for deterrence.

5Sizing studies for lunar colonies have produced theoretical descriptions of such mass
launchers. An early NASA study of space habitats describes mass drivers of larger
capacity than our asteroid mover (Johnson, Holbrow, and editors, 1977).
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large number of small nudges over a substantial period, so several
times more effort would be needed than for a single large push
(if that is even possible). The greater control that the prolonged
multiple-shot process yields is, however, well worth the extra effort.
Some of the key technical issues are development of a reliable mass
launcher and the mining and preparation of asteroid material for use
as propellant. Given enough lead time, the power needed for the
mass launcher could also power the mining effort.

The amount of solar power needed for a mass launcher is large but
not unthinkable for small asteroids. Firing 1 kg/sec at a speed of 1
km/sec requires 1 MW of power, assuming a mass launcher conver-
sion efficiency of 50 percent.5 A 2,500-m?solar array with 30-percent
efficiency would be needed at a distance from the sun similar to that
of the earth. Depending on the location of the asteroid at the time
the maneuver begins, the distance might be as much as twice the
earth-sun distance, which would require a solar array with four times
the area.

Given a longer lead time than the postulated one month for moving
something the size of the Sikhote-Alin object, the solar array could be
smaller. Moving a massive Tunguska-like object would require two
orders of magnitude (100 times) more energy. A reasonable level of
effort for large objects like these could require a mass launcher to
operate for months.” The equipment needed to convert an asteroid
into a guided projectile would weigh tons, yet would have to be de-
livered at a velocity matching that of the asteroid. Depending on
where delivery begins, this might be as prodigious a feat of propul-
sion as nudging the asteroid.®

6The average launcher power for the minimal iron asteroid mass that could penetrate
close to ground with very high velocity would be an order of magnitude less. The ap-
proximation is for an object weighing on the order of 10,000 tons (i.e., explosive yield
of about 200 kilotons).

7Even if it were possible to scale the mass launcher to eject material more rapidly from
the larger objects, the power source would have to provide hundreds of megawatts—
on the scale of a nuclear power plant.

8Another concept often considered for moving asteroids—the solar sail—requires very
long lead times for a reasonable size sail and is therefore unattractive for diverting
asteroids to weapon use, except perhaps to push one into a more convenient orbit
years in advance.
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Timing

The above discussion made it clear that the lead time for deciding to
employ a specific asteroid as a deterrent will be at least months.
Some preparations could be made years in advance that might
eliminate some of the delay: surveying candidate asteroids, preposi-
tioning propulsion capabilities, perhaps even modifying likely as
teroid orbits to improve their availability. For use as a nuclear-
equivalent deterrent, such preparations might even be necessary.

The history of nuclear deterrence would make such a lengthy re-
sponse delay seem unreasonable. After all, in the time it would take
to prepare and deliver an asteroid strike, an opponent might be able
to force the asteroid wielder to relinquish its belated asteroid re-
sponse. Thus, even with the best of preparations to shorten delays,
the owner of an asteroid deterrent must convince potential oppo-
nents of the inevitability of its response. It helps that an asteroid on a
collision path with the earth presents some physical basis for a per-
ception of inexorability—particularly if the identity and location of
the asteroid are not readily and quickly available to the defender.
But the real difficulty would be human: conveying the credibility of a
commitment to an irreversible, devastating response, even though a
substantial delay that would allow time for second thoughts, recrim-
inations, political changes, and opponent responses. In some cul-
tures with longer memories and long-held grudges, a few months’
commitment to purpose might be trivial.

Technology

Industrial-scale rocket propulsion is the fundamental technology
necessary for turning asteroids into weapons. None of its elements
are unknown. Proof of principle is well understood. Conceptual de-
sign studies are available in the literature on space and lunar colo-
nization, although particular devices of the right size would need
engineering development. Only the scale of the enterprise gives
pause and invites comparison with World War II's Manhattan Pro-
ject.

As the nation mobilized for war, total U.S. defense outlays went from
about $2 billion a year to a peak of about $80 billion a year over five
years (Clinton, 1997). The country spent about $2 billion in total
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(about $20 billion in 1996 dollars) to develop the scientific basis of
atomic weapons and the industrial processes and infrastructure for
extracting and refining the needed materials (Purcell, 1963, p. 13;
JSC, 1998).9 Because of the sense of urgency, the project pursued
parallel development paths—four paths for materials extraction, two
paths for weapon design—without waiting for success in prerequisite
elements of the program before committing resources to dependent
elements. Yet for all its unprecedented scale, extravagant urgency,
and remarkable success, the Manhattan Project was relatively
modest compared to what would be required for asteroid weapons.

Generating solar power in space for transmission to earth would
provide a better reference point for our purposes. In 1977, the first
proposals to develop a such a capability, with a capacity of 5 GW, es-
timated a cost of $102 billion (about $254 billion in 1999 dollars)
(Landis, 1990). Later proposals tried to reduce the cost by using
lunar material to produce the solar cells and other elements of the
power infrastructure, which presumed a separate investment in
lunar transportation and facilities (Landis, 1998). The transporta-
tion, space materials, and manufacturing technologies needed for
that exercise are precisely those required to convert asteroids into
suitable weapons and are of roughly the same scale.

Clearly, a “Manhattan Project” for an asteroid weapon would be large
and difficult to conceal, except perhaps as an element of a larger,
nominally civil, program that required a similar large-scale space in-
frastructure, such as a program for generating power economically in
space or for extracting lunar materials for various large-scale activi-
ties in space.

ALTERNATIVES

Aside from the limited range of possible effects and the great uncer-
tainty about the precision of an effect, one clear argument against
asteroids as weapons is that smaller, cheaper means of acquiring an
equivalent to a nuclear deterrent are available. The preceding com-

9%hen it was first decided to commit resources to industrial-scale production of
atomic bomb materials, the estimate of future needs was only $400 million (Smyth,

1945, p. 115).
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parison with the Manhattan Project highlights the fact that the in-
frastructure costs for asteroid weapons are at least an order of
magnitude greater than the cost for developing and producing
nuclear weapons.

Had it not been for the fortunate interruption of the Persian Gulf
War, Iraq would have provided an example of the practicality of a
covert, third-world “Manhattan Project.” With that object lesson still
fresh, the availability of nuclear materials and technology may have
undergone enough scrutiny to make other alternatives attractive to
those who would like to acquire a weapon of mass destruction. Un-
fortunately, chemical and biological weapons are much less expen-
sive and much easier to proliferate than are nuclear weapons (OTA,
1993a; OTA, 1993b). While the alternatives may lack the impressive
physical destruction of a nuclear or asteroid weapon, their potential
for wholesale and indiscriminate lethality should make them reason-
able substitutes for deterrence.

SUMMARY

With some patience, waiting perhaps a month or two, suitable
asteroids could be routinely found that would produce weapon
effects equivalent to nuclear weapons with yields ranging from tens
of kilotons to many megatons. With some effort, they could be
diverted to weapon using technology (and extensive supporting
infrastructure) similar to that for exploiting lunar materials,
generating solar power with satellites, or defending against asteroids.
However, at best, it would take months after a decision to use one as
a weapon to reach the desired conclusion. Because much cheaper,
more responsive weapons of mass destruction are readily available,
this one is likely to remain safely in the realm of science fiction.



AppendixD
BALLISTIC MISSILE DEFENSE COUNTERMEASURES

Chapter Five asserted that unsophisticated countermeasures could
readily saturate terminal and midcourse missile defenses based in
the continental United States. In discussing the urgency of boost-
phase missile defenses, Chapter Three introduced the countermea-
sures. This appendix contains a thought-experiment to illustrate the
possibility of an unconventional, unsophisticated countermeasure
against terminal-area ballistic-missile defenses. The appendix also
illustrates a possible unconventional, space-based deterrent weapon.

The straightforward approach to defeating midcourse and terminal
missile defenses is to saturate them with multiple aim points. One
way to saturate defenses during the midcourse portion of a missile’s
trajectory outside the atmosphere is to deploy relatively inexpensive,
unsophisticated decoys (such as balloons or fragments of the
booster) in large numbers and to alter the appearance of real targets
to help confuse sensors trying to sort the real and false targets, for
example, by deploying the real targets in what amounts to another
decoy (APS, 1987; Lewis and Postol, 1997). By the time the decoys
and a typical nuclear reentry vehicle reach the atmosphere, the lower
ballistic coefficient of the decoys will cause them to fall behind and
allow terminal-area defenses to concentrate on the reentry vehicles
in the time remaining before the weapon detonates (Bethe, Boutwell,
and Garwin, 1986, pp. 64-68; Flax, 1986, pp. 43-46; Garwin and
Bethe, 1968). Because making a decoy’s ballistic coefficient and
other observable signatures match that of a reentry vehicle carrying a
weapon is roughly equivalent to making another reentry vehicle, the
conventional approach to defeating the remaining terminal-area de-
fenses is normally not to saturate them with false targets but to try to
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outmaneuver them. This technique originally involved faster reentry
(higher ballistic coefficients) and, as the technology evolved, maneu-
verable reentry vehicles. Alternatively, the attacker can saturate the
terminal defenses with real targets.

Either of these two approaches, maneuvering or multiple reentry
vehicles, requires some degree of technical sophistication and more
resources than we might associate with an unsophisticated oppo-
nent. However, an unsophisticated opponent may not follow the
same development paths the United States or the Soviet Union took
in developing their own strategic deterrent arsenals.

Launching a nuclear weapon in a reentry vehicle on a ballistic missile
is not the only way to pose an unacceptable threat to the United
States. Other possible weapons of terror or deterrence (depending
on perspective and purpose) include chemical and biological
weapons, and these may be more readily available to what might be
called rogue states. Their proliferation is more difficult to detect or
interdict than nuclear weapons. Their development signatures are
identical to those of pharmaceutical research and production.
Chemical weapons and agricultural chemicals need the same pro-
duction infrastructure. The infrastructure for producing biological
weapons is practically undetectable. Among these “poor man’s nu-
clear weapons,” the spores of anthrax bacteria have been described
vividly in the open literature and in official information (DoD, 1998a;
DoD, 1998b; OTA, 1993a; OTA, 1993b; Taylor, 1996). A few kilograms
of the spores delivered in an inhalable form can cause extremely
large numbers of fatalities in areas of high population density.
Against that kind of a target area with that kind of lethality, precision
delivery is not required, just widespread dispersal and rough timing
relative to time of day and weather.

Defending against the means of delivering chemical and biological
weapons for terrorist purposes (suitcases, shipping containers, car
bombs, subway releases) is generally the realm of police, customs,
coast guard, and intelligence agencies, rather than of the military.
Some opponents of missile defenses are quick to point these means
of delivery out as evidence of the futility of military missile defenses.
However, if the weapons are intended as a military deterrent, their
utility would be better served by more visible delivery means, such as
aircraft or missiles. These delivery platforms still provide the op-
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portunity for effective, unsophisticated counters to terminal-area
missile defenses.

With shorter-range missiles, the acknowledged approach for saturat-
ing terminal defenses is to fractionate a unitary warhead into multi-
ple submunitions and deploy them early in the trajectory (Lewis and
Postol, 1997, p. 62). Some might think this approach applies only to
short-range, theater missiles because the submunitions would not
survive the heat of reentry associated with longer-range missiles un-
less their reentry vehicles were of the expense and complexity suit-
able for a nuclear weapon. However, that assumes an opponent
would adopt a design philosophy that mirrors historical practice for
nuclear reentry vehicles. It might instead be more effective to follow
early practices in returning biological samples (cosmonauts, astro-
nauts, and chimpanzees) to earth from orbital velocities. Small,
low-tech submunitions for ICBMs of this type could deliver useful
quantities of anthrax spores effectively against sprawling urban and
suburban targets. The key insight comes from Appendix B’s discus-
sion of meteoroid reentry; all that is needed is a suitably low ballistic
coefficient for the reentry vehicle.

Envision a submunition reentry vehicle design employing a spherical
shape, thin-shell aluminum structure with a diameter of a few tens of
centimeters, roughly the size of a basketball or globe. The spherical
shape requires no attitude control in deployment and can be fabri-
cated with the same spin-forming machines or presses that make
pots and pans. It might use phenolic ablative material on the exterior
made from the same materials used for insulating handles on pots
and pans, brake pads, and the like (Tipco, 1998). To further insulate
the few kilograms of biological payload from heat, the interior might
be filled with mineral-fiber insulation (Rolan, 1999} and/or a vacuum
flask dewar (which could simply be a Thermos™ bottle) in the center
containing the anthrax spores. With a ballistic coefficient on the
order of a few hundred pascals, such a container should lose most of
its velocity above 30 to 40 km altitude and undergo a peak
acceleration of about 100 g’s, with manageable heating.

For fusing, the vehicle might sense its deceleration profile (see the
characteristic shape in Figure B.2) using solid-state accelerometers,
such as those used to deploy safety devices in automobiles, and per-
haps timers to ignite detonation cord, open the package, and dis-
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perse the spores near the desired altitude (Eagle Technology, 1999).
The timing could be tailored for the atmospheric conditions in the
desired target area at launch time, using current barometric pressure
downloaded from the Internet (The Weather Channel, 1999). All the
materials and knowledge required are readily available around the
world without breaking the threshold of export controls on missile
technology. In testing with more conventional reentry vehicles,
these submunitions might look like decoys, and their intended pur-
pose might not even be detected. A thin, midcourse, or terminal-
area missile defense would not be much help against modest num-
bers of these weapons.

The alternative to midcourse and terminal area defenses for this kind
of threat is a boost-phase defense.! Where it is possible (or econom-
ical) to station a ship, airplane, or land-based defensive platform
with fast interceptors or directed-energy weapons close enough to
the launch area, space-based defenses might not be needed. How-
ever, for such areas as the interior of Iran, China, or some states of
the former Soviet Union, only space-based defenses could attempt a
boost-phase defense.

LAside from deterrence, which was ground-ruled out of the discussion by defining the
threat as a rogue or undeterrable state and which may not be relevant to a small state
trying to establish its own deterrent to U.S. operations it finds counter to its interests.
If the state believes it can deter U.S. conventional forces with the credible threat of a
limited use of its own weapon of mass destruction, it might believe the U.S. nuclear
deterrent stalemated.
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