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Summary

Over the last years, plans for West European defenses against Soviet tactical ballistic missiles
have emerged. One reason for this is the technical developments in the field of air defense.
The other, more important reason is the U.S. SDI project. Whereas SDI proponents empha-
size defense against nuclear missiles and the connection to the U.S. project, the West Ger-
man government gives non-nuclear missiles as the main argument; in its view, a more modest
"extended air defense" separated from SDI is required. First steps are being made to provide
modern air defense missiles with some capability against short-range ballistic missiles. With-
in SDI ground-based interceptors planned for use against strategic ballistic missiles are first
tested against short-range missiles.

Properties of Tactical Ballistic Missiles

Tactical ballistic missiles comprise a large span from 60 km range (akin to artillery rockets)
to 5,500 km range (resembling intercontinental ballistic missiles). Having high velocities (1
to 5 kmys), they arrive at a target much faster than aerodynamic missiles or aircraft; flight
times vary between 2 and 30 minutes, according to the range. Ballistic missiles of shorter
ranges do not leave the atmosphere; above about 500 km range, a significant portion of the
flight duration is spent in space.

Unlike strategic missiles, most present tactical ballistic missiles have only one warhead. Most
tactical ballistic missiles are launched from mobile vehicles.

Up to now, almost all tactical ballistic missiles are guided by inertial measurement. This pro-
vides for a targeting accuracy (circular error probable) of several hundred meters. Therefore,
nuclear warheads must be used to produce significant military damages. Even if inertial guid-
ance could be improved to circular errors probable of less than 100 m, efficient use of con-
ventional warheads on tactical ballistic missiles would require marked increases in accuracy
which can only be provided by some form of target recognition and terminal guidance.

Technologies of Anti-Tactical Ballistic Missile Systems

Technologies which can be used for anti-tactical ballistic missile defense vary with the missile
range, and with the time scale foreseen for their deployment. Ballistic missiles with the short-
est ranges could be attacked by modified air defense systems, whereas for missiles with long-
er ranges systems developed for defense against strategic missiles are appropriate. Deploy-
ment could begin with fast ground-based interceptors, later augmented by air- and space-
borne sensors. In a couple of years, the use of space-based interceptor projectiles could fol-
low. Deployment of a space-based beam weapon defense systems is in the distant future.

Early deployable anti-tactical ballistic missile defenses would be based on mobile radars and
interceptors. Due to the limited radar search range, these would attack incoming warheads in



the atmosphere, providing some defense capability against present tactical ballistic missiles
of up to 1,000 km range. :

Long-wave infrared sensors carried on board high-flying aircraft are in principle capable of
detecting ballistic missiles or their reentry vehicles in space at ranges of up to 1,000 km. The
same would hold for long-wave infrared sensors "popped up" on rockets launched on warning
of attack, and on sensors permanently deployed on board low-flying satellites. Such sensors
are required if exoatmospheric interception in the midcourse phase is to be attempted.
Short-wave infrared detection of missile exhaust flames is possible from satellites even in
geostationary altitudes for all but the shortest ranges.

Exoatmospheric interceptors could be deployed on the ground or on board satellites. In the
former case, interceptor missiles would hit their targets at several hundred kilometers dis-
tance from their launch points, far beyond the border or front. If they continued their tra-
jectory, they could hit targets deep inside the other’s tetritory. If space-based interceptors are
to be present in sufficiently high numbers in a region where tactical ballistic missiles could be
used, ten thousands of projectiles would have to be deployed globally on several hundreds up
to several thousands of satellites. '

Beam weapons deployed in space (or having some components like relay mirrors in space)
are far away from a status where they could contribute in a significant way to a ballistic mis-
sile defense.

In the traditional systems for defense against strategic ballistic missiles, nuclear explosions

were used as intercepting weapons. If defense against nuclear ballistic missiles is a goal, the
defense must try to prevent salvage-fused warheads from exploding and creating an access to
the target for follow-up warheads. This produces a tendency to use nuclear warheads on the
interceptors. If the nuclear-explosion pumped x-ray laser proves feasible and is fully devel-
oped, such nuclear warheads could also be deployed in Europe for exoatmospheric intercept.

Non-nuclear interception can be done with conventional explosive charges surrounded by
shrapnel-forming metal; this principle is foreseen for interception in the atmosphere, It re-
quires guidance to some 5 meter distance from the incoming warhead. Qutside the atmos-
phere, direct hits can be achieved by infrared sensor guidance; depending on the existence of
unfolded structures, miss distances between 0.3 and 5 m are necessary. :

Expected Efficiency of Anti-Tactical Ballistic Missile Defenses

Anti-tactical ballistic missile defense is much more akin to defense against strategic missiles
than it is to air defense, except perhaps for the shortest ranges of 100 or 200 km. Because bal-
listic missiles are harder to detect and hit than aircraft, defense efficiencies are unlikely to
exceed those of air defense systems (i.e., will remain at less than 10% for a massive attack).

Similarly to the case of strategic missiles, there exists a number of countermeasures which
could be used to ensure penetration through anti-tactical ballistic missile systems. Some (like
light-weight decoys) could not be used with the shortest ranges, but others could prove very
effective. These include: reducing the radar reflex of reentry vehicles; increasing the missile
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numbers; lofting or depressing of trajectories; introducing multiple nuclear warheads; sal-
vage fusing of nuclear warheads; maneuvering reentry vehicles; earlier release of submuni-
tions; new types of decoys; electronic or electro-optical countermeasures. Offensive counter-
measures could be: attacking search radars with radiation-seeking missiles; attacking sensor-
carrying aircraft with long-range interceptor missiles; attacking satellite-based sensors or
weapons with ground- or satellite-based interceptors.

As in the case of strategic ballistic missiles, and even more so, there is no chance of protect-
ing the population from attack with tactical ballistic missiles equipped with nuclear war-
heads. For nuclear attacks against military targets in Europe, defenses make less sense than
for attacks against superhardened strategic missile silos (where a great portion could be sac-
rificed without significantly reducing the second-strike potential of the missile force as a
whole). -

Against conventionally equipped tactical ballistic missiles, defenses can achieve a limited ca-
pability; the difficulties increase with the missile velocity (and thus the range). Because con-
ventional ballistic missiles are not a significant threat, however, this limited performance lev-
el is without great relevance.

Strategic Stability with Anti-Tactical Ballistic Missile Systems

Strictly local, and limited, anti-tactical ballistic missile defense systems could in theory be
built without adverse effects on strategic stability. Because there is not a significant threat
from conventional ballistic missiles, they are in any case not needed to reverse a destabilizing
trend. :

The more ambitious the goals of defense become, the higher and and further out the inter-
cepting weapons reach, the more ambiguities arise. On the one hand, systems that could be
used offensively, or that could not reliably be discriminated from others capable of offensive
uses, create threats and threat perceptions which will lead to increased arms build-up. On the
other hand, if such systems have to be launched on short notice, they will in a crisis situation
increase the nervousness, and the chances that misunderstandings or unclear events could
lead to war.

Some anti-tactical ballistic missile techniques could indeed be used offensively. If nuclear in-
terception warheads were used, they could be alternatively directed at ground targets. Inter-
ceptor missiles for attacking ballistic missiles at greater altitudes and ranges could in prin-
ciple be used to attack command and control as well as sensor-carrying aircraft flying in rear
areas. Any interceptor for exoatmospheric interception of ballistic missiles is inherently bet-
ter suited to destroy satellites at similar altitudes. This affects low-orbit satellites for recon-
naissance, but also those which are foreseen for search and tracking of ballistic reentry vehic-
les, and for carrying space-based interceptors.

Ambiguities can arise, because interceptor missiles cannot under all circumstances be recog-
nized as defensive. If in a crisis, an interceptor was launched because of a mistake, or because
of an object erroneously entering one’s air space, this could spell crossing the threshold from
crisis to war. Specific problems are also created by infrared sensors on pop-up rockets. By
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definition, they have to be launched on warning, i.e. on indications of an attack. Only if they
were launched from fairly rear positions, and at trajectories not leading towards the border;
could misunderstandings as offensive ballistic missiles be avoided.

Any kind of anti-tactical ballistic missile defense has to react very quickly. If an incoming re-
entry vehicle is detected by a local radar, delaying an interceptor launch decision by 15 or 30
seconds can mean that the warhead hits its target unimpeded. There may be time for human
intervention at the operator level, but certainly not on the political level. Creation of central
NATO or WTO commands for anti-tactical ballistic missile defense could prevent local ope-
rators from triggering a war out of local unclear events. On the other hand, they would bear
new risks of errors on a larger scale, and political control would likewise be impossible in less
than a one minute decision time.

The greatest danger for crisis stability is to be feared if both sides command space weapons.
Mutual attacks could be brought forward within seconds with kinetic energy weapons, and
within split seconds for beam weapons. The need for automated decisions and the possibility
that a first attacker would end up with a significant advantage, will create high preemption in-
stability.

Because of the limited efficiency of anti-tactical ballistic missile defenses, it is likely that they
will be supplemented by offensive strikes at the launchers before the (second or even first)
missile is launched - such strikes are in fact elements of many plans and recommendations
how to deal with the "new conventional ballistic missile threat". Of course, real-time recon-
naissance of mobile launchers deep inside the other’s territory is very difficult, and can be
made even more so by camouflage and other countermeasures. A hypothetical situation in
which both sides had achieved this reconnaissance, and could effectively knock out each
other’s ballistic missile launchers using their conventional ballistic missiles, i.e., within 5 or
10 minutes, would be very destabilizing in a crisis. Because of worst-case thinking, this effect
may occur even if it has little basis in reality.

Anti-Tactical Ballistic Missile Defense and Arms Control

Because there is overlap in range and trajectory with some submarine-based strategic ballis-
tic missiles, defense against tactical ballistic missiles of more than about 2,000 km range is
neither allowed for the USA nor the USSR under the ABM Treaty, and such technology may
not be transferred to other countries. Any system or component of anti-tactical ballistic mis-.
sile systems of these two states which is air- or space-based and could also be used against
strategic ballistic missiles, is not allowed under the treaty. In order to prevent ambiguities,
both countries could agree to limit defense tests against tactical ballistic missiles to ranges
below some limit, e.g. 1,000 km.

In order to include other European countries which possess ballistic missiles, and could build
defense systems against them, a more general solution seems.advisable. The INF Treaty has
removed many reasons for defenses against tactical ballistic missiles above 500 km range. A
more stringent limit appropriate for dividing defense against aerodynamic missiles from de-
fense against most types of tactical ballistic missiles is at about 200 km ballistic range. In
order to ensure an unambiguous and long-lasting ban on defense against ballistic missiles
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above that range, NATO and WTO countries should ban defenses, including development
and tests, against objects which at any point of their trajectory had an altitude above 40 km or
a velocity above 1.5 kmy/s. To keep such a ban viable, reductions of existing ballistic missiles
above 200 km range should follow.

Smaller European states should try to influence the USA and the USSR to incorporate limits
on anti-tactical ballistic missile defense into the ABM Treaty, and should work towards a
general treaty more stringently limiting ballistic missiles and defenses against them. In order
to back their efforts, these states should clearly obey the limits in their own research and
development for modernized defenses against aircraft and aerodynamic missiles.

A reduction of tactical ballistic missiles above 200 km range and a renunciation of defenses
against such missiles in Europe will only remain viable over the long run if the quest of third
world countries for ballistic missiles is reversed and stopped. First measures taken against
proliferation of ballistic missiles should be joined by more countries, and should be made
comprehensive and juridically binding in a manner similar to the nuclear Non-Proliferation
Treaty.
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1. Purpose and Scope of this Study

After some ihtroductory remarks, the purpose of the present study is given
in 1.1. Section 1.2 gives an overview over the different chapters. Impor-
tant categories used in this work, and limits of its scope, are defined in
1.3

1.1 Introduction; Purpose of the Present Study

Following the U.S. Strategic Defense Initiative (SDI) program, ideas arose in several quar-
ters about erecting defenses against Soviet tactical ballistic missiles targeted at Western
Europe. The U.S. project is directed against long-range nuclear ballistic missiles. Many SDI
proponents in the USA and in Western Europe analogously want defenses against nuclear
 ballistic missiles of tactical ranges. They foresee European defenses with air and space com-
ponents, directly linked to SDI systems. Some use the name "European Defense Initiative" to
designate a similarly comprehensive scope like the U.S. program. The West German Gov-
‘ernment, on the other hand, has emphasized the threat posed by the conventional tactical
ballistic missiles, and not by the nuclear ones. The Government avoids the notions "nuclear”
and "space”. It has coined the name "Extended Air Defense" for an effort which starts by up-
grading the existing air defense systems to a capability against aerodynamic and some shor-
ter-range non-nuclear ballistic missiles.

In the meantime, the Treaty between the USA and the USSR on the Elimination of their
Intermediate-Range and Shorter-Range Missiles (INF Treaty) has introduced another, fun-
damentally different, possibility of dealing with missile threats (nuclear and non-nuclear
ones), namely by reducing and dismantling weapons in a mutually controlled way. The abol -
ition of all U.S. and Soviet ground-based missiles with ranges between 500 and 5,500 km can
remove many motives for developing and deploying defense systems against tactical ballistic
missiles. The treaty has not as yet, however, been followed by agreed limits on research, de-
velopment and testing of ground- and space-based defense systems against strategic ballistic
missiles. These activities continue (and will at some time come into direct conflict with the
ABM Treaty). Because of the direct overlap of defense technologies against strategic and
tactical ballistic missiles, continuing work in one field will provide incentives for the other.
The INF Treaty itself leaves out missiles of less than 500 km range. Compensatory armament
by ballistic missiles of such ranges, which is already actively planned for, will increase threats
and threat. perceptions, creating a second set of motives for anti-tactical ballistic missile de-
fenses.

In addition, there are nuclear ballistic missiles of ranges below 5,500 km of other countries
(China, France, Great Britain) which are not affected by the INF Treaty, and are currently
not included in any arms reduction talks. Sea-launched ballistic missiles of the USA and the
USSR are not subject to the treaty. Other countries are beginning to develop and deploy
their own tactical ballistic missiles. If active steps are not taken to contain and eventually
reverse these developments, threats and threat perceptions will increase and pressures for
defense deployment will rise. 2



A third group of problems arises out of the tendency for increased military use of aerody-
namic missiles for deep-strike purposes, If this continues unchecked, it is inevitable that air
defenses will be upgraded to include a capability against aerodynamic missiles. In principle it
is possible to do this without creating ambiguities as to defense against ballistic missiles (at
least those with ranges above 200 km). If no limits for such activities are introduced, how-
ever, the political-military desire for more capable systems will probably, over time, blur the
distinction between defense against acrodynamic missiles and defense against ballistic mis-
siles.

The present study undertakes a scientific and technical analysis of anti-tactical ballistic mis-

sile systems with a view to strategic stability and arms control. The main questions it tries to

answer are:

— What are the characteristics of tactical ballistic missiles?

~ What kinds of anti-tactical ballistic missile defenses are possible and how would they
work?. :

~ What degree of efficiency can be expected of such defenses (agamst nuclear as well as non-
nuclear ballistic missiles)?

— How would anti-tactical ballistic missile defenses affect strategic stab111ty (concermng the
arms race as well as in a crisis)?

- If the net effect on stability is negative, how can limitations for antt-tactlcal ballistic lmssﬂe
systems be devised that do not unduly impede defense efforts leading to more stablhty, and
are adequately verifiable?

The technical analyses of the report mainly address scientists and engineers. Formulae and
basic relations as well as literature references are presented in order to give technical in-
sights to those who are not active in research and development of radar systems, infrared
sensors, interceptors etc., but who want to examine the issues independently. No secret infor-
mation has been used. The goal of this report is to provide a basis for understanding - and
critically evaluating — arguments brought forward in the public debate.

The results of these analyses, and the discussion about strategic stability and arms control,
are intended to provide information to help also the non-technical reader come to an edu-
cated decision on the question of anti-tactical ballistic missile defense.

1.2 Overview over the Study

Chapter 2 gives a short account of the different origins of the present upsurge of concepts for
defense against tactical ballistic missiles.

Characteristics of tactical ballistic missiles are presented in Chapter 3. Their tra]ectones
and destructive effects are described; a list of deployed and planned missile types follows.

Chapter 4 deals with the technical aspects of different systems and components which can.
be used for anti-tactical ballistic missile defense. Beginning with techniques for search, after
a short look on guidance, the 1ntercept10n mechanisms are analyzed. A list of defense sys-
tems and components which are in the development process concludes the chapter:

Systems aspects are treated in Chapter 5. Footprint areas of typical ground-based anti-
tactical ballistic missile systems are calculated, and properties of space-based kinetic energy
weapons are looked at. Further possibilities of preferential defense and reaction times are
discussed.



In Chapter 6, possible countermeasures against anti-tactical ballistic missile systems are
discussed, and the defense efficiency which can be expected is estimated.

After looking into several possibilities for offensive uses of anti-tactical ballistic missile
defenses, and the necessity for short reaction times, prospects for strategic stability after de-
ployment of different types of such defenses are the subject of Chapter 7.

Chapter 8 deals with the question how anti-tactical ballistic missile defense relates to ex-
isting arms control treaties, especially the ABM Treaty. Then, limits for defense activities are
derived which would allow to separate defense against aircraft and aerodynamic missiles
from defense against ballistic missiles in an adequately verifiable way.

1.3 Definition of Terms, Limits of Scope

A missile is an unmanned air or space vehicle used for carrying destructive effects to a distant
target, usually propelled by some form of gas exhaust. Missiles can travel through air space,
making use of lift forces acting at the body and wings, and taking in air as oxidant for the fuel;
these aerodynamic missiles are limited to altitudes lower than about 25 km, they appear a-
bove the horizon of a target only late, and often fly at very low altitudes during the approach
to the target. Because aerodynamic drag has to be overcome, powered flight is necessary over
most of the flight path. Velocities are lower than the velocity of sound (0.34 km/s) at low alti-
tudes, and may reach Mach 3 (1 kmy/s) at high altitudes. Examples of aerodynamic missiles in-
clude anti-aircraft missiles, stand-off missiles, and cruise missiles.

Missiles which leave the atmosphere and/or do not make use of acrodynamic lift to com-
pensate for their weight force for a significant part of their trajectory are called ballistic mis-
siles. They are accelerated for a relatively short time by a rocket motor which provides its
own oxidizer to a high velocity (from 1 to 7 km/s) in a direction pointing upward at some
angle. Subsequently, propulsion stops and they move (like a stone thrown upward) under the
influence of the earth gravity (and of the air, where it exists). The direction and magnitude
of the velocity at burnout (and, to some extent, the burnout altitude) determine the distance
at which the ballistic missile (or its payload) will impact. Distances range from 15 km for ar-
tillery rockets which never leave the atmosphere to 13,000 km for intercontinental ballistic
missiles which travel 35 out of 38 minutes through space. As long as ballistic missiles are
within the lower atmosphere, they can make use of aerodynamic forces as well (to compen-
sate for the weight force, to change the course). Whereas this is regularly done in the boost
phase today, aerodynamic course control during reentry into the atmosphere is still in the
development stage and has only been introduced for one missile type (the U.S. Pershing 2).
For ranges more than 100 km, the velocity of ballistic missiles is markedly above that of —
even supersonic — aerodynamic ones. Ballistic missiles usually approach their targets at steep
angles (from 20° to 70° elevation), and appear above the horizon of a target earlier than aero-
dynamic ones. Because of their higher velocity and smaller size, however, this does not ne-
cessarily mean that they are detected earlier.

As to the range of ballistic missiles, there has traditionally been some vagueness of terms.
For land-based missiles, the term strategic ballistic missile has been defined in the SALT I In-
terim Agreement to mean a missile with a range above 5,500 km. For submarine-launched
ballistic missiles, no lower range limit exists (the term strategic has been linked in the SALT
M Treaty to the submarine type and the first flight test year). The term intermediate-range
ballistic missile has traditionally been used to designate land-based missiles of range less than
5,500 km, and above about 1,000 km. The INF Treaty also used this language. For the range



class between 500 km and 1,000 km, sometimes the name operational-tactical ballistic missile
has been used. The INF Treaty denotes this class as shorter-range missiles. Ballistic missiles
below 500 km range have been designated as tactical, or short-range ones.

For the purpose of the present study, the term tactical ballistic missile is used in a general,
technically oriented sense; it means any ballistic missile with a maximum range between 60
km and 5,500 km. Sometimes, the range class below 500 km will be designated separately as
short-range ballistic missiles. This classification is justified because the technical requirements
of defense are determined by the range, and thus the velocity, of the missiles; sea-launched
ballistic missiles, and possible future air-launched ones, of less than 5,500 km range, would
fall into the same class. This definition intentionally excludes artillery rockets of, say, 15 or
30 km range for several reasons: they are similar to artillery shells, defense against them is
not foreseen at present, and they are integrated into all other means of land warfare.

The term anti-tactical ballistic missile system (ot defense) (ATBM) is used for any kind of
system designed to counter tactical ballistic missiles in their flight trajectory. Such systems
are the object of the present study. It does not treat other military missions which sometimes
are included in a more general notion of anti-tactical missile (ATM) activity: the study does
not deal with defense systems against aerodynamic missiles (they are included only insofar as
separation from anti-tactical ballistic missile defense is concerned). It does neither analyze
passive measures designed to reduce the effectiveness of tactical ballistic missiles (like hard-
ening, dispersal, camouflage) nor offensive attacks against the launchers of tactical ballistic
missiles prior to the missiles being launched (such strategies are mentioned shortly in the
sections where motives and strategic stability are discussed).

The report gives the most weight to those defense technologies that could be deployed
within the next 20 years, namely interceptor missiles based on the ground or possibly in
space, with sensors located on the ground, in the air, and in space. More futuristic weapons
concepts such as beam weapons are mentioned; a detailed analysis is not done here because
system architectures are not well defined at present, and because several studies on general
properties of such systems have been done in the context of the debate on the U.S. SDI pro-
ject. Upgrading of existing air defense systems is covered only to a limited extent, because
such modifications will provide no significant capability and because sc1ent1f1c-techmcal ana-
lyses are already available.

Whereas some political events and motives are mentioned in the chapter on the origins of
the debate on anti-tactical ballistic missile systems, the study is devoted to the properties of
such systems, and the consequences which their deployment would have, which derive from
scientific and technical analysis. No political or military-strategic assessment is undertaken.
Broader issues enter only in the form of the general realization that lasting security of poten-
tial opponents cannot be founded on ever-increased levels of military effectiveness.
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2. Anti-Tactical Ballistic Missile DefenseS°-
Hlstory and Trends

Section 2.1 takes a short look at the origins of the present debate on anti-
tactical ballistic missile systems, which date back to the early fifties. 2.2
deals with two concepts which have been brought forward in the political
discussions in NATO countries: Defense against missiles of all ranges, in-
cluding nuclear ones (sometimes called "European Defense Initiative"),
versus modest upgrading of air defense systems directed against conven- -
tional, and short-range, missiles. Ongoing research and development ac- -
tivities are described in 2.3. :

2.1 Origins of the Debate on Anti-Tactical Ballistic Missile Defenses
2.1.1 Early history of Ballistic Missile Defense

The history of defense development against tactical ballistic missiles is at least as old as that
~ of defense against strategic ones, The German V-2 missile used in the Second World War
encouraged thoughts about defense systems against ballistic missiles. In the USA, projects
began as early as 1946, i.e. five to ten years before the first intermediate-range and inter-
continental ballistic missiles were operational. Durmg the fifties, development centered on
a variant of the Nike-Hercules nuclear anti-aircraft missile for exoatmospheric interception
(the Nike-Zeus). In the sixties, new phased-array radars and computers were integrated with
very fast interceptors to a completely new project (Nike-X, later called Sentinel, with the
Sprint missile) for endoatmospheric interception. While public controversy arose over de-
ployment of muclear interceptors in the vicinity of cities, and talks with the Soviet Union
about limits on anti-ballistic missile (ABM) defenses proceeded, the main defense goal was
changed from city protection to protection of intercontinental ballistic missile (ICBM) silos;
the project Safeguard added the Spartan missile for exoatmospheric interception. One such
system was deployed in North Dakota and became operational in 1975, but it was closed
down again in 1976 for reasons of high cost and limited efficiency.

In the Soviet Union, ballistic missile defense programs started equally as early, and also
came from air defense roots.Z Some in the USA feared that the long-range anti-aircraft mis-
-sile SA-5 (comparable to the U.S. Nike-Hercules) could be upgraded to an ABM capability.
In the late sixties, the Moscow ABM system using phased-array radars and Galosh mlssﬂes
for exoatmospheric interception was built.

- The 1972 ABM Treaty with its 1974 Protocol allowed both 51des to deploy ABM systems
with no more than 100 interceptors in only one region. This treaty contributed to a decline of
the interest in ballistic missile defense; research, development, and testing continued at a re-
duced pace. As stated, the USA does not have a deployed ABM system today; the USSR has
continued its Moscow system and and is currently modernizing it, e.g. by adding faster 1nter-
ceptors (called Gazelle in the West) for endoatmospherlc intercepts. -



Specific projects for defense against tactical ballistic missiles started in the USA in 1951,
but were overshadowed by the more important strategic defense ]:>rogr::1ms.3 In 1960 the first
ballistic missile to be intercepted successfully was an Honest John (range 38 km), hit by a
Hawk air defense missile launched simultaneously. This was more than two years before the
first successful Nike-Zeus intercept of an intercontinental ballistic missile. In the sixties, new
phased-array radar technology led to several new concepts, with differing requirements con-
cerning the inclusion of air defense capabilities. These were AADS-70, Field Army Ballistic
Missile Defense System (FABMDS) and SAM-D (later called Patriot). For the latter one,
the requirement for anti-tactical ballistic missile defense was dropped at some stage in the
development process mainly for cost reasons, leaving only the air defense role.

In the ABM debate of the late sixties in the USA, the other NATO countries discussed de-
ployment of defense systems in Western Europe against Soviet intermediate-range missiles.
Deployment of Safeguard systems in Europe was rejected for several reasons: their high cost
and limited capability, the vulnerability of the radars, the availability of a broad spectrum of
nuclear weapons carriers to the other side, and the problems created by nuclear intercep-
tors.

2.1.2 Technical Developnienté ili Air Defelise Systems

Technical progress in electronics, radar, and computer technology has allowed significant
changes in air defense systems. Today, mobile phased-array radars can fulfill the detection,
tracking, and guidance function with one system; modern computers and more reliable com-
munication between interceptor and command station allow lower miss distances, and faster
reactions. Thus the technical development arrives at a point where a non-nuclear defense
capability against some classes of ballistic missiles (namely those of the shortest ranges, and
equipped with conventional warheads) seems within reach.

In the USA, first tests of a modified modern air defense missile (the Patriot) against a
Lance short-range ballistic missile (120 km range) and against another Patriot missile (ballis-
tic range several hundred kilometers) have been perfc:rmed.5 Reports in the West indicate
‘that the Soviet air defense system SA-10 has a capability against tactical ballistic missiles, and
that the more modern SA-12 (which is roughly comparable to the U.S. Patriot) has been
tested against the SS-12, a tactical ballistic missile of 900 km range, and against a target ve-
hicle derived from an SS-4, which is an intermediate-range missile of 2,000 km range,

2.13 Incfeasing Role of Conventional Ballistic Missiles Foreseen for Deep Strikes

With the upsurge of concepts for NATO attacks at WTO targets located in the rear (AirLand
Battle, Follow-on-Forces Attack etc.) which could be observed in the early 1980s, several
ideas for use of conventionally equipped tactical ballistic missiles emerged.7 It was stated
that with a circular error probable of 20 m and a payload of one metric ton, a ballistic missile
could carry eight U.S. Air Force bunker target munitions of 100 kg each, resulting in a prob-
ability of destruction of above 0.8 for "almost all underground structures".® Three types of
ballistic missiles have been discussed for transport of airfield-attack submunitions:

— The Conventional Attack Missile (CAM-40) with 550 kg payload would be similar to the
Pershing 2 intermediate-range nuclear ballistic missile, and would likewise be terminally
guided using radar area correlation, achieving a circular error probable of 30 to 50 m. Each
missile would carry 68 or 112 kinetic energy runway penetrator munitions (KERP) of 8 kg



each’ According to the producing firm, Martin-Marietta, 150 such missiles "could shut

down 1009 of the Warsaw Pact’s main operating bases for several hours". 0 studies by the

U.S. Department of Defense are reported to have come to the conclusion that 53 Warsaw

Pact airfields could be destroyed in 10 minutes by 50 ballistic weapons launched by two

persons. -

~ The Ballistic Offensive Suppression System (BOSS/Axe) of Lockheed Corporation would
be based on the Tricent C-4 submarine-launched ballistic missilei and could carry a pay-
load of 6300 kg of airfield defeat munitions to a range of 650 km. .

— The Total Air Base Attack System (TABAS) would be even larger; its 25-metric-ton pay-
load would be carried by a giant missile similar to the Saturn rocket.? (The complete Sat-
urn'V was-about 100 m long and had a launch mass 0of 2,750t.7)

Some commanders would like to be able to, "when war starts, immediately put 40 airfields
out of aci;ion".15 Others, however, emphasize the difficulties of closing an airfield with con-
ventional ballistic missiles.® Many of the advertised damage probabilities seem greatly exag-
gerated, if one takes into account the insufficient targeting accuracy and the availability of
reserve runway area (see 7.2). That such attack concepts would nevertheless raise severe
problems because the missiles could not reliably be recognised as non-nuclear, is acknow-
ledged in some of the articles cited.1” Whereas some defense specialists explicitly recom-
mend introduction of new precise ballistic missiles with- conventional munitions into
NATO’s arsenals,18 the prospect of the necessity of early use of fast weapons, and the con-
ventional-nuclear ambiguity has created significant unrest about crisis stability and escala-
tion risk within parts of the North Atlantic Assembly.19 The INF Treaty of December 1987
with its elimination of all U.S. and Soviet ground-launched missiles with ranges between 500
and 5,500 km will prevent most of those concepts from developing. (And it will of course, at
the same time, reduce existing threats by ballistic missiles of those ranges, as long as smaller
NATO and WTO countries will not circumvent its provisions.)

For attacks at less than 500 km depth, a follow-up to the Lance missile is being developed.
The U.S. Army Tactical Missile System (A)TACMS is to carry conventional submunitions,
possibly equipped with homing guidance. Targets would be airfields and troop concentra-
tions, and also tactical ballistic missile launchers of the WTO.2 The ATACMS would be
launched from a multiple-launch rocket system (MLRS) launcher; one version (T -16) is
based on the Patriot air defense missile, another (T-22) rests upon a modified Lance short-
range ballistic missile.?! The range is mostly given as below 200 km. There has always been
some discussion about a nuclear warhead, but the U.S. Congress has limited ATACMS to a
non-nuclear role.? Only recently, after the conclusion of the INF Treaty, U.S. Government
plans for the Lance follow-up seem to have been changed to a range of 450 km and a nuclear
warhead. :

Concerning tactical ballistic missiles of the Warsaw Treaty Organization, there have tradi-
tionally been more missiles than NATO had in Western Europe. Whereas most types have
been equipped with nuclear warheads, it is reported that the newer generation being intro-
duced since about 1980, the SS-21 (100 km range), the $S-23 (500 km range), and the 5S-12
mod. (900 km range), could also be equipped with conventional (and chemical) warheads.?*
Although the present accuracy of about 300 meter circular error probable 25 excludes any
efficient use against military targets, some worst-case analyses foresee drastic improvements
in targeting precision for the next years.” A U.S. Department of Defense official once men-
‘tioned an accuracy of 30 m for upgraded models of the §5-21, $S-12 mod., and SS-23. 27 For



the near future, however, such claims are implausible. The accuracy limit which can be
achieved with modernized high-quality inertial guidance is about 50 m, but it is unclear if the
expense and maintenance difficulties for such a system could be warranted.? Furthermore,
the launch sites would have to be surveyed to less than S0 m accuracy, and mobile targets
could not be hit. Only with target recognition and terminal guidance systems like that used
in the U.S. Pershing 2 missile, can values of the circular error probable of 30 to 40 m be
achieved. There is no doubt that such technology could also be used by future Soviet ballistic
missiles, but this would require a major redesign; in addition, the bulky radar and power sup -
ply system of about 300 kg would represent a significant amount of the payload of about
1,000 kg;z9 unlike a nuclear warhead, this would directly affect the effectiveness of the con-
ventional munitions carried.

The difficulties of conventional ballistic missile attacks mentioned above, of course also ap-
ply to the missiles of the WTO. Results of a study on the threat to NATO by WTO conven-
tional tactical ballistic missiles indicate that this threat is of no great relevance because of
limited payload, target location uncertainty, and limited missile numbers; aerodynamic mis-
siles for many conceived tasks would be inherently more appropriate than ballistic ones.>!
(These results are summarized in 7.2.) _

Perceptions about the decisive effect which a surprise attack by conventional ballistic mis-
siles could have,32 are one of the main driving factors behind the efforts to develop anti-tacti-
cal ballistic missile defenses, even if they are not based on sound technical and strategic anal-
ysis. :
In order to cope with the ballistic missile threat, attacks at their launchers by Western con-
ventional ballistic missiles have in many instances been recommended (in spite of the prob-
lems already mentionved).3 3 -

2.1.4 The Strategic Defense Initiative of the USA

The biggest push increasin§4the interest in anti-tactical ballistic missile systems has come
from the U.S. SDI program.™ With SDI, defense against ballistic missiles has changed from a
marginal role since the conclusion of the ABM Treaty to a major national goal. Connections
between defense against strategic and defense against tactical ballistic missiles exist on the
technical side because of range overlap, and thus similar trajectories, for some missile types.
Especially with terminal defenses, use of the same interceptor systems is foreseen for both
roles, and first tests of SDI weapons have been conducted against short-range ballistic mis-
siles.® It is in the SDI context that the possibility of using nuclear warheads on anti-tactical
ballistic missile interceptors has sometimes been mentioned.” Air- and space-based com-
ponents for detection of missiles or warheads can likewise be used for strategic as well as for
tactical ballistic missiles, and are planned for use in both regions, continental USA and West-
ern Europe.?’7 On the judicial side, development and deployment of anti-tactical ballistic
missile defenses in Western Europe was recommended in 1983 by the Hoffman panel as a
means of gaining experjence with interceptor systems without the need for early withdrawal
from the ABM Treaty.38 Another motive, reducing "allied anxieties that our increased em-
phasis on defenses might indicate a weakening in our commitment to the defense in Europe",
was also mentioned by the panel.39 The declared motives which led West European govern-
ments to cooperate in SDI with inclusion of theater defenses were e.g. participation in tech-
nologies, and receiving research money for West European armament firms.* Whereas
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some incremental upgrading of air defense systems would be underway anyway (and had
been planned for several years before the SDI project was launched), it is highly unlikely that
defense against Soviet tactical ballistic missiles would have gained such a prominent role,
had there not been the U.S. SDI projec'c.41

2.2 "European Defense Initiative" or "Extended Air Defense"? — Two Different
Concepts for Anti-Tactical Ballistic Missile Systems

Shortly after having understood that the U.S. SDI project was not a short-lived fancy, West
European conservatives started demanding similar protection for West European countries
as SDI would supposedly grant to the USA. 42 Others coined the term "European Defense In-
itiative" (EDI)for a research and development program paralleling the U.S. SDI project, but
without claiming that population protection from Soviet tactical ballistic missiles would be
achievable.*? SDI proponents talked of popping up mirrors for laser weapons in Europe and
conveyed the impression that EDI would be much easier than SDL* Later, however, the
"European Defense Initiative" notion was only used by groups at the margin of the security
debate. The High Frontier Europa Organization (connected with the corresponding U.S. or-
ganization), explicitly demands a multi-layered defense against Soviet missiles aimed at
Western Europe, including West European beam weapons on high mountains and deployed
in space, capable of attacking Soviet missiles in their launch phase. 3 Tt chairman, former
West German Defense Minister K.-U. von Hassel, states that "SDI and EDI will allow a
change from the current strategy of Mutual Assured Destruction (MAD - continuous black-
mail and revengeful destruction) to a strategy of Dissuasion, sirengthening Deterrence,
based on the denial of assured destruction."* Only the Fusion Energy Foundation has been
more explicit in promising protection of the West European population from Soviet nuclear
missiles.

The West German Defénse Ministry, on the other hand, has been careful to avoid the term
"European Defense Initiative". Besides the different character of the nuclear threat to West-
ern Europe, as opposed to the USA, this probably has to do with several political motives:
the chances for population protection are even smaller than for the U.S.; in the West Ger-
man public, there is widespread scepticism and opposition to the introduction of space weap-
ons (this holds not only for the peace movement, but also for the political establishment, in-
cluding parts of the governing liberal and conservative parties, FDP and CDU); undercutting
nuclear deterrence by moral arguments is to be avoided; and development of anti-tactical
ballistic missile defenses is to be separated from the highly criticized SDI project and its
possible failure within a couple of yea:rs.48 The Defense Ministry has introduced the category
of "Extended Air Defense" instead, which sounds like a logical continuation of legitimate and
traditional efforts, and does not suggest a revolution in nuclear strategy. The Ministry pro-
. motes adding defense against conventional aerodynamic, and short-range ballistic missiles to
the capabilities of upgraded ground-based air defense systems. ® These systems have to be
non-nuclear.”” Overlap with SDI activities is acknowledged to exist in the field of terminal-
phase defense techniques, but "otherwise the project of a missile defense in Europe is inde-
pendent of SDL It would have to be put into action as well, if SDI did not exist or would not
be realized."" ‘

When judging this concept and the extent to which it is separate from SDI and the notions
connected with it, one should, however, take into account several inconsistencies: First, fu-
ture options of space-based sensors are not excluded. Second, for M. Worner it was just the
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inclusion of defense against Soviet nuclear short- and intermediate-range ballistic missiles
into the integrated SDI concept of the USA, which "allowed the Federal Government to op-
pose various conceptions of ... a space-based European ballistic missile defense system (EDI
=. European Defense Initiative)".52 Third, in an answer given to a question by a member of
the West German Parliament, the Defense Ministry explicitly included every kind of existing
nuclear, tactical and intermediate-range, ballistic missile of the USSR into the list of missiles
against which "Extended Air Defense" was to be directed, even the SS-20 which with its tra-
jectory and multiple indegcndently targetable reentry vehicles rather resembles an intercon-
tinental ballistic missile.’ Fourth, the U.S. SDI organization viewed air defense upgrades as
a first step in the process of gradual buildup-of global defense systems. Several West Euro-
pean.firms have been granted contracts from the U.S. SDI Organization to define and eval-
uate several alternate concepts for defenses which would negate the theater missile threat, .
with primary emphasis on short-range ballistic missiles. The request for proposals called for
evolutionary architectures which "shall be defined to include identification of near, mid- and
far-term architectures. The near-term architectures shall include contributions from incre-
mental improvements to existing [and] planned systems. An assessment of theater defense
capability to exist and operate by itself, and 4potential for integration into a global strategic
defense architecture, will be accompIished."S (See also 2.3.3.)

23 Ongbing Activities for Anti-Tactical Ballistic Missile Defense in NATO
- Countries : | ' . ‘

2.3.1 Upgrading of Air Defense Systems
23.1.1 Patriot

The U.S. air defense system Patriot, which has been deployed since 1986, and will also be
utilized by Italy, Japan, the Netherlands, West Germany, and possibly Belgium,™ is to be
modified in two or three steps.® The first (Patriot Anti-tactical missile Capability, PAC 1)
mainly consists of a software change, enlarging the radar solid angle for search and intercep-
tor guidance to elevations where ballistic missiles would enter; this has been deployed since
1988. PAC-2 will comprise a change of the warhead (larger fragments, modified fuzing) to in-
crease the efficiency against ballistic missiles. These modifications are aimed at a capability
against ballistic missiles from 100 to 900 km range. In order to defend against the interme-
diate-range $S-20 (5,000 km range), PAC-3 had been planned (probably including a .new
booster stage); but this competes with the FLAGE missile (see 2.3.4). A Patriot modified
similarly to PAC-1 intercepted a Lance short-range ballistic missile in a test .on September
11, 1986.57 A Patriot modified ac'cd:)rding8 to PAC-2 intercepted another Patriot flying in a
ballistic trajectory on November 4, 1987. ' - ' .

231 2 .Medidm Sdrfacegto-Air Mim'le
The Medium Surface-to-Air Missile MSAM is planned as a follow-up to the Hawk air dé-

fense missile, and is to be deployed from the late 1990s on, Three alternative types are dis-
cussed:™ _ - :
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— The U.S. Evolved Hawk (Raytheon Corporation) with a rotating phased-array radar will
be available early at a relatively low cost. Use against tactical ballistic missiles would, how-
ever, Tequire cooperation with a Patriot radar.

~ The West German Taktisches Luftverteidigungssystem TLVS (being developed by the
firms MBB, Siemens, and AEG) will have thrust vector control and lateral thrusters. With
a rotating phased-array radar for search and initial guidance and an on-board radar for ter-
minal guidance, it is to provide a capability against aircraft, aerodynamic missiles and tacti-
cal ballistic missiles. At a relatively high cost, it will be available only around the year 2000.

- The SA-90 developed by the French firms Aerospatiale and Thomson-CSF is to be fielded
in the mid-1990s in a sea-based (SAAM) and a land-based (SAMP) version. The Aster
missile also possesses lateral thrusters for high maneuverability above the low atmosphere.
Designed against aircraft, cruise and stand-off missiles, as well as short-range ballistic mis-
siles, a capability against tactical ballistic missiles above 500 km range would require major
modifications, including a new boost stage.

2.3.2 NATO Studies

In 1982 NATO passed the Counterair *90 study, a long-term program for fighting the WTO
air potential. It comprises air defense, offensive counter air (i.e. strikes against WTO aircraft
on the ground, against air bases and air defense systems); attacks against launchers of short-
range ballistic missiles; and defense against tactical ballistic missiles.

After President Reagan’s SDI speech of 1983, the NATO Military Committee commis-
sioned the Advisory Group for Aerospace Research and Development AGARD todoa
study on technical possibilities of active defense against Soviet tactical ballistic missiles up to
the year 2000. The scope was limited to ranges below 1,000 km, and to non-nuclear defense
systems. The Aerospace Application Study AAS-2( was finished in 1986; it is classified, but
some results have been reported by T. Enders:®! For the time frame analyzed, mainly
ground-based interceptor missiles can be used, no contribution from electromagnetic
launchers or beam weapons can be expected. Upgraded Patriot systems could provide de-
fense capabilities against the $S-21, SS-23, and $S-12 mod. missiles (with ranges from 100 to
900 km). For increased interception distances, airborne infrared sensors like those worked
on in the U.S. SDI program would be needed; in addition, sensors based in space or popped
up on rockets would be required.

After that, AGARD was commissioned to do a follow-up study (AAS-25), in which a de-
tailed assessment of the threat by non-nuclear tactical ballistic missiles is to be made.

Several other organizations within NATO are involved in producing studies related to the
question of anti-tactical ballistic missile defense. These include the SHAPE Technical Cen-
ter, the staff of the Supreme Allied Commander for Europe, and the Air Defence Com-
mittee.624 At the NATO Headquarters, a ballistic missile defense Project Board has been
formed.

2.3.3 SDI Architecture Studies
In 1986, the SDI Organization founded a new sub-unit "Theatre Architectures and Pro-
grams".>> The SDI Organization has given contracts for the study of European theater missile

defense architectures to several cons%%tia. In Phase 1, seven teams were selected in Decem-
ber 1986 to receive $ 2 million each.” In Phase 2, five consortia have received up to § 4.5
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million each (with an optional increase to $ 7 million) for a perlod from September 1987 to
July 1988.° Here, detailed subsystem specifications, development and deployment plans, as
well as cost estimates are to be provided. Besides U.S. firms, corporations from France,
Great Britain, Italy, and West Germany are participating. In a separate architecture study,
anti-tactical ballistic missile defense technologies applicable to the Middle East theater are
analyzed by U.S. and Israeli corporations.

The joint services of the USA have launched a task force to coordinate and evaluate an
overall antitactical missile program. As part of this, the Strategic Defense Command of the
U.S. Army (for the SDI Organization) administers the Invite, Show and Test (IST, ISAT)
program,; here, U.S. and allied corporations can bid for systems and subsystems (in the fields
of kill mechanisms, Sensors, battle management, and components) for a near-term theater
missile defense system ® In the Combined Allied Defense Experiment (CADE), system,
test, and hardware support for all kinetic energy weapons regional defense programs are pro-
vided.”™ The SDI Organization has set aside § 50 million for cooperative experiments, dem-
onstration projects, and development with allied nations.”*

23.4 Development of Anti-Tactical Ballistic Missile Defense Systems Within SDI

The Report to the Congress 1987 of the SDI Organization states that space-based weapons
could engage tactical and intermediate-range ballistic missiles like the §S-12 mod. (900 km
range) and the §S-20 (5,000 km range) in their boost phases. For shorter ranges, terminal
defenses are mentioned like endo- and exoatmospheric mterceptors (The 1988 Report
ptovides more technical detail; concerning the INF Treaty, it argues that short-range ballistic
missiles will remain in the Soviet inventory, that intercontinental and submarine-launched
ballistic missiles could be used against the U.S. allies, and that intermediate-range ballistic
missiles are not proscrlbed for other nations. Thus, "the requirement for theater missile de-
fense (TMD) remains intact." ) This means implicitly that any kind of new weapon
developed in SDI for defense against strategic ballistic missiles is seen as a possible contribu-
tor'to regional ballistic missile defenses. Explicitly listed for that purpose are some ground-
based kinetic energy weapons technologies and systems like electromagnetic interceptors or
the FLAGE follow-on and its successor, the Extended Range Interceptor ERINT for low
endoatmospheric interception. 74 According to a Regional Defense Concept depicted in the
Report, interceptors like the HEDI for hlgh-endoatmosphenc, and ERIS forexo-
atmospheric interception are also planned, as well as air- and space-borne mfrared $ensors
(the Airborne Optical System, the Space Surveillance and Tracking System) > The Strategic
Defense Comnmand of the U.S. Army has been designated as the SDI executive agent for
managing the tactical missile defense portion of the SDI, and the cooperation with NATO
countriés and Israel.” :

2.3.5 West European Activities

As part of the Patriot-Roland agreement, West Germany funds anti-tactical missile studies
with an amount of $ 50 million. Of this amount $ 26 million is for a classified project, $ 5 mil-
lion will be used for building alternate runways (i.e., passive countermeasures agamst airfield
attack), and § 17 million will be spent for antl-tacncal missile improvements. ** The last fig-
ure contains $ 8.5 million for an improved Patriot guidance system and for a new extended
range motor, and § 8.7 million for threat analysis, combat modeling, and command and con-
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trol studies. The remaining $ 2 million will be used to develop an active seeker for the Pat-
riot.

France and West Germany are undertaking a separate study on anti-tactical ballistic mis-
sile defenses for their own requirements.

West European armament firms have increased their efforts in the ballistic missile defense
area. To give a few examples from West German firms: MBB has founded a new department
"Defense Initiatives".”> Plans for the new tactical air defense system TLVS include (limited)
capability against ballistic missiles (see 2.3.1.2).80 Rheinmetall is working on electromagnetic
guns.81 For a couple of years, MBB and Diehl have been developing ground-based mobile
laser weapons; their possible future use for anti-tactical ballistic missile defense has been
mentioned. :

Notes and References to Chapter 2:

1 For a short overview on the early developments of ballistic missile defense systems in the USA, see: D. N.
Schwartz, Past and Present: The Historical Legacy, Ch. 9, in; A. B. Carter, D. N. Schwartz, Ballistic Missile
Defense, Washington DC: Brookings, 1984, and the literature cited there. Sec also: BallisticMissile Defense

* Then and Now, Ch. 3, in: U.S. Congress, Office of Technology Assessment, Ballistic Missile De fense Tech-
nologics, OTA-ISC-254, Washington DC: U.S. Government Printing Office, September 1985, and literature
cited there.

2 See: S. Stevens, The Soviet BMD Program, Ch. 5, in: Carter/Schwartz (note 1), and literature cited there;
Ballistic Missile Defense Technologies (note 1).

3 See: W. A. Davis, Ir., Regional Security and Anti-Tactical Ballistic Missiles: Political and Technical Issues,
Ch. 1, Washington etc.: Pergamon Brassey’s, 1986.

4 TFor a West German analysis of these problems, see: H. Feigl, Die sowjetischen Mittelstreckenraketen als
Problem der européischen Sicherheit, Teil II: Technische und militirische Optionen einer ABM-Vertei-
digung fiir Westcuropa, SWP - § 173, Ebenhausen: Stiftung Wissenschaft und Politik, Juli 1970.

5 Patriot Air Defense System Intercepts Lance Surface-to-Surface Missile, Aviation Week & Space Technol-
ogy, pp. 22-23, September 22, 1986; B. M. Greeley, Jr., Army Missile Intercept Success Spurs SDI Theater
Defense Study, Aviation Week & Space Technology, p. 22-23, September 29, 1986; Patriot Missile With New
Fuze, Warhead Tested Against Another Patriot Target, Aviation Week & Space Technology, p. 28, Novem-
ber 16, 1987. '

6 T.K.Longstreth, J. E. Pike, U.S., Soviet programs threaten ABM Treaty, Bulletin of the Atomic Scientists,
vol. 41, no. 4, pp. 11-15, April 1985; Soviet Military Power 1988, Washington DC: Department of Defense,
1988, p. 56; D. M. Gormley, The Soviet Theater Threat — New and Enduring Dimensions, pp. 47-92 (here: p.
79), in: D. L. Hafner, J. Roper (Eds.), ATBMs and Western Security — Missile Defenscs for Europe, Cam-
bridge MA: Ballinger, 1988. See also: H. G. Hoffmann, A Missile Defense for Europe?, Strategic Review,
vol. XTI, no. 3, pp. 45-55, Summer 1984.

7 For overview articles, see: N. F. Wikner, Interdicting Fixed Targets with Conventional Weapons, Armed

Forces Journal International, pp. 77-90, March 1983; D. R. Cotter, Potential Future Roles for Conventional

and Nuclear Forces in Defense of Western Europe, in: Strengthening Conventional Deterrence in Europe —

Proposals for the 1980s, Report of the European Security Study ESECS, London: MacMillan, 1983, pp. 209-

253; P.Berg, G. Herolf, "Deep Strike”: new technologies for conventional interdiction, in: World Armaments

and Disarmament — SIPRI Yearbook 1984, London: Taylor & Francis, 1984, pp. 291-318. Sce also: U.S. Con-

gress, Office of Technology Assessment, New Technology for NATO: Implementing Follow-On Forces At-

tack, OTA-ISC-309, Washington DC: U.S. Government Printing Office, June 1987.

Wikner (note 7).

9  With two stages, such a missile could reach all WTO main operating bases from anywhere in Western Eu-
rope, a one-stage version could cover 70% of the WTO main operating bases. See: Wikner (note 7); R. R.
Ropelewski, Firm Studies Counter-Airfield Weapon, Aviation Week & Space Technology, pp. 73-74, August
29, 1983. '

10 Ropelewski (note 9).

oo

15



11
12
13
14
15
16
17
18

19

21

22

&R

27

16

C. A. Robinson, Ir., U.S. Develops Antitactical Weapons for Europe Role, Aviation Week & Space Tech-
nology, pp. 46-48, April 9, 1984,

Wikner (note 7); Surface-to-Surface Missile Recommended for NATO, Aviation Week & Space Technolo-
g, pp. 64-67, Tune 7, 1982. See also: Burgeoning Warsaw Pact Threat Spurs Dual Challenge, Aviation Week
& Space Technology, pp. 40-50, June 7, 1982.

Wikner (note 7).

W. Buedeler, Geschichte der Raumfahrt, Kiinzelsau etc.: Sigloch, 1979, p. 486.

General C. Gabriel, Chief of Staff of the U.S. Air Force, Interview of J anuary 1982, see: Wikner (note 7).
For a military person expressing scepticism, see: General W. L. Creech, Commander, U.S. Air Force Tacti-
cal Air Command, Interview in: Armed Forces Journal International, pp. 24-32, J anuary 1983,

Wikner (note 7); Creech interview (note 16),

Strengthening Conventional Deterrence in Europe (note 7); see also: T. Enders, Raketenabwehr als Teil
einer erweiterten NATO-Luftverteidigung, Interne Studien Nr. 2/1986, Sankt Augustin; Sozialwissenschaft-
liches Forschungsinstitut der Konrad-Adenauer-Stiftung, January 1986, pp. 87-90.

North Atlantic Assembly, Military Committee, Interim Report of the Sub-Committee on Conventional De-
fense in Europe, Mr. Karsten Voigt (FRG), Rapporteur, International Secretariat, November, 1984, pp. 21-
25.

See: Enders (note 18); Answers of General Wickham, Chief of Staff, U.S. Army, in: Department of Defense
Authorization for Appropriations for Fiscal Year 1986, Hearings before the Committee on Armed Services,
U.S. Senate, 99th Congress, 1st Session, Part 2, Army Programs, Navy — Marine Corps Programs, Air Force
Programs, February 5, 6, 7, 1985, Washington DC: U.S. Government Printing Office, 1985, pp. 776, 791, See
also: D. C. Morrison, Army Fights for NATQ Missilc Shield, National Journal, 14 December 1985; J. Cush-
man, Army Starts on Anti-Tac Missile, Defense Week, December 23, 1985.

For some time, the project was undertaken together with the U.S, Air Force as Joint TACMS (JTACMS).
For information concerning the ATACMS missile system, see e.g.: J. B. Schultz, Tactical Missile System
Aimed At Second-Echelon Targets, Defense Electronics, pp. 46-49, October 1985; E. Bonsignore,Die US
Army durchleuchtet: AUSA 85, Wehrtechnik, p. 102, January 1986; C. Rabb, ATACMS Adds Long-Range
Punch, Defense Electronics, pp. 69-75, August 1986.

See: Morrison (note 20). General M. R, Thurman, vice chief of staff of the U.S. Army, criticized congres-
sional limitation of ATACMS 1o a non-nuclear role: Three Mods of Patriot Being Developed for Missile
Defense, Aerospace Daily, p. 370, March 12, 1987. See also: J. H. Cushman, Pentagon Seeks Atomic War-
head for New Missile, New York Times, March 15, 1987.

H. Lolhdffel, Vogel macht Unstimmigkeit aus — Verschiedene Antworten auf Frage nach Raketenmoder-
nisierung, Frankfurter Rundschau, 29. Miirz 1988; P. Schifer, W. Zellner, Dossier Nr. 1 — NATO und tak-
tische Nuklearwaffen: Vor einer neuen Riistungsrunde?, Informationsdienst Wissenschaft und Frieden, pp.
I-VIIL, no. 2, May 1988,

See: B. Wright, Soviet Missiles, Lexington: Heath, 1986, and sources cited there,

The International Institute of Strategic Studies continues to give 300 and 350 m as circular errors probable
for these missiles: The Military Balance 1986-87, London: IISS, 1986; The Military Balance 1987-88, London:
TISS, 1987, .

D. Gormley, A New Dimension to Soviet Theater Strategy, Orbis, pp. 537-569, Fall 1985; K. L. Hines, Soviet
Short-Range Ballistic Missiles — now a conventional deep-strike mission, International Defense Review, no.
12, pp. 1909-1914, December 1985; D. Quayle, Grave Threat: New Soviet Missiles on the NATO Front, NBC
Defense & Technology International, pp. 18-22, April 1986; T. Enders, Eine ncue Option Moskaus: Dro-
hung mit Kurzstreckenraketen, Europaische Wehrkunde, no. 8, pp. 330-336, June 1986.

R. DeLaucr, Undersecretary of Defense for Research and Engineering, as reported in: Walter Andrews,
Allies’ Weapons Said to be Inadequate to Threat of New Soviet Missile Power, Washington Times, Novem-
ber 1, 1984,

See: D, Rubenson, J. Bonomo, The role of ATBM in NATO strategy, Survival, vol. XXIX, no. 6, pp. 511-527,
November/December 1987; D. Rubenson, J. Bonomo, NAT(O’s Anti-Tactical Ballistic Missile Requirements
and Their Relationship to the Strategic Defense Initiative, Report R-3533-AF, Santa Monica CA: RAND
Corporation, December 1987. See also Section 3.2 of the present report. ,

-See: Rubenson/Bonomo (note 28).

This is also the conclusion of U. Nerlich, see: U. Nerlich, Missile Defenses: Strategic and Tactical, note 3,
Survival, vol. XXVII, no. 3, pp. 119-127, May/June 1985. Note that T. Enders foresees a "CEP below 100 m"
with introduction of terminal guidance: Enders (note 18), p. 27.



31

32

A short version is: B. Morel, T. Postol, Non-nuclear Soviet Tactical Ballistic Missiles: A Threat to NATO?,
Part B, in: J. Altmann, B. Morel, T. Postol, T. Risse-Kappen, Anti-Tactical Ballistic Missile Defenses and
West European Security, HSFK- Report 4/1987, Frankfurt/M.: Peace Research Institute Frankfurt, October
1987, see also: B. Morel, T. Postol, A Technical Assessment of the Soviet Tactical Ballistic Missile Threat to
NATO, in: Hafner/Roper (note 6). A more detailed presentation will be given in a forthcoming report by B.

" Morel and T. Postol from the Center for Intematlonal Secunty and Arms Contrel, Stanford University, Stan-

ford CA.

A prominent example is given by the former West German Defense Minister, who even talks of an emerging
Soviet capability to execute a "conventional fire-strike’ which is, in its nnhtary conscquence, a strategic dis-
arming strike, because, with preventive use of all manned and unmanned air combat means in connection
with simultaneous massive use of land forces, it can be decisive for the military outcome of the conflict”. M.
Worner, Europa braucht Raketenabwehr, Die Zeit, No. 10, 28 February 1986. See also; M. Wérner, A Mis-
sile Defense for NATO Europe, Strategic Review, vol. XIV, no. 1, pp. 13-20, Winter 1986. This argument

" was also used by the Undersecretary for Policy of the U.S. Department of Defense: Statement of F, C. IkI¢,

33

35

-in: U.S. Nuclear forces and Arms Control Policy, Hearings before the Defense Policy Panel of the Com-

mittee on Armed Services, House of Representatlves, 99th Congress, 2nd Session, May 20, June 4, and 5,
1986, pp. 28-31.

Seee.g: M. Healy, Army Must Take New Shot At An Anti-Tactical Missile, Defense Week, December 10,
1984; Answer by General Wickham (note 20), p. 776; Morrason (note 20); Enders (note 18), pp. 53-54 and
87-90.

For a general description of the reaction of European NATO states to the SDI, sec e.g.: L Daalder, The SDI
Challenige to Europe, Cambridge MA: Ballinger, 1987. '

The FLAGE endoatmospheric interceptor was tested against a Lance short-range missile: J. D. Morocco,
Army Missile Test Demonstrates FLAGE Guidance, Aviation Week & Space Technology, pp. 22-23, June 1,
1987,

Interview with Rep. Hunter, in: D. J. Lynch, Europe: Home-Grown Star Wars?, Defense Weck, November
12, 1985; J. A. Abrahamson, The Strategic Defense Initiative' A Technical Summary, NATOQ's Sixteen Na-

© tions, pp. 14-19, April 1986.

37

39

41

42

43

45

See e.g.: Report to the Congress on the Strategic Defense Initiative, Prepared by the Strategic Defense Ini-

tiative Organization, Washington DC: Department of Defense, April 1987, pp. V-D-1-V-D-3,

F. S. Hoffman, Study Director, Ballistic Missile Defenses and U.S. National Security, SummaryReport Pre-

pared for the Future Security Strategy Study, October 1983.

Hoffman (note 38).

See e.g.: H.-H. Weise, Das SDI-Forschungsprogramm — Aspekte deutscher Mxtwnkung, Wehrtechmk 0. 7,
pp. 34-36, July 1986. See also: Daalder (note 34).

See e.g.: C. M. Kelleher, The Politics of ATBMs — The United States and the AlIlance, in; Hafner/Roper

- (note 6). For the two differing concepts of anti-tactical ballistic missile defenses, see also: 1. H. Daalder, The

Artificial Consensus on NATO ATBMs, CSIA Working Paper no. 87-1, Cambrldge MA: John F. Kennedy
School of Government, Harvard University, June 1987. -

See e.g.: Positionspapier der CDU!CSU-Bundestagsfraktlon zu SDI, Pressedienst der CDU/CSU-Fraktlon
im Deutschen Bundestag, 9. Oktober 1984.

A "European Defense Initiative” against Soviet nuclear weapons including tactical ballistic mlssdes was de-
" manded by the Chairman of the CSJ, F.-]. StrauB, and the Chairman of the CDU/CSU Faction in the West

German Bundestag, A Dregger; this proposal was joined by several other politicians of the CDU and CSU
parties, among them the defense and disarmament experts W. Wimmer and J. Todenhdfer: Enders (note
18), pp. 4-8, and references cited there. The Working Group on Defense of the CDU/CSU Faction in the
Bundestag demanded an independent European Defense Initiative: Fiir nationale Wehrforschung, Frank-
furter Rundschau, 3 September 1985. The same was proposed by the then Director of the Planning Staff in
the West German Foreign Ministry: K. Seitz, SDI: the technological challenge for Europe, The World To-
day, vol. 41, nos. 8-9, pp. 154-157, August/September 1985 (in German in: Europa-Archiv, no. 13, pp. 381-
390, 10 July 1985).

K. Heiss, quoted in: B. Gertz, Space defense cheaper in Europe, Washington T:mes, 5 September 1985; E.
Teller, quoted in; G. C. Wilson, Mirror-Reflected Laser Suggested to Shield Allies, Washington Post, March
3, 1986; G. H. Canavan, Strategic Defense Concepts for Europe, LA-UR-86-963, Los Alamos NM: Los Ala-
mos National Laboratory, 1986.

The European Defense Initiative — Some Implications and Consequences, Rotterdam: High Frontier Euro-
pa, 1985.

17



49
50
51
52
33

54

55

36

57
58
50

61
62
63

65

67

69

70
71

72
73
74
75
%

18

. K.-U. von Hassel, Chairman’s Statement, in: The European Defense Initiative (note 45),

M. Liebig, Strahlenwaffen filr Westeuropa "Initiative zur taktischen Verteidigung", Fusion, no. 2, pp. 12-15,
May 1985; S. Bardwell et al., Beam Defense — An Alternative to Nuclear Destruction, Fallbrook CA: Aero
Publishers, 1983, pp. 105-106.

T. Enders comments: "Minister Worner explicitly rejects the category European Defense Initiative for his
concept. This is certainly not only due to functional considerations, but also, and above all, to considerations
of alliance and internal politics.": Enders (note 18), p. 22. See also: Kelleher (note 41); Daalder (note 41); P.
Williams, ATBMSs and Alliance Politics in Europe, in: Hafner/Roper (note 6).

Worner, Europa (note 32).

Worner, A Missile Defense (note 32),

Worner, Europa (note 32).

Wirner, Europa (note 32),

Antwort des Parlamentarischen Staatssekretirs Wiirzbach auf die Frage der Abgeordneten Frau Fuchs
(Verl) (SPD), Fragestunde 20. Mirz 1986, Deutscher Bundestag, Plenarprotokoll 10/207, S. 15941 C; sce
also: K. Fuchs, Atomare Abschreckung und die Europiische Verteidigungsinitiative, Die Nene Gesellschaft

-— Frankfurter Hefte, vol. 33, no. 8, pp. 731-736, August 1986.

From the text of a request for proposals issned by the Strategic Defense Command of the U.S. Army, quoted
in: Star Wars Intelligence Report, p. 121-122, June 24, 1986. See also: T. Gilmartin, DoD Readies Theater
Architecture Race, Defense News, June 23, 1986.

Patriot — A Surface-to-Air Missile System for NATO, NATO’s Sixteen Nations, pp. 88-91, no. 2, M ay 1985.
In 1987, Belgium decided not to buy the Patriot air defense system, see e.g.: Osterreichische Militirische
Zeitschrift, vol. 25, no. 5, p. 468, 1987.

Anti-Missile Patriot to be Fielded in FY 1988, Aerospace Daily, p. 193, February 6, 1987; Three Mods ...
(note 22).

Patriot Air Defense System (note 5); Greeley, Jr. (note 5).

Patriot Missile With New Fuze (note 5).

See: H. van Gool, D. van Houwelingen, E. Schoten, Assessing ATBM, pp. 125-130, Boerderijcahier 8703,
Enschede: Centre for the Study of Science, Technology and Society "De Boerderij’, University of Twente,
September 1987, and literature cited there,

Enders (note 18), pp. 12-13.

Enders (note 18), pp. 13-16.

van Gool et al. (note 59), p. 104.

See: J. Kopke, K. Olshausen, Flugkorperabwehr in NATQO-Europa, Wehrtechnik no. 10, pp. 38-41, October
1986; Move for European missile Defence system, Jane’s Defence Weekly, p. 229, 16 August 1986; P. Volten,
TBMs, ATBMs, and NATO Doctrine, in: Hafner/Roper (note 6).

P. Wiirzbach, Parlamentarischer Staatssekretir in the Defense Ministry, in: Deutscher Bundestag, Plenar-
protokoll 10/187, 8. 14224 D, 16, Januar 1986. .

Report to the Congress (note 37), pp. V-A-1 - V-A-3, VII-1 - VII-2.

Gilmartin (note 54); Star Wars Intelligence Report (note 54); M. Feazel, SDIO Selects Multinational Tcams
To Study European Missile Defense, Aviation Week & Space Technology, pp. 18-19, December 8, 1986,
SDIO Selects Five U.S./Allied Teams For Phase 2 Missile Defense Studies, Aviation Week & Space Tech-
nology, p. 28, August 3, 1987; Report to the Congress on the Strategic Defense Initiative, prepared by the
Strategic Defense Initiative Organization, Washington DC: Department of Defense, April 1988, Appendix
A,

Report to the Congress (note 67), p. F-7.

Army to Test Off-the-Shelf Systems For Use in Theater Missile Defense, Aviation Week & Space Tech-
nology, pp. 20-21, June 29, 1987; Report to the Congress (note 37), p. V-D-8; Report to the Congress (note
67), pp. F-8 - F-9,

Report to the Congress (note 37), p. V-D-9; Report to the Congress (note 67), pp. F-8 - F-9,

J. D. Morocco, Slow Progress May Delay Decision on Aatitactical Missile, Aviation Week & Space Tech-
nology, pp. 26-27, November 23, 1987.

Report to the Congress (note 37), pp. V-D-1 - V-D-3,

Report to the Congress (note 67), p. 3-19.

Report to the Congress (note 37), pp. V-D-7 - VI-D-10; Report to the Congress (note 67), p. 4.2-20 - 4.2-21,
Report to the Congress (note 37), p. V-D-1.

Report to the Congress (note 37), pp. B-5 - B-6.

Morocco (note 71).



78

™

82

France, Germany to Study ATBM Defenses for Own Needs, Aerospace Daily, p. 88, January 16, 1987.

The director of the "Hauptbereich Verteidigungsinitiativen” of Messerschmitt-Bolkow-Blohm is K.-H. All-
gaier, see: K.-H. Allgaier, Die Abwehr der Luftraumbedrohung Europas, Wehrtechnik, no. 7, pp. 38-41, July
1986. ' '

See e.g.: Allgaicr (note 79). ‘

Excerpts of the Rheinmetall-Report of July 1986 and other information have been reported in the magazine
Der Stern, no. 31, 1985, '

A. Knoth, EDI - A European Defence Initiative?, Military Technology, no. 12, pp. 18-26, December 1985, E.
Heckmann, Air defence by means of high-energy lasers — Demonstration by MBB and Diehl, Military Tech-
nology, no. 1, pp. 60-62, January 1986; F.-W, Lindner, Laserwaffen fir den taktischen Bereich, pp. 54-70, in:
Jahrbuch der Wehrtechnik, Folge 16, Koblenz: Bernard & Graefe, 1986; Aligaier (note 79); France, Ger-
many (note 78). .

19






3. Tactical Ballistic Missiles

In this chapter, the main characteristics of tactical ballistic missiles will

" be dealt with, starting with their trajectories (3.1). Guidance and targeting
accuracy will be covered in 3.2, and the damage produced at targets is de-
scribed in 3.3. Section 3.4 lists properties of existing and planned tactical .
ballistic missiles.

3.1 Trajectories of Ballistic Missiles
3.1.1 Exact Calculation —Forces and Momen_ts

In general, a rocket moves under the influence of four main forces which will be described
briefly in the following: _

The gravity force is directed-along the local vertical (which normally differs slightly from
the direction to the center of the earth), its magnitude is -

FG = m(t) g(h), ' (3-1)

where m(t) is the actual rocket mass at time t and g(h) is the gravity acceleration at the actual
rocket altitude h.

As long as the rocket or its reentry vehicle is within the atmosphere, two aerodynamic
forces apply: The drag force has its direction opposite to the vector of the relative velocity be-
tween rocket and air, with the magnitude |

Fp = cp(M, o) p(h) V() A/ 2. - (3-2)

Here the drag coefficient cp depends on the Mach number M = v(t) / vs(T, mmol), the ratio
of the actual velocity v and the local velocity of sound, which itself depends on the local
temperature and mean molecular mass, and on the angle of attack o between the rocket axis
and the velocity vector; p(h) is the altitude-dependent air density; and A is the cross sectional
area of the rocket or reentry vehicle.

The direction of the lift force is normal to the drag force in the plane of the velocity vector
and the rocket axis. Its magnitude is

FL = cL(M, o) p(h) VA1) A/2, - (3-3)

where the lift coefficient ¢y, depends on the same quantities as the drag coefficient.
During the boost phase, the thrust force is the biggest force. It is usually directed in the
rocket axis, its magnitude being ' ‘

- Fr = mve + Ae (Pe~Po(h)); : (3-4)

here the rate of mass exhaust m and the exhaust velocity ve are normally constant over the
burn time of any stage; Ac and Pe are the nozzle exit area and the exhaust pressure at the
nozzle exit, respectively, and the exterior air pressure Pg depends on the altitude h.
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These forces have to be added vectorially to yield the total force F, from which then, ac-
cording to Newton’s law, the acceleration vector a can be calculated:

a = F/m(t). (3-5)

The movement of the center of gravity of the missile can then be computed numerically by
twofold integration. Besides the irregularities already implicit in (3-1) to (3-4) (e.g. gravi-
tation anomalies, seasonal and diurnal atmospheric variations), an exact calculation would
have to allow for additional factors like the rotation and movement of the earth, winds, may-
be even precipitation, variation of aerodynamic coefficients with ablation, ete.

Not all force vectors act at the center of gravity (which, incidentally, shifts with increasing
fuel consumption); e.g., the aerodynamic forces are applied at the center of pressure. Thus,
moments evolve and the rotation of the rocket about its three axes has also to be taken into
account. This leads to the field of flight stability and guidance. The position of aerodynamic
control surfaces or the direction of the thrust vector, are normally varied in order to keep the
rocket in the correct attitude on its pre-planned trajectory during the boost phase.1 Very
complicated computer programs are required if all effects of rocket motion are to be simu-
lated. Since the details of the guidance laws are not important for the considerations of the
present report, trajectory computations are done using only the main forces and a standard
atmospheric model; moment effects are not included (see Appendix).

3.1.2 Approximative Formulae

3.1.2.1 Keplerian Motion Through Space

One of the main characteristics of a ballistic missile is its maximum range. If one disregards
the atmosphere, the rotation and non-sphericity of the earth, and the acceleration phase of

the missile, the maximum range rmax can be derived from the Keplerian motion along the
minimum energy eilipse:

_ 2
 Tmax = 2RE arcsin'(% ). (“3-6)
Here | _
“ve = (u/RE)Y? = 7.91 kmys G

is the circular velocity at altitude 0 (. = y ME = 3.986. 10" m>s2is the product of Newton’s
constant of gravity and the mass of the earth, RE = 6.370 Mm is the earth radius), and vB is
the burnout velocity (here it is assumed that vp is achieved immediately at altitude 0).

In order to enter a minimum energy trajectory, the velocity vector at burnout must be in-
clined with respect to the horizontal by a certain angle aBrmax: '

1
2 e )-

The rﬁaximuin altitude hmax for any elliptical trajectory is derived using the greater half axis a
and the eccentricity e:

2 = RE/(2-(VBN0)), | (3-9)

Brmax = arccos ( (3-8)
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e = [ 1- (vBve)? (2-(vBAVG)D) cos?a] ™2, (3-10)

hmax = a (1 + €)—RE. | (3-11)

Fig. 3-1 shows how the burnout velocity and angle, the maximum altitude, and the flight time
vary with maximum range. In reality, (3-6) to (3-11) can be used for that part of the flight
which goes through the vacuum of space; altitude, range and flight time have to be increased
according to the boost and reentry phases.

3.1.2.2 Rocket Mass Considerations

Another basic property of a missile is the ratio between its launch mass and its payload. A
rough estimate of this can be made using the rocket equation

VBth = Veln (ﬂ) | (3-12)
ma _

(vBth: theoretical burnout velocity; mo: launch mass; mg: mass at burnout). The exhaust ve-
locity ve, which divided by the acceleration of gravity gives the so-called specific impulse, can
amount to 2.6 km/s at sea level for today’s most modern solid propellants (in the sixties
2 km/s were typical); in the vacuum of higher altitudes, values of 2.9 km/s can be achieved.
(Cryogenic liquid fuels for civilian space rockets give up to 4 km/s at sea level.)3 For multi-
ple-stage rockets, the total theoretical burnout velocity is given by the sum of the contribu-
tions from each stage, which are given by (3-12) if the appropriate masses are used.

If one ignores the mass of the missile itself (i.e., the launch mass mg consists only of the
payload mass mp and the fuel mass, therefore no separate stages are necessary), a lower
bound on the mg/myp ratio is : '

mp eVBth/ Ve

mp

(3-13)

With a typical exhaust velocity of ve = 3 km/s, achieving a burnout velocity of 1 km/s re-
quires a launch mass more than 1.4 times the payload; for 2 km/s, the ratio has to be greater
than 2. Fig. 3-1 contains the theoretical minimum launch mass — payload mass ratio necessary
for the different ranges for a rocket with ve = 3.0 kmy/s. In reality, of course, the missile hous-
ing, the nozzle, pumps (in the case of liquid fuels), guidance systems etc., contribute to the
mass at burnout, increasing the launch mass — payload mass ratio; more than one stage is
used for missiles with a range of over 500 km in order to reduce this effect.

3.1.2.3 Boost Phase: Effects of Finite Acceleration and of the Atmosphere

A ballistic missile is accelerated during a finite boost phase; during this time, it is subjected
to gravity and to drag forces. Both reduce the actual velocity at burnout vB:
VB = VBth— AVG — AVD, (3-14)

where
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tB

AvG =j g sin e dt, (3-15)
0

A P 2 Ay (3-16)

vD = Jocnpv >

are integrated over the burn time tg (p: air density). The velocity loss due to gravity Avg con-
tains the (altitude-dependent) gravity acceleration g and the (trajectory-dependent) angle «
between the momentary velocity vector and the local horizontal. For vertical launch, it can
be approximated by the product of the gravity acceleration on the ground and the burn time.
The velocity loss due to drag AvDh depends on the momentary values of the drag coefficient
¢D (which varies with Mach number M = v/ vs, vs: local velocity of sound, which itself de-
pends on local temperature and molecular mass), the velocity v, the (altitude-dependent) air
density p, the missile cross section A, and the mass m (which decreases as burnt fuel is eject-
ed). Both quantities thus depend in a complicated way on the missile launch parameters;
minimizing the loss due to gravity leads to short burn times and high acceleration, whereas in
order to decrease the loss due to drag, one tends to accelerate slowly to avoid high velocities,
in altitudes where the air density is still considerable. By the same token, the trajectory will
be kept vertical through the denser layers of the air. Due to gravity effects, the burnout
velocity may typically decrease by 0.3 to 0.7 km/s; the loss due to drag may amount to 0.1 to
0.3 kmy/s.

In the case of both very short range (100 km and below) and air defense missiles, a signifi-
cant part of the trajectory is within the atmosphere. Here a non-vertical launch is often used.
In this case, lift forces at the missile body and its control surfaces can help to compensate for

gravity.
3.1.2.4 Reentry

When a missile or its payload reenters the atmosphere with roughly its burnout velocity, a
drag force will again be experienced. Since the atmospheric density increases nearly expo-
nentially along the trajectory, at some altitude the deceleration will increase markedly. Con-
sequently, the velocity will decrease sharply, whereby, in turn, deceleration decreases again.
If one assumes an exponentlal density profile, a linear trajectory of sufficient inclination (i.e.,
constant angle e« < —10° with the horizontal), constant drag coefficient c¢p, and zero lift, the
velocity v at altitude h is 4

v(h) = vrexp (Hs p(h)/ (2 g sin o)), | ‘ (3-17)

where vR is the reentry velocity, Hs = 6.7 km is the den31ty scale height, p(h) =0 exp
(—h/Hs) is the air density at altitude h (pp = 1.752 kg/m is the density at the ground, ap-
propriate for the exponential model). The so-called ballistic coefficient

m

=— 3-18
B oA (3-18)
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tion, the theoretical minimum launch/burnout mass ratio mo/mp for an ideal massless rocket (i.c.,
one consisting only of fuel and payload) with ve = 3 km/s exhaust velocity is plotted.

combines the vehicle-dependent parameters entering the drag relation (3-2) (here, cp is
normally taken as constant). Typical values for reentry vehicles of strategic ballistic missiles
of the early seventies were about 5,000 kg/m for the USA, considerably less for the USSR;
today, US strategic reentry vehicles have balhstlc coefficients of 8,800 — 9,800 kg./rn2 and
those of the USSR amount to 7,300 - 8,800 kg/rn2 The maximum deceleration is
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vaz sin a

= ——- 3-19
dmax 2eHs 7 ( ; )
(e = 2.71828..), regardléss of the ballistic coefficient B. It occurs at the altitude
po Hs
=H -2
hamax sln( B sin a)’ (3-20)

which is not dependent on the reentry velocity. The velocity at maximum deceleration is
vamax = VR/ ve = 0.607 vr. (3-21)

Due to aerodynamic friction, the vehicle experiences heating. Under certain assumptions,
the momentary rate of heat energy influx (i.e., the power) P can be approximated by

P=crpSv>/4 (3-22)

where cF is the equivalent skin—friction coefficient (this takes a typical value of the order of
0.001)6, and S is the wetted surface area. This takes a maximum value of

3 Bsinea

P = cFS -2,
max = CFS VE 6oHs (3-23)
at the altitude
3 poHs
h = In{(——— -24
Qmax = Hs 11(2 ﬂsinm)’ ‘ (3 )

which is about 1.10 times the altitude of maximum deceleration (3-20). The velocity at this
point is
- 13 ,
VQmax = VR/e" " = (0.717 vr. (3-25)
The total heat energy that has flowed into the vehicle during reentry is approximately

CFS

— mvrE_vd) SFS
Q= m R ) oA

(3-26)
where v1 is the impact velocity; ¢F S/ (2 cp A) describes the fraction of total kinetic energy .
lost that has flowed into the vehicle, a typical value is 0.05 (the other, larger portion has gone
into the wake).7 :

Another important thermal parameter is the heat energy influx per area at the point of
highest power, the stagnation point (i.e., the nose center). The time rate of change of this
quantity, i.e., the guotient of the heat power at the stagnation point Ps and the area A, can be
approximated by _

P c o 12 v 3 _
A=) G (3:27)

where C = 3 MW/m‘3/ 2isan empirical cbnstant, ve = 7.91 kﬁl/s is the circular velocity at sea

level, and ry is the nose radius. . o
In order to protect its interior, a reentry vehicle has a heat-absorbing and insulating casing,

the material of which partially ablates. Typically, for longer ranges composites of carbon
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Total trajectory and terminal flight phase of a short-range ballistic missile over 100 km range (ballis-

. tic coefﬁclent of entlrc n:usslle B = 4,800 kg/m ) computed with the program descnbed in the Ap-'

pendix. -

" a)yTotal'trajectory. One tick cortesponds to 10 seconds: The dotted line marks 10 km altitude. The

terminal flight phasc is indicated.

b) Deceleration a in m/s%,

¢) Velocity v in km/s,

d) Altitude h in km,

during the terminal flight phase, versus time t after launch in seconds.”

27



Fig.3-3

28

.................
---------
-------------

0 1000 km
S
’&"«—u -
< 3
n o =
\2 -
E7 3
§ B 3
o - T T L) L) I ) L} L] ) l L) ¥ L] L] l L) 1 1] l'
o
O
~ E
g o 3
Ho
R
- 3
o : L T L) L) l L L L} L] I L] L) T L) I LY L3 L) I'
g
)
D
&
o

500 510 520 530 540
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a) Total trajectory. One tick corresponds to 10 seconds. The dotted line marks 100 km altitude. The
reentry phase is indicated. . . :

b) Deceleration a in m/s2,

c) Velocity v in kmys,

d) Altitude hinkm,

during reentry, versus time t after launch in seconds.



Fig, 3-4
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Near minimum energy trajectory over 5,000 km range and reentry for a typical reentry vehicle (ballis-
tic coefficient B = 7,000 kg/mz), computed with the program described in the Appendix.

a) Total trajectory. One tick corresponds to 20 seconds. The dotted line marks 100 km altitude. The
reentry phase is indicated. :

b) Deceleration a in m/s?,

c) Velocity v in km/s,

d) Altitude h in km,

during reentry, versus time t after launch in seconds.
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fiber with carbon or phenol are used;9 using the specific energy for vaporization of carbon, 65
Megajoules per kilogram, one can gain an idea of the necessary thickness. For short and in-
termediate ranges, other materials may suffice (e.g,, fused silica radomes).

As examples, Figs. 3-2 to 3-4 depict the trajectories and give the time courses of decelera-
tion, velocity, and altitude for reentry vehicles which have flown near mimimum energy tra-
jectories over 100, 1,000, and 5,000 km, as computed by the program described in the Appen-
dix for a standard atmosphere. Fig. 3-5 shows the variation of maximum deceleration and of
thermal properties with range for minimum energy trajectories and an exponential atmos-
phere. It shows that thermal problems are not very relevant for ranges below 1,000 km,

In reality, things are much more complicated; lift can be present, moments need to be in-
cluded, ablation can alter the aerodynamic characteristics of the vehicle, radiation con-
tributes to the thermal processes, chemical decomposition of the air can take place, Vporan
example of how a gliding reentry using lift can increase the range of a ballistic missile, see
6.1.23.. :

3.1.3 Typical total trajectories
Using the program described in the Appendix, total ballistic missile trajectories were com-
puted for several maximum ranges from 100 to 10,000 km, using typical values for the missile

parameters, Numerical results are given in Table 3-1. Fig. 3-6 shows the trajectones The
altitude 100 km has been marked as a rough margln of the atmosphere. '
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Fig.3-6  Trajectories of ballistic missiles with 100 to 10,000 km maximum range as indicated, computed by the
program described in the Appendix, drawn to two different scales. In order to give an idea of the at-
mosphere, the altitude 100 km is indicated. For numerical results see Table 3-1.

3.14 Lofting or Depressing of Trajectories

If the angle o between the velocity and the horizontal at burnout is lower than that for max-
imum range «Brmax, the range and the flight time get shorter. If, conversely, the angle is high-
er, the range gets shorter whereas the flight time increases. Both variants could be used to in-
crease the angular region from which the missile could approach its target, and which would
have to be searched by a defense radar. Depressed trajectories, in addition, decrease the
warning time, because the missile crosses the target’s horizon later and the flight time is
shorter. Lofting or depressing could be achieved by sacrificing range (which in many cases is
no real sacrifice, because the target is at less than the maximum range), or by offloading pay-
load (which could mean less reentry vehicles for MIRVed missiles, less explosive or less sub-
munitions for conventional missiles). For a quantitative analysis, see 6.1.2.2,

3.2 Ballistic Missile Guidance and Targeting Accuracy
Whereas artillery rockets often have no guidance (aiming accuracy depends on the correct

 angular position of the launch tube, taking into account weather and other factors, as with
normal artillery), early tactical ballistic missiles used simplified inertial guidance, augmented
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Table 3-1 Parameters of realistic ballistic missile trajectories over maximum ranges from 100 km to 10,000 km
(as depicted in Fig. 3-6). The values calculated correspond to near-minimum encrgy trajectories; de-
viations can arise from variations in missile and trajectory parameters. The thermal quantities have
been computed for typical reentry vehicle properties and give only rough estimates. For 100 km
range, the trajectory remains completely within the atmosphcre the reentry velocity given is a rea-
sonable mean value for the terminal flight phase.

Range 1, km 100 200 500 1,000 2,000 5,000 10,000
Typical no. of stages 1 1 12 2 2 2 34
Flight time T, min 35 5 7 9 13 22 33
Burnout:

velocity v, km/s 10 13 20 28 39 55 69

angle ap, deg 56 45 40 37 35 31 02
Ceiling hpmayx, km 40 70 120 230 450 900 1300
Duration at altitudes

above 100 km, min - - 2 6 10 19 31
Duration at altitudes

above 20 km, min 2 3 5 8§ 12 21 32
Reentry:

Velocity vr, km/s (06) 11 18 28 40 58

Max.dec. amay, m/s®  (20) 40 80 150 280 490 480

Max, power Pmax, MW 0.02 0.1 1 50 10 10 20

Heat energy Q, MJ 1 2 20 50 100 100 200

by radio command. Present ballistic missiles normally use full inertial gunidance: the momen-
tary vector sum of inertial and gravity forces relative to a fixed frame of reference is mea-
sured with gyroscopes and accelerometers. If the vector of gravity acceleration is known (e.g.,
by a model of the earth’s gravitational field), it can be subtracted to yield the real accelera-
tion. One- and twofold integration over time then allows calculation of the velocity and loca-
tion vectors, respectively, provided the initial conditions dre known. Since today’s ballistic
missiles (with the exception of the Pershing 2, see below) ﬂy strictly ballistic trajectories after
burnout without the possibility of correction, the trajectory is determined by the location and
velocity vectors at burnout. This means that the guidance system works only during the boost’
phase, and, for missiles with multiple independently targetable reentry vehicles, also during
the post-boost phase. Besides giving control commands to keep the missile on its intended
trajectory, the most important task of the inertial guidance system, is to ensure that the mis-
sile flies through the correct point with the correct velocity, and then to shut off the motor
with very high precision. :
An error analysis for balhstlc missile guldance has to take into account a wide var1ety of
factors: :
— uncertainties in the launch point and target positions; :
uncertainties in the velocity of the launcher (this is no problem for tactical ballistic nns-
siles, because the launcher has to be fixed with respect to the earth when firing);
uncertainties in the initial alignment of the gyroscope platform;
- errors due to non-orthogonality of the accelerometers;
errors in bias and scale factor of the accelerometers;
gyroscope bias drift and acceleration-dependent drift;
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— errors of thrust termination;

— errors of the gravitational model used;

— atmospheric variations during reentry; - - :

— irregularities caused by asymmetric ablation of the reentry vehicle or by asymmetric transi-
tion to turbulent flow;

— errors of the fusing mechanism.

By using very sophisticated inertial guidance systems, modern U.S. ICBMs achieve a circu-
lar error probable (CEP, see 3.3.1) of 180 meter (Minuteman III; and 90 meter (MX), re-
spectively; current Soviet ICBMs are credited with 200 - 280 m.} ‘Because tactical ballistic
missiles are less expensive than strategic ones, it is improbable that their inertial guidance
systems are of the same high quality as those for strategic missiles. Therefore, the figures

- quoted for the circular error probable of modern Soviet tactical ballistic missiles (around 350
~ meters, see 3.4) seem technically sound. _

If the expense and the problems which are connected with high quality inertial guidance
systems were accepted, tactical ballistic missiles could theoretically achieve circular errors
probable of about 50 m. 2 It is doubtful whether significant reductions below 50 m are possi-
ble using inertial guidance only, This would require additional correction signals which mea-
sure the position during later phases of flight. Such signals could be provided by stellar track-
ing during the free flight phase, by radio signals from navigation satellites, or by measuring
features of the area around the target during reentry. In all cases, a capability to maneuver
during reentry would be necessary (this could be done by variation of aerodynamic proper-
ties, e.g., control flaps). The first ballistic missile in the world to use terminal-phase target
recognition and a maneuvering reentry vehicle (MaRV) is the U.S. intermediate-range Per-
shing 2. Here, after a deceleration maneuver using lift, the reentry vehicle takes radar images
of the area below; guidance signals allow for a circular error probable of only 30 to 45 me-
ters.4 (The non-ballistic, air-breathing cruise ‘missiles are able to measure their position by
taking terrain altitude profiles several times during their flight. In this way, it is even possible
to achieve a circular error probable of 20 meter or less.)

Tt cannot be ruled out that future Soviet tactical ballistic missiles will be equipped with a
similar guidance system. For the generation being deployed presently, however, this can be
ruled out with certainty. Therefore, sporadic public claims that the present SS-21, SS-23 and
$S-12 mod. have accuracies of 30 meters have no technical foundation.

If tactical ballistic missiles or their submunitions are to achieve even higher accuracies
(e.g. to reliably hit buildings or even moving targets like tanks), circular errors probable of 1
— 2 meters would be necessary. This would require advance forms of target recognition such
as infrared or millimeter-wave radar seekers. Although such systems are in the development
stage for the 100~ 450 kilometer range ATACMS missile (see 3.4), significant technical hur-
dles exist for ballistic missiles of greater range. This holds because submunition release, and
especially the seeking mechanisms, are much more difficult at the higher reentry velocities of
those missiles. h - :
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3.3 Damage/Destruction Effects of Tactical Ballistic Missiles

3.3.1 General Relations for Calculation of Damage

3.3.1.1 Probability of Damage

For conventional as well as nuclear weapons, the destructive effects decrease with the dis-
tance from the center of explosion according to a known law. The peak overpressure in an
explosion shock wave decays roughly by the inverse of the cubic power of the distance, the
area density of fragments decreases by the inverse of the square of the distance, etc. Other
effects follow more complicated laws (e.g., the radiation intensity,the velocity of fragments).
Often, the amount of effect needed for damage to a target class is known (with some uncer-
tainty, of course), and it is assumed that every target for which this threshold is exceeded is
destroyed, while targets where the weapon effect remains below the threshold, stay intact. In
this case, damage to a target is equivalent to its being at less than the so-called lethal distance
11 from the center. This distance can be determined using the effects-distance dependence.
For surface nuclear explosions and targets hardened to more than 21 megapascal (300 psi)
overpressure, e.g., the lethal distance is given by 1_6 ' I '

y 1 '_ -
= ’ 3-2
L (Hf(H) ) L - (3-28)
where Y is the explosive yield and _ |
1 1 t TNT o
(H) = [3.010° ——— 139107 =1 + 15510 ] —5— .. (329
(H) =[3.010 H/kPa ) (H/kPa) ]m kPa (3-29)

is a slowly varying function of the hardness H. If it is furthér assumed that the prob‘abiiity dis-
tribution of the actual weapons’ impact points around the target is governed by a Gaussian
function, the so-called probability of kill is S ‘ . '

CEP)?
Pk =1- O.S(IL/ ) , (3-30)
where CEP, the "circular error probable", is the radius of a circle within which a weapon will
land with probability 0.5. In order to calculate the functional probability of damage pdam to
the target, the kill probability has to be multiplied by several other probabilities:

Pdam = Ppls Ppen Prel Pk- (3-3 1)

These are the probabilities of pre-launch survival ppis, of penetration of defenses Ppen, aﬁd of
reliable functioning from launch to warhead ignition prel. (For MIRVed missiles and em-
ployment of more than one weapon against one target, more complicated equations hold. 1"')

3.3.1.2 Scaling Laws for Explosion Shock Waves |
The transport of explosion energy through aerodynamic effects follows simple scaling laws

which hold "from charges of a few grams of explosive to ... nuclear explosions in the many
millions of tons".!® For similar conditions, the distances for the same values of dynamic vari-
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Fig.3-7  Peak overpressure Ap in kilopascal versus distance r in meter from center, for nuclear explosions
near the ground, after (3-33), for yields of 1, 10, 100 kiloton, and 1 megaton TNT. Both axes are in
logarithmic scale. Typical values for damage to buildings (35 and 70 kPa), reinforced concrete struc-
tures (140 kPa) and hardened overground bunkers (280 kPa) are indicated.

ables scale with the cubic root of the explosive yield. If, e.g., the peak overpressure in the
shock wave has a certain value for a yield Y2 at the distance R2, then the same overpressure
value applies for the yield Y1 at the distance R1given by:1
Y1 173
Ri=R2 (<) - (3-32)
. Y2 : : - '

The same scaling'applies to the times when a dynamic variable takes a certain value. Even
crater depths and radii scale approximately with the cubic root of the yield.

3.3.2 Damage by Nuclear Explosions
3.3.2.1 Blast Overpressure |

For a surface nuclear explosion of yield Y, the dependence of the peak oyerpressure Ap in
the shock wave, on the distance r from the center can be approximated by

kPam Y kPamsl Y

5 3

Ap=6410" ——— 3 + 7010 ——az {3) > 3-33
t TNT r (tTNT) (I' ) _ ( )

where the units of the empirical constants contain kilopascal (air pressure at sea level is 101
kPa; in U.S. units, 1 psi = 6.893 kPa), meter, and ton TNT (1 t TNT equals 4.2 gigajoule
energy). (Air blasts are lower by about a factor of 2; for the overpressure equation in free air,
see (4-54) in section 4.3.4.1.) Fig.3-7 shows this relation for different yields. Overground ob-
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jects will additionally be affected by the dynamic pressure pd of the winds associated with the
shock wave which can be derived from the peak overpressure Ap by
25 Ap2 :
=_—"r 3-34
pd 7 Pa + Ap ( 3 )
(Pa: ambient pressure). For peak overpressures up te 4.7 times the ambient pressure (i.e. 470
kilopascal at sea level), the dynamic pressure is lower than the peak overpressure. For large
peak overpressures, the dynamic pressure approaches 2.5 times the peak overpressure, Over-
pressure values which cause specific damages are listed in Table 3-2, some are indicated in
Fig. 3-7, too.

Table 3-2 Values of peak overpressure Ap for specific damages.zs Note that damage to humans will occur by
indirect effects at lower values (flying glass particles, collapse of buildings etc.).

Damage Overpressure in Kilopascal  (in psi)
Light housing destroyed 35 5
Brick housing/commercial ‘

buildings destroyed 70 10

.1 Reinforced concrete struc—

tures destroyed 140 20
Severe lung damage/eardrum .

rupture in humans 150 -200 20-30
Death of humans 300-700 40 - 100
Shallow buried structures

destroyed 300 - 2,000 45 - 280
Hardened ICBM silo destroyed 100,000 - 170,000 1,500 — 2,500

Potential military targets of tactical ballistic missiles in Europe are mostly above ground (air-
fields, air defense sites), hardened by concrete, or are protected by layers of soil (nuclear
storage sites). This means that they will certainly be destroyed if the overpressure is above
140 kPa; for a typical explosive yield of a nuclear tactical ballistic missile of 100 kiloton TNT,
such installations would be destroyed in a circle of about 0.7 km radius (see Fig. 3-7). Only
the relatively small number of most important command and control centers may be harden-
ed to a greater degree; it is, however, improbable that an overpressure value like that requir-
ed for the destruction of ICBM silos is achieved. Given sufficient accuracy, nuclear tactical
ballistic missiles could successfully attack underground command bunkers. In order to be
able to attack underground structures more effectively, the U.S. is developing an earth-pene-
trating warhead which explodes only after it has come to a stop some 20 meters under-
ground. ‘

3.3.2.2 Other Effects of Nuclear Explosions
Whereas for damage to military facilities overpressure is the most important characteristic,

urban and agricultural areas are in addition affected by other effects, especially heat and nu-
clear radiation. For the range of yields which could be carried by tactical ballistic missiles, 1
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Fig.3-8  Peak overpressure Ap of shock wave of conventional explosion of yield Y = 1,000 kg TNT, versus
distance r from center. Both axes are in logarithmic scale. Values for other yields can be derived by
cube-root scaling after (3-32). The same damage overpressures as in Fig, 3-7 are indicated.

kiloton up to 1 megaton TNT, the areas of lethal damage by the three main effects vary from
1.5 to 390 kmZ.% For cities of 4 million inhabitants, one 1 Mt explosion or 10 explosions of
40 kt each would mean 500,000 to 1 million deaths and 600,000 to 1 million injuries.26 Fora
"imited nuclear war", use of less than 200 explosions of 200 kt TNT each, directed only

against military targets in East and West Germany, would result in 2 tg 10 million deaths and
7 to 25 million injuries (out of a total population of about 80 million).

333 Tacti_cal Ballistic Missiles with Conventional Warheads

3.3.3.1 Unitary Explosive Warhead

For a conventional explosive, the yield is smaller by approximately a factor of 10° than that of
a nuclear explosive of comparable mass. Using cubic root scaling, the distances from the cen-
ter for equal amounts of overpressure, i.e., equal damage, are smaller by a factor of about 40.
This is confirmed if the empirical relation for the shock wave overpressure for conventional
explosions, '

Ap = 808 po — S : v e L\ (3-35)
((1+(0.048m) YA+ Copm) YA+ a5 ) ))

is plotted versus the distance r (Fig. 3-8). Here the so-called scaled distance rsc contains cor-
rection factors for ambient air density p and explosive yield Y:
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B0

Table 3-3 gives a list of damage overpressures for potential targets of conventional tactical
ballistic missiles. These values (and those of Table 3-2), together with the overpressure de-
pendence of Fig. 3-8, give damage distances from the explosion. For a 1,000 kg warhead, e.g.,
aradar is damaged, if it is less than 30 - 50 meter away; a semi-hard overground structure re-
mains intact if the explosion occurs at more than 20 meters distance,

Table 3-3 Damage overprcssures for several military objects whlch could be targets of conventional tactical

ballistic mssxles
Object Damage Overpressure in kPa
Parked aircraft 5-20
Air defense radar, truck, missile launcher 35-70
Reinforced concrete structure
(aircraft shelter, command bunker) 280

3.3.3.2 Other Warhead Types: Shrapnel, Shape Charge, Fuel-Air Explosive 30

In order to enhance the damage effects to hard objects, a conventional explosive is some-
times surrounded by metallic pieces which are highly accelerated by the expanding gases and
may penetrate light armor. These fragments have typical masses from 5 to 100 grams. For a.
given payload of a ballistic missile, added metal mass has to be compensated for by reduced
‘explosive mass. If 500 kg shrapnel surround 500 kg explosive and are distributed in 50 gram
pieces, 10,000 pieces will be produced in total. Since these cover the surface of an expanding
sphere, their area density will decrease by the square of the distance. At 28 m distance, only 1
piece per m” is expected; at S0 m, one piece will hit every 3 m?. The formula for the initial
fragment velocity will be given in section 4.3.1. Since beyond 50 m the velocity may have
decreased by one third, to values around 1 km/s, damage to armored vehicles is at the least
uncertain, and reinforced concrete structures will remain intact. This means that fragmenta-
tion warheads do not result in greater damage areas than pure explosive warheads.

If the conventmnal explosive is formed as a shape charge with a conical metal liner, a very
fast jet of metal and hot gases is produced which has a velocity of 8 — 9 km/s at its tip and
1 km/s at its tail. Thls jet exerts pressures of about 3 gigapascal, and can even penetrate heavy
armor. Typical penetration depths are 3 cone diameters in steel, and 8 to 10 cone diameters
in concrete.” Thus, using 1,000 kg of explosive, about 3 meter of steel or 10 meter of con-
crete could be penetrated. Since the jet is localized to significantly less than 1 meter, the tar-
get would have to be hit exactly, which is not easy to achieve. Moreover, the arrival angle of
ballistic missiles would increase the length of material, bunkers could be subdivided to con-
fine the damage, and several meters of soil would cause an early ignition. Thus, a shape
charge is of no great use for attacks with tactical ballistic missiles.

A final alternative would be to spread a fuel-air explosive and ignite it with delay. This
could cover a significantly larger area, but at the expense of reduced overpressure. Besides
the technical difficulties of dispersal from a container moving with several times the velocity
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of sound, this concept would be effective only against personnel and other "soft" targets, but
not against reinforced concrete structures or underground bunkers. So, it is unlikely that bal-
listic missiles for attacks against military targets will carry fuel-air explosives.

3.3.3.3 Conventional Ballistic Missiles equipped with Submunitions

Tt would make much more sense from a military point of view to equip tactical ballistic mis-
siles with submunitions. These could be of several types (simple explosives, fragmentation,
shape charge, etc.) and could be designed for specific purposes (e.g., penetration of a runway
and explosion from underneath).3 To take an example, there have been reports that a con-
ventional Pershing 2 missile could be equipped with several dozen submunitions; radar cor-
relation would guide the maneuvering reentry vehicle to a runway, and submunitions would
be released by rotation. These would penetrate the runway on account of their kinetic energy
before exploding.33 For short-range ballistic missiles (MLRS with a range of 18 km,
ATACMS with ranges of 100 — 450 km) plans exist t0 develop submunitions with homing
sensors which seek tanks, self-propelled artillery and the like, including tactical missile
launchers. _

Using submunitions, the damaging effects could be distributed to distances from the im-
pact point, typically larger by a factor of two than with a single warhead.?® Tradeoffs accord-
ing to the number of submunitions and the dispersal radius have to be taken into account.

Use of homing submunitions on ballistic missiles with ranges of more than several 100 km
is not without problems. As Table 3-1 suggests, the reentry thermal load starts to be signifi-
cant at 2 to 3 km/s reentry velocity (500 to 1,000 km range). Providing each submunition with
an individual heat shield would be complicated and would involve reducing the weapon pay-
load. Difficulties would increase further, if protective shields had to be integrated with active
seeking mechanisms like infrared sensors or millimeter-wave seekers. For several years to
come, sensor-carrying submunitions will only be released after the reentry vehicle has decel-
erated to less than 1 — 2 km/s, i.e., below 10 km altitude for normal ballistic trajectories (see
Figs. 3-3, 3-4), leaving little capability for lateral maneuvers. Because of size, mass, and pow-
er limits, the target detection range of the seeking mechanism of a submunition will be limit-
ed. With a downward path, each submunition will fly in the direction toward a potential tar-
get, and will be able to acquire it only shortly before a possible impact. Targets several hun-
dreds of meters away from the ballistic impact point could escape detection; therefore, many
submunitions may fail to hit a target object.

One should note that aircraft, cruise and stand-off missiles do not have this restriction.
They can fly at a constant altitude, can easily change their flight path, and can utilize a larger
and more capable detection system. They could e.g., search along a meander pattern and re-
lease homing submunitions as targets are detected. Alternatively, they could fly along some
ground feature (e.g., a runway) dispensing submunitions along their way. Therefore it seems
that ballistic missiles of any range have significant disadvantages compared to other delivery
systemns, if submunitions are 10 be dispensed in a specific pattern or in such a way that inde-
pendent movement and homing is possible. Target seeking submunitions could be dispensed
somewhat more effectively from ballistic missiles if a gliding reentry using lift were first to
strongly decelerate the vehicle and change its trajectory to a quasi-aercdynamic one for a
short period, see 6.1.2.3. Whereas a first step in this direction has been taken with the U.S.
Pershing 2 missile, such a capability would require completely new reentry vehicle designs,
and aerodynamic vehicles would in any case remain more versatile for that purpose.
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3.3.3.4 Tactical Ballistic Missiles with Chemical or Biological Warheads

Similarly to artillery rockets, short-range ballistic missiles could be equipped with warheads
dispensing chemical or biological agents, shortly before or after impact. Because of the high-
er reentry velocities, using such agents with longer-range missiles (from 500 km upwards)
may necessitate the development of new dispensing mechanisms. In addition, new kinds of
submunitions would probably be required if distribution over a certain area is wanted. It
seems improbable that tactical ballistic missiles will, in the foreseeable future, be able to dis-
tribute chemical or biological weapons in a planned, not random pattern, Whereas aerody-
namic vehicles with terrain recognition guidance, are not only able to distribute chemical or
biological weapons or submunitions in a planned fashion, they can even measure the local
wind conditions found on arrival at the target, and adapt the distribution pattern accordin gly.
Thus, ballistic missiles of all ranges are likely to remain inferior (from a militar¥6point of
view) to air-breathing cruise and stand-off missiles for the next decade and longer. '

3.4 Existing or Planned Tactical Ballistic Missile Systems

Properties of existing tactical ballistic missiles (i.e., with ranges between 70 and 5,500 km)
have been compiled from various sources in Table 3-4. Most of the data are not officially
confirmed by the owner state; for a comprehensive picture on the data and their variations,
the reader should consult the sources given. Table 3-5 lists some missile types which have
been discussed or are known to be in the development process at present. Land-based mis-
siles between 500 and 5,500 km range of the USA and the USSR will be destroyed according
to the INF Treaty, and both countries may not field new types of land-based missiles having
such ranges. Therefore, some of the types mentioned as being in the planning stage are
banned from being completely developed and deployed.

Non-nuclear tactical ballistic missiles above 70 km range have been exported to several
countries outside of the WTO by the USSR:Y
- Egypt: FROG-7 (70 km range), Scud-B (300 km)
— Iraq: FROG-7, Scud-B, §S-21 (120 km)
— Libya: FROG-7, Scud-B
- North Korea: FROG-7
- Syria: FROG-7, Scud-B, §S-21.
According to Israelian sources, Iraq has developed (possibly with other countries) ballistic
missiles of 650 km ranlge.38
‘The following countries have received tactical ballistic missiles from the USA and/or have
developed upgraded missiles with more than 100 km range as adaptations, or on their own:
— Israel has indigenously developed the Jericho and Jericho II missiles (450 and 500-800 km
-range).

Table 3-4 (next pa&e) Existing ballistic missiles with ranges between 70 and 5,500 km, compiled from various
sources.” Note that most data are not officially confirmed by the corresponding state (except for
data exchanged under an arms limitation treaty), Particularly uncertain are the values of the target-
ing accuracy (circular error probable). For the characteristics of several missiles, differing numbers
can be found in the literature (see the sources given). : :
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Land-Based Ballistic Missiles : .
Pluton F 1974 mobile 1 solid 120 2423 7.65 0.65 1 N 15o0r25 150-300
SSBS S-3 F 1980 silo 2 solid 3500 2582 139 15 . 1 N 1200 150-300
DF 2/CSS-1 PRC 1970 mobile 1 liquid 1200 26 21 16 1 1 N 15-20 - )
DF 3/CS8S-2 PRC 1970 silo 1 liquid 2700 27 20,62 2.46 1 N 1000-3000 .. 2stage model with 3 * 100 kt in development
Lance USA 1972 mobile 1 storl, 110 110 614 056 023 1 NHE 1-100 150-400
Pershing 1A USA/D 1962 mobile 2 solid 720 4.54 1055 1.02 037 1 N 60400 400
Pershing 1B usa . . 1 solid .- 813 102 . 1 - .- -
Pershing 2 USA 1983 mobile 2 solid 1800 7.26 10.61 1.02 140 1 N 5-50 4 MaRV
FROG-7 USSR 1965 mobile 1 solid 70 23 91 0550451 NHE 200 400
§8-21 USSR 1978 mobile 1solid 120 30 60 085 045 1 NHEC 100 300
Scud-B/S5-1c USSR 1965 mobile 1storl. 300 63 112 08 12 1 NHE 1-500? 1000 also:Scud A (130 km), Scud C (450 km)
OTR-23/88-23 USSR 1979/80 mobile 1 solid 500 100 752 097 065 1 NHEC 100 350 ,
OTR-22/$5-12 mod USSR 1979 mobile 2 solid 900 .. 1238 101 045 1 NHEC 1000 300
R-12/85-4 USSR 1959 silo 1 liquid 2000 27 27716514 1 NHE 1000 2400
R-14/88-5 USSR 1961 silo 1 liguid 3500 80 2430 240 16 1 N 1000 1100
RSD-10/88-20 USSR 1977 mobile 2 solid 5000 25 1649 1.79 0.7 3 N 150 400 alsomod I with 1RV of 1Mt
Submarine-Based Ballistic Missiles
MSBS M-20 F 1977 sub 2 solid 3000 20.03 10.7 L5 1 N 1200
MSBS M4 F 1985 sub 3 solid 4500 3503 11.0 19 6 N 150
Polaris A-3 GB/USA 1967 sub 2 solid 4600 16 985 137 0.7 3 N 200 900
JL-1/CSS-N-3  PRC 19834 sub  .solid 2800 138 10 15 . 1 N 2000
Poseidon C-3 USA 1971 sub 2 solid 4000 29 104 19 15 10 N 40 450
§8-N-5 USSR 1964 sub 2 stor..7140C 13 13 14 1251 N 1000 2300 _
SS-N-6 USSR 1968 sub 2 stor]. 2400 19 10 16 07 1 N 500-1000 1300 mod 3: 3000 km range
S§-N-17 USSR 1977 sub 2solid 3900 . 10 . 11 1 N 500 1400

41



— South Korea has apparently adapted the "Korean SSM" from the U.S. Nike-Hercules mis-
sile (which itself is listed with 140 km range). . ‘
— Taiwan has produced the Ching Feng (Green Bee) which is similar to the U.S. Lance

(Lance has a 110 km range).

Brazil has a multiple rocket launcher system. The largest rocket, X-40 (or SS-60), has 0.30
m diameter and one stage; it carries a 150 kg warhead over 65-68 km.*!

The People’s Republic of China has exported the CSS-2 intermediate-range ballistic mis-
sile (2,700 km range) to Saudi-Arabia, * | '

Countries having space-launch rockets have an inherent capability to transport payloads to
ground targets. The following countries (besides the nuclear weapons states) are engaged in
civilian space programs (for some, military connections are evident):

— Argentina has the Condor (400 kg payload to 100 km altitude) under development.

— Brazil has the Sonda IV with 500 kg payload operational; VLS is planned. _

— The (West) European Space Agency can transport payloads from 2 to 3 metric tons to
orbit using the Ariane-2, -3 and -4 vehicles. '

— India has the SLV-3 with 40 kg payload operational; ASLV, PSLV and GSLV are planned.

~ Japan has four carriers (N-2, H-1A, H-2 and Mu-3S-2) capable of lifting 1 to 3 metric tons
to orbit.

— Pakistan is reported to plan development of a space launch vehicle. , _ ,

— Israel has launched a first observation satellite, using a "Comet" launcher believed to be
based on the Jericho missiles.

Table3-5 Some tactical ballistic missiles which have been proposed or are being developed.

Hadgs (France): mobile, 1 stage, solid fuel, 350-500 km range, 1 warhead, nuclear, to be deployed from
1992 on; range increase discussed after INF Treaty. ‘

ATACMS (USA): mobile, 1 stage, solid fuel, 200-450 km range, warhead nuclear / chemical / conventional
high energy / conventional homing submunition, to be deployed in early nincties; based on mod. Lance or
Patriot; range increase discussed after INF Treaty.

CAM (USA): mobile, 1-2 stages, solid fuel, 800-1,000 km range, length about 10'm, payload 1,900 or 550 kg,
warhead: submunitions, could use Pershing stages and radar correlation guidance, 30-45 m CEP — banned
by INF Treaty.

BOSS/Axe (USA): 1 stage, solid fuel, 650 km range, 27.7 t launch mass, 14.6 m length, 1.9 m diameter, 6.4t
payload, gliding reentry, warhead: submunitions (348 kinetic energy penetrators for runway attack), CEP
30-45.m, motor: first stage of Trident C-4 SLBM - banned by INF Treaty.

TABAS (USA): 25 t payload, submunitions, would resemble Saturn rocket (complete Saturn V was about
100 m long and had 13 m diameter) — banned by INF Treaty,

§8-NX-13 (USSR): submarine-launched, 2 stages, 180-1,000 km range, 1 warhead, nuclear, radar homing
guidance, for anti-ship attack, not yet operational. :

Notes and References to Chapter 3:

1 See:J. Regan, Re-Entry Vehicle Dynamics, New York: American Institute of Aeronautics and Astronautics,
1984, Ch. XI.

2 For the following formulae, see e.g.: H. Giese, Weltraumforschung I, Mannheim: Bibliographisches Institut,
1966.

3 G.P. Sutton, Rocket Propulsion Elements, New York etc.: Wiley, 1986.
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4, T'echnologie's of Anti-Tactical Ballistic
Missile Systems

This chapter deals with the technologies which are presently used or
could be used in the future, to perform the basic functions of defense sys-
tems against tactical ballistic missiles: Searching and detecting incoming
missiles (4.1); tracking the targets, guiding interceptors, and triggering the
interceptor warheads (4.2); and techniques to counter the incoming war-
heads (4.3). Description will begin with present or near-term technolo-
gies, i.e., ground-based anti-missiles with local radars, and then continue
to future concepts including remarks on beam weapons in space. Techni-
cal data of, and concepts for, anti-tactical ballistic missile systems are
presented in 4.4.

4.1 Search and Detection

Because at a possible target, tactical ballistic missiles could come from different directions
(i.e., azimuth and elevation angles), a large solid angle has to be searched. Because of the
high velocity of approaching missiles, detection has to take place early enough to allow anti-
missiles to be launched in time to meet the incoming missiles, at a safe distance from the tar-
get. Spending limited amounts of radar energy over a large solid angle is inconsistent with
achieving long detection distances; therefore, for classical anti-tactical ballistic missile sys-
tems with local radars, the radar parameters limit the detection distance. To avoid this limi-
tation, other, mostly passive, means for search are being considered which would detect in-
coming missiles at longer distances, like satellite-based short-wave infrared detectors or air-
craft-based long-wave infrared sensors.

4.1.1 Search by Radar

4.1.1.1 Radar Equation and Radar Range

Because radar power is spread over an area which increases as the square of the distance on
both ways, the received radar power Pr varies strongly, namely by the inverse fourth power of
the distance R of the reflecting object. The radar equation for a point target (i.e., the size of
the object is smaller than the beamwidth) is

P, =P )
| Y4 =) RYEL | . (4_1)

Here Pt denotes the transmitter power. The effective antenna area Aeff can change with the
angle between the beam and the antenna axis; o, the so-called radar cross section, is a com-
plicated function of the size, shape, and reflective properties of the object and of the radar
wavelength A, For a circular plane wave of constant irradiance at the antenna, diffraction
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theory shows that the antenna gain G, the factor by which the maximum irradiance in the far
field exceeds that of an isotropic spherical wave, is

G = 4 7 Aef/ 3% | (42

Losses FL occur at different stages in the transmitter, during propagation through the atmos-
phere and in the receiver; a typical value is 5 to 10 (7 to 10 dB in logarithmic units).

Detection of reflected signals takes place in the presence of noise which arises in the re-
ceiver and potentially by clutter targets. Usually the noise is assumed to have a Gaussian
amplitude distribution; if the reflexes from n consecutive radar pulses are integrated, the de-
tection range Rpet of a radar system (i.e., the range below which pre-set limits for the prob-
abilities of detection and of false alarms are kept), turns out to be

H PtActf on Ei(n) 4
4 w)\*k ToBn Fn (S/N)1 FL

Rpet = [ (4-3)
Here the product of the pulse number n and the integration efficiency Ei(n) is about equal to
nforn g 10 (in case of coherent detection, for all n) and lies between +/n and n for higher
pulse numbers and incoherent detection. The product of Boltzmann’s constant k and a stand-
ard temperature T = 290 K, k To = 4.00.10°%'J oule, together with the noise-equivalent
bandwidth Bn, would give the noise power of an ideal receiver. The bandwidth By is approxi-
mately equal to the inverse of the radar pulse duration, = The noise figure Fu, usually about 3
(5 dB in logarithmic units), is the factor by which the noise of the real receiver exceeds that of
an ideal one. Choices of the acceptable false-alarm rate and the necessary detection prob-
ability, give a value for the signal-to-noise ratio for detection using one pulse, (S/N)1, which

may vary between 10'and about 60 (10to 18 dB).2
4112 Radar Cross Sections

Scattering of radar signals is produced by diffraction and reflection at every part of the target.
For a given object, the radar cross section is a function of the wavelength, the polarization,
and the aspect angles between the beam and the object. It is high if the signal is reflected
specularly on a part of the object. It can be reduced, if materials of little conductivity and
shapes without sharp edges are used. The radar cross section can be calculated analytically
only for the most simple shapes. E.g. for a conducting sphere, the cross section varies with
the inverse fourth power of the wavelength as long as the wavelength is greater than 2 = times
the radius r (Rayleigh region); if the wavelength is smaller than about 1/5 of this value, the
radar cross section is constant and equals 2 = rz, the geometrical cross section of the sphere
(optical region); in the intermediate region, the radar cross section has resonances with a
maximum value of 3.6 times the geometrical cross section (Mie region). Table 4-1 gives ex-
pressions for the radar cross sections for some simple shapes. For a cone-sphere (with a
sharp tip), the nose-on cross section is at maximum 0.4 AZ, independent of the size and largely
independent of the cone opening angle. A reentry vehicle formed like a cone-sphere with a
rounded tip will have a nose-on radar cross section of about the base area if the wavelength is
about-2 = times the base radius. For smaller wavelengths, the cross section will be about
0.1 2 If the wavelength decreases below 2 = times the nose radius I'n, NOSetip scattering will
dominate and the cross section will be :

Ce=wnd @4
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-‘Tab.4-1  Theoretical expressions for the radar cross sections of sim ?le shapes in the optical region (i.e., the
radar wavelength is markedly smaller than the object size).” The incidence angle is chosen for maxi-
mum signal (normal incidence at some part of the shape).

Shape Radar cross section
Corner cube retroreflector, side a 12w at/ a2
Flat plate, sides a and b, normal

incidence 4watb? /a2
Cylinder, radius a, length b,

normal incidence 2wab’/A
Sphere, radiusa ma’
Sharp cone, half opening angle a,

o contribution by nose, nose-on 32 tant o/ (16 )
Rounded cone, radius of nose a, .

o contribution by nose, nose-on T a’

which can be very low if the nose tip is sharp. The tip radius rp is mainly dictated by the re-
quirement that the reentry heat, which is maximum here, can be tolerated (see (3-27) in
3.1.2.4). For reentry vehicles of intercontinental ballistic missiles, the nose radius is about
4 cm; " thus the radar cross section could be 0.005 m2 if a spherical back side were provided
(for a flat back, g would approximate the base area, for a reentry vehicle of 0.6 m base diame-
ter about 0.3 m ) Since in (3-27) the heat power influx at the nose scales with the cube of the
reentry velocity and the inverse square root of the nose radius, for equal ballistic coefficient p
and reentry angle a, and material of equal thermal endurance, the allowed nose radius scales
with the sixth power of the reentry velocity, and the cross section contribution by the nose
even with the 12th power. Thus, for a tactical ballistic missile with a range of 2,000 km and a
reentry velocity of 4 instead of 7 kmy/s, the nose radius could theoretically be 30 times small-
er. The radar cross section would not, however, decrease by the square of this factor, because
it would tend to the lnmt of a sharp cone-sphere, which is between 0.01 and 0.4 times the
wavelength squared Using a typical factor of 0.1 and a typical radar wavelength of 0 05 m
(frequency 6 GHz), the radar cross section could still be lowered to about 0.0003 m?. The
same limit would hold for reentry vehicles of tactical ballistic missiles of shorter ranges.
Table 4-2 gives some typical values of radar cross sections.

Tab.4-2  Typical values of radar cross sections at frequencies in the microwave region (radar wavelengths be-
tween 5 mm and 1 111).6

Object - Radar cross section in m?
Theoretical reentry vehicle of tactical

ballistic missile 0.0003
Theoretical ICBM reentry vehicle 0.005
Cylinder with ogive nose, length 1.3 m,

diameter 15 cm, nose-on 0.02
Conventional, ynmmanned winged missile 0.5
Small, single-engine aircraft 1
Large fighter 6
Large bomber or large jet airliner 40
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- Fig. 4-1 demonstrates the complex variation of the radar cross section with azimuth angle
for an airplane. Very small changes of aspect angle can give rise to changes in the cross sec-
tion, and thus in the radar signal, of up to two orders of magnitude. Fig. 4-2 shows the angular
dependence of the cross section for simple shapes which can serve as models for ballistic mis-
siles and their reentry vehicles. One sees that if the aspect angle changes from nose-omn, the
cross section normally does not increase before fairly large angles from the axis are reached
(and, e.g., specular reflection at a line of the cone or cylinder becomes dominant). This
means that for detection of tactical ballistic missiles or of their reentry vehicles from the
general direction of the target, the nose-on radar cross section is appropriate.

In reality, conditions of observation are not constant. The radar cross section will fluctuate
with the motion of the object or the beam, with changes in meteorological conditions and the
like. Using mathematical models for the probability distributions of the cross section values,
statistical analysis of the detection probability is normally performed according to four cases
(first analyzed by Swerling). These differ by the echo amplitude distribution function and by
the assumption of independent echo signal values from scan to scan or from pulse to pulse.
Usually, Swerling case 1 is assumed (Rayleigh exponential distribution, constant amplitudes
pulse-to-pulse). In most_cases, an increase in signal-to-noise ratio is required for the same
probability of detection. :
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Fig.41  Example of an experimental radar cross section as it varies with azimuth angle.8 The target is a B-26
two-engine bomber, the wavelength is 0.1 meter. The cross section is given in relative logarithmic
units,
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Fig.42  Variation of the radar cross section in decibel referred to 1 mz, with aspect angle © in degrees, for a
cylindergwith an ogive nose (length 1.3 m, diameter 0.15 m} at 5.4 GHz frequency (5.6 cm wave-
length).

4.1.1.3 Performance of Search Radars

An important parameter characterizing radars is the average power Pay. If pulses of duration
7 are repeated with a pulse frequency fp, it is given by

Pav = Pt T fp (4-5)

where Pt is the peak power of the pulse. A search radar has to cover a certain solid angle ; if
the solid angle of the beam is w, the number of different beam positions is Q/w. If during its
slew, the beam hits a target for a dwell time T4, then for uniform coverage the time required
for the whole search solid angle, the frame time T, is

Tt = Ta0/o. . | (4-6)

In order to maximize the detection probability, all n radar pulses reflected during the dwell
time are integrated, where n is given by

n = Tq fp. (4-7)
If the objects to be searched approach the radar with a radial velocity v, the distance a
traveled during a frame time is

A=vTs (4-8)
In case of coherent integration, the integration efficiency Ei(n) in (4-3) is 1. Remembering

that Bn = 1/+, one can substitute the product Pyn.r in (4-3), the total energy transmitted
during the dwell time, by Pay T4d. Further, one can use the fact that the antenna gain is

G=4w/ow, (4-9)
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Fig. 4-3 Experimental radar cross section in m® versus aspect angle in degrees for a ballistic rcentry nose
cone of 1965, horizontal polarization, for frequencies around 35 GHz (wavelength 8.5 mm)

substitute (4-6) solved for w, and introduce A from (4-8). This yields an equation for the range
Ro where, for observation during one dwell time, a signal-to-noise ratio of 1is achieved:!
P : . ,
avAeffo 3 (4-10)

4
R = A= A,
O T 4 akToFaFLav M

The distance r1, defined by the second equation of (4-10),-does not depend on the radar
wavelength or the pulse frequency. For non-coherent integration, a correction factor Qj has
to be applied for r1:
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PavAcff o
av Aeff 1 O (4_11)

4 nkToFanFLOV

=

Qi is 1 for a false alarm probability of 167 (i.e., 1 false alarm in 10° possible decision inter-
vals of length « = 1/Bn), and integration over n = 1 pulse. Qi decreases slowly with increas-
ing pulse number and increasing false alarm number. Given the radar parameters: average
power Pay, antenna area Acff, noise factor Fy, loss factor FL, and solid angle to be searched ©,
and given the cross section of the target o as well as its radial velocity v, the quantity ri is
fixed. For search optimization, one can then choose the frame time T and thus the distance
A, Large frame times give long dwell times, with better detection probability during a single
scan. On the other hand, if the target has not been detected during one scan, after one long
frame time it may have approached far too much for the defense to react. For a search radar
of a defense system, one is interested in maximizing the cumulative detection probability
over several frame times. This quantity has a maximum, if the frame time varies in propor-
tion to the quantity r1;12 in terms of the distance A traveled radially during one frame time,

A=vTf=sr1, (4-12)

where the constant 8 depends only on the target fluctuation characteristics and the chosen
value of the cumulative detection probability. This means that the integration time Tq for
each direction varies in proportion to the cube root of the power-aperture product. If this op-
timum search condition is fulfilled, then the detection range varies no longer with the fourth,
but with the cube root of the power-aperture product. This seeming deviation from the
fourth root scaling of (4-3) can be understood by realizing that the number n of pulses in (4-
3) is not constant, but is varied in proportion to the cube root of the power-aperture product.
(Note that for real search radars with constant pulse energy the detectlon distance is report-
ed to depend on the 3.5th to 3.74th root of the power-aperture product ) Numerical values
for given detection probability and cross section fluctuation behaviour can be taken from
Ref. 14; for typical conditions, the optimum ratio 8 between the distance A and the value r1
defined in (4-8) is 0.03 to 0.15. The search detection distance R pets is then proportional to r1
too:

RDets = pr1; (4-13)

the ratio p is between 0.1 and 0.2 for cumulative detection probabilities between 90 and 98%.
Of course, different target characteristics (i.e., cross section and velocity values) lead to
different optimum radar parameters; in designing a radar system and its operating modes, a
compromise has to be taken. In any actual search of a given defense radar, the pulse and
beam slew characteristics cannot be simultaneously optimized for detection of short-range
ballistic missiles and intermediate range ones; neither is simultaneous optimized detection
of ballistic missiles and aerodynamic vehicles possible. In order to use an estimate which is
optimistic for the defense, however, only the respective optimum cases will be used in the
following.

An example will give an indication of the optimum detection range: Assume a radar like
that of the U.S. mobile Patriot air defense system with Pay = 10 kilowatt average power,
antenna area of Aeff = 4.5 mz, a noise factor of Fy = 3 and a total loss factor of FL = 5.In
an anti-tactical ballistic missile defense mode, the solid angle to be searched could be @ ==
0.94 steradian (90° azimuth and 20° to 70° elevation ranges). Let the correction factor be Qj
= (.9; for a target fluctuating only from scan to scan (Swerling case 1), and a cumulative de-
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tection probability of 90%, the optimum ratiosare 8 = A/r1 = 0.042and p = Rpets /11 =
0.155. A ballistic missile with 1000 km range would approach with an approximate velocity of
v = 3 km/s. The cross section of a non-stealthy reentry vehicle could be o = 0.01 m? (like
that of an intercontinental ballistic missile). With these values, the distance r1 from (4-11)
becomes 540 km. Thus the search detection range is Rpets = 83 km; for a search-optimized
system, the incoming missile is detected at this distance with 90% probability — the remaining
flight time to target being only about 30 seconds. The optimum frame time is Tf = 7.5 sec-
onds - the distance traveled by the missile during this tune is A = 23 km. For a radar wave-
length of A = 0.06 m, the beam solid angle is » = 8. 107 steradian, therefore there are 1170
beam positions to be taken in one frame time; the dwell time per position is Td = 6.4 milli-
seconds. With a pulse repetition frequency of fp = 1 kHz (unambigous range 150 km), about
6 pulses could be integrated per target per dwell time. During the time between detection
and possible impact, the defense has to: measure the trajectory, compute its further course,
compute the interceptor trajectory, take the launch decision, launch the interceptor, and let
it fly out to a sufficiently distant intercept point. If the time in question is only 30 seconds, the
ability to do this with Patriot-type interceptors is doubtful (see 5.1.5.1).

Defense against an aircraft stands in marked contrast to defense against a ballistic missile.
All radar and detection parameters being the same, the cross section could be a hundred
times higher, ¢ = 1 m® The approach velocity could be ten times less, for a slightly subsonic
velocity of v = 0.3 kmy/s. The search solid angle could be roughly half its former value (@ =
0.54 sr for 90° azimuth and 0 to 20° elevation range). Taken together, these give a factor of
1,750 in the cube root of (4-11), and r1 increases by a factor 12 to r1 = 6,500 km. For an air
craft, the theoretical optimum detection range is Rpets = 1,000 km, the frame time would be
Tt = 15 minutes, the distance flown during that time A = 270 km. Of course, these large
theoretical values are unrealistic, if only because the curvature of the earth excludes detec-
tion of aircraft at such distances. For realistic air defense radars, frame times are much short-
er — optimization with respect to cumulative detection probability is not necessary since the
echoes from distances where aircraft have to be detected (i.e., less than 200 km) are strong
enough in any case.

To complete the picture, a corresponding value of the search detection range shall be de-
rived for a large, fixed phased-array radar, as is used for early warning of ICBM attacks. The
U.S. Cobra Dane radar on Shemya Island of the Aleutians has an average power of Pay =
920 kW and an anterina area of 340 m2.> For search a solid angle of @ = 0.11 sr (20° eleva-
tion and 20° azimuth ranges) may be appropriate. If the cross section of a reentry vehicle is
again taken to be o = 0.01 m", then, all other parameters being the same, the optimum
search detection range would be 2,400 km, with a frame time of Tt = 94 .

4.1.1.4 Detection Using Large Phased-Array Radars

The example of the last section shows that, in principle, large phased-array radars can pro-
vide more than sufficient detection range against tactical ballistic missiles — this holds be-
cause at fixed sites the antenna area and the power can be much higher than with mobile sys-
tems. In Western Europe, one could conceive of one to three such installations in the west-
ern part of the Federal Republic of Germany. Because these systems are very expensive,
their number will be limited. Because these high-value targets would be within reach of sev-
eral classes of hostile weapons, it is improbable that they would survive the first attacks. An
alternative would be to use the new large phased-array radar being built at Fylingdales in
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1000 km —

Fig.4-4 A radar in Scotland (at 1,000 km distance) cannot detect ballistic missiles targeted at West Germany
with ranges of up to 1,000 km, Radar performance decreases at some point between 5° elevation and
the horizon,

Scotland. This is some 1,000 km from the East-West-German border. As Fig. 4-4 demon-
strates, tactical ballistic missiles in Central Europe with ranges up to 1,000 km remain below
its horizon; therefore, it could not be used for the most important ranges.

4.1.1.5 Airborne Radars for Detection of Tactical Ballistic Missiles

In principle, airborne radars have a much farther horizon than ground-based ones. Because:
tactical ballistic missiles of most ranges have maximum altitudes of more than 100 km, this
would not present a tremendous advantage, however. More important is the fact that the de-
tection ranges are of the same order of magnitude. This stems largely from the limited a-
mount of electrical power available on board an aircraft. The U.S. Airborne Warmng and
Control System (AWACS) E-3A aircraft has a generator capability of 600 kva.l Takmg
into account other consumers of electrical power, the radar transmitter could take on the
order of 100 kW, which corresponds to several times 10 kW average radar power. In addi-
tion, a ballistic missile search radar requires a beam which is confined in two dimensions.
This calls for an antenna of roughly circular (or e.g. quadratic) form, which is very difficult to
mount on an aircraft due to its size. (For aircraft detection, the beam need only be strongly
confined in the azimuth direction. Thus the AWACS antenna is several times wider than
high, and can be built into an oblate circular structure above the fuselage.) A third problem s
that such antennae of airborne radars are scanned mechanically at a slow rate (the AWACS
antenna at one revolution per 10 seconds) 17 , and rapid beam steering to random directions is
impossible. Mounting phased-array antenna elements on the fuselage, i.e., a non-plane sur-
face, has several drawbacks and has up to now.only been discussed for detecting large, slow
ground vehicles.'® Thus, airborne radar systems do not offer any advantage over mobile
ground-based ones.
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4.1.1.6 Over-The-Horizon Radars for Detection of Tactical Ballistic Missiles

If a radar system works with relatively long wavelengths (10 - 100 m), it can utilize iono-
spheric reflection to measure reflexes from objects below 1ts horizon, from 2 minimum range
of about 1,600 km, up to distances of several 1,000 km." Such systems are installed in the
USA for the early warning of launches of submarine-launched ballistic missiles. 2 Because of
the long wavelengths, antenna fields several hundred meters wide are required. In addition,
the angular resolution is poor because of the diffuse reflection process, and frequencies have
to be varied according to the momentary ionospheric conditions. Such a system would be a
large_fixed installation, vulnerable to several classes of conventional weapons. Thus over-
the-horizon radar is unlikely to be used for detection of tactical ballistic missiles.

4.1.2 Short-Wave Infrared Detection of Booster Flames

The hot exhaust gases of rocket motors emit intense thermal radiation, centered in the short-
wave infrared region (1 to 5 pm wavelength). This radiation is so intense that it can be detect-
ed against the normal background of the earth in most cases; the early warning satellites de-
ployed at geostationary altitudes today are vivid examples of this ability. Some typical prop-
erties of the boost phase of d1fferent nussﬂe types are listed in Tab. 4—3 at the end of 4.1.2.1.

Radiation quantities to be used in the following are:

— radiant flux (i.e., power) @, unit: watt;

- radiant exitance M, the quotient of emitted power and area of a source, umt W/rn ;
— radiance L, the quotient of radiant exitance and solid angle, unit: W/gm sr)

~'irfadiance E, the quotient of the incident power and area, unit: W/m”*,

" The denvatlves of these quantities with respect to wavelength are referred to as "spectral"
and are denoteéd by a subscrlpt "' {e.g., the spectral radiance by Ly, unit W/(m sr)). Radia-
tion quantltles are converted into each other by appropnately 1ntegrat1ng or drfferentlatmg
w1th respect to wavelength area, and/or solid angle.

The spectral radiance at the wavelength x of a blackbody at the absolute temperature Tis
g1ven by o |

; L’”Bb(h’ T) h c/ (k X T) L ’

where h 6 626. 10“34 Js, k = 1381 10‘23 VK, and ¢ = 3,00 10° mys. Its total rad1ant exi-
tance 1s '

(4?14)

“t MB-b=L JSch‘bdxdn:u'TA' o A o (@#15)
ST 20 :
where o = 5.67.10°8 W/(m? K%,
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4.1.2.1 Radiant Emission of Booster Flames

In the combustion chamber of a chemical rocket, a chemical reaction produces hot gases at
temperatures of 3,000 to 4,000 Kelvin. These gases develop high pressure and flow through
the nozzle; in the nozzle they are expanded and accelerated, whereby thermal energy is part-
ly converted to kinetic energy (i.e. irregular motion is partly converted to regular motion).
The thrust force is at maximum if the exit pressure equals the external pressure. Therefore,
expansion is limited, and typical conversion efficiencies are about 0.6. Depending on nozzle
design and the molecular properties, the exit temperature will lie between 1,000 and 2,000 K.
I for an actual missile we take the internal efficiency, i.e., the ratio of kinetic energy of the
exhaust gases with respect to the missile to the total thermal energy produced, to be 0.5, then
the thermal power of the exhaust gases PTherm equals their mechanical power PThrust, and is
one half of the total thermal power released in the combustion chamber PThermChamber:

PThrust = PTherm = 0.5 PThermChamber (4-16)

The remaining thermal power is manifest in the increased temperature of the exhaust gases;
after leaving the nozzle, the gases lose thermal energy by radiation and by collisions with the
surrounding atmosphere. The visible flame of a rocket is the part of the exhaust gases where
the temperature is sufficient for radiation in the visible part of the spectrum. At the nozzle,
the gases might have temperatures of 1,800 K; at the margin of the visible flame, the tem-
perature might have fallen to about 1,000 K. A good mean value would be 1,500 K. The size
and form of the exhaust plume depend on a number of factors; in the lower atmosphere, its
diameter could be 4 times the nozzle diameter and its lengths 20 times the nozzle diameter.
In the vacuum of space, expansion of the plume can go much further: it can assume an almost
spherical form of some 100 nozzle diameters in size, sometimes even encompassing the mis-
sile itself. Fig. 4-5 gives examples of the form of exhaust plumes at 30 km altitude and in free
space. Predicting the exact radiative properties of a missile exhaust plume is exceedingly dif-
ficult. The different distributions of chemical species, temperature variations, interactions
with the atmosphere, self-absorption in the plume and other factors have to be taken into ac-
count.”! For a simple model calculation, however, knowledge of some basic experimental re-
sults suffices. The most important fact is that most of the exhaust is in the form of simple
molecules like H20, CO, or COz, which can only emit in distinct wavelength bands. Because
in any of these bands the spectral radiance can at most be equal to that of a blackbody. at the
same temperature, this means that the total amount of radiated power — integrated over the
whole spectrum — is significantly less than for a blackbody. In some rocket motors, a signifi-
cant portion of the exhaust is particulate matter (carbon, and for solid fuels, aluminum oxide
particles), which emit like a gray body with a higher temperature (about 1,800 K) and a low
emissivity (about 0.03). Fig. 4-6 gives experimental spectral radiances of different model
rocket motors, together with the theoretical radiance of a blackbody of 1,500 K. The H20
and CO emission bands at 2.8 pm and the CO2 emission bands at 4.3 pm are evident. The
continuum in between is partly due to particulate matter.

By doing a rough spectral integration of Fig. 4-6 c) (and an integration over the half solid
angle of 2 = steradian, including a factor of 0.5), one can derive that for a selid-fuel rocket,
the total radiated power per area, i.e., the radiant exitance, in the infrared between 2.3 and
4.8 umis only about 4% of that of a blackbody.22 In each of the two bands, approximately 2%
of the total radiant exitance of an equivalent blackbody can be found. With a temperature of
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Fig. 4-5 Forms of the exhaust flame of solid-propellant missiles by isotherms for particles.?
a) At 30 km altitude, exhaust temperature 6,100° R = 3,390 K, 0,79 wm particles, rn; nozzle radius.
b) In vacuum, solid lines: 3.94 pm particles, dashed lines: 0.79 wm particles,
1.8 degree Rankine = 1.0 Kelvin, 1 ft = 0.305 meter,

= 1,500 K, the total radiant exitance after (4-15) is Mpp = 290 kW/m?, If the spectral peak
of F1g 4-6 around 4.3 pm is 0.3 pm wide, its total radiant exitance becomes M43 pm = 4.6
KW/m?. Usmg a spectral width of 0.7 um, the radiant exitance around 2.8 pm is M2g ym =
5.4 kW/m?,

Now the total radiated power @ can be calculated, if the emitting area A (1 e., the plume
surface) is estimated:

- e=MA. | (4-17)

With a gxhndrical flame of 4 meter diameter and 50 meter length (i.e., a surface of A =
600 m ) the first stage of a solid-fuel ICBM emits about 8 Megawatt power in the infrared,
about half of this value in the 4.3 um and 2.8 pm band respectively. This value is significantly
less than the result of an estimation using a blackbody model;:z'5 it is, on the other han% sig-
nificantly more than the figure of "hundreds of kilowatts" which is sometimes quoted.“ It is
interesting to compare this power with the kinetic power of the exhaust gases (which, as re-
marked above, is approximately equal to their thermal power). The kinetic power is given by
the thrust force Fr and the exhaust velocity ve:

~ Piin = Frve = mo (ag + gsin o) ve. (4-18)

mg is the launch mass, ag is the initial acceleration, « is the launch angle of the missile, and g
is the gravity acceleration. For the U.S. Minuteman IIf ICBM, the initial acceleration s
about 1 g, the launch angle is 90°; the launch mass is 35 Mg.27 For vertical launch, the thrust
is 690 kilonewton; if the exhaust velocity of the solid fuel is taken to be ve = 2.5 kmy/s, then
the kinetic power is 1.7 gigawatt. This means that only about 0.5% of the kinetic (or thermal)
power is radiated in the short-wave infrared. The other portion of the thermal energy re-
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leased is dissipated by non-radiative processes or by weaker long-wave infrared radiation
after the gases have cooled somewhat. The figure of 1% of the kinetic power can be used as a
rule of thumb for estimating the infrared radiant power for other kinds of missiles as well.
Table 4-3 gives estimates for burn times, sizes, and kinetic powers of missiles of different
range categories. The infrared radiant power values of the last column have been conserva-
tively taken to be 1% of the kinetic powers.

Tab.4-3  Boost phase properties of different missile categories — typical estimated values (variations are pos-
sible with different missile types and payloads). Burnout altitude is for the last stage, whereas the
other numbers hold for the first stage. In general, each following stage is smaller by a factor of be-
tween 1.5 and 5, whereas the burn times are roughly equal. By increasing the thrust (and thus the
power), burn times and burnout altitudes can be reduced. The last column gives the total infrared
radiant power which is divided between the 2.7 and 4.3 um bands and a small continuum portion.
Note that the motors of short-range ballistic missiles often have two burn phases: a short intense
boost phase for the initial acceleration, and a longer sustain phase with reduced thrust to overcome

the air drag,
Last Stage ——First Stage
Range - No. Burnout Burn Nozzle Kinetic IR Radiant
Stages  Altit. Time Diam. Power  Power
km km min m GW MW
Intercontinental
ballistic missile 10,000 24 150 1.5 15 2 20
Intermediate range
ballistic missile 2,000 2 100 1 0.5 0.5 5
Tactical ballistic
missile 1,000 2 50 1 0.5 03 3
Short range
ballistic missile 100 1 20 0.3 03 02 2

4.1.2.2 Detection of Infrared Emission from Booster Flames

The booster flame emission can be sensed by' an infrared detector on board a satellite, if the
optical system collects sufficient light power from the flame so that this signal is above the
noise. The power on the detector @p is (under the assumption of isotropy)

A Opti '
®D = PSource ““—pznﬁ*s (4-19)

4 w1 FL
where ®Source is the power emitted within the spectral interval of the detector, r is the dis-
tance, and FL is the loss factor in the optical system of area A Qptics. If the optics has a diame-
ter of 1 meter and a loss factor of 2, for a geostationary satellite (distance about 40 mega-
meter) the infrared power on the detector would be 400 picowatt (400- 1071 W) for an
ICBM, and 40 picowatt for a short-range missile, With a mean photon energy of

Eph = he/x = 5102 joule | (4-20)

(h = 6.62. 10'34 Js, ¢ = 3.10° m/s, » = 4 um) these powers translate into photon currents of
8.10/s or 8-10° /s, respectively. The background against which thlS signal has to be detected is
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the infrared radiation of the earth including the atmosphere (background radiation from the
optics can be kept lower by appropriate cooling) (Fig. 4-7). If, for a moment, we take the
earth-atmosphere system to be a blackbody at T = 290K temperature, then the integrated
radlant exitance in the wavelength band from 2.5 to 4.6 pm is calculated to be Mg = 2
W/m if the optics images an area Arov of the earth (vertical projection) onto the detector,

the background power on the detector becomes

A opti
®pg = MBg AFOV —;—IZ%, (4-21)

which is ®Bg = 16 nanowatt for a field of view of Arov = 108 m? (10 km squared). This is
more than 60 times the signal power from an ICBM. In order to be detectable, however, the
signal need not be above this mean power, but only above the fluctuations of this background
power, its root-mean-square variation. With a mean photon energy Eph, this noise power is
given by
s 12
@BgN = (*2“—]3::—%13) , (4-22)
where B is the bandwidth of the detection system and n is the quantum efficiency of the de-
tector. If these values are taken to be B = 1Hertzand n = 0.5, then with Eph = 5.10" 20 J the
noise power becomes ®BgB = 6- 107 watt for the above case of Apov = 10°m> This is
several orders below the signal power for an ICBM and still well below the signal of a short-
range missile.
In reality, however, the earth and the atmosphere can show strong deviations from black-
body radiation. In the present context, conditions where the radiance is far above the black-
body value will have the most negative influence on the detection of missile plumes. Large
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deviations can ensue if sunlight is scattered on snow or at cloud tops, or if it is reflected at a
rough water surface where the reflection law is fulfilled for parts of the waves. For low inci-
dence angles, the spectral luminance factor of a water surface in the "light trail" can even ap-
proach unity.31 If, as an extreme case, I assume that looking into the sun glint is equivalent to
looking directly into the sun (approximated by a blackbody of 5,900 K temperature), the 1 m
diameter optics collects about 1.17 kW total power and focusses this on an image in the focal
plane which, with 3 m focal length, has 2.7 em diameter; a detector of 1 mm? would be hit by
about 1 watt — which after several seconds might even destroy it, If a spectral filter transmits
only infrared wavelengths between 2.5 and 4.6 um, the power on the detector is reduced to
0.026 W; with a further reduced spectral window from 4.3 to 4.6 pm, the power on the detec-
tor would be 1.4 milliwatt. This is more than a million times the signal power. In order to pre-
vent overloading or even damaging the detector and preamplifier, a shutter or iris would
have to be closed. In any case, such strong background signals would preclude detection.

The effect of specular reflection of sunlight on water can be reduced by a number of fac-
tors: First, clouds can prevent the sunlight from penetrating as a direct beam (this can create
the problem of sun reflection from cloud tops, see below). Second, atmospheric absorption
decreases the beam power in certain wavelength regions; if the detector is equipped with a
filter which transmits only those wavelengths that are strongly absorbed by the atmosphere,
the spurious signals can be suppressed. Third, a system designed to-detect launches of short-
and intermediate-range missiles has to look upon land, not upon water areas.

Next, I want to estimate the amount of infrared power reflected by snow and clouds (for
snow, atmospheric absorption can effect drastic reductions, but the signals of high clouds can
propagate essentially undiminished to space). If the albedo (i.e., the ratio of outgoing to in-
coming radiative power) of such a white diffuse reflectoris 1 (this ideal value is not far from
reality in several cases .)3 , then its spectrally integrated radiant exitance is Mot = 1.4
kW/mz, equal to the integrated sun irradiance at the margin of the atmosphere. Within a
spectral window from 2.5 to 4.6 pm, the reflected radiant exitance is M2.5-46 um = 40 W/mz;
within a 0.3 wm wide window around 4.3 wm, the radiant exitance is M4.2-45 ym = 2.2 W/m?,
Using (4-21) with a field of view Aroy = 10° mz, a detector with a 1 m diameter optics and a
loss factor FL = 2 at r = 40 Mm distance, receives 11 mW integrated power. If a filter re-
duces the Wavelengths detected to the interval from 2.5 to 4.6 pm, this power decreases to
320 nW, about 800 times the power received from an ICBM first stage flame. If the spectral
interval is confined to a 0.3 wm wide band around 4.3 um, the reflected signal is further re-
duced to 17 nW, a factor 100 above an ICBM signal. Since this reflection can change with
time in an unpredictable manner, boost flame detection would require that the signal were
above these background variations — which, as shown, is not the case if the reflected sun
power propagates unhindered to space. A way out of this problem is, however, possible by at-
mospheric absorption, at least for reflectors at low altitudes,

Predicting the atmospheric extinction is an extremely complicated process. Because the
molecular absorption is a rapidly changing function of wavelength (in the low atmosphere,
linewidths are in the order of 0.001 pm, and can be much lower at higher altitudes), for an
exact spectral integration the source spectrum has to be known with the same high degree of
resolution. Water content varying with altitude, season, and climate, further complicates the
picture. The other contributions to extinction, namely molecular scattering and aerosol ab-
sorption and scattering, show a much smoother dependence on wavelength.- 3 Fig. 4-8 shows
broad-band absorption spectra of atmospheric gases and of the atmosphere. Fig. 4-9 gives
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the solar spectrum as received on the ground. In order to gain a rough idea on the absorption
of rocket exhaust radiation, one can treat this emission as quasi-continuous in the 2.7 and
4.3 um bands. Using the simplified method of Ref. 36, one can deduce that for transmission
through the whole atmosphere (i.e., a vertical path one-way), in the 2.5 to 2.8 wm band as
well as in the 4.2 to 4.5 um band the transmissivity is below 0.01, in some regions less than
0.001. For transmission down to 5 km, in the band around 2.7 pm, the transmissivity increases
up to about 0.1, whereas around 4.3 pm it is still below 0.01. For 10 km altitude, in the 2.7 um
band the transmlssivity is well above 0.1, and the portion of the band around 4.3 um, where
the transmissivity is below 0.01, shrinks considerably, For altitudes of 30 km or higher, the in-
frared power is attenuated by a factor of 2 at most. A slant path from medium latitudes to a
geostatlonary position is inclined from the vertical by about 30°, thus the effective pathlength
increases only by a factor of about 1.2.

These figures mean that by using appropriate filters, the signals from some background
sources can be reduced drastically. If these filters block all radiation except in the regions
where the atmosphere is opaque, | the mfrared reflections from water or snow at sea level can
be reduced by a factor of 1/ 0 012 = 10%at least. The power calculated above for the 4.3 um
band thus decreases to 2.107" W which is 200 times less than an ICBM signal and 20 times
less than the signal from a tactical ballistic missile. (Of course, these flame signals obey the
same attenuation, and the missiles will only become visible when they are at sufficient alti-
tude. For all but the shortest range missiles, this should not present a significant detection
problem, since burnout is well above 30 km.) This picture changes if dense high clouds exist -
cirriform ice clouds regularly exist in 6 to 12 km altitudes but are only seldom dense; some-
times the top of the dense cumulonimbus clouds reaches up to 12 km. For such situations,
the scattered sun signals in the infrared bands in question will remain more or less unat-
tenuated by atmospheric extinction. These effects have obviously limited the usefulness of
infrared early warning sensors on geostationary satellites from time to time; television came-
ras sensitive in the visible region have been employed in parallel to assist in rejecting spu-
rious infrared sign::ﬂs.37

Table 4-4 summarizes the numerical estimates of the detector power for the different
sources. More specific statements on the strengths of the signals from ballistic missiles and
on the background noise would require exact knowledge of the filter and detector bands, as
well as of the emission spectra of the booster flames. Much of this is classified. For the pur-
poses of the present study, however, one can conclude that detection of the exhaust flames of
tactical ballistic missiles should be possible in most cases, but that the tenfold reduced signal
poses more stringent requirements for background reduction than are required for early
warning of ICBM launches. It may be necessary to increase the resolution to a field of view of
less than 10 kin squared; for a staring mosaic detector covering Central Europe (roughly
1,000 km by 1,000 km), a 1 km? field of view would mean a cell number of 10° - this is two
orders of magnitude above the present state of the art for two-dimensional cooled infrared
detector arrays.g’8 For missiles with less than 500-km range, it may be possible to shorten the
boost phase such that it ends after a couple of seconds at less than 30 km altitude, and to
overcome the air drag by a strongly reduced sustainer burn. Thus, boost flame detection from
space could possibly be prevented.

- In principle, staring mosaics open several additional possibilities for background suppres-
sion-by using context information, e.g., by forming tracks from consecutively illuminated
cells, This; however, would require the solution of several conslderable problems concerning
computers and algorithms. 9
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Tab.4-4  Comparison of infrared powers from different sources, impinging on a detector of 1 mm? arca with

an optics of 1 m diameter and loss factor 2 at 40 megameter distance, in different bands of the in-

frared spectrum (see text).
‘Signal source and band Power on detector in watt
Fluctuations of the earth-atmosphere
background, 2.5-4.6 pm 6-10°4
Short-range ballistic
missile, 2.5-4.6 pm 41071
ICBM first stage, 2.5-4.6 um 410710
Reflection from high clouds :
(10° m? field of view),
0.3 pm around 4,3 pm 2107
2.5-4.6 pm 31077
Direct sunlight,
03 pm around 4.3 um 14107
2.5-4.6 pm 261072

. 4.1.2.3 Some Geometrical Considerations

The field of view AFov of one detector element is given by its area A, the focal length f of
the optics and the distance r from the earth:
2

AFOV = AD %f | (4-23)
Using a typical value of f = 6 m focal length and a detector side length of 0.1 mm (which is
far above the diffraction limit for optics of 1 m size), for a geostationa?r observation satellite
(r = 40 Mm), the field of view could become as low as AFov = 4.4-10 m? (0.4 km?, a square
of 670 m side length). Thus, quite small fields of view, and significant reductions of the spuri-
ous sun reflections from clouds or snow, are possible in principle. On the other hand, the
number of scene elements to be looked at increases, as the size of the elements decreases.
The area in Eastern Europe from where missiles of up to 1,000 km range could be launched2
is approximately 1,000 km deep and 1,000 km long. Looking at this area of roughly 10 km
with a linear array of 1,000 elements which is scanned periodically, would be similar to the
traditional early warning technology: Here a linear array of 2,000 elements is scanned, and
the field of view of every element is about 5 km2% In order to gain the full advantages in
noise reduction and context-dependent information processing, a staring array would have to
have about 106 detector elements, which for cooled infrared detectors, as stated above, is far
from being available. -

A geostationary early warning satellite which can detect the exhaust plumes of missiles
when they penetrate the cloud cover, or rise above about 30 km, with 1 km resolution, could
provide knowledge of the launch areas with a few km accuracy. Measuring the trajectory
during the boost phase is nearly impossible, because only very few detector elements may be
involved. Therefore, although a rough guess on the direction may be done, no estimate on
the missile velocity and thus on its range can be made. In principle, two such early warning

 satellites, deployed at different longitudes, could provide stereoscopic measurements of the
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consecutive locations of the missile with a few km accuracy, but this would require a very
complicated and costly system and will therefore probably be avoided. ¥ Knowing the launch
areas of missiles could, nevertheless, provide valuable clues for the search radars of ground-
based missile defenses, because the missile trajectories are bound to lie in the plane defined
by the launch and impact points, and the center of the earth. Therefore, if the launch posi-
tion(s) could be relayed quickly to the defenses on the ground, their radars could confine the
azimuth search positions to those angles which point to the launch areas. (Of course, if mas-
sive launch activity from many different places takes place, no significant savings in azimuth
search will be possible.) '
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Fig. 4-10  Spectral radiance of a blackbody at 290 K temperature.

4.1.3 Search by Long-Wave Infrared Detection After the Boost Phase

Another possible search method is to look for the missiles or reentry vehicles as they coast

through space. In this case, the temperature of the objects is much lower than the hot gases of

the booster flames; thérefore the emission takes place at longer infrared wavelengths, and

with reduced power. Whereas a short-range missile may still have an elevated temperature

from air friction, reentry vehicles which have been under a shroud during the boost phase,

will remain at approximately room temperature. (Incidentally, this is also the equilibrium
temperature for a sunlit object in near-earth space.) Fig. 4-10 gives the spectral radiance of a
blackbody at T = 290K temperature, which represents a good approximation to the actual

properties of reentry vehiclés. The spectral maximum is at 10 wm; infrared detectors have' to

be chosen which are sensitive in the 8 to 12 wm region (e.g., HgCdTe or Ge:Au detectors).
The total radiative power emitted by a gray object of 1.7 m” area (e.g., a cone of 1.5 m length
and 0.6 m base diameter) and emissivity 0.9, after (4-15) and (4-17), amounts to 620 W: in

the region between 8 and 12 ym, the radiated power is 160 W, which is a factor 10% below the

power (in the 2.5 to 4.6 ym band) of a booster flame of a short-range missile. (In the 10.6 to
12.6 um band to be considered later, the radiated power is 80 W.) Because the temperature

of the object is comparable to that of the earth and its atmosphere, it is not possible to detect
missile bodies or reentry vehicles from above, against the background of the earth. There-
fore, it is envisaged that long-wave detectors be flown on satellites in low orbits (or maybe

popped up on rockets) which look horizontally, or on board high-altitude aircraft where they

look upward. In both cases the background would be cool dark space. N

64



4.1.3.1 Signal and Noise Powers

If isotropic radlatlon is assumed the infrared power on the detector can be calculated from
(4-19) (for viewing a cone head-on, the effective emitted power may be somewhat lower). If
the collecting optics has 1 m diameter and a loss factor 2, the signal power impinging on the
detector from 100 km distance is 500 pW (50010 W) From 500 km distance, this value
drops to 20 pW. In order to determine whether such low powers can be detected, one has to
analyze several possible sources of noise. Thermal radiation within the detector material can
be kept at negligible levels through cooling. The same holds for the thermal resistance noise
in the detector and the first amplifier stage. Background radiation can come from the scene

‘looked at (in the present case, this could be radiation from stars, from aurorae or high
clouds), and especially from the optics: the detector senses thermal radiation emitted by the
mirrors, tubes and baffles as well as by windows in the optical system. It can be reduced by
providing a cooled aperture in front of the detector, which reduces the solid angle from
which thermal radiation from the surroundings can hit the detector, and by adding a cooled
filter, which transmits only in a certain wavelength interval,

For a spaceborne long-wave infrared system, the optical system could be built without a
window and be cooled to temperatures of 5 Kelvin; thus even faint stars would become de-
tectable.*? For an airborne system, in order to be able to cool the optical system without con-
densation occurring, a window must isolate the system from the surrounding air. Residual

‘thermal radiation‘emitted by the window which is not totally transparent can, in this case, be
the dominant source of background noise. The noise power N of an optical detector is de-
fined as the amount of radiation power which, when impinging onto the detector, would pro-

- “duce an electrical s1g11a1 equal to the root-mean-square of the electrical noise in the absence

of 51gnal radiation. In case of a background-noise limited infrared photon detector, the noise
power is proportional to the square root of its area Ap and of the detection bandwidth B; the
mverse of the constant of proportlonahty is called the specific detectivity D*:

(An B)”2 -

D* (4-24)

D* is determined by the cutoff wavelength ¢ of the detector material, by the amount of
background radiation sensed, and by the opening angle of the cooled aperture. For most
semiconductor materials, the quantum efficiency = is constant with wavelength; in this case,
D* increases linearly with wavelength up to a maximum value at the cutoff wavelength. If an
ideal bandpass filter transmitting wavelengths from 1 to A is sufficiently cooled, its thermal
radiation can be neglected. If the (photovolta:c) detector looks on a background at tempera-
ture T having an emissivity e, the maximum specific detectivity is given by

Ac 112
| 1/2 . g }
(25) ( [ g } Fo).  (425)

D*(kc)
‘ SR C A

2hc

h = 6. 62 10"34 Js is Planck’s constant ¢ =3 00 10% mys is the velocity of light, and k =
1381072 J/K is Boltzmann’s constant. The factor F(2 ©) describes the solid angle reduction;

in theory,
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F(2e) =

sin ©° _ (4-26)
In reality, it approaches about 3 as the full opening angle 2 © decreases below 30°4 As a
guide, let us assume a theoretical detector with quantum efficiencyn = 0.5 and cutoff wave-
length A¢c = 12 wm, looking through a cooled filter transmitting from A1 = 8 um to Ac =
12 ym with an opening angle of 2 @ = 30°. If it looks on a window at T = 300 K temperature
which has a value of transmittance plus reflectance of 0.99, i.e., an emissivity of & = 0.01, the
maximum specific detectivity becomes

D*(ro) = 910" cm vHz/W. (4-27)

(The same value results if the background is a mirror at 300 K with emissivity 0.01.) A typical
detector element size in a linear array could be Ap = 0.01 mm? A typical detection band-
width for a mechanically scanned linear array could be B = 100 Hz (1,000 positions scanned
within 10 or 20 seconds). From (4-24), the noise equrvalent poweris ‘ _

on = 105w, . | - (4-28)
which is significantly lower than the signal power from a drstance of 500 km in the 8 to 12 pm
band. (With a staring two-dimensional mosaic detector array, bandwidths smaller by a factor
of 100, could further reduce this value by a factor of 10.)

Another main source of background noise for an airborne infrared detectron system will ~
be the emission from the atmosphere Of course, the aircraft will have to fly above the dense-
clouds (but note that high cirrus clouds have produced spurious signals for flight altitudes as
high as 13 krn) . Airborne infrared measurements at 15° elevation and at altitudes from 8 to-
13 km compared well with model calculatrons % 'The calculated spectral radiance at 12.2 km
(Fig. 4-11) has a peak of L), = 1.1. 105 W/(m Sr) at 9.5 um. The integrated radiance in the 8 to
12 pmband can be estimated to be Lg-12ym = 1.3 W/(mzsr) In order to avoid the prominent
emission peak, one could confine the band to wavelengths above 10.6 pm. The integrated
radiant density in the 10.6 to 12.6 pm band has been measured directly; its value at 122 km
altitude is L10.6-12. 6um = 0.03 W/(mzsr) (Values at 8 km are roughly 10 times higher.) The -
infrared power ®p impinging on a detector of area Ap which looks’ through an optrcal system
of area Aopms, focal length f, and loss factor F1, at a radiance L i is given by :

A optics AD

@ L~
D= f“FL

-(‘4-29)
With an optical system of 1 m diameter, f = 3 m focal length and FL =2, and a detector of

Ap = 0.01 mm? area, the powers from sky background in the two bands become
®p,8124m = 6107°W, and

D, 106-12.6um = 13- 1071w, | o _. (4-30)

respectively. These signals fluctuate with frequencres from 1 Hz upward during fhght with a
relative amount of not more than 7-107 to 10" (whrch is roughly a factor of 100 above the
photon fluctuations one would expect with a constant source) because of small variations in

temperature and water vapor content.”’ Taking 5- 1074 as amean value, the background noise =

powers become
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a) Spectral radiance as seen by telescope at different altitudes and outs1dc of the atmosphere
b) Calculated spectral sky radiance at 12 km altitude and 15° elevation.**
c) Measured sky radiance in 10.6-12.6 p.m band versus altitude, subarctic summer atmosphere, 15°

elevation.

d) Mcasurcd sky radlance in 10 .6-12,6 um band versus altltudc, tropical atmosphere, 15° elevation.!
1W/(cm srp.m) =-101° W/(m st); 1 W/(em?sr) = 10 W/(m st),
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ON,8 12ym = 3-10° W, and

ON, 10.6-126pm = 71074 W, (4-31)

This is of the same order of magnitude as the noise power estimated for the window. In order
to fully utilize the detection capabilities of the system, it will thus be necessary to fly at even’
higher altitudes than 13 km,

In order to estimate the detection range of the long-wave infrared search scheme, the sig-
nal power from (4-19) has to be compared to the noise power. If (4-19) is divided by the
noise power and solved for the distance, then for given signal-to-noise ratio ($/N) for appro-
priate detection and false alarm probabilities, the detection range becomes
172

@ A . . . . .
Source AOplics ] _ | ( 4_32)

4 = FL &N (S/N)

If a reentry vehicle emits a power in the 8 to 12 pm band of ®source = 160 W, the optics
diameter is 1 m, the loss factor is FL. = 2, and (S/N) is required to be 10, then the n01se
power from the window (on a 0.01 mm? detector with 100 Hz bandwidth) is on = 107! W
and the detection range Rpet becomes

RDet = 2,200 km, (4-33)

which is a considerable distance. (The U.S. Airborne Optical System has an optics diameter
of about 0.5 m;>* with the same detector size and bandwidth, this would result in about half
the values estimated above.)

Rpet = [

Now, the detection range shall be calculated if the dominant noise source is the atmosphere
seen from an aircraft at 12 km altitude. With (4-31), these ranges become :

Rpet, 8-12pm = 1,300 km, and
Rpet, 106-126ym = 1,900 km _ (4-34)

(where for the 10.6 to 12.6 nm band the appropriately reduced source power has been
taken). Because these are rough estimates of the clear air fluctuation only, the flight altitudes
of long-wave infrared search aircraft will probably have to be higher than 12 km. Towering
cumulonimbus clouds or relatively dense cirrus clouds, can force the aircraft to an altitude in
excess of 15 km in any case. For the Airborne Optical System tests, flight altitudes of up to
20 km are envisaged.

A last class of infrared sources deserves analysis: the astronomical objects. If the color tem-
peratures of the objects are identical to that of the sun (which holds for the sunlight reflected
by the moon and the planets, and for many stars), their irradiances Eay at the margin of the
atmosphere in any spectral region A can be calculated from the sun irradiance Eajsun, and
from the visual magnitude my of the object and that of the sun, mysun = ~26.8:>*
0.4(m -m

Eap = 10040 ") B (4-35)
For the spectral region from 8 to 12 pm, the sun irradiance at the earth (modelled as a
blackbody of T = 5,900 K temperature, which is a good approximation) becomes
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Esun, 8-12um = 1.4 W/mZ, o | (4-36)
For a star of the magnitude of the brightest star (Sirius) with my = ~1.4, the irradiance is
Eg-12m = 1510 W/m?, | (4:37)

(Sirius itself has a higher color temperature and would require calculation with a different
spectrum.) For the planet Venus (maximum magnitude my = —4.4), this value has to.be mul-
tiplied by 16. Irradiances like this are significantly above that of a reentry vehicle at 500 km
distance and will thus be detected easily. Because the objects looked at move with high veloc-
ity, it should be possible, after a time, to distinguish them from stars on account of varying
location, and irradiance. For the sun which is nine orders of magnitude brighter, the irra-
diance will be so high that detection of reentry vehicles will be excluded (and a shutter will
have to be closed in order to avoid damage to the detector). Table 4-5 compares the detector
powers in the 8 to 12 pm band from several sources. (For calculating the detector power for
extended objects like the sun or the moon, the power after (4-19) has to be reduced by the
ratio of the detector area, to the area of the image produced in the focal plane.)

In conclusion, the principle of long-wave detection of missiles or reentry vehicles from low
flying satellites or high flying aircraft can — in the absence of countermeasures — give search
ranges of well in excess of 1,000 km. In order to achieve this, aircraft have to fly at altitudes
above those used by normal commercial aircraft; this will lead to large wings and light-weight
structures which are not capable of rapid maneuvers and may have difficulties with take-off
and landing in strong winds (similar to the U-2 and TR-1 a1rcraft) |

Tab.4-5  Values of the detector power in watt at the margin of the atmosphere in the 8 to 12 g.m band, from
several sources. Calculation after (4-19)) or (4-29), with detector area Ap = 0.01 mm*, focal lcngth £
= 3 m (i.e., viewing solid angle 1.1-10™ steradian), optics diameter 1 m (Aoptics = 0 79 m?), and a
loss factor Fr = 2. For extended objects, only the portion of the image hitting the detector has been
taken.

Source Detector power in
812 wm band, watt

Noise power from looking through cooled
filter onto room temperature window/

mirror of 1% emissivity 103
Fluctuations of clear atmospheric background

at 12 km altitude 31073
Reentry vehicle at 500 km distance 210711
Moon 21071
Bright star 10710
Sun 91078

4.1.3.2 Long-Wave Inﬁ-aréd Detectors on Unmanned Platforms or Rockets

For the purpose of carrying upward-looking long-wave infrared detector systems, remotely
or automately piloted vehicles could also be used. This could lower costs and reduce the ef-
fort connected with human presence. One has to bear in mind, however, that the optical sys-
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tem is large and heavy; its diameter is about 0.5 meter, a motorized gimbal mount is neces-
sary to provide changes of direction and decoupling from carrier movements, and cryogenic
cooling of a relatively large focal plane assembly is required. Therefore, such unmanned air-
craft would equally be very large, slow to maneuver, and sensitive. Plans for long-wave in-
frared detector dromes included a detector system mass of 7,000 kg (or 10,000-15,000 kg ;é
launch mass was estimated to be 55,000 kg, and the wing span was projected to be 74 meter.

Another p0551b111ty isto "pop up" a long-wave infrared detection system on board a rocket
as soon as g missile attack is underway or warnings have been received. Because the detec-
tion. system for search has to be bulky and heavy, this would require a large rocket. The SDI .
Orgamzatlon funds research and development of a "long-wave infrared probe" for a ground-
based. strateglc defense architecture based on kinetic energy weapons; it would not seem to
be mcluded in the regional (theater) architectures. 57 This is consistent with the fact that due
to the short ﬂlght times of tactical ballistic missiles, pop-up sensors would have dlfflCl.lltICS in
arriving at their viewing position in time. In addition, such a large missile with a very expen-
sive detector system would cost many times more than a tactical ballistic missile equipped
with a conventional warhead. For these reasons, it seems improbable that large rockets with
: mfrared detectors for search will be utilized in an anti-tactical ballistic missile defense
scheme.

4.’1.:41Ii)et'ect,iqn Using Laser Radar

In principle, one could conceive of augmenting the long-wave infrared detection on board of
high-flying airplanes or.low orbit satellites by active illumination with a laser. (Lasers for
search on the ground would be affected by the weather.) Because cryogenic cooling is not
necessary, and detection is orders of magnitude more sensitive, one would in this case use
photo-multipliers and visible or near-UV wavelength lasers. For point targets, the signal
power Pr of such a laser radar (or lidar), received from a target at distance R, is given by the
same equation (4-1.) as was given for radar; .

GAo ‘ :
P, = PtWETFL (4-38)

Pt denotes the laser power transmitted and A is the area of the receiving optics. The lidar
cross section o can be expressed using the reflectivity p and the area At of the target:

c=4pAr _ o . (4-39)
for a Lambertian reflector. The transmitting optics gain G is

G=w/d4s (4-40)
(o is the beam solid angle), and will normally be kept markedly above the diffraction limited
gain Gpl ,

Gol=d=A/N o | . (4-41)

where At is the transmitting optics area, and A the laser wavelength. The Jeason for this is the
very small beam divergence possible with laser wavelengths (e.g., 107t steradlan) without
this artificial beam widening, more ‘than 10" beam positions would have to be searched,
which would lead to unacceptably long search periods (frame times), taking into account that
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the unambiguous pulse frequency for 500 km range is only 300 Hz. Even with strong beam
widening, many thousands of positions would have to be searched, and frame times would
amount to many seconds. This means that the backscattered signal for an approaching target
increases strongly from frame time to frame time, and there will not be very many frame
times after detection for the object to arrive. For these reasons, the cumulative probability of
detection will equal the single-frame probability of detection. Therefore, and because a
photo-multiplier is limited by its dark current (which can, for moderate cooling, be as low as
1 to 10 pulses of 1 nanosecond duration per second), the optimum signal-to-noise ratio will
be achieved, if only one laser pulse of maximum energy is transmitted per search direction,
The possibility of detecting single backscattered photons, distinguishes this detection scheme
from the radar case, where the thermal noise in the antenna-receiver chain is the limiting fac-
tor. Since in the single-pulse detection scheme without averaging, light powers correspond-
ing to a fraction of a photon cannot be detected, a limiting case for detection is the distance
where one backscattered photon is expected per transmitted pulse. The lidar detection range
could be defined as the distance from where 2 photons would be expected (using Poisson
statistics for the dark current and signal pulses, for an ideal photon detector with quantum
efficiency n = 1 and 10 dark pulses per second, setting the threshold at two or more pulses
per 1ns time interval leads to a false alarm probability of 107 and a detection probability of
0.59). Equating the product of (4-38) and of the measurement interval At = /B (B: band-
width) with 2 Epn = 2 h ¢/ ), this detection range Rpet becomes
PiAco rn(d) 1/4

RbDet = 4-42
Det = [ "0F B 2he | (4-42)

where n()) is the quantum efficiency of the photo-multiplier at the lidar wavelength x. Maxi-
mizing Rpet calls for the longest wavelength still detectable with a photomultiplier (i.e., a-
bout 0.6 wm). If one, as in Ref. 58 for the case of a uniformly searching radar, introduces the
relations used for the derivation of (4-10), one can define a reference distance ri such that

Rpet” = 11° 4, (4-43)
where '

13
A
Pwho 22,7, (4-44)
4+FLQv 2hc .

r=|

and A, the distance traveled by the approaching target during one frame time, can be chosen
for optimized search detection range RDets. As in 4.1.1.3, v is the radial velocity of the target,
Pav is the average power of the laser, and @ is the solid angle to be searched. A solid criterion
for A would-be that one frame time after the first detection at Rpets the target has not hit the
lidar, but is still at, say, half the detection distance, i.e.,

A = Rpets/ 2. (4-45)
With this criterion, the optimum detection distance becomes
Rpets = 0.5 11 = 0.79 1. (4-46)

What figures can be expected for the search detection range Rpets? With a transporztable
high-energy laser, the average power could be Pay = 1kW, the optics area A = 0.79 m~, the
wavelength » = 0.5 pm. Let the lidar backscatter cross section of a reentry vehicle be ¢ =
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02 m? (this is based on a reflectivity of p = 0.2 and an area of At = 0.25 m2), let the vehicle
approach with a velocity of v = 3 km/s. With a search solid angle of @ = 0.54 steradian (90
and 20 degrees, respectively) and a loss factor of FL = 3, the optimized search detection
range becomes

Rpets = 69 km. : | | (4-47)

The optimum frame time is Tf = 11 s, the distance traveled in one Tris A = 34 km. With a
pulse frequency of 1kHz (pulse energy 1 Joule), the beam width becomes about 50 msr (0.2°
half opening angle). This is no improvement at all over the search radius of a mobile radar.
Significant increases neither in average laser power nor in optics diameter seem possible for
systems which can be carried on board aircraft or moderate-size surveillance satellites. (Of
course, laser weapons would be larger - but these would not be used for the search function.)

The conclusion is that laser radars do not offer an advantage for the search function. If, on
the other hand, the trajectory of a target is approximately known from other sensors, a laser
radar with sharply focused beam can give sufficient reflected power from much larger dis-
tances, and can thus be an efficient means for measuring the exact distance and position as
well as for tracking; possibly, it could also contribute to decoy discrimination.

4.2 Tracking, Guidance, and Fusing
4.2.1 Tracking

After a search system has detected and possibly identified incoming ballistic missiles or their
reentry vehicles, the trajectories of the objects have to be measured. This is a necessary pre-
requisite for the prediction of the target area, for deciding whether the interceptor missiles
from a specific location would be kinematically able of hitting the objects, and for allocating
specific defense systems to the targets. A special function is the trajectory measurement dur-
ing interception in order to guide interceptors. This task is more difficult during reentry, be-
cause depending on the ballistic coefficient and the angle of attack of the warhead, the phase
of maximum deceleration may happen at different altitudes. As derived in 4.1.1.3, because of
the small solid angle involved, radars have a much greater range in the tracking, than in the
search mode. Because of the shorter ranges involved and the higher angular resolution
needed, tracking radars normally use shorter wavelengths and less power than search radars.
Classical air and ballistic missile defense systems had a separate radar each for search, war-
head tracking, interceptor tracking, and interceptor guidance. Modern phased-array radars
provide the beam to be rapidly switched between these different functions, and have only
one main radar system, In this case, a compromise must be made on the wavelength.

4.2.2 Guidance

‘Guidance has to know the locations and the velocity vectors of both warhead and interceptor,
and has to compute a prediction of the further trajectories of both. According to the differ-
ence between this prediction and the intended conditions of interception, corrections to the
interceptor trajectory have to be calculated, and then effected. This process has to be re-
peated continuously. Basic guidance up to a pre-determined point could also be executed
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using an inertial navigation system. At least in the last phase the position of the incoming ve-
hicle has to be taken into account; here an external measuring device with a communication
link to the missile, or a measurement system on board the interceptor is required.

Guidance has been successful if both trajectories intersect (or come near each other) in
space, and at some point in time both objects are at a sufficiently small relative distance
which allows the effect of the interceptor weapon to damage the warhead. Guiding nuclear
interceptors to sufficiently low distances from the warheads (several tens of meters in the at-
mosphere, several km in space, see 4.3.4) is possible with a ground-based radar. For the high-
er accuracy required for conventional interception, tracking via the missile can be used: the
ground-based radar still illuminates the target, but here the receiver is located on the missile,
thus the finite error of the direction to the warhead results in a decreasing error of relative
location, as the distance between both decreases. This scheme is used with the U.S. Patriot
air defense missile: in order to make use of larger computer power, the Patriot missile relays
its received radar signals down to, and receives guidance signals back from its ground station.
In principle, an autonomous radar system located on interceptors could perform tracking by
itself, as well as computing the guidance signals. This would require a larger power supply
and computer size on board, and is thus only used for the very last phase of guidance, the ter-
minal phase, when the warhead is already in the vicinity of the interceptor.

Infrared detection during the terminal phase of interception within the atmosphere is of
doubtful utility, because before the deceleration phase the reentry vehicles are at about
room temperature. This would require, on the one hand, cryogenic cooling of the detectors.
On the other hand, fast movement of the interceptor missiles through denser atmospheric
layers will have heated the infrared windows due to air friction. Whereas engineering solu-
tions to these problems may be found, they will tend to be complex and costly. Therefore,
within the atmosphere, millimeter-wave radar is usually foreseen for homing guidance of
ballistic missile interceptors. For interception in space, however, passive infrared detection
against the low background is possible.

To date, reentry vehicles are unguided and follow a ballistic trajectory (with one exceptlon
the U.S. Pershing 2). A qualitatively new kind of difficulty would be introduced if the war-
heads were able to maneuver during reentry (be it in a random way to confuse a defense sys-
tem, or controlled by some target recognition and terminal guidance system, asis used in the
U.S. Pershing 2 missile). This could be done by aerodynamic flaps which deflect the warhead
axis from the direction of the velocity vector and thus produce lift. Because there is a rough
proportionality between lift and drag (for a given angle of attack), maneuvering capability.
would begin when the deceleration becomes significant (for altitudes of roughly 30 km and
lower), would be maximum in the phase of highest deceleration, would then decrease again
and persist at alower level until impact or ignition (see 6.1.2.3).

Interceptor missiles could use flaps also, as long as they do not leave the lower atmosphere
(again up to about 30 km). If targets are to be engaged above this altitude, the thrust vector
of the main rocket engine could be controled, or additional thrusters pointing orthogonally
to the axis could provide accelerations changing the direction of the interceptor velocity vec-
tor (this principle is used in the U.S, FLAGE ballistic missile interceptor and in the U.S.
MHYV anti-satellite vehicle)>>.

In space, infrared sensors could provide fairly large detection distances (see 4.1.3). Since
on that scale (several tens to several hundreds of km), movement of unpowered objects is ap-
proximately along straight lines, with constant velocity, simple proportional navigation,
where the angular rate of change of the interceptor velocity vector is proportional to the
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measured rate of change of the angle to the target,60 can provide a highly accurate hit (as was

- demonstrated in the U.S. Homing Overlay Experiment)ﬁl. Reentering warheads, on the
other hand, experience strong decelerations, and a much more complicated guidance
scheme, taking into account the course of the movement and a model of its behavior, will be
required. If warheads were able to maneuver unpredictably, the task would become con-
siderably more complex. '

In principle, targets in space could be illuminated by laser beams, and the guidance on
board the intercept vehicles could use simpler detectors without the need for cryogenic cool-
ing. This would, however, make the process dependent on the continuing functioning of the
light sources and their detectors, which on the other hand would betray their position. There-
fore, the passive scheme is likely to be preferred for homing guidance.

4.2.3 Fusing

If and when the interceptor is sufficiently near the incoming warhead (normally some time
before the minimum distance is actually achieved), the interceptor warhead must be trig-
gered. The relative distance between both could be determined with little precision, suffi-
cient for a nuclear interceptor, from a remote position, e.g., a ground-based radar. If higher
accuracy is needed, as for conventional interceptors, some on-board distance sensing device
is required. This could be the track-via-missile antenna with the link to the ground computer,
the millimeter-wave radar used for terminal phase guidance, or a specific proximity fuse
(also using mm-wave radar, but working over smaller distances with less power only). Pro-
ximity fuses are used routine%y with air defense projectiles, they can have ranges of several
hundred meters for aircraft.%? For the faster and less reflecting reentry vehicles, some modi-
fication of the system may be necessary.

Infrared-guided direct-hit interceptors in space can do without any fusing mechanism, if
they are sufficiently accurate to destroy their targets by their impact.

4.3 Interception Techniques

Techniques for interception of incoming reentry vehicles or missiles could be grouped in
different ways. Here, at first the non-nuclear effects are dealt with, among them the exotic
beam weapons techniques, then nuclear interception is analyzed. Interception could be ef-
fected by actual destruction of the warhead ("warhead kill" — this is particularly difficult for
nuclear warheads), or by pushing the warhead out of its intended trajectory so that it misses
its target by a safe distance ("mission kill"). Because interception by the overpressure shock
wave is only relevant with nuclear interceptors, it is described under that heading. Damage
radii of the different techniques are summarized in Table 4-6 at the end of 4.3.4.3.

4.3.1 Interception by Conventional Fragmentation Warhead

In free air, fragments are more effective as damaging mechanism than is the overpressure
wave of a conventional explosion. Fragments are produced when the overpressure from the
explosion breaks up the metal surroundings; sometimes prefabricated metal fragments are
used. These fragments are accelerated by the expanding gases and spread isotropically, more
or less forming a spherical surface. Their initial velocity vr is given by
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m Ex/ M (4-48)

1+ amgx/mM

VF = ¢G |

where mgx is the mass of the explosive and my is the total metal mass converted to frag-
ments. The Gurney constant cg varies for the different exploswes between 2.3 and 3.1 kn/s;

the shape factor a is 1/2 for a long cylinder, 3/5 for a sphere. 64 A spherical shape with ¢ =
3 km/s, having equal explosive and metal masses results in an initial fragment velocity of v
= 2.4 km/s; if 90% of the warhead mass is metal, the velocity decreases to v = 1 km/s. Al-
though the fragments will have irregular shapes and high drag coefficients (¢p = 2), calcula-
tions show that steel fragments will not lose more than 1/3 of their velocity over a 50 m path
in air at sea level. % Because ballistic missile interception takes place at reduced air density,
and path lengths above 20 m are unrealistic (see below), for a rough estimate one can neglect
drag on the fragments. The relative velocity, and incidence angle, of a fragment versus an in-
coming missile or reentry vehicle, depends in a complicated way on the velocity vectors of
the incoming and intercepting missiles, and on those of the fragments relative to the center
of gravity, as well as on the geometry and timing of the interception. In an estimate favoring
the defense, one can postulate that the fragment and the reentry vehicle meet head-on, i.e.,
their velocities have to be added. This gives relative velocities of about 3, 5, or 8 km/s for mis-
siles with ranges of 100, 1,000, or 5,000 km, respectively. These velocities are sufficient for
penetration of light armor, if the fragment masses are sufficiently high. (For example, steel
spheres of 4 — 6 mm diameter and 1 km/s velocity can easily penetrate 1.5 mm of steel.66) For
reentry vehicles, 1 or 2 em of thermal protective coating would have to be penetrated at first.
Damage to the warhead could occur, if a fragment hit a fuse mechanism, or would penetrate
a further metal casing to the conventional explosive of the incoming warhead. This will re-
quire greater fragment weights than are used against aircraft (maybe several 10 grams in-
stead of several grams). In order to make an estimate of the damage radius which is opti-
mistic for the defense, I assume that the reenn} vehicle or missile presents its maximum
projected area for fragment hits, i.e., about 0.5 m” for a reentry vehicle (cone of 1.5 m length
and 0.6 m diameter) or about4 m for a short-range missile (cylinder of 6 m length and 0.6 m
diameter; in case of larger multi-stage missiles, the first stages would have been separated al-
ready). Let us further assume that damage extends to a distance where at least one fragment
hits the object area A on average. From even distribution of N fragments on a spherical sur-
face, the radius for one average hit is

”
A

l\;F ) . (4-49)
™ X

1 = (

Here the number of fragments NF is given by the mean fragment mass mr and the total met-
al mass mm:

NF = mM/ mF. (4-50)

A typical payload of an anti-tactical ballistic missile interceptor could be 100 or 200 kg. With
a total metal mass of mpM = 50 kg and a fragment mass of mp = 50 g, NF = 1,000 fragments
are produced. Against a reentry vehicle (A = 0.5 mz), the radius for one average hit be-
comes r1 = 6 m. With a 200 kg warhead.of which 80% is metal, Nr = 1,600 fragments of
100 g each are posslble thlS gives a damage rachus ofr1 = 8m. Agamst an -entire missile,
these: radu increase to. about 20 m;. but since passage of fragments through a burnt—out solid
rocket motor, whlch makes up- the most part of the missile area, will not stop the missile nor
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prevent its fuse and warhead from working, this may only be the radius for mission kill. In
order to achieve greater damage radii, fragment warheads with a certain amount of directiv-
ity could be developed.67 This effect is limited for several reasons: use of a "shot-gun" type
barrel would subtract from the fragment mass; mechanisms for aligning the fragment direc-
tion during the last split second would be complicated and would reduce fragment load, too;
guidance reqirements increase as the fragment expansion cone gets narrower. Therefore, the
increase of the damage radii and the corresponding decrease in guidance accuracy will prob-
ably not exceed a factor of 2 or 4. It may be instructive to compare these values to anti-air-
craft defense: Here the projected area (e.g., seen from below) could be A = 20 mz; frag-
ments of mf = § g may suffice to penetrate the sheet metal of aircraft wings or fuselage. With
mM = 50 kg total fragment mass and a resulting total number of Nr = 10,000 fragments, the
radius for one average hit becomes 130 m (however, several hits will be necessary for severe
damage, reducing the damage radius to perhaps 30 to 50 m).

In sum, damage to incoming tactical ballistic missiles or their reentry vehicles by conven-
tional fragmentation warheads, is only possible up to distances of no more than about 10 m.
For reliable destruction of the fuse or the explosive, even smaller distances have to be
achieved. Damage radii for deflection from the trajectory are about 10 m for reentry vehi-
cles, and about 20 m for short-range ballistic missiles. If the incoming warhead carries a nu-
clear explosive, it may be salvage-fused if hits by fragments are sensed (see 6.1.2.7).

4.3.2 Interception by Direct Hit

If a reentry vehicle or missile hits a massive object, the former can be totally destroyed. If
both objects meet with opposite velocity vectors, the relative impact velocity is between 2
and 7 km/s; if both velocities are perpendicular, impact is with 1 to 6 km/s. In most cases, the
kinetic energy of the intercepting projectile will suffice to break up the reentry vehicle casing
and to destroy the interior. (A 20 kg mass with 5 km/s velocity has 250 MJ kinetic energy,
sufficient for full vaporization of 20 kg aluminum or 4 kg graphite.) Of course, a direct hit is
required; with the typical size of a reentry vehicle, an accuracy of guidance and timing of 0.3
to 0.5 m is necessary. If such extreme accuracy can be provided, then the payload of the inter-
cepting missile can be lowered from 50 to 200 kg (for a fragmentation warhead) to 10 to
20 kg.

In the vacuum of space without significant air drag, a precision-homing projectile may in-
crease its effective damage radius by unfolding a net- or umbrella-like structure. In this way,
damage radii of about 5 m may be achieved (as in the U.S. Homing Overlay Experiment)®.
Munitions like this would have masses of 10 to 30 kg, and could be launched from the ground
on top of relatively small rockets, or from satellites.

In principle, small projectiles could also be shot against ballistic missile reentry vehicles
from electromagnetic guns. Research and development for electromagnetic acceleration of
projectiles is part of the U.S. SDI program.69 Because of high energy consumption, however,
this does not seem to be efficient unless some form of terminal phase guidance could be im-
plemented on board the projectile.70 Overcoming the severe acceleration loads (of up to
several 100,000 times the earth’s gravity) requires considerable development effort. Whereas
infrared seekers could at least conceptually be used on small projectiles in space, hit-to-de -
struction guidance in the atmosphere by millimeter wave radar seems impractical.

In conclusion, destruction of incoming reentry vehicles by direct hits of massive objects
seems possible if the guidance system provides an accuracy of less than 0.5 m in the atmo-
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sphere, or less than 5 m in space. If the reentry vehicle carries a nuclear warhead, salvage
fusing will generally be possible (see 6.1.2.7).

433 Intercepfinn by Beam Weepons |
4.33.1 Laser Weapons

In prmcxple mlssﬂes or reentxy vehicles could be damaged or destroyed by focusmg large
-amounts of laser energy onto them. n Damage mechanisms are, melting through a casing for
irradiation over some time with high mean power, or mechanical shock from explosive abla-
tion of the uppermost layer for very short pulses of extremely high power. (The nuclear-ex-
plosion pumped x-ray laser which would utilize the latter effect is treated in 4.3.4.3.) In both
cases, a threshold fluence (energy per area) must be achieved which may be 200 MJ/m? for
reasonably hardened missile bodies, and 1 or 2 GJ/m? for the thermally protected reentry ve- -
hicles of intercontinental missiles (this technique could easily be applied to shorter-range
ballistic missiles). 2 A lower limit for the laser energy which has to be transmitted, can be
derived from the assumption that beam spread by diffraction is the only process reducing the
beam fluence (discardirig all atmospheric effects). The maximum fluence H possible at a dis-
tance r from a laser beam of initial diameter D is given for constant amplitude and spherical
(or plane) phase front at the transmitter; its value is
w D2 o . -
H Qu 222 - 3 (4-51)

where QL is the laser energy transmitted, and A is the laser wavelength. In order to achieve a
damaging fluence value Hpam on the object, the required laser energy QLDam is then "
QLDam = HDami—I')T | . _ (4-52)
There has been some d1scuss10n on the use of ground-based mobile laser weapons agamst in-
coming reentry vehicles of tactlcal ballistic missiles in a terminal defense mode 'The laser
type envisioned for this is the gas- dynamic CO32 laser which is powered by a combustion pro-
cess. (Electrical lasers have small efficiencies and are impractical for mobile systems, be-
cause their power systems would be to heavy; the only high power chemical laser useful in
the atmosphere — thé Deuterium Fluoride laser — uses the very expensive deuterium as a
fuel, and would be significantly larger.) A mobile CO2 laser with » = 10.6 .m could permit a
laser power of about 1 megawatt, and a beam mirror of maybe D = 1.5 m diameter. In order
to damage a reentry vehicle at r = 10 km distance, then, after (4-52), with Hpam = 1 GJ/m2
alaser energy of QLDam = 6 MJ would have to be transmitted. This would take 6 seconds -
whereas the reentry vehicle would take only about 4 seconds to arrive at the target, if it came
from 1,000 km distance. If the irradiation started at r = 5 kmi distance, 1.6 MJ would be nec-
essary which would take 1.6 seconds — about the same time the reentry vehicle would need to
arrive. In principle, if the focus were continuously reduced as the distance to the vehicle
decreased, at some short distance the damage fluence could be provided in less than the re-
maining flight time. This would, however, mean focusing the beam to less than 1 ¢cm diameter
and keeping this focus on the same spot of the reentry vehicle while it moves over several
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dozen meters. If the vehicle is spinning (as is routlnely done), this poss1b111ty is excluded and
the beam energy is distributed over a larger area.

Of course, this discussion is hypothetical. Keeping a beam focused on an object of 0.5 m
size moving fast through a turbulent atmosphere at several kilometers distance is extremely
difficult, near to impossible. In addition, atmospheric effects like absorption, scattering, ther-
mal blooming etc. can severely hamper beam transmission. In case of precipitation or me-
dium to strong cloud cover, transmission as a focused high-power beam can be totally pre-
vented. Thus, the conclusion is that mobile laser weapons do not provide a realistic possi-
bility for terminal-phase defense against tactical ballistic missiles. It may suffice for the de-
struction of airplanes or helicopters in falr weather, but the main effects may even be less —~
blinding of optlcal SEnsors. :

These arguments. would not hold for the kind of large space laser weapons that are envi-
sioned by the U.S. SDI program. Here a fleet of fighting satellites would circle around the
earth in orbits of about 1,000 km altitude. These could carry chemical lasers, or mirrors
which focus the beams from §round-based free electron lasers (relayed via geostationary
mirrors) on ballistic I_russﬂes Wavelengths could be shorter, allowing better focusing over
large distances, Free electron lasers could inflict damage deep into the atmosphere (down to
the clouds or even to the ground). If reliable discrimination of decoys from reentry vehicles
were possible, the latter could also be attacked during the free flight phase. With a hardness
of Hpam = 1 GJ/m?, a typical distance of r = 1,000 km, a mirror diameter of D = 10'm, and
a laser wavelength of » = 1 um, after (4-52) a laser energy of QLDam = 13 MJ would be re-
quired. With a mean laser power of 50 MW (which is four orders of magnitude above present
levels of free electron lasers), this would take 0.25 seconds. Adding to this a (very optimistic)
slew time to the next target of 0.1 s, one laser — mirror-satellite combination could attack
about 3 reently' vehicles per second. Short-range missiles with a range of 100 km would be
accessible in altitudes above, say, 20 km, which translates to a possible engagement time of
2 minutes at most (see Table 3-1). A mass launch of more than 400 short-range missiles
could not be covered by one such beam. For reentry vehicles of longer-range missiles, more
time above the clouds is available, e.g., for 1,000 km range about 8 minutes, In this case, a -
mass launch- exhausting one beam would require about 1,500 reentry vehicles — which might
not be prohibitive, if these missiles were changed to carry three reentry vehicles each.

- Because reentry vehicles are so hard to attack, because they cannnot confidently be distin-
guished from decoys, and because one missile may release several warheads, the main pur- -
pose of space laser weapons is to attack missiles during their boost phase. Here the targets
are large, they are more vulnerable, and they betray their position by the large flame. With a
hardness value of Hpam = 200 MJ/m?, all other parameters being the same, one laser beam
of 50 MW power could damage a missile body at r = 1,000 km distance within 0.05 seconds.
Because of the finite slew time, however, the attack rate increases only to about 6 missiles
per'second. For intercontinental ballistic missiles, fast burn boosters are possible with only
50 seconds burn time.” The burn time of tactical ballistic missiles could be reduced to less
than 40 seconds (which means less than 30 seconds above 20 km altitude). One laser-mirror
combination could thus handle a mass attack of 200 missiles at most. Short-range missiles
‘¢ould be designed in such a way that they burn out at less than 20 km altitude (or at least -

switched to a sustainer burn with much reduced flame emission above 20 km) - thus attack =

during their boost phase can be made nearly impossible.
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This discussion has neglected several technical difficulties. These include the problem of
cloud cover above some of the ground-based laser sites, the necessity for active beam phase
front control to overcome atmospheric fluctations, the problem of targeting the small mis-
siles on top of the large flames etc. It is by no means clear that free electron laser beams of
50 MW mean power can be produced and directed over two times 40,000 km with focusing to
less than 1 meter and slew times of less than 1 second. The main problem with space laser
weapons, however, if they prove to be feasible and effective at all, will be the fact that the
other side will also possess them (in addition to other kinds of space weaponry that both
sides will command). In an attack scenario, the space weapons of both sides would probably
not be much occupied by the respective tactical ballistic missiles, but by the threat from the
mutual space weapons systems themselves. Comparing space laser weapons and ballistic mis-
sile in terms of efficiency alone is misleading; in addition, ways of creating holes in space
weapons constellations have to be analyzed. For the present discussion, it suffices to note
that no side could rely on the continued functioning of its space weapons in the event of crisis
and conflict (for an assessment of mutual attack possibilities in space and of consequences
for strategic stability, see Ref. 76). |

Another fact deserves mentioning: warheads do not vanish if their carrier is damaged. De-
pending on the time after launch at which a missile is hit, the warheads may fly a shorter tra-
- jectory and still explode on the intended territa:)ry.77 Laser attack against a nuclear warhead
could be sensed and used to trigger the explosion (salvage fusing, see 6.1.2.7). Damaged war-
heads which did not explode could distribute radioactive material when reentering the at-
mosphere.

" 4.3.3.2 Particle Beam Weapons

If high-power beams of high-energy particles could be produced and directed over large dis-
tances, they could provide the only mechanism for instantaneous internal damage capable of
preventing salvage fusing of nuclear warheads, except a defense nuclear explosion itself. Be-
cause of interactions with the air (neutral particles are immediately ionized) and with the
earth magnetic field (charged particles follow curved trajectories with radii of the order of 10
or 100 km), particle beam propagation within the atmosphere does not allow militarily useful
distances (the self-focusing and self-gunidin 7& effects possible with electron beams do not pro-
vide long ranges in the low atmosphere) '”. For propagation in the high atmosphere or in
space, two kinds of particle beam weapons are possible: an electron beam traveling through
an ionized channel produced by a laser beam, or a neutral particle beam.

A laser-guided electron beam would require a UV laser in the kilojoule pulse energy class.
This laser would produce a channel of ionized molecules in the upper atmosphere; this effect
would work at altitudes between 70 and 500 km.%®® Interactions with the positive charge of
the ions would prevent the electron beam from spreading and from bending, but the electron
pulse length would erode with distance. The electron energies would have to be tens of meg-
aelectronvolt over distances of hundreds of km, and hundreds of MeV over thousands of km.
Since for most materials the absorption length of 100 MeV electrons is 81

L= where

pk*
k* = 0.02...0.03 m%kg, (4-53)
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and p is the density, delivery of a dose of 1 MGy = 1 MJ/kg would require a beam energy of
0.2 to 10 MJ (with the primary energy requirement roughly ten times higher).

‘For the UV laser and the electron accelerator, a major research and development effort
would be necessary. Scaling up above today’s state of technology is necessary by one order of
magnitude (i.e., a factor of ten) for the accelerator voltage; by two orders of magnitude for
the pulse duration; by three orders of magnitude for the beam power; and by four orders of
magnitude in distance traveled.

A fundamental alternative would be to use neutral particle beams which Would propagate
in space on straight lines. Because even small amounts of gas would ionize.the particles, after
which they would move under the influence of the earth magnetic field, neutral particle
beams cannot be used at altitudes below 100 km. Neutral particles can be formed by acceler-
ating negative hydrogen ions and stripping off the excess electron in a gas cell. For an ab-
sorbed dose of 100 kJ/kg (more than sufficient to damage electronics, not capable of vaporiz-
ing material), pulse energies of 50 MJ on the target would be necessary. Beam pointing and
beam divergence in the microradian range would have to be developed. Accelerator assem-
blies would have to be increased in voltage and duty cycle by two orders of magnitude each.

In conclusion, particle beam weapons could, in principle, damage the interior of reentry
vehicles or missiles in space.. Because a large research and development program is needed
even before a well-founded statement on technical feasibility could be made, and because
many engineering problems can be foreseen concerning e.g. power supplies and reliability, it
is extremely unlikely that particle beam weapons could be available within the next twenty
years or so. If these weapons do, however, prove feasible and effective, then the remark
made in connection with laser weapons in space applies: the military balance between two
sides, and its degree of stability, should not be judged by comparing space weapons against
ballistic missiles, but by the mutual attack capabilities of the space weapons systems them-
selves. Lastly, even if some nuclear warheads had been disabled, the problem of the radioac-
tive material reentering the atmosphere would still persist.

4.3.4 Interception 'by Nuclear Explosions

This is the method used in the traditional anti-ballistic missile systems of the sixties and sev-
enties. Within the atmosphere, in order to minimize collateral damages, explosive yields in
the kiloton TNT range are used. Mechanical shock by the overpressure wave, or effects by
the penetrating neutron and gamma rays can be used. In space, the x-rays from large (mega-
ton TNT range) explosions can travel unhindered and provide a larger range than the other
kinds of radiation. These x-rays are immediately absorbed in the upper layers of the reentry
vehicles; explosive evaporatlon provides a mechanical shock which can disrupt the bomb
mechanism.-

4.34.1 Mechamcal Shock by the Overpressure Wave Within the Atmosphere .

When a missile warhead reenters the atmosphere, it experiences strong deceleratlon (w1th

maximum values below 1,000 m/s ) Whereas its mechanical structure must be able to with-

stand values like this, damage to the reentry vehicle or its internal components can occur if it
. , . 284

experiences accelerations of several times 1,000 m/s"."" (Note, however, that earth penetrat-

ing warheads are being developed which can withstand such high accelerations, see below.)
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Fig.4-12 Limiting cases of how a reentry vehicle and an explosion blast wave could collide.
a) Reentry vehicle velocity and particle velocity have to be added, low drag cocfficient applies.
b) Particle velocity counts only, high drag coefficient applies.

'The overpressure wave of an explosion in air can effect such an acceleration by two mecha-
nisms: The peak overpressure produces a net force on the vehicle as long as it has not totally
. entered the blast wave. In the overpressure region of interest here, the dynamic pressure ex-
erted by the outward-flowing air molecules is higher, and lasts considerably longer than the
peak overpressure, therefore I will concentrate the analysis on the dynamic pressure. The in-
creased air density in the shock wave enhances the preponderance of the dynamic pressure.
Since the blast overpressures decrease rapidly with distance from the explosion center, dam-
age to the reentry vehicle can only occur if the guidance system manages to ignite the inter-
ceptor warhead at such a time and at such a point, that the reentry vehicle hits the blast wave
before it has expanded to a size where the dynamic pressure produces an acceleration below
the damage value. Fig. 4-12 shows two limiting cases: in b), the reentry vehicle velocity is or-
thogonal to the particle velocity, and the dynamic pressure is only determined by the latter
(see (4-54) below). In a), both velocities are opposed, and the dynarnlc pressure follows from
the sum of the velocities (but, due to a lower drag coefficient, in th1s case the damage radius
will be lower, see below).

Fora quantitatlve estnnatlon, we need the peak overpressure of a nuclear explosion in free
air. This is given by '

Ap 6 1 T'se .
— = 3210 1+ 1+ —] 4-54
. 1+ " = (4-54)
where the_s_o-called scaled distance
- 1 ktTNT 113 |
oo = [9il Lt INT o) (4-55)

contains correction factors for the ambient air density pa at the explosion altitude, and for the
explosive yield Y. (pa and the ambient pressure pa can be estimated from a simple exponen-
tial decrease from the sea level density pp and pressure po, respectively, with a scale height of
8 km.) Because the ambient pressure pa and the density pa are proportional to each other in
case of constant temperature, in a first approximation the overpressures and damage radii
are not dependent on altitude. The particle velocity u for a shock wave in air is given by
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u= 5 Ap VSound
7pa (1+64p/(Tpa))’? "

Here vsound = 340 m/s is the sound velocity in the undisturbed air, The dynamic pressure ex-
perienced by the reentry vehicle is

(4-56)

pd = 0.5 pveit’, (4-57)
where the increased air density p in the shock wave is 87
7 + 6 Ap/pa
- e 4-58
P= Pa 7 + Ap/pa ( )

and the effective velocity vefr is either equal to the sum of u and the reentry vehicle velocity
VRV (case a) of Fig. 4-12), or to the particle velocity u (case b) of Fig. 4-12). (For case b), the
equation normally used for the dynamic pressure, (3-34), can be derived from (4-57).)

In order to estimate the damage radii, we need the relationship between the dynamic pres-
sure pd and the acceleration a, which can be derived from the air drag formula (3-2):

a= cbpdA/m=pd/[3. (4-59)

Here the ballistic coefficient p contains the drag coefficient cp, the effective area A exyosed
to the pressure, and the mass m of the object, I take an acceleration of a = 5,000 m/s (i.e.,
about 500 times the gravity acceleration) to be the threshold for damage to a traditional re-
entry vehicle. Let it be formed like a cone with 0.3 m radius and 1.5 m length, with a mass of
m = 150 kg. Then, for case a), the areais A = 0.3 mz, and the drag coefficient is about ¢cp =
0.1 (ballistic coefficient g = 5,000 kg/mz). In this case, the damage pressure turns out to be
27 MPa. For a nuclear explosion of yield 1kt TNT in free air, taking into account the reentry
velocities (which, for 1,000 km range, decrease from 3 km/s to about 1 km/s), damage radii
between 40 and 50 m result from (4-54) to (4-58). For case b), the areais A = 0.5 mz, the
drag coefficient is tenfold higher, about ¢cp = 1. Solving (4-59) for pg, one gets a damage
' threshold value of dynamic pressure of pg = 1.7 MPa, With a 1kt TNT explosion in free air,
such a dynamic pressure is achieved after (4-54) to (4-58) up to radii of about 80 meters.

The calculated damage radii can be decreased by increasing the ballistic coefficient (this is
possible up to a factor of two in g), and by mechanically strengthening the reentry vehicle (in
tests of earth-penetrating warheads, maximum accelerations of more than 7000 times the
gravity acceleration have been measured)ss. In this way, damage radii could be reduced by a
factor of three, down to values of 10 to 30 m.

Thus, the conclusion is that nuclear interceptors of kiloton-range yields have damage radii
by the blast overpressure against traditional reentry vehicles of 50 to 100 m; intense harden-
ing of reentry vehicles can reduce these values, up to a point where radiation effects become
dominant (see 4.3.4.2). Of course, the guidance and timing of the interceptor and warhead -
must provide an accuracy of comparable size. ' '

4.3.4.2 Damage by Neutron and Gamma Radiation

A nuclear explosion produces neutron and gamma radiation in large amounts. Because these
are the only effects which penetrate nearly instantaneously through the material of a reentry
vehicle, they can be used if one tries to prevent a salvage fuse from working (see 6.1.2.7).
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Neutrons can produce fissions in the fission trigger; if this produces sufficient heat, the trig-
ger may lose its form or even 1g1mte the chemical explosive. (Because one fission process re-
leases about 200 MeV (3.2.10~" J) energy, whereas one absorbed neutron releases at most
its energy (for fission neutrons about 1 MeV), heating by direct absorption of neutrons in the
fissile material is orders of magnitude less effective.) Gamma rays and neutrons can also be
absorbed in the chemical explosive of the fission trigger; if it is heated above a certain tem-
perature, ignition will occur. The radiation doses decrease with distance from the explosion
because of geometric and absorption effects. The neutron fluence (i.e., the time-integrated
number of neutrons per area Nn/A) at a distance r is approximately given by

Na 17 1Y ~0.0042kgm Ner
=191 , 4-
A 910 ?2‘ = ( 60)

where the yield Y is in the kiloton range within, and in the megaton range outside of, the at-
mosphere. p is the air density. The corresponding neutron dose Dy in soft blologlcal tissue
(this should be similar to the dose in the chemical explosive) can be approximated by

4 M Gy Y ‘e—(0.0042 kg/m )p r

= 4.7-10 4-61
TUHINT o F .. (6D

The gamma—ray dose D«, in soft tissue can be approximated by o

3
4 M Gy Y —(m /kg)pr/ A
Dy = 6. 5 10 f , 4-62
L t INT 12 (4-62)
where the correction factors

_ 1+ 6(Y/MtINT)? ond

1+ 0.03 (Y/MtTNT)® + 0.005 (Y/MtTNT)* * *
A = (326 + 0457 (Y/MtTNT))m (4-63)

account for reduced absorption through regions of reduced air density for megaton-size ex-
plosions, and f is the fission portion of the explosive yield (for three-stage hydrogen bombs,
about 0.5). For kiloton-range explosions and in space, the correction factors are unity. For
distances up to 100 m in air, and generally in space, the exponential absorption terms of (4-
60) to (4-62) can also be ignored. ((4-61) and (4-62) give the dose values in Gray = J/kg; if
the older unit rad is desired, note that 1 rad = 0.01 Gray.)

The thermal effects in both cases can be treated by the same formalism. Heating of a mass
m by a temperature interval AT requires the energy input

Q= Cmolm AT/ mmol = 3 R m AT/ mmol - (4-64)

(the molar specific heat cmol is approximately three times the gas constant R = 8.31
J/(mol K), mmol is the molar mass). The energy per mass, which for absorption equals the
dose, is thus

If we assume that heating the chemical explosive or the plutomum—239/uramum-235 trigger
material by a temperature interval of AT = 500 K is sufficient to ignite the explosive or
otherwise disrupt the fission trigger, then for the explosive with mmol = 0.05 kg/mol, the dose
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for damage becomes D = Q/m = 250 kGy. For plutonium with mmel = 0.24 kg/mol, the
energy per mass becomes Q/m = 52 kGy. (If the possible use of insensitive high explosive
had to be taken into account, a temperature interval of 1,000 K might even be required. In
this case, the damage radii derived in the following would have to be divided by +/2. In order
to use an estimate which is optimistic for the defense, the lower temperature value is kept.)
As mentioned, for the cases of interest here, all exponential and correction factors in (4-61)
and (4-62) can be ignored. The sum of gamma and neutron doses to the explosive, as well as
the neutron number per area, are then of the form

D = const.Y/ r2 : (4-66)

and for a given damage dose Dpam the distance rDam up to which this or a larger dose i is
delivered can be calculated from

TDam = (constY / Dpam)™? | - (4-67)

(ie., damage radii obey square-root scaling with yield.) For gamma ray and neutron absorp-
tion in the explosive, this results in the following damage radii: for a 1 kt TNT pure fission (f

= 1) explosion, rpam = 21 m. For a 1 kt neutron-enhanced warhead (f = 0.5, multiply (4-
61) by an enhancement factor 10) rpam = 45 m. For a 1 Mt TNT hydrogen bomb (f = 0.5) in
space, I'Dam = 560 m.

Now, the number of flSSlOI]S produced shall be calculated. If of is the fission cross sect1on
(for 1 MeV neutrons in = Pu of = 1.80.10° m2 and in 2 U, of = 122102 m ) the
number of fission processes N up to a depth 1 produced by an incoming neutron number Np
is given by

Nf=Nu(l -¢ (Nru/V) afl) = Np (Npy/V) ofl (4-68)
(here, the number density of plutonium atoms NpwV = NL pPu/ Mmal, NL = 6.02.10%/mole
is Avogadro’s number, ppy = m/V = 19.5.10 kg/m3 is the uncompressed plutonium density,
mmol = 0.239 kg/mol is its mole mass. The last approxnnatlon holds as long as the depth lis
smaller than the mean free path L = [(Npy/V) of] * = 0.1 m.) Let Qf = 3.2.1071 T be the
mean energy produced by one fission process; taking into account that the volume is the pro-
duct of beam (or material) cross section area A and depth 1, the energy produced per mass
can be deduced to be

Q = Qs __n NL

A mmol

of. | (4-69)

Solving for the neutron number per area, and introducing the numbers given, one gets No/A
= 3.6. 10* /m for the 500 K temperature increase. (This corresponds to a fissioned fraction
of only 6- 107 of all nuclei. ) This value is achieved for a 1 kt TNT fission weapon in a dis-
tance of rDam = 7.3 m, for a 1kt enhanced radiation weapon at rDam = 23 m, and for a 1 Mt
hydrogen bomb in space at rbam = 230 m.

In sum, nuclear explosions of the kiloton class can disrupt incoming nuclear warkeads by
internal thermal effects up to distances of 10 or 20 m; these damage distances can be in-
creased by a factor of about 2 for enhanced radiation warheads. For megaton-size explosions
in space these kinds of damage extend to distances of 200 to 600 m.

84



4.3.4.3 Damage by Mechanical Shock from X-Ray Absorption

Within less than one microsecond after fission has begun, most of the energy of a nuclear ex- |
plosion has been released, converting the bomb materials to a fireball of approximately
510’ K temperature. At such temperatures, thermal radiation is in the form of x-rays, with
peak wavelengths of about 0.1 nanometer (photon energies of about 10 kiloelectronvolt).
The pulse of primary x-rays carries about 70% of the total energy released, spreads in space
without absorption and blast effects, and lasts for several 100 nanoseconds only. X-rays of
such energies are totally absorbed in a very thin layer of material (and cannot propagate
through air). Because of the short duration, during the pulse no energy can flow to deeper
layers. If the energy is much larger than the vaporization energy of the layer, this material
will evaporate explosively, producing a recoil impulse on the remaining material. This me-
chanical shock can damage the casing or internal structures of missiles or reentry vehicles
traveling through space. Since 1 kt TNT equals 4210°7 , the primary x-ray fluence H (energy
per area) on an object at a distance r from a nuclear explosion of yield Y is

J Y
H=29 - , -
9.10 TINT 4 272 (4-70)

If one assumes that the energy which has hit the surface is evenly distributed between kinetic
and thermal energy of the vapour, then the impulse per area p/A can be derived to be

p/A =2 (Hpd)? = 2(H/K)'?, (471

where the inverse of the product of the density p and the absorption depth d is called the
opacity k of the material. If the material is chosen to minimize x-ray damage (i.e., the atomic
number chosen according to the x-ray wavelength), the threshold fluence Hpam for produc-
ing a damaging value of the impulse per area (p/A)Dam is

_ MJ (p/A) Dam > Epn | |
Houn = 250 "7 (g ™) G) | @72)

keV

i.e., the damage fluence decreases with increasing photon energy Eph. For non-optimized
material, Hpam could be 5 times lower. A typical value of the damage impulse per area is
(p/A)Dam = 2 kilopascal—s.econd;95 for photon energies of Eph = 10 keV and optimized ma-
terial, the damage fluence becomes 30 MJ/m?. In case of non-optimized material, it could
decrease to 6 MJ/m”.

The maximum distance rpam up to which this damage fluence is achieved, can be calcu-
lated from (4-70):

29.10° 1 vy 12

o = 15 T Fad o )

With a 1 Mt TNT explosion, this results in a damage radius of rpam = 2.7 km for optimized,
and rpam = 6 km for non-optimized material.

In principle, much larger damage radii would be possible if a portion of the primary x-ray

energy could be converted by a laser process to narrow beams; this requires, of course, that
the accuracy of beam pointing is sufficiently high. Photon energies of such a nuclear-explo-
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sion-pumped x-ray laser would be roughly a tenth of those of the pump photons, i.e., about
1 keV. If ntot describes the portion of the total energy Qo released by the explosion which is
converted to laser radiation, n is the number of beams pointing in different directions, and
B is the solid angle of one beam, then the fluence H at a distance r is

‘ ntot Otot o
- H=—F : 4-74
H= BRCR2)

The damage radius rpam can then be calculated from the damage fluence Hpam:

Tdam = [ - (4-75)

For a photon energy of Epn = 1 keV, the damage fluence after (4-72)is 1 GJ/m? for op-
tiniized material, and anywhere down to 200 MJ/m2 for non-optimized material. W1th an ex-
plosive yield of Y = 100 kt TNT (Qtot = 4.2- 10* J), a beam solid angle of DB 1071 ster-
adian, a beam number n = 4, and a total x-ray laser efficiency of mot = 1074 , the damage
radii become 300 km and 700 km, for the optimized and the non-optimized rnaterial, respec-
tively. These figures are by no means reliable, because no values of achievable beam solid
angle, beam number, or the laser efficiency are known.” In order to compensate for a small
efficiency, the yield of the pump explosion could be increased up to about 10 megaton TNT;
thus, it.cannot be ruled out that damage radii of several times 1,000 km could be achieved, if
nuclear-explosion pumped x-ray lasers become feasible at all, and are allowed to be fully
developed.

In conclusion, missiles or reentry vehicles could be damaged by explosive x-ray ablation
from megaton-size nuclear explosions in space at distances of several kilometers. If nuclear-
explosion pumped x-ray lasers are feasible, they could have damage radii of several hundred
km or even several 1000 km.

Table 4-6 summarizes the different interception mechanisms and their damage radii.

Tab.4-6  Summary of damage radii of different interception techniques (excludmg beam weapons). Intercep-
tors have to be guided to less than these distances from the incoming missiles/reentry vehicles to be

effective.
Interceptor mechanism Damage radius Remarks
Conventional fragmentation warhead < 10m warhead kill
. . : 20m mission kill
Direct hit <05m in air
Sm in space
Nuclear interceptor, kiloton size :
mechanical shock {blast wave) 10-100 m in air
internal radiation damage 1040 m in air or space
- Nuclear interceptor, megaton size
‘mechanical shock (x-ray ablation) 3 6km in space
internal radiation damage 200-600m - in space *)
*) Roughly the same figure would hold for air, but explosions of that
 size would not be used for missile defense in the atmosphere.
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4.4 Data of Existing or Planned Anti-Tactical Ballistic Missile Systems

Table 4-7 shows the characteristics of selected radar systems which are or have been part of
air or ballistic missile defense systems.

Table 4-8 lists the properties of long-range air defense missiles (i.e., with a range above 30
km) and of anti-ballistic interceptor missiles.

Properties of some interceptor missiles which are being developed in the U.S. Strateglc
Defense Initiative and are planned to be used against tactical ballistic mlssﬂes too, are given
in Table 4-9,

Table 4-7 Properties of radar systems of selected air and ballistic missile defense systems.g7

Hawk (USA)

Comprises four separate mechanically rotated radars:

Pulse Acquisition Radar PAR for aircraft detection at high- to medium altitudes, L band (1-2 GHz)

CW Acquisition Radar CWAR for aircraft detection at low altitudes

High Power Hluminator HPI for target acquisition and tracking, X band (8-12 GHz)

Range-Only Radar ROR for measuring range when the other radars cannot do so because of countermeas-
ures, K band (18-27 GHz).

Patriot (USA)

Comprises one main phased-array radar for aircraft detection, and tracking (several smaller antennae for
interceptor communication and guidance, identification friend or foe, and electronic countermeasures are
mounted on the same flat face). :

Designation: AN/MPQ-53

Frequency: Cband (4-8 GHz)
Peak power: 100 kW
Average power: - 10 kW
Antenna area; 4.68 m?
Safeguard (USA)

Comprised two large fixed phased-array radars:
Perimeter Acquisition Radar PAR for Search and Detection:

Frequency: 442 MHz (UHF band)
Peak power: 73 MW

No. of faces: 1

Antcnna area; 750 m?

Search range: 4,000 km

(is now part of the NORAD early warning system)

Missile Site Radar MSR for tracking and interceptor guidance:

Frequency: Sband (2-4 GHz)
Peak power: 1MW
Average power: 100 kW

No. of faces: 4

Antenna area: 13 m?
Range: 1,000 km

(was deactivated in 1976)
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Air defense missiles with listed range above 30 km
Bloodhound - GB 1964 mobile 2 .mo_m&_.mﬂ.wmﬂ 80 78 0.55 HE .. semiactive
Terrier USA 1956 ship 2 solid 37 20 . 0.85 1.404 8.02 034 0.16 NHE 1 semiactive also surface-to-surface role
Hawk USA 1960 mobile 1 solid 40 16 . . 0635 503 036 HE - 75 semiactive
Standard-2 -USA 1978 ship 2 solid 55 20 . 0851360 7.99 034 . N,HE low kt semiactive also surface-to-surface role
Nike-Hercules USA 1958 fixed 2 solid 140 45 .. .. 1.1 48581265 080051 NHE 1-20 command also surface-to-surface role; phased out.
Patriot USA 1984 mobile 1 solid 100 2512 300 1.2 0912 531041 .. HE 75 semiactive track via missile; ATBM upgrading
SA-N-1 USSR 1961 ship 2 solid 315 .. 040 66 0.70 HE 60 command :
SA-2 USSR 1958 mobile 2 solid/liquid 40-50 18 .. 12 23 107 070 HE 130 command also ship-born version: SA-N-2
SA-N-3 USSR 1967 ship 2 solid/ramjet - 55 25-.. . 10 055 62 034 HE 80 semiactive
SA-N-6 USSR 1978 ship 1 'solid 35 .12 " 7 “ EBE 90 semiactive track via missile
SA4 .USSR 1967 mobile 2 solid/ramjet 70 24 08525 88 09 HE 135 scmiactive
SA-10 . USSR 1980 mobile 1 solid 100 57 ... 20 15 70 045 HE .. active may have some A(T)BM potential
SA-12 USSR - mobile 1 solid 100 30 . 10 20 72 05 . HE 150 active may have some A(T)BM potential
SA-S - USSR H@..mq mobile 2 solid 300 30- 1.2 10 10.6 0.85 0.060 NHE ’
Anti-ballistic missile FRR@E.GQ . o
Sprint USA 1974silo 2 solid 40 82 18 N 1 command m-mr for endoatmospheric intercepts,
) . R , deactivated in 1976
Spartan USA 1974silo 3 solid 600 36- .. 167 13 N 1000 command deactivated in 1976
UR-96/ABM-1B USSR 1964 fixed 3? liquid 330 320 . . 33 20 26 N 3000 command for exoatmospheric intercepts
SH-04 USSR 1983 silo . N modification of ABM-1B
SH-08 USSR 1984 silo 80 N fast, for endoatmospheric intercepts
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Table 49 Properties of selected systems and components planned to be used against tactical ballistic mis-
siles.

Interceptor missiles

Aster30 (France)

2 stages; stages maximum range 35 km; conrse changes: aerodynamic plus lateral thrusters in terminal phase; guid-
ance via multifunction radar, homing by active millimeter-wave radar.

FLAGE/ERINT  (USA)

(Flexible Light-weight Agile Guided Experiment/Extended Range Interceptor) (formerly: SRHIT)

1 stage; length 3.7 m, diameter 0.23 m; launch mass 230 kg; burnout velocity 1.2 km/s; primary guidance for
about 5 s by inertial unit; target acquisition by millimeter-wave radar, homing guidance for the last few scc-
onds; course change by 216 lateral solid-rocket motors in front part of missile; damage to reentry vehicle by
direct hit, guidance accuracy needed: 0.3 m; test intercepts for demonstration of guidance at about 4 km alti-
tude and about 6 km range (e.g. May 21, 1987: a Lance short-range missile was intercepted at 3.7 ki altitude;
velocities were 0.98 km/s and less than 0.91 km/s for the FLAGE and the Lance, respectively).

The ERINT follow-on will have an additional stage, providing greater velocity; the radar seeker and the war-
head will be modified; goal is interception of strategic ballistic missiles at 10 to 15 km altitude; tests planned
for 1989-1990. '

HEDI (USA)

(High Endoatmospheric Defense Interceptor)

2 or 3 stages; launch mass 5,000 to 7,000 kg, about Spartan size (ca. 15 m length); burn time 4 to 10 s; burnout
velocity 5 to 6 km/s; primary guidance using signals of Terminal Imaging Radar (which is to discriminate de-
coys); after removal of shroud, homing guidance by short-wave infrared sensor looking through cooled win-
dow, acquisition at several dozen km; course changes by 12 liquid-fueled rocket engines; intercepts at 15 to
50 km altitude at up to 200 km range; damage to reentry vehicles by cloud of pellets, guidance accuracy
needed: 1 m. Tests will begin in 1989 using modified Spartan first stage and Sprint first and second stages.

ERIS (USA)

(Exoatmosphenc Reentry Interceptor System) '

2 stages, goal: launch mass 700 kg; burnout velocity 5 to 6 km/s; interceptor mass 80 kg; guidance: inertial,
terminal phase by long-wave infrared detector (goal: HgCdTe at T = 77 K); course change by liquid rocket
engines; Intercepts at up to 1000 km altitude; damage by dircct hit.

Homing Overlay Experiment HOE on June 10, 1984 used 1 t interceptor lifted by Minuteman I first stage and
another stage, used unfolding umbrella-like structure.

Detection and Tracking Systems

AOS (USA)

{Airborne Optical System)

Long-wave infrared staring detector array: 38,400 elements on 15+4 chips of 10«64 each, dopcd Si, goal:
HgCdTe; on board aircraft or unmanned RPV; gimballed optics with window, looking through air window in
fuselage into space, for tracking of reentry vehicles during midcourse; payload 10-15 Mg; >12 h endurance,
continous patrol at > 15 km altitude, Flight tests against space objects using modified Boeing 767 to begin in
1989,

SSTS , (USA)

(Space Surveillance and Tracking System)

Long-wave infrared detector array, carried on board satellites; for tracking of reentry vehicles and post-boost
vehicles during post-boost and midcourse; later to be augmented by active discrimination.

Table 4-8 (previo,ugg page) Existing long-range air defense interceptor missiles and anti-ballistic interceptor
missifes.
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5. Systems Aspects of Anti-Tactical Ballistic
Missile Defenses

This chapter deals with systems aspects of ground-based anti-tactical bal-
listic missile defenses, and of space-based defenses which utilize kinetic
energy weapons. (Defenses using beam weapons in space are still in the
developmental stage, and many aspects have already been analyzed in
the SDI debate.) Footprints of ground-based ballistic missile defense sys-
tems are introduced and computed in 5.1. Space-based kinetic energy
weapons systems are discussed in 5.2. Section 5.3 takes a short look at the
tactics of preferential defense. Reaction times of ballistic missile defense
systems are the subject of 5.4. Some aspects of command, control and
communication are mentioned in 5.5.

5.1 Footprint Area of a Ground-Based Ballistic Missile Defense System
5.1.1 Concept of Footprint of a Ballistic Missile Defense System

- In general, 2 ballistic missile defense system cannot intercept missiles flying arbitrary trajec-

tories and directed at arbitrary targets. Interception is only possible for trajectories and im-

pact points which are sufficiently close to the defense system. The set of all possible ground

impact points of ballistic missile trajectories which could be reached in time by the inter-
cepting weapons is called the footprint of the defense system. This area is sometimes loosely

* called the "defended" or "protected” area. These are misleading terms, however, since the

footprint is a kinematic measure only; it includes all trajectories for which the defensive ef-

- fect — considering the different flight and reaction times — could in principle be transported

to the vicinity of the incoming warhead in time, i.e. while it is still at some "safe” distance.

This does not gnarantee that:

—~ the guidance system is sufficiently accurate in that the defensive weapon actually affects
the incoming warhead;

- the probability of destruction of the warhead is sufficiently high;

- the incoming object is actually a warhead and not a decoy;

— the defensive system has an intercepting weapon available,;

- the defensive system has sufficient computing power available to manage the launch, guid-
ance and intercept. (The latter two conditions could be violated if high numbers of objects
~ not necessarily all of them warheads — were approaching.)

Some countermeasures of the attacking side can be included into the footprint calculation,
such as the reduction of detection range by reentry vehicles with a smaller radar cross section
or by radar jamming transmitters. Other countermeasures lie beyond the footprint concept,
like fooling the detection and guidance systems or attacking the defense system itself.

Traditional anti-ballistic missile systems had interceptor missiles launched from the ground,
and ground-based radars for the detection and the tracking of the incoming reentry vehicles.
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Earlier versions of anti-tactical ballistic missile systems would use the same principles, but
with mobile radars of reduced power and size. Intercepts by objects electromagnencally
launched from the ground can be analyzed by using the same procedure.

In the process of defense against a ballistic missile, the following steps have to be taken: a
solid angle has to be searched for incoming objects; if an object is detected, this is time zero
for the following events: the object has to be classified as potentially threatening (if possible),
and its trajectory has to be determined by consecutive measurements of its location; the fu-
ture trajectory has to be predicted, and it has to be established if an intercepting weapon
could kinematically reach the object at some point of its trajectory. Then a launch decision
has to be taken and the launch procedure has to be effected. The sequence of events from
detection to the actual launch of an interceptor introduces a time delay of a couple of sec-
onds, which can be shortened by faster computers and faster launch procedures. But because
of the necessity of observing the object at two sufficiently different positions, this delay can-
not be shortened to zero. Of course, during the delay time, the incoming vehicle has con-
tinued on its path and has decreased the distance to its target. After launch, an intercepting
missile is accelerated during a further couple of seconds (this time would be zero in case of
objects accelerated in a gun-type system); the interceptor trajectory will be chosen such that
it leads to the predicted interception point. Again, during the interceptor flight time, the in-
coming vehicle will further approach its target, and the question to be asked is: how far will
the interceptor have flown when both meet? The answer depends mainly on the detection
range, the delay time, and on the average velocities of both objects. In an extreme case of a
small detection range, long time delay, and a fast reentry vehicle, .the reentry vehicle could
impact before the interceptor were even launched. The larger the detection range, the lower
the time delay, and the faster the interceptor were, the greater the distance of interception
from launching would be. In order to keep possible interception distances small, the ballistic
coefficients of reentry vehicles have been steadily increased, so that the velocity remains high
as long as possible down to the lower layers of the atmosphere.
~ Damage to targets on the ground will not occur if the attacking warhead is intercepted
above a certain minimum altitude (the value of which depends on the hardness of the poten-
tial targets and the warhead type, see 5.1 4). Intercept1011 would be called kinematically suc-
cessful if the point where both objects meet is above that minimum interception (or keep-
out) altitude. Determining the footprint of a defensive system means to establish - in all
directions around the defense system ~ the boundaries of the impact point area where the
possible interception points lie above the minimum interception altitude. The shortest path
for the interceptor is given if the vehicle is targeted directly at the defense launcher. If the
possible interception altitude is already lower than minimum in this case, the defense system
does not even have self-defense capability, and therefore the footprint is zero.

If interception is kinematically possible for impact at the defense position, then the foot-
print boundary in any direction can be found by successively shifting the impact points out-
ward and calculating the respective interception altitude. Where this altitude crosses the
minimum altitude, or interception becomes impossible at all, the footprint boundary has
been reached.

5.1.2 Method of Footprint Calculation

In the theoretical case of constant velocities of both objects, an analytical determination of
the footprint boundaries is possible (even so, discontinuities have to be taken into account).
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':Fig_. 5-1 . Geometrical quantities in the interception process. The coordinate system is centered at the defense
~ location; the x axis is horizontal, e.g. in some preferential direction of the radar (for the present
model of circular symmetric defense, this direction can be chosen arbitrarily). The y axis is perpen-
. dicular and also horizontal, and the z axis is vertical. The incoming object approaches on a trajectory
having an elevation angle qrv with the horizontal, its ground prolecnon has-an azimuth angle yrv
with the x axis, The impact point lies at an angle ¢o with the x axis. After the object has been detected
and the delay time for tracking, processing, and launch has passed, the interceptor is launched on a
trajectory leading to the calculated interception point. Its elevation angle is Bint, the ground projec-
tion has the angular direction diqt.

In reality, however, the reentry vehicle is strongly decelerated, while the interceptor first ex-
periences acceleration, then deceleration, The time course of the interceptor velocity will
also depend on the time course of its altitude. Therefore, the calculatlon of the footprmt is
regularly done using numerical methods.

_ Fig. 5-1 shows the geometry of the interception process and deflnes several quant1t1es In
the present case, . two simplifying assumptions are made. The first is: circular symmetry
around the defense location, namely that the radar detection range as well as the interceptor
ﬂyout trajectories do not depend on the azimuth angle. (This is fulfilled for the 360° coverage
radars and vertically launched interceptors of traditional anti-ballistic missile systems, and
will probably be true for anti-tactical ballistic missile defense systems of the future. It should
be noted, however that this does not apply to modern air defense systems which could be up-
graded to some capability against short-range ballistic missiles. The U.S. Patriot system, e.g.,
has one radar antenna face only, and launch occurs in a forward direction. 1)

‘The next assumption is that, as long as thrust allows, the interceptor flies to the intercep-
uon_pom_t on the shortest path, a straight line. After the boost phase, the interceptors follow
a ballistic trajectory. For interception in space at long range, the boost trajectory is assumed
vertical up to 25 km altitude and is then continued on a line of constant elevation. For a rep-
resentatlve set of straight lines with elevation angles g from horizontal to vertical, the inter-
ceptor ﬂlght times to points on these lines are computed numerically and stored (Fig. 5-2). In
order to gain an actual or hypothetical interceptor position at a given elevation angle B and a
given time t, the stored values are interpolated bilinearly. ~

Given these properties of the defense system, the footprint depends on the reentry angle
arv and velocity vRv (i.e., the initial values of these quantities). (In case of non-circularly
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Fig.5-2  Usingthe missile trajectory program described in the Appendix, interceptor flyout trajectories along
straight lines during the boost phase are computed for several representative elevation angles Biny; if
a point in space can be reached by more than one trajectory, only the one with the shortest flight time
is kept (a). By bilinear interpolation between these curves, for every point in space the time when an
interceptor would arrive there can ge gained. Such hypothetical arrival times are stored along lines of
constant elevation (b). Thus, for every elevation angle included, two linear arrays contain a sequence |
of times and the appropriate distances from the launch point. This is shown here by-some examples,
In order to obtain an actual or hypothetical interceptor position at an arbitrary time at an arbitrary
elevation angle, the stored arrays are interpolated in a bilinear way. Since circular symmetry of the
defense is assumed, the time course of the distance from the launch point for given elevation angle
Bint is identical for any interceptor azimuth angle ¢int. '

symmetric defense, it would additionally depend on the azimuth angle of the reentry tra-
jectory YRv.) A representative reentry vehicle trajectory is computed numerically and stored,
using given values of the reentry velocity vRv and angle «rv. An actual reentry vehicle tra-
jectory leading to a specific impact point can then be gained by shifting all location coordi-
nates by the same amount in such a way that the last point of the trajectory is at the impact lo-
cation desired. Having thus fixed in space an actnal reentry trajectory, one can — by working
backwards from the impact point — determine the point in space where this trajectory crosses
the detection boundary. This also gives the detection time, which afterwards is taken to be
time zero for the interception process (Fig. 5-3 a). Then the tracking, decision, and launch
delay time tp is allowed to pass. Starting at the reentry vehicle position at interceptor launch
time (i.e., at detection time zero plus time delay tp), working forward in time, hypothetical
interceptor positions on straight lines pointing to the actual reentry vehicle position are com-
puted by interpolation from the stored array, (Fig. 5-3 b-d). The difference between the dis-
tances from zero of the reentry vehicle, and of the interceptor, respectively, is a measure of
the possibility of interception. As the time increases, the straight lines point to changing posi-
tions of the reentry vehicle, and the hypothetical position of the interceptor approaches the
respective actual position of the vehicle. At some point in time, the interceptor may have
crossed past the reentry vehicle trajectory (Fig. 5-3 c). By suitable search, the actual intercep-
tion point for this trajectory is then found where both objects meet at the same time (Fig. 5-3
d, e). The altitude hm of this earliest possible interception point is then compared with the
given minimum interception altitude hmin. If the former is below the latter; the footprint
boundary has already been crossed. The same holds, if on the whole reentry vehicle trajec-
tory down to the minimum interception altitude the interceptor at its hypothetical positions
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does not arrive at the respective reentry vehicle positions. If, by working outward from zero
along one direction, such an impact point has been found, then, by suitably searching along
the impact point distance from zero, the boundary of the footprint area in this direction is de-
termined where the interception altitude equals the given minimum value (or, under specific
conditions, where any possibility of interception ceases to exist) (Fig. 5-3 f).

Insuch away, the footprint boundary in several directions from forward to backward is es-
tablished (Fig. 5-3 g). Due to the circular symmetry of the defense, when changing the azi-
muth direction yrv of the incoming vehicle, the footprint is rotated accordingly. The total
footprint area is then given by the overlap area of all single-azimuth footprints (Fig. 5-3 h).

The process described starts for a reentry trajectory ending at the defense position (i.e., at
zero). If, at this point already, interception is only possible below the minimum altitude (or
even not at all), then the defense is said to not possess self-defense capability, and the foot-
print area is zero. (There may exist a backward area where interceptions are possible, but be-
cause an attack on the defense itself could not be prevented, this can be excluded from con-
sideration for military reasons.) -

Thus, the footprint of a ballistic missile defense system is a function of the reentry parame-
ters: initial angle to the horizontal ary, initial velocity vkv, and, for non-circularly symmetric
defense systems, reentry azimuth angle yRv. On the side of the defense system, it depends
on: the detection range Rpet (this also depends on the reentry velocity vRv), the tracking,
decision, and launch time delay tp, the interceptor acceleration and velocity, and the min-
imum intercept altitude hmin required for prevention of damage on the ground. Section 5.1.5
gives several numerical examples for typical ground-based anti-tactical ballistic missile sys-
tems.

5.1.3 Two Types of Detection Boundary

Up to now, the detection range was assumed to be limited by the properties of the radar,
working in the search mode (see 4.1.1.3). If no other early warning sensors are used, this pro-
vides an upper limit for the range where the tracking, decision, and launch sequence could
start. In reality, a complication could arise. Ballistic missiles with ranges above several hun-
dreds of kilometers travel outside of the atmosphere for a significant amount of their flight
time. Because of the short times involved, the defense needs a radar detection range as large
as possible; i.e. detection has to take place while the objects are still in space. This means that
many light decoys could accompany the warheads, which could not reliably be discriminated
by the detection capabilities of the search radar. Balloon-type objects would already be dis-
cernible by their lagging behind at altitudes of about 100 km. For tactical ballistic missiles,
decoy research and development is likely to concentrate on new types that are capable of
penetrating deeper into the atmosphere before significant lag occurs, say down to 50 or even
20 km altitude (see 6.1.2.5). This means that, in order not to waste expensive interceptors on
decoys, the defense has to wait until the potentially threatening objects have descended to
the appropriate -discrimination altitude. At least part of the tracking and the total launch
sequence could only occur after this time. This means that (as long as the discrimination alti-
tude is less than the radar detection range) the time available for flyout is reduced, and the
footprint area will shrink accordingly.

In the computations made here, this effect can be included by introducing a second effec-
tive detection criterion, which is fulfilled when the reentry vehicle crosses a specific detec-
tion altitude. Of course, this condition is only valid if the radar detéction range has been
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Fig. 5-3

Sequence of steps taken for determining the possibility of interception, and the interception altitude
hiat, for a given impact point of the reentry vehicle. For rcasons of presentation, here a trajectory
with zero azimuth angle yRv and an impact point in the x axis is chosen; in the actual computation
impact points lying in any horizontal direction around the defense are used.

a) For a given impact distance ro and azimuth angle o, the actual reentry trajectory is calculated
by shifting the model trajectory accordingly. Then, by interpolation, the point is found where the re-
entry vehicle crosses the detection boundary (a radar detection distance or a discrimination altitude,
sce text). The corresponding time is taken as time zero for this impact point. After the defense time
delay tp, the interceptor is launched, and the reentry vehicle has proceeded further towards its im-
pact point.

b) In order to find the conditions for collision, starting at interceptor launch time tp, for several
positions of the reentry vehicle a hypothetical interceptor position at that time on a straight line
pointing directly towards the vehicle position is computed. At the time point shown, the interceptor
distance from zero Ring is less than that of the reentry vehicle Rrv — interception will only be pos-
sible at later times (if at all). ' ‘ '

c) At some later time, the hypothetical interceptor distance from zero Riat is larger than that of the
teentry vehicle RRv. This means that. the possible interception time has passed already. (Note that

- for larger impact distances such a time may not exist.)

d) By search in time for the point where the hypothetical interceptor distance Ry and the reentry
vehicle distance Rry are equal, the actual interception point is found. (Note that, for backward im-
pact points and specific conditions, two such points may exist; in-order to arrive at the maximum in-
terception distance possible, the one earlier in time has to be taken.) The interception altitude hint
can then be compared to the minimum interception altitude hmin. The boundary of the footprint in
any azimuth direction g is reached where the possibility of interception ceases to exist, or where the
interception altitude decreases below the minimum valuc. This boundary ig gained by search in im-

. ‘pact point distance at fixed impact azimuth angle o.

e) Plot of the difference of reentry vehicle distance Rrv minus hypothetical interceptor distance
Rint versus the time t after detection for a given impact point. The actual intercept condition for de-
termining the footprint boundary is reached where this difference becomes zero for the first time.
(Note that under some conditions two zeroes, under others, none may exist.)

f) Plot of the intercept altitude hint versus the impact point distance ro for one azimuth angle .
The footprint boundary in this direction is reached where this altitude crosses the minimum inter-

. cept altitude hmin. If, for specific conditions, the possibility of interception ccases to exist for some
- distance ro, this is the boundary distance. This distance is found by working outward from zeto and

scarching for the boundary. Should the intercept altitude be below the minimum value already at im-

~ pact distance zero, the defensive system has no self-defense capability, and the footprint is zero.

g) By repeating this process in several impact point directions o, the total footprint area is deter-
mined for the reentry angle arv and velocity vrv chosen. ' ' '

h) For circular symmetry of the defens, this area would rotate with the reentry azimuth angle YyRv
(otherwise, the area would decrease with the deviation from the optimum direction). If missiles
could arrive from several directions, the total footprint is the overlap section of all single ones. If ar-

"bitrary azimuth angles were possible, the total footprint would become circular, with a radius equal
“to the single-azimuth footprint extension in the forward direction. ' :

crossed earlier (sée Fig. 5-4). Only if detection by other means, e.g. airborne infrared sen-
sors, were provided, would the altitude criterion remain as the only one.

5-.1.4‘ Estim.ation. of th.e Minimum Intercept Altitude

In order to estimate the altitude at which a ballistic missile has to be intercepted so that the
damage effects for ground objects can be negligable, one has to differentiate between the
types of weapons. : '
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Fig.5-4  If decoy discrimination by atmospheric drag is required, the effective detection boundary is the en-
-+ velope of all points at which the distance is less than or equal to the radar detection range Rpets and
~ the altitude is less than or equal to the discrimination altitude hpet. Effective detection takes place
when both criteria have been met (big circles). (If earlier detection by other means is available, the
- altitude detection criterion will work for larger distances too.)

For nuclear warheads, the radii for damage due to overpressure to semi-hardened military
objects in Europe are about 180 m, 350 m, 750 m, and 1.7 km for yields of 1, 10, 100 kt, and
1'Mt TNT, respectively (see Fig. 3-7). For a typical yield of a tactical ballistic missile, 100 kt
TNT, a minimum intercept altitude of 1 km would avoid damage to hardened above-ground
bunkers. If damage to lighter buildings is also to be avoided, 2 km is required. If explosions in
the megaton range are feared, 5 km would be necessary. Roughly the same altitude is neces-
sary in case of a 1 Mt explosion to avoid damage to hard material by thermal radiation (how-
ever, ignition of tinder materials could still happen at explosion altitudes of 15 krn_).2 For a
rough estimate, 5 km seems a plausible value for the minimum intercept altitude. The figures
given also explain that the defense can use nuclear explosions of the kiloton-class, without
having to fear immediate damage on its ground. (Of course, the distribution of radioactive
fallout would take place according to the actual release and weather conditions. If the explo-
sion of the incoming warhead with about 100 times the defense yield could really be reliably
prevented, the total fallout damage would be less by about the same factor. This, however, is
only theoretical, because chances for near 100% interception probability are quite small, see
6.2.) . .

For chemical warheads, the interception altitude required to prevent lethal concentrations
on the ground is more difficult to assess. This will strongly depend on the interception mech-
anism; if total decomposition by thermal effects of nuclear radiation could be relied upon, an
altitude at which the nuclear explosion effects were acceptable on the ground would suffice,
i.e. about 1 km. If a portion of the poisonous gases will remain undestroyed, which is more
thanlikely, everything will depend on the release process. If the gas or liquid were outside of
a container, it would probably rapidly decelerate, would diffuse in a somewhat lower layer of
air, and would slowly precipitate. The higher the diffusion altitude, the slower the chemicals
would reach the ground, the larger the contaminated area would be, and the lower the result-
ing concentrations would be. It may well be that to prevent lethal concentrations on the
ground, a missile carrying several hundred kilograms of nefve gas would have to be inter-
cepted at 10 kilometers, or even higher. I, on the other hand, a portion of the chemicals were
protected by (remnants of) a container during part of the reentry, transport to lower alti-
tudes, and faster distribution over a smaller area, would follow. Therefore, even if 10 km in-
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