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 ki 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-7 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 F1, 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)
T2 o :
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 P ThermChamber:

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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Fig. 4-6
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Spectral radiance L) of liquid (a) and solid (b) rocket motors as measured on model engines. 2 Note
that for solid fuel, the absolute values are lower by a factor 2 — 3. The simplified model spectrum for
calculation purposes is shown in (c), together with the spectral radiance of a blackbody at the
plausxblc mean temperature of T = 1,500 K temperature (for solid fuel, it is multiplied by 0.5).
1W/(cm wm st) = 101 W/(m sr).
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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  Alfit. 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 AQptics. 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 7 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 wm, 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 M2.5-4.6 um = 40 W/mz;
within a 0.3 wm wide window around 4.3 um, 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 pm 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 01? = 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
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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 (500.10 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 00 108 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 e = 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- 10 as a mean value, the background noise =

powers become
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a) Spectral radiance as seen by telescope at different altitudes and outside 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 _ - 9.1978

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 a lower 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 myp 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

77



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 territory.T7 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 coefficient 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 ¢p = 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 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) = Na (Npy/V) ot (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.
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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°J , 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
0 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
S5m 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 200-600 m - 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 . . 0.635 5.03 0.36 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
velnclcs during post-boost and midcourse; latcr 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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