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a launching site at ranges up to 1200 n mi? Pigure 12 shows what the

raelative position of missile and search aircraft might be.

A, TCBM EMISSION DURING TAEE-OFF

While the actual characteristics of the ICBM to be detected during take-
off are to be determined by the enemy, it appears that there are certain
basic constraints on his choice. For a 5000- to 6000-nautical-mile range
the take-off of a two-stage missile is probably fairly well described by
Table 5. This is based on calculations assuming an initial thrust-to-grosa-
weight ratio, mn;, of 1.5, which is considered rather low. If a larger value
were used, larger rockets would be required, the powered phase would be
shorter, turneut would occur at a lower altitude, and the skin temperature
would b; higher because of the greater velocity attained while the missile
is still in the lower atmosphere. - In other words, the emissicn dﬁring
take-off would be even greater than for the U 1.5 case, tut it would not
last as long.

It seems llkely that mmltiple rockets may be used, probahly three or
four, to give the large thrust required for the first stage, and that a
single rocket may be used in the second stage, with a somewhat smaller
' thrust tut a larger expansion ratio (the ratioc of the nozzle e;it area to
the throat area) in the nozsle, to compensate for the near-vacuum in which
it 13 intended to cperate. At any rate, it will'ha assumed that this is
the case, and that the rocket nozzles will all have an exit diameter of
tpg order of one meter.

The miasile itself will be considered to have dimensions (in round
numbers) as follows: Initial length of body, 30 m; diameter, 3 m; length

of body of second stage after separation, 6 m; conical warhead extending




Table .5
ICBM TAKE-CFF CHARACTERISTICS¥

Altitude Time Stage Daytime
from which skin
Take=-off is Temp.
(103 ) (sec.) Firing (%K
50 66 First 375
100 %0 " 520
1 X )
200 120 _ n 575
Loo 165 Second 520
go | 205 o 178
800 245 " L35
1000 280 " Loa
: 1500 365 None 370

*Prepared by Carl Gazley and Hans Lieske,
RAND Missiles Division.

forward fram body, base diameter 1.5 m, length 2 m. For a further descrip-
tion, see Ref. . |

So far, the rocket and missile itself have been described closely
enough for the purpose of this investigation; it is also necessary to
describe the infrared emission from the flame behind the rocket. At sea
level, it 1is'possible to get a rough estimate of the emission fram such a
rocket flame by observation of test stand firings, Observations of smaller
rocket motors,. below 1500-1b thrust, indicate the fallowing: (14,15,16)

Acld-apiline flages emit a continuum in the vislble on which are super-
imposed weak band systems due to NH and CN. The spectrum in the visible

can be described roughly as that of a grey body, with an emissivity of
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0055 to 006 and a temperature of about 2700°K. In the infrared, consider-
ing the total emission as detected by a pyrcmeter, the emissivity appears to
be some three times greater, assuming the same effective temperature of
about 2700%K. Thus, if the temperature of the flame were 2700°K, the infra-
red or total emissivity is about .02; if the effective temperature were
about 2000°K, as it is in certain parts of the flame, the equivalent total
emissivity is about .06. _

Aleohol-liquid~oxygen flames emit discrete lines and bands in the
visitle, superimposed on a relatively weak continuum. The lines and bands
observed have been identified as those of Na and Cal (presumatly from
impurities in the fuel), OH and CH. Although no spectral observations in
the infrared for alcohol~-oxygen or Jet-fuel-oxygen flames appear to have
been made, it is knowun that the combustion products of these fuels are
moleculss wihich have thermally excitatle bands in the near and middle
infrared. Therefore, one would certainly predict some emission in the 1
to 5 micron region, probahly as much as for the acid-aniline flame.

Finally, high-speed color movies of test stand firings of large rocket
motors (over 100,000 1lbs thrust) using jet fuel and liquid cxygen show that
the flame as it first leaves the exit is a tlue-green color, with relatively
little contimmm~~as mentioned above for the alcohal~liquid-oxygen flame.
However, starting a meter or two from the nozzle there is a brilliantly
glowing mantle, which appears to begin as a surface emission and become
diffused throughout the flame at greater distances from the nozzle. The
spectrum of the mantle is a ccntinuuﬁ with we;k band systems superimposed.
The explanation of this mantle is probably to be found in the fact that such

motors run on a rich mixture, and the hot exhanst gases react with the air,
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causing a further combustion. The bright continuum is then due to this
interaction of the air with unoxidized carbon, and the result is analogous
to the glow of a candle, Tests with smaller rockets have clearly demon-
strated the very marked difference hetween the emission from a lean mixture
and a rich mixture, so there can be little doubt about the general cause of
the maétle or candle effsct. The significant factor to bear in mind is the
need for a reaction with the ambient air to produce this wvery intense con-
tinuum. At a2ltitudes encountered during:the last part of the powered
flight it is likely that the effect of the mantle ﬁill markedly decrease.

Ancther change will occur as the rocket moves to greater altitudes. 4
rocket flame, firing at sea level, always displays a succession of bright
spota along the axis of the flame, These are sometimes clearly seen as
diamond~shaped areas formed by an interseetion of shock Havea(lh)(lé)-hence
the term "Mach nocde" or "Mach diamond.®” These are produced by a complicated
interaction between the varicus parts of the exhaust flame, the rocket
nozzle, and the ambdent air, and may be thought of as standing shock waves
formed by a series of reflections from the boundary between the air and the
exhaust. Behind these shock-wave intersections the temperatures and
prossures are even higher than at the nozzle exit (pressures of 2.5 to 3.0
atmospheres, temperatures over 2600°K), and the resultant -thermal emission
is therefore quite sérong from %hese reglons. Here agaln, in the absence
of air at high altitude the rocket flame would change its shape. General
consideraticns indicate that the Mach diamends will disappear and that only
the first Mach cone will remain.

The implications of these changes to the emission are not entirely
clear, tut it seems certain that in a vacuum the exhaust gases will not

emit as much as they do at sea level, since (a) the mantle will diminish
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* or disappear entirely, and (b) the Mach diamonds with their high tempera-
tures and strong emissions will also disappear. One might consider that a
part of the energy which goes into radiation at sea level will go imto
adiabatic expansion 100 miles up.

With these general considerations in mind, Fig. 8 serves to describe
the kind of roeket flame which one would expect from an ICBM at take-off
and during the latter part of its powered flight. The second-stage rocket
has a thrust which is about two-thirds that of the first stage rockets, tut
a larger expansion ratio. .

At sea level the rocket emlts over its whole area as 2 grey body at
21,00°K, having an emissivity of O.1. (It is assumed that it is running on
a rich fuel mixture and that the mantle has a temperature roughly eqgual to
that which would be attained by complete combustion of the fuel at a
pressure of cone atmosphere. This temperature is a2 little less than that
observed in the Mach diamonds, where the pressure is several atmospheres.)

At high altitude the rocket emits radiation from the Mach cone only,
since the rest of the flame coocls so rapidiy by expansion. Here in the
Mach cone the temperature is about 2100°K, and there is only line and band
emlssion due to thermal excitation of the incompletely cxidized combusticn
products. This should really be treated, therefore, as a discomtimious
spectrum, but until better information can be obtained either theoretiecally

or experimentally it will be assumed that in the infrared the emission from

the Mach cone is that of a2 grey body with 0.1 emissivity.
It will be noted that the emlssivities chosen are something like two
to five times greater than those quoted for the observations of small

rocket flames. This is to take into account the increased size and deﬁth
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o‘f the. large rocket fla:;la, which is about ten times larger in every dimen-
sion. It must be remembered also that these emisaivities apply to the
infrared beyond about 1 p, emissivities in the visible being less. _
The total emiasien from an ICBM during take-off and boost is summa;rized.
in Table §. The dimensions of the missile are approximately those given by
Graham(h). The view of the missile from the forward quarter (at an angle
of 45° from the axis) may be considered as corresponding to the situation
during the 1;=Ltt'er stages of the“boost, when the missile is starting en its
elliptical trajectory and is viewed from a station near the horizon in the
direction of its travel, i.e., & detection station or alrcraft at the border
of eneJ;ly territory. The skin temperatures are taken from Table 5 above, and
the emlssivity of the skin is taken to be 0.8, which is roughly represen-

-t”'-“-'miﬂ nf oxidised steel and a variety of other poasible surfaces.

oo ’ : . Pable 6 °
TOTAL EMISSION F AN ICBM DURING ITS POWERED FLIGHT

Side Aspect Forwvard Quarter

Skin | Flame Skin Flame

Alti- | Skin | Flame | Proj.|Emis-|Proj.|Bmis- | Proj.|Emis-|Proj.| Emis-
tude Temp. | Yemp. |Area |sion |Area |sion Area |sion JArea | sion
(1000 £t) | (%K) | (%K) | (@2) |(kw) |(@2) [(kw) | (m®) |(kw) | (=) | (kw)

50 375 | 2hoo 90 83 |80 {15,000 | 65 6 |55 {11,000

200 575 | 2300 | 90 | L3o |so | 8,000| &5 | 320{35 | 5,700
40 .| 520 [2200 | 20 | .681{10 | 1,300 1 | L8| 7 920
800 h3s (2200 | 20 |. 31| 1.5 160 | 14 22( 1.0 100
1000 Loo | z200 | 20 2h | 1.5 160 | 14 16| 1.0 100

1L 0] - 0

1500 370 - 20 15 | - 0




n Tha t:nna:lt.ion of the nm fron the sea-le'vel (nr 50,000 ft) charac-
teristics to the high-altitude characteristics is taken rather arbitrarily,
since it is not known how fast this ococurs. Therefore, the flame emission

at each altitude mmst be considered as an estimate in which an attempt has
been made to be on the conservative side, 1.e., to underestimate the emission.
\ There are many uncertainties involved, most of whlch have been enumerated
already. In addition, if the missile cqnfj.guratiqx; were such that a part

of the rocket nozzle were exposed, the emission from this hot body would be

a large addition te that shown.

B. CEQMETRICAL LIMITATIONS ON DETECTION RANGES DUE TO CURVATURE OF THE

EARTH AND THE TRAJECTORY OF THE MISSILE

.Fer a very strong radlation scurce at high altitudee such as a rocket
- flame or.a hot missjle skin and a sensitive radiation detector in an.

-

adreraft, the Limiting range for detection may b determined by geometrical
congiderations alone. The geemetry of the situation involves a mmber of
factors: | ’
« The ecrvature of the earth.
. The height of the effective horizon, which may be determined
by the altitude of the top of a deck of clouds or a mountain
range.
» The miasile (scurce) altitude.
» The aircraft (detector) altitude.
"+’ . The pefraétion of ‘the .rays by the earth's atmosphere.
o The horizental motion of the missile

Although all of these factors must be taken imto account to campute

the maximmm range for a given set of conditieons, it is possible to generalize
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. the problem In such a way that the computations can be done once for a
repregentative range of conditions. The results of such a general sclution
are shown in Flg. 9.

In arriving at the values shown, refraction of the rays by the atmosphere
is the most difficult factor to take inmto acecount. However, when refraction
is taken into accaunt 1t does not affect the results by more than about ten
per cent (at the most) and in many cases is quite trivial, However, it is
important.té include i{, if for no ofﬂééuréasoﬁ th&n to answer questions about
the magnitude of the effsct of refraction.

- Ify for the moment, the effect of refraction is neglected, it can be
seen by inspection of Fig. 10a that the geometrical range from the point M

to the horizen point, Ho’ is given by

Ry " \J(p*-bh)z-laz

'?m | (6)

If refraction is actually occurring, howsver, a ray from M will be bent
in passing down through the atmosphere, and for the case when hm is very
large the added distance to the true horizon point, H, ié very nearly pd,
so the optical range is {see Pig. 10b):

R"R_ +
g Pe

| - \[mmm > B2+ pa )

where the angle @ is the angular correction to a ray from an infinite point

source {like a star) when it is seen just on the hordizon.
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No refraction

With refraction

{b)

Fig.10—Diagrams of the ray geometry for the case of
no refraction (a) and with atmospheric refraction (b)
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fﬁere'isaan addedlcompli;;tion when one considers that the effective
height of the horizon point is probahly not actually at sea level., Clouds
usually determine where the horizon is, and the tops of these layers of
clouds may range from ten to thirty thousand feet or so. As one raises the
horizon point to a level where the density of the atmosphere is less the
refraction correction, a, decreases--in fact it decreases roughly as the
density decreases, a relation which will be used later. The complete
expression, then, for the optical range, where the horizon point is at an

elevation of hh above sea level, is:

m
8

2(p + b)), - b)Y + (b, = )2+ (p+ o

n

ﬁJ:ep(hm - by) + (hy = B)? + pa (8)

where p + hh is the new effective radius of the earth. Neglecting hh
relative to p results in an error in range of less than half of cne per cent.
The hm is still defined as the altitude of the missile, M, above sea level.
The angle, a, is now a function of hh’ and is given in Table 7 below. It

iz determined by extrapclating to zero angular altitude the refraction
correctiona found on the back of any recent issue of "The American Air
Almanac" (Table A). Recall that this equation is derived on the assumption
that the altitude b is large, so Equation (8) will be called the high-

altitude approximation.

‘The above treatment must be modified when applied to a ray to or from
an elevatlon which is as low as the altitudes attainable by aireraft. Now

the refraction of the ray is still occurring at its upper end point, since

-
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Table 7
Altitude Refraction Angle Density Ratio
(£t MSL) (min. of arc) (ph/po)
0 36 1.000
10,000 22 .739
20,000 17 534
30,000 12 376
40,000 7.5 '.21;7

the aircraft is still within the relatively dense part of the atmosphere.
It has been éhcwn by actual experiments as well as by a theoretical treat-
ment that the range from an aircraft to the sea-level horizon can be
approximated very closely by the fcrmula:(17)

R% 1.15 h'_ = 1,09 |/ 2ph, nmi (9)

vhere h'_ and h, are the adltitude of the aircraft in feet and in nautical
miles respectively. (The mean radius of the earth, p, is abeut 3430 n mi.)

As shoun in Eq. (&), the geometric range {neglecting refraction) is

R, <\ 2ph, (61)

where now the second term under the radical can be neglected because ha is
so much smaller Fhan the earth's radius. It is obvicus that the factor in
front of the radical in Eq. (9) will decreaée as the refraction effect

decreases, and will épproach unity in the second form of Eq. (9). In fact,

this decrease will again be roughly proportional to the density at the
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level of the effective horizon. Thus, Eq. (9) may be written in a more

general form, involving the altitude of the horizon point, hh, as:

R = (1 + .09 py/fp o)\[ 2p(h, - hy) (10)

where the density ratio, ph/po, is the ratio of air density at the elevation

of the horizon point, hh’ to the air density at sea level (see Table 7).
Equation (10) refers to the case where the aircraft is actually in the
atmosphere at an altitude of 80,000 ft or less; it will be called the low-

altitude approximation.

In drawing Fig. 9, using both the low-altitude and high-altitude approxi-
mations, the results show that both agree very closely at about 100,000 ft.
It also turns out, as mentioned earlier, that the error which would be
introduced if refraction were neglected entirely would be less than 10 per
cent in rangs.

The discussion seo far h;s been entirely general, in that«only'ranges
between target and detector were discussed. Actually, in the case of the
ICBM detection a more significant range may be that between missile launching

site and detectar, the missile moving toward the detector (assumed to be at

the border of enemj; territory) as it starts on its ellipticdl trajectory.
The gecmetry of the missile path is showm in Fig. 11 (prepared by Hans
Lieske, RAND Missiles Division). It is indicated in this figure that at
burnout a 5500 n mi missile may be seen some 1400 n mi from the launching
gite by a detectcr at sea level, (X ba)’ or 1600 n mi by a detector at
hO 000 £t (see Fig. 9). Thia is 40O miles further than the range to the
missile, the difference belng due to the missile's horizontal motion up

to turnout.
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To present more éleariﬁ ﬁhé Eomplete.picture'of Eoth ﬁissile and
detecting aireraft, Fig. 12 shows, to scale, the relative positions of the
missile trajectory and the line -of sight, assuming a 1200 n mi separation
between launching site and aircraft. In the case shown, the missile is
traveling on a great-circle course which would take it directly over the

aireraft, though this is not a requirement for detection.

C. LIMITING SENSITIVITY QF AN INFRARED SEARCH SYSTEM

Consider an infrared seérch set in an aireraft flying at altitudes of
the order of 40,000 ft (see Fig. 12). The extent of azimuthal search could
be such that coverage of all anticipated launching sites could be accom~
plished with a small rumber of such "picket airplanes;® 60° is chosen as a
reasonable design value. A search field slightly less than 10° in elevation
is required to include the range of elevation angles covered by the ICEBM
between the time when it just clears the horizon and the point at which

6 ft), assuming an aircraft-to-

‘final rocket motor burnout occurs (about 10
launching site range of about 1,200 miles.
As seen from Fig. 12, an ICBM from a launching site 1200 n mi distant
can be first observed from a L0,000 ft observation platform when it is at
an altitude slightly over 550,000 ft {assuming an effective horizon at
20,000 ft). The missile at this point has been traveling for about 195
sec, and turneut will occur at 280 sec. The rate of change of the average
line-of-sight of the ICBM is thus %%Sgéc - 0.12°/sec. If the infrared
scanning system 1s designed so that two locks are desired at the target at
any pgsition of the instantaneous field of view, (this will permit the use
of scme alarm system with a low false-alarm rate) then the angular motion

of the line of sight during the time required to sean the whole field of
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view, tf, should be - where Bi is the angular diameter of the instan-
tanecus field of wview. Thus,
o B:I.
0.12"/sec x t, = 5 (11)

The dwell time of the target image on the detector, tD, is given by the
relationship:

L1y

t_ = xt (12)
D flggtal I

vhere !li is the solid angle of the instantaneocus field of view and.fltotal
is the entire field of view to be scanned (10° x 60°).

Taking the dwell time as the same order of magnlitude as the detector
time constant (2,000 p secs for the cooled le;d gulfide cell, which would
be used to glve maximum sensitivity to the high-temperature rocket flame

source) and substituting in Eq. (12):

02 -3 312
6007 x 2 x10 “ gecs = tf X n—]- (13)

Solving simltaneeus Eqs. (1) and (13) for Gi, the instantaneous
field of view, and tf, the scanning tims, results in:

- o
8, = 0.7

tf = 3 secs

- The aperture of this search system might be as large as 20 inches in
diameter. For this aperture size and the instantanecus field of view of

0.7° the optical sine condition would determine the minimum detector element

.
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size., (Detection using a single cell, rather than an array with duplication
of electronic circuitry, ete., is assumed.) Assuming the PbS cell to be
ivmersed in a medium of refractive index 1.5 results in a minimm cell size
of 2 mm by 2 mm.
The amplifier bandwidth is chosen to contain the greater part of the

pulsed waveform signal, which for a polnt target image would be fmax = f%—-,
D
fmin = —%;—. For the system parameters given above reasonable values are

f
fax ® 500 cps, £, =1 cps..

The over-all search system threshold sensitivity can be expressed by a
relationship similar to Bq. (2), slightly altered to take into account the

different scanning method. Thus:

5 L max (21)

1 x 8! X ———— x log,

(1 - ot/ rn) Rore, fmin

PT =0x

with PT in effective watts/'cm2 at the aperture. {For explanation of symbadls,
gsee the discussion of Eg. (2).)

Employing a cooled {-78%C) lead sulfide cell in a detection system

with the followlng characteristics

S at 2.5u = L.b x 107X yatts

tb = 2000 p secs

effective aperture = 800 cm2 (20 inch diameter collsctor, taking
into account losses and occlusion)




the resulting sysfem threshold sensitivity, from Eq. (2¢) is

P 13 frective watts/cm®

" 2x10

D. MAXIMUM DETECTION RANGES DURING TAKE~CFF

| It is now possible to determine the maximum detection ranges of the
system for detection of the take-off phase of the ICBM, using the range
equation, -Bq. (1), the source radiant intensity given in Table 6, and
values of the cell spectral efficiency shown in Fig. 3.

A factor mhst now be considered which was not included in the calcula-
tidns of the previous chapter, the attemmation of the Infrared radiation
due to atmospherlc absorption and scattering. A ray which leaves the
missile {outside the atmosphere)}, passes tangent to the top of a cloud or
haze layer at 20,000 feet, and then continues on to a detection station at
40,000 feet, penstrates throﬁgh almost half of the total atmosphere twice.
The air above 20;000 feet has less water vapor per gram of air than at asea
level (it has a lower mixing ratio and dew point), but the ray described
above must still pass through about 20 em of precipitable water vapor on
the average. Because of the decreased.pressure, this amount of water
vapor absorbs somewhat less effectively than it would at sea level, and we
can consider the equivalent of about 15 em of effective precipitatle water
vapor under standard pressure conditlons as being in the path. This amount
of water vapor results in about 50 per cent transmission in the infrared
between 1.1 and 2.7 p (the P4 region),:8)

The effect of atmospheric scattering at about 2 is not nearly so
great as in the visible, but the transmission factor of the same path due

to scattering is arcund 70 per cent, bringing the total transmittance of
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| the ai? p;th t;ngent at 26;000 féet down to about 35 per cent; It should be
remembared that when the missile is seen a degree or two above the apparent
horizon the transmittance of the path will be nsarly unity, due to the
decreased optical depth of the path.

The results of combining these factors are shown in Table 8. The
emission was calculated on the assumption that the missile was being. viewed
from the "forward quarter® (see Table 6). It is clear that when the missile
is at a low altitude, some of the ranges given are far greater than can
actually be achieved in view of the geometry of the situation. The signifi-
cance of these large ranges is merely that the signal at operatiocnally
useable ranges 1s far above the threshold for detection.

In Fig. 13 the situation is summardzed graphically. During the early
stages of the takeoff there is more than encugh infrared émission, tut the
earth gets in the way. Near turnout, when the missile is at about one
million feet, the maximum infrared detection range and the geometry of the
situation give comparahle answers. After bumout there is not nearly enough
infrared signal to give detection at any useful range. Recall that, depend-
ing on the trajectory of the missile and the location of the detection site,
the launching site can'be from 200 to LOO miles further away, due to the
horizontal travel of the missile up te turnout (see Fig. 11).

The figures of Table 8 lead one to spsculate on the inereased wvarning
time and perhaps more accurate trajsctory prediction that might be possible
by getting around this geometrical limitation with a very-high-altitude
search statlon--perhaps with a satellite-horme infrared search set. This

B
is the subject of a separate study at RAND.
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Tahle B
CALCULATION OF MAXTMUM INFRARED DETECTION RANGE OF AN ICBM DURING

TAfh-OFF WHEN SEEN NEAR THE HORIZON FROM THE FORWARD QUARTER ASPECT

Flame Emission Skin Emission
Altitude Time Infrared
of from Effective | Total Effective | Total Detectigrﬂ
Missile Take-of £ Temp. Emission Temg. Emission Range
(1000 £t) | = {sec) (%K) (lew) (%K (Lew) (n mi)
50 66 2400 | 11,000 375 60 9,000
200 120 2300 5,700 575 310 :.0,600
100 165 2200 920 | 520 L8 2, FOE
goo | aus 2100 100 | L35 22 890
1,000 280 2100 - 100 Loo 16 890
1,500 365 - o | 370 10 3"

*Min. detectable flux at detection system: Py = 2 x 10713 erfective

1lvzrat.i“.s/cmz. Detector uses cocled PbS cell. Altitude of detector about
40,000 ft, effective horizon at about 20,000 £t. Transmittance of path
is .35, except as noted.

**Assumed to be above the horizon, so atmosphere transmittance here is
1(mity. ‘ghe emisslon is characteristic of the lower surface in the daytime -
Tahle 9).
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IV. DETECTION OF AN ICBM DURING ITS MIDCQURSE FLIGHT

A. 'ICBM EMISSION DURING MIDCOURSE FLIGHI‘

Consider the temperature history of a long-range missile during its
flight through and outside of the sensible atmosphere. The skin tempera-
ture during take=-off climbs to nearly 600°K (see Table 5), reaching its
maximum when the missile is at an altitude of about 200,000 ft. There-
after it cools by radiative loss, and at urmout (near 1,000,000 ft) the
temperature is between L450%K and 400K and still falling toward a condition
of radiative equilibrium.

The missile may be expected to have an enﬂssiyity of approximately 0.8
in the infrared (representative of oxldized steel or iron, aluminum oxide
or a ceramlc surface) and approximately 0.5 in the visihle part of the
spectrum. If the missile skin were made of polished stesl, the diffuse
emissivity and absorptivity would be less by a factor of two or three at
all wavelengths. Since all wavelengths would be affected, the difference
in radiative equilibrium temperatures would not be greatly affected by
pclishing the surface.

The skin temperature, then, assuming radiative equilibrium outside the
atmosphere, will be approximately as shown in Table .9.

At these relatively low temperatures, the maximum detection range with
equipment employing a photoconductor cell can only be a few tens of miles,
For example, the extremely sensitive cooled lead sulfide detection system
described in the previous section for detecting an ICBM during take-off can
see the missile looking up;ward in the daytime at a maximum range of less
than 50 miles., A lead telluride system similar to that described in -

Chapter II, even allowing for a doubling of the aperture size, would not do
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Table 9
SKIN TEMPERATURE AND INFRARED EMISSION
OF AN ICBM IN MIDCOURSE FLIGHT
Surface of
Missile Temperature Total Emission
Relative for Radiative Normal to Axis
to the Equilibrium (Area 20 m@)
Time Earth (°K) (kw)
Day Upper _ 3% 21
Day Lower 3L0 12
Night Upper <30 ~Q
Night Lower 250 3.6

significamtly better (maximum range < 100 mi). Recall that the missile is
at an altitude of about 200 miles at tmrnout, golng up to apogees as great
as 800 to 1000 miles.

Reflected sunlight will somewhat increase the infrared detection range
if the detecting system uses no filters to discriminate agaipst stars.
However, for this daytime or near sunset observation, it would be better to
employ detection equipment using photo-emissive devices with their superior
time-constant and inherent short-wavelength sensitlivity propertles. A
discussion will now be given of the maximum range performance of such
equlpment analogous to the discussions of detection ranges in Chapters
II and IIJ,

B. - INTENSITY OF REFLECTED SUNLIGHT SIGNAL

The intensity of reflected sunlight as seen by airborne or ground

detection equipment is a function of the relative angles between the axis
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of ‘the missile aﬁd'the"sﬁn,'ﬁlgzand the axis of the missile and the observer,

8,, as well as being a function of the surface geometry of the miasile. It

2
will suffice for cur order-of-magnitude calculation to assume that the
missile body appears as a flat diffuse reflecting surface with a projected
area of approximately 1L square meters., This area is characteristic of
migsile type 3 in Table 1, as seen from the forward auarter after burnout.
The total radiant intensity of diffusely reflected sunlight off the missile
surface is given by Lambert's law aa:
1 %A x cos(n/2 - 91) cos(n/2 - 62) Xp

watts/steradian of reflected
n sunlight

E =

whers

watts
i, = sdlar constant, 0.1k —c—m.é—

A w projected area of the missile, assumed = 1l n®

p = diffuse reflectivity of missile surface, assumed ~0.5

For an erder-of-magnitude calculatien, an aspect has been assumed such that

the mean value of cos (n/2 = el) cos (n/2 - 92) = 0.4. This gives
E = 1240 watts/steradian

It is interesting to calculate the visual mégnitude of such a body when

observed at distances of the order of 1000 n md. For light of the spectral
characteristics of sunlight, 1 watt = 84 lumens. Ts, at this range, the

intensity is equal to 3,05 x 107™-2 EEE%EE. Now the visual magnitude, M, is
‘ cm

related to the incident flux, I, by the following relationship(lz)

togg ("I‘E‘X - 0.k (Mz y “1)
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R

with the scale set at M, = + 1 when I, = 8.32 x 1071 33"1-*2’—“3 Thus the
cn

ICBM will appear by reflected sunlight at missile-oﬁserver ranges of about
1000 n mi as an object of visual magnitude + L.6.

Since the threshald of vision corresponds to a visual magnitude M = 6.8,
it is clear that near twilight and for some time after sunset, depending on
latitude and seascn, it will be possible for a not-too-distant visual

observer to see the ICBM during a portion of itg trajectory.

C. SENSITIVITY OF A PHOTOELECTRIC DETECTION SYSTEM

For the daytime application of an airborne photoelectric search system,
even operating at high altitude and at small zenith angles, the limiting
nolse of the system will be pbotom shot noise due to the background sky
brightness, In a detalled derivation of the sensitivity of their photon-
noise limited "Hook" equipment for air-to-alr seareh application, the
Scripps Visibility Laboratury(l9) has derived photoelectric detection
ranges for the detéction of the so-called "contrast signal" due to sky
obscuration by the target aircraft. For the present application, the
"Hook" work has been modified to calculate detection ranges of the ICBM
using reflected sunlight.

The threshold sensitivity, PT, in effectlive watts/bmz at the aperture
of the photoelectric detection system, for the background-photon=-noise-

limited condition, can be shown to be:

. -3 ’ NAAf  effective watts
Py 15x10" xa I'_;§ 5
ef cm .

where,



: »
G = minimum signal-to-noise level needed for reliahle detection
Aeff = effective aperture area, with correction for optical losées, in cm?
N = sky brightness, in foot-lamberts
Af = amplifier bandwidth, in cps
L2 = instantaneous field of view of the scanning system, in steradians

S = photo-cathode sensitivity in amp/watt for sunlight

The "Hook" air-to-air search system described in Ref. (19) scans a
10° x 40° sector of the sky in a total frame time of 2 secs. It utilizes
21 phototubes in scanning the image space of a Li-inch lens by means of

punched diaphragms in a moving belt. Parameters for this system are:

. 2
Aypy = 6l o=
Af = 3000 cps
£ = 2 x 1070 steradian
S, for the K1211 phototube employed is 0.0l amp/watt

For a high-altitude (40,000 ft) airborne search at moderate to small zenith
angles, the sky brightness, N, is likely to be of the order of 100 foot-
lamberts.(zo) Hence, for this equipment, the threshcld sengitivity,

assuming a minimm signal to noise ratio, G, of 2 is:

P& = 3x 10713 effective watts/cm? at the detection system aperture.

D. DETECTION RANGES

The range of detection for the photoelectric system can now be esti-

mated using the range equation,

E
R ailD
max F

T




RM=1572
10-21-55
-58-
assuming negligible attenuation of this visible radiation at the very high
altitude considered here.
The spectral efficiency of this photoelectric detector for radiation
of the spectral quality of sunlight, 7y, is approximately 0.15.

Substituting B = 1240 watts/steradian
-1 3 'Y 2
and P, = 3x10 effective watts/em

results in maximum daylight detection ranges of the ICBM by this equipment
of only about 135 n mi. .

It might be worth while to consider a combination infrared-photoelectric
detection system, with the infrared search set used to detect the ICBM from
takeoff to soon after turncut and serving to position the photoelectric
detector to this reglon of the sky so that it need only track the remainder
of the mid-course trajectory. For this tracking application, with the
rather small rotation rates of the line of sight involved, the requirements
on bandwidth could be reduced so that bandwidths, Af, of 50 to 100 cps
might be considered. In this case one would get an improvement in daylight

detection ranges of

=5 = 2.8

so that detection ranges of about LOO n mi might be achieved. These ranges
appear rather inadequate for the generation of any further trajectory infor-
mation.beyond that which would be achleved by the initlal infrared detection
phase.

After sunset, the background phéton nolse drops to nearly the thermionic
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shot noise level, so that improvements in the photoelectric detectivity of
the order of 1000 are possible. Hence, if the ICBM is not eclipsed by the
earth's shadow, detection ranges of many thousands of miles are possible.
With the exception of arctic regions at particular seasons, this period of
vigibility must be rather short, being Jjust before sunrise or after sunset.
It should 2lsc be pointed out that for any of the photoelectric detec-
tion systems discussed here some sort of discrimination against the many
celestial objects of greater radiance in this visible region must be invented.
This section has only touched on some of the problems involved in the
mid~course optical detection of ICBM's. While these problems do not appear
to be insuperatle, they are grave enough and their solution is of such
limited applicabllity as to make this aspect much less promising than the
use of infrared techniques during the take-off and're-ent;-y phages. Speci-
fically, it should be noted that the nighttime aetection is apparently less
than marginal, and a system which could operate only in the daytime or at

twilight can hardly be relied upon.
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Y. FIELDS FOR FURTHER RESEARCH

It is evident that there is uncertainty in some of the estimates which
have been made in the preceding chapters. This uncertainty may, of course,
be due to the fact that we camot guess exactly what the characteristics of
the Russian ICEM will be, and in such a case we must base cur judgment on
the whole range of possibilities. In other cases, however, our limitations
are simply cdue to a lack of basic knowledge ;f factors over which the Soviet
designer has little or no contral. fh?sé areas, which-require further

research, will be summarized briefly.

A. RE-ENTRY

1. Skin Temperatures

The problem of the heating of the skin of a hypersonic re-entry bedy
is a basic consideration in the design of an ICBM system. For this reason,
a considerable amount of effort is already being devoted to it. It is,
perhaps, worth mentioning that, whereas the missile deslgners are most
concerned with the maximum temperature to which the re-emtry body will be
exposed, which usually oceurs at altitudes below 100,000 ft, infrared
detection systems are most concerned with the heating which occurs higher
' up, as the re-entry body first encounters the denser atmosphere, together
with knowledge of its emissivity.

2. Radiation from Alr Excited by the Shock Wave .

In some sense the problem of emlssion by air in hypersonic flow is
clesely related to that of skin heating, since under certain conditions
at relatively low altltudes the skin may receive considerable heat from

thls radiation. However, the detection problem may be greatly influenced
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by the shock wave emission while the re-entry bedy is gtill high in the
atmosphere, at altitudes of several hundreds of thousands of feet. If
there were strong emission from the excited air in the shock wave ( or in
the trail) of an ICBM, this would certainly increase the ease of early
optical detection. '

3, Optimization of the Infrared Search-Track Detection Process

As discussed in Chapter II, the use of an infrared or optical detection
syétem for terminal guidénce in an ICBM defense missile requires considera-
tion of a large number of system design factors. There is much to be done
in the optiﬁization of guch a seeker system, and the theory for the most
efficient method for combining the informaticn is inadequate. Scanning
gystem techniques, bandwidth_consideratiéns, infrared detector properties,

secker angular accuracy, etc., are all areas requiring further attention.

B, TAKE-OFF

1. Rocket Emission

The chlef scurce of radiation during the powered phase of an ICBM is
certainly the rockets., However, the most crucial part of the take-off from
the point of view of detection is the latter part of the powered flight,
uhilé the missile is above the horizon for a distant observing station. It
is here that a great deal of uncertainty exists about the characteristics of
a rocket flame. (See the discussion in Section IIF.A,) The description of
the emission of a rocket in an almest perfect vacuum can be achleved by:

(a) Theoretical calcu;atiops of the thermal emission from the exhaust
gases, a mixture of CO, 002, OH, H20, CH, and sane metallic impurities, plus
nitrogen campounds for certain fuels such as acid-aniline. This is a
difficult calculation, and is complicated by uncertainties as to¢ the

¥

’
A
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relative amcunts of the various canstituents, which depend on the fuel-
oxypen mixture.
(b) Observations of rocket flames in a vacuum or in an inert atmosphere.
This kind of observation cculd presumably be done in a laboratory, and would
yleld valuable information. No opportunity should be missed, of course, to
make observations on an actual rocket at comparable altitudes.

2. Interaction of a Missile with the Upper Atmosphere

This is an area which is difficult to define, since so little is known
about it. There are a few phenomena which might conceivably be capitalized
upon in order to achieve a better ICBM detection capabmlity, but they can

only be suggested in the most general terms,

(a) Excitation and icnization of the gasecus envelope. As the rocket
paasea through the icnosphere it will have encugh speed to excité and _
icnize the air. Though the densiﬁy is exceedingly low, it 1s possible that
such a large body will create a glowing trail of lumincus gas, like an !
auroral streamer (such streamers being observed at altitudes of up to
about 500 mi).

(b) Creation of magneto~hydrodynamic waves in thebionoaphere. A
perturbation in a plasma imbedded in a magnetic fleld is propagated as a
quasi-electramagmetic wave at velocities which are considerahly greater f
than the "speed of sound” (theugh sound has no physical meaning in the |
ionosphere in the conventional sense). The magneto-hydrodynamic waves
traveling cut from an ascending ICBM might be detected at considerahble
ranges. This question is currently being explored by Zwicky at C.I.T.,
under the spénsnrship of the Alr Force Office of Scientific Research.
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