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Abstract—Temate sensing is the process of acquiring information - M
{roin the envivonment by the use of a sensor that is not in physical DESIGNATION ABBREVIATION LTS, pm
contact with the object vader study. The militayy seivices are ex- : 1
petiznced proctitioness of tiis ald, but newly glamosous, art, Their )
b Ter i ) ca NUAR (NFRARED MIF 075 TO 3
acecomplishments in the infuared, that recton lying between visible light .
on the one hand end microwaves on the m*ur, are both Impressive 2nd . M
. . MIGDLE INFRARLD IR 31085
of increasing kmpostance.  Our purpose is to provide an overview
of these accomiplishmenis. We begin with a brief treatment of h‘e T .
B S . , FAR INFRARED FiR 6 TO 1%
chaiacioristics ul.l peculindties of the infared portion of the spectrum . : : .
F1l¢ snsoes that operate there, Early milit eperience wit :
end c:f the sonst n't t operate there Early military experience with EXTREME iR B .
resode sensing by infrared is described und an applicnsions piadrix is INFRARED :
dcv:":)p,,d in order to p‘.)wi- perspeciive fro*q whivh e render B - T
can vipw the foll panoramia of mititary spplications, Specifig spplica- . Fig. 1. Subdivisions of the infraced,
) tions are discvssed, These include strategic systems for emiy wasping
< o0 of Lutercontinental baitistic mizssile Lunwc* metheds for the detection Solid bodies not at a tsr"nera ure of absolale xero rad

of stmespheric contaminants, such s poison gas, under fiald condi-  energy end, for all practical temperaturas, the bulk of

aidts for the precision deli wea noadis puzive e fae s ~ : P
] ¥ oHie p delivery of weaponty (including pr * radiation lies in the infraved. For this reason ic iz often o

end laser desicnator geldance tochniques), and sensor sysicms for . - . ve
the heat region of the specirm, 7t is comvenient to subd

reconnizanes and survellance, Wherover possible, detalls of sensor
‘ pommnmc,, ars . the infrared into the four parts shown in Fig. 1. Thesz ,:=:.I
SUet o : - SRR #y’ divisions are somewhat atbitrary bunt they are s~"l wau L
: 1. INTRODUCTIUN e cause the first three inciude spectral intervals :

EN a remote-sensing creature since his - ¢artl’s atmosphere is srelatively transparent,
The ability of his eyes, vars, and nose  ¢fmespheric windows. Itis thess windows that vi
saditions in his surrcunding environment by eny infrared sensor that must look through the earis
diiium e botween life and death.’ Remote atmozphere. In the extreme infrazed, which is nearly 6 cote,
scnsmg is snnp? s tlie process of acquiring information from the  wide, the atmosphere is esseriinily opague, This regl
environment by the usc o:’ a scnsor that is not in physical  generally used only for laborstory applications where i
contact with ths object or phenomenon under study. When  instrument can be evacuated.
viewed in this contexi, it is evident that remote sensing is Since its discovery by Sir Willam H
neither a new nor a porticulurly innovative discipline, It has, infrared has held a strong fascination
hO\VDVCL, teken on an increasing hinportance h“‘c’“ se of the  Herschel, the discoverer of Uranus, is reraembered a3 cus
need for the collection of information on a scale hitherto  the finest observational astronemers of all time. Fenad
unattempted sad the emergonce of many ncwiv engineered  looking for a better way to proizei his eyes s
sensors that are, for tie first time, capable of unattended, the sun and jt was this search thst led him to
long term, re,la‘alf‘ oper ation, of what he termed the “invisible rays” For s
The military scrvices have, of course, always had 2 strong  Yyevars nany workers followed Pueschel’s lead oo
interest in remote sensing, What did the enciuy do yesierday?  basic discoveries that have evoived into ingdorn
What is he doirg today? What will he do toreomrew? These  technolozy.  Applcations for infrered fochnricu. s
are guestions of abserbing lmportence end the answers are  appear shortly afler the turn of this contury, .

B

1.

H needed day or night, rain or shine, win or lose. Hemote sensing 0f World War ], the military forces of the worid v/
| can bz donc v oparating virtually anywhers in the 10 apply thess infracd techrizues to the suhui
electromaguetic specirum, as well as with such nonelectro- pmb;;‘-u Before discussing these appiicat }
§ magnetic types as scoustic and seismic, This paper will be  MOore detail at vhe choracteristios and P'«\U‘L‘m w5 of ih-‘ -
limited to thoas apyl extions in which the mmo?‘ﬁ sensing is  fed weafon and of (he sensors that operate theze,
% done in the infrared Hortion of the spectrum. The infrared . ’
i spans neatly 11 octaves, extending from the visible at a wave- 1, TUMDAMENTALS OF JNFRARED TECIUHOLOGY
; length of Q75 pm 1y the microwave region at 10006 un. The elomenis of aninfrored remote sensivg svatee are b ’
Because of absorption vy the evsth’s atmosphere, only 8 szl | in Fig, 2. Sucik systeas moy be paedive, in which cora 4, ‘

portion of this range is nsuble for terrestrial applications. sense the radiation emitted by at rm’t or geidve, jn unl
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Fig. 2. The elements of an infrared remote sensing system.

further distinction between active systems in which the lumi-
nator is an integral part of the sensor system and semiactive
systems that vse a natwrally occurring illuminant. By this
definition, photography with a flashbulb would be an ex-
ample of an active system while daytime photography with
the sun as an illuminant would be an example of a semi-
active systemn.

 With Fig. 2 as a guide, let us look more closely at the ele-
ments of the infrared remote sensing system [1].

~

- With an active system, the reflectance characteristics of-the
target are imposrtant. Reflectance will vary with wavelength,

viewing and iHuminating angle, and surface conditions, With a
passive system, the radiating characteristics of the target are
important, “The radiated energy will vary with the tempsrature

' of the tavget, its emissivity, and, to a lesser extent, with vigwing
- angle (a hot spot may be shielded by target structure from

some angles). Radiation can be prouped into two classss;

" gaseous radiztion from hot gases and rhermal radiation from

heated solids, hMost combustion processes produce water vapor
and carbon dioxide both of which, when excited, radiate at
characteriziic wavelengihs in the infrared. As a result, the
exhsust gases of turbojet, turbofan, rocket, and internal com-
bustion cngines show intense radistion at 4.4 yum from carbon
dizride and ia the 2,6- to 2.8-um region from carbon dioxide
The presence of this gaseous, or exhaust

from nearly any aspect angle rather than only thoss angle
from which the hot maial of the exlhizust structure is visible,

Flanck's lew describes the spectral distribution of the cnergy
rdiz;\.'"d by 2a b.’acl,body A b;u“.:;Ludy iz a theeretical con-
cept, ¢ the noiusless va r and the {rictionless
pi:ne, nd i sents a 1 ‘If ¢t radiator, By ¥irchhoffs
lawe, 9.)(1 ebs rL eis are good radistors.  Thus an sltemnete
delinition is that a b.mtmy dusorbs all of the radiztion
incident on It, cdintion from m my solid bodies approxi-
mztes quite closely to }"t from a blackbody at the
feaaperature, W cthinnte the radiation from u sol
first caloulating the radietion from a blackbody and then
it by the emissivity of the solid, The emissivity
of most electricsl condusiors licy in the range from 0.092 to
0.2 while Gt of insulators sanges fromn 0.8 o newsly unity.

Inteorating Plape's law ovar ol wevelengths pives ihe
Stefan-Boltzmunn law, sa expression for the fhux
recdigted into & hemisphere above a blackbody
aren of 1 cn?

c‘x as

(’.‘4

o g

{or povwer)
having an

#= "'“'ppr’oxied |‘=“ R/elease 2002/0%‘/)02,

calted tha rediz

P M Cpabn ¥
13 the Stotan !

<!
“amoimmt of :i.bso;‘b;:r along th: path, the altttnde of the path

temperature in kelvin, Thus the total (sumined over all wave-
lengths) radiated flux varies as the fourth power of the abso-
lute temperature. Differentiating Planck’s law and solving for
the maximwn gives Wien's displacement law

An T=2898

(2),
where X, is in micrometers and is the wavelength at which
the maximum radiant exitance occurs.,

Equations (1) and (2) are convenient for rapidly calculating
the wavelength at which the radiation from a solid body is a
maximum and the cffect of changes in temperature of the
body. Many targets, such as personnel, trucks, ships, and
terresirial backgrounds have a temp’*lature of about 300G XK.
From (2), the maximum of the radiation distribution occurs at
9.7 um and, from (1), each unit area of surface radiztes
0.046 W. The hot tailpipe of a turbojet has an effective
temperature of about 900 K. The maximum of its radiation
distribution occurs at 3.2 pm and each unit area radiates 3.7 W.
Tg~%rry the calculations a step further, the sun radiates like
a blackbody at a temperature of about 5200 K. The maximum
of its radiation distribution occurs at 0.49 um acd each unit
area radiates nearly 6900 W {although the sun is 2 mass of hot
gas, rather than a solid body, the theimodynamic conditions
are such that its radiation very nearly obeys Planck’s law).

B. Transmission Medium

The carth’s atmosphere is not a very favorable transmission
medium for infrared radiation. Before the radiation from a
targst recaches an infrared sensor it will be selectively absorbed
by atmospheric gases, scattercd away from the line of sight by
small particles suspended in the atmosphere and, at times,
moedulated by rapid variations in some atmospheric properiy
{in much the same way as the light from stars appears tf.)
twinkle), Tig. 3 chiows the spectral transmittance measzurcd
over a hiogizontal, sea level path 1828 m (6000 {i) long. The
moleevle respons u]e for each absorption baud, water
zrhbon dioxide, or ozoue, is indicated in the upner part of Zho
he fransmnission curve can he characterized by saveral
regions of high transmission, the aforementioned etinospheric
windows, seperated by intervening rcgmm o: iiigh absurpiing.
J,xlulv»‘ 1043 of the Inﬂ ared,’
included,
atznosp]zerz

vanor,

The

window Ih: ‘ransmission de,wa ds vn

he anpgie the puath maokes with the horizontel and the wave-
ngth of observation. The caliulation of the transmission over
any arbitrary pafh is @ difficw’'t analytieal problem hut fhere
are \ar aus febles and nowmozraing availeble figm wi ?5’ TeUisn-
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of the radiation being scattered. Since most atmospheric one is wx‘dmg to pay the price). Diffraction is 2 cons:ig.ic g
scatterers (haze particles) have radii that are fromi 0.05 to  of the wave nature of clectromagnetic radiation and it Camnty

0.5 um, the shorter wavelengths of the visible portion of the
spectrum are scattered much more than are the longer wave-
lengths of the infrared. Unfortunately, the particles in fogs
and clouds have radii ranging from about 2 to 20 um so that
they are very effective infraraed scatterers. As a result, ¢clpuds
and fogs are essentially opaque in the infrared with the conse-
quence that infrared sensor sysiems working in the carth’s
atmosphere can never have a true all-weather capability. '

C. Hluminator

For semiactive systems, - the most common illuminant is the
sun. Occasionally, moonlight or night sky glow may be used,
For active systers, typical iluminants include tungsten lamps,
xenon lamps, and carbon arcs, alt of which must be fitted with
filters to suppress visible radiation, and various lasers that
radiate in the infrared. It is interesting to note that the
World War II development of ruggedized tungsten lumps for
the illuminators in active infrared systems led to the sealed
beam headlamip that is found on virtually all modern
automobiles,

D. Optical Receiver

Most of the optical materials commonly used in the visible
portion of the spectrum do not transmit in the infrarcd
beyond a wavelengih of a few micrometers, For this teazon,
nearly all early infrored sensor designs used reflective optics
of the type commenly used for astronomical instrinentstion.
Strong military support following World War 11 led to the
development of many new infrared-transmitting marterials
and effectively removed any restrictions on the wie of relrac-
tive (lens type) optics. The optics in typical modern infrared
sensors geperally range in diameter from about § to 25 em
with some specialized systems running 2s tarpe 25 100 cm.

The smallest image that a set of optics can form of a point
source is calied the &lur circle. The biur circle is caused by

aberrations in Approved:For/Réléase2002/61402:: CIA-RDP77MO0144RO0030D01Q01:£:3itive photogranhis i

be minimized or eliminzred by the optical desipuer (provided

be climinated. The ability of an optical system to for
recognizable images of two closely spaced targeN is ¢
ized by its angular resolution. In the absence of aberrat.-
diffraction-limited case) the diameter of the blur cix

Tyl

the minimum angular separation of two equal-intensity =
targets that can just be resolved, varies directly with the wi -
length and inversely with the diameter of the optics.

pressed another way, the ability to resolve objects with = -
angular separation is directly proportionc! to the nuni 1
wavelengihs in the receiving aperture. Here, then,isonc .. 5
fundamental zdvantages of infrared {or optical) equi. -
Since the apertures of such equipment are thoucands 0?c .
larger than the wavelength, the angular resoluticn ¢ -n... B
great. With radiation having a wavelength of 4 jun, O
ample, a lens with 2 dizmetef of 5 cm would have 117
wavelengths across its diameter. To achieve the same a-

resolution with a 10-cm (wavelength) radar would reavs -
antenna with a dizmeier of 1.25 km. The importeace 7 ¢
number of wavelengths across the aperture is, of cows
comypelling reason for the development of synt..etic apitinie
techiiques in radar and radio astroncmy.

E. Optical Modulator

In tracking seunsors the radiation from the targst is coded, ¥
modulated, with iaformaiion concerning the direction to
targzt, This is accomplished with a smell disk, often ¢
reticlz, carrying a careMilly contrivad pattern of !
opaque spaces.  In addirion, most reticles provide
assistance in discriminating a target from its bact
process known as space filtering.

E. Infrared Detcctor

An infrared detector is s transducer that conve
cediation imto some other observable form, such as an
current, a change in some physidal property of a2 detect

There cre two mutuslly exclusive classes of deteciors.
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Fig. 4. Useful spectrsl ranges for infrared detectors (operuting temperature of all detectors is 300 K

;-
reason for the two classes stems from the modern concept that
divides the solid into two thermodynamic systems, the lattice
end the clectronic. The way in which the incident radiation
interzcis with these systems results in two fundamentally
detection mechanisms, called the thermal and the
p;’w;orﬁ, Padiation incident on a thermal detector is absorbed
5 blackanad coating which heats the lattice. This, in turn,
otz the electronic system and results, for example, in a
o? electricel resistance or {he generation of a thermal
“/ ven radiation is incident on a photon detector, the
sract dirsctly with the electronic system to pro-
sxemple, 2 change in the conductivity of the
iany of the photon detectors in use today require
cryozenic temperatures. Since the energy of a
on inverszly with wavelength, there is a long-
! euiefl for each type of photon detector beyond
2ene gy of the photonisinsufficient to cause a change
3 ure [3].

svectral interval over which typical infrered

sheoes

oL R

det c ors =re normally used. Wotice that the response of
n‘"";: i extsnds only & short way into the near infrared.
Inf Jitm is normally uzed to record the radistion (usually
sur:.,xgh' that is reflected from objzcts rather than that which
iz amitted by them. There ore a pumber of thennal imaging

devices thit work at Jonger wavelangoths and some are even

ca=lled cameras.  These devices record objects by their own
radiation and their fimogery should net be confesed with that
producad by infrared film.

Lum -rous terms have been used to describe the performance
of an infrared detectar. Sensitivity springs natuvally to mind
but use is not reco tecguse, 2ll too ofien,

sansitivity is used indiscriminantly to maan signal-tonoise
ratio o signal. Instecd it is customery to spesk of the
detectivity of a detector which is now expressed quantitatively
by a porameter called D* (proreunced Dee star), When two
detectors wre compared, ' 4 the smallest
amount ¢of mdi:iticm is the on:

nended

1t
o

ml"’

ane thet can dets
1aving the higher value of ¥,

the

Note that Fig. 4 doc ””Ap\b‘rlc‘i\?éla FoF ﬁé’fea‘éé“;‘z’o‘dzlo1/oz‘I‘.&l&t‘knﬁ?‘r

tis not pms,b‘b to o a shraple guids T lead
to the ootimuem cholve of dotecior. In ogen L thermal e

unless noted) [3].

tectors can be operated without cooling, respond over large
portions of the spactrum, have lower vatues of D* than photon
dctectors, and exhibit relatively long response times so that
they are not well suited for high-nformation-rate systems.
P’hoton detectors, by comparison, generally require cooling for
operaiion beyond 3 pun, respond over relatively narrow pos-
tions of the spectrum, have vzlues of D* that are 1 or 2
orders of magnitude higher than those of thermal detectors,
and cx¥ibit very short response times so that they are well
suit€a for use in high-information-rate systems.

G. Detector Cooler

The requirement for cooling photon detectors has brought
with it a requirement for convenient cooling devices featuring
extreme miniaturization, minimum power consumption, simple
maintenance, and high reliability. Such devices are a commer-
cial reality and the cooling requirement nced not deter any
system designer from adopting a cooled detector for his
sensor design [31].

H, Signal Processor

quos employed arzs, for the mest
part, quite similar to those used with radar, sonar, and tele-
vision, Tieguencies involved zre usually in the sudio region
but wiil sore systems they may go as high as a few meeah
Signal levels out of detectors may be as low as z :
volts 56 it i cssential that good low-noise hx 3
techniques be vsed, Preamplifiors have been d

at very low remperatures so that they can b pack 1 disectly
with cooled detectors. Integeated circuitry bas beon widely
adepted snd on increasing number 01 infrared sensars
dizital, rather than analog, signal processing,.

The sigaal processing techrig
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I, Display

TTTES Taal oviput of the sensor system must go either fo o
display for huniap or automstic interpretation or to some s
of centrol circuitsy for g.,~ua"1cc or tracking purposes, Moot
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REMOTE SENSING BY INFRARED
It is not difficult to understand the appe al that infrazed
the nilitary sysiem da:Lgm,r. Since
infrared radiation cannot be detected by
offers the opportunity to see in the dark, to detect targets by
their self-cmission, and to comrmunicate by secure means.

Military organizations began to experiment with infrared
sensors soon after 1900, By the time of World War I there
were experimental blinker signaling systems usable at ranger
of up to 20 km, voice comniunication systems with ranges of
3 km, and Jdetection sets that could detect aircraft at 1.5 km
and people at (.3 km. Neither side put any infrared equipment
into production but the experience gained with the experi-
mental equipment was promising enough lo assure continued
support of its development [1, pp. 8,9, 464-510], [4].

Germany was the first country to m_ploy infrared equipment
on the batt]cﬁulds of Vorld War II. Early in the war, Garman
intelligence ‘:hought that the Allies were using infrared scnsors
to detect U-boats and aircraft. This conclusion was erroneous
but it caused Germany to concentrate much of its research
and development effort on infrared sensors and on the means
of countermeasuring them. The Allies, on the other hand,
concentrated their efforts on the development of ,rador,
Germany lost the war but she clearly won the battle of the
infrared [1, pp. 8,9, 464-510].

Cerman trocps made effective use of an infrared cornmuni-
cation system, called the Lichtspracher, in the African desert
during the major tank battles from 1941 to 1943, The maxi-
The e*o,,ten 2
of the Lichtsprecher remained a secret until the British Cap—
tured one in October 1942 at the battle of El Alamein. In
the Germans integrated image converters into fire
control systems for tanks. These were used on the eastern
front in 1944 and thzy proved to be rema ikably effective ir
nighttirne battles. Why these devices were never used on the
western front remhins a2 mystery. Night driving systeins con-
taining image cor;werter tubes saw extensive field service.
When the Allies pained air superiority over the continent,
these night driving systems made it possible for the German
Army to move its V-2 weapons across Germany and Holland
to their launching ramps. The speed with which this was done
puzzled Allied intelligence who did rot know, at the time,
of the existence of the German nighl driving capability.
An experimental airersft detection set, which was probably
the first to use a cooled detector, could detect bombers (at
night only) at a distance of 12 k 2. In 1943, developroent wa
completed on Madrid, an inf d szeker intended for the
guidance of small air-to-zir missiles.  This seeker used an
uncoolad lead sulfide detector a 21e is soine evidence that
there were plans to incorporat op. 8,
9,464-510}.

The best known U.S. infrared equipment of World War 11
vvas the sniperscope, which consisted of an imace converter
and an illuminstor mounted on a carbine. With it a soldier
culd fire accurately, in complate darknoess, ot targets that were
a. far awey as 75 m. The snipzrscope was first used in comn-
bt during the invesion of Glingwa, Japan, in Apnl 1945,
N ght driving systems usinz a2z convaiters were umler do-
velopment but were not yet ready for fisld vse when the war
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ments incheded infrared commuitation systerns, both vlice
and blinker, for navel use and 2 simpie viewer, calicd the
Metascope, for detecting the sources that were equized by
sctive viewing sysiums. False-color fitm was porfected for the
from the air. 1i remains, to tm:, day,
one of the most important tools availuble for multispecira!
analysis [1, pp. 8,9, 464-510], {4]-[6]

In the United m.:g(.m.x, an n:'mrui wrerast
was tested as carly as 1938, 1t could detect an airsraft ot a
distance of 1.6 km duriag the duvtime and 3.2 km ai non
(Most infrared sensors of this times pzriod were bothered by
reflected suniight and they usually perfermed much better ot
night., They used either a thic; g detector, wWith 1o sseciial
filtering to r1emové short-wavelensth . salar radiation, o0
short-wavelzeath photon detector such zs thallous suifids or,
later, lead sulfide.) The British also fight tested one of b
detection sets and were able to detect znother aireraft &
gistance of 0.5 km. This occursed in 1937 and it may g
first time that an infrared sensor was used to detect oms 2iv-
craft from another, while both were in fhv*t I, p B8,
464-510). TN e v i

The lapanese were influenced by the German s'zcc;‘s‘f“.ri:’; E
infrared sensors and thereis some evidence to suggest that (-
were planning to produce night viewers and driving- J‘..;'.“
when the war ended. There is no evidence that thf- Rusiicr
used 2ny type of infrared sansor dusing World War 1

Despite the relatively small production tomh tu:"‘
achieved during World War 11, infrared sensors sho
cient merit to justify a strong postwar dovel:
supported largely by military funds, The pos
remarkable for the rapid developiment of
detectors and of infrared-transparent optics! matericis
their application to the solution of a host of military privitie:
Subsequently, many of the same technic §
the solutien of industrial, scicatific, and rac
In the late 1950°s the releass of information on 4
and Falcon heatseeking infrarcd-guided 1
public fancy, and subsequent appiications of infressd rewui.
sensing techniques to the attitnde  stebilization of s
vehicles, satellite reconnaissance of sea-ice conailicns, niia
surveillance, and submarine detection have beesn ap nEal e
portad in the news media,
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IV, Tie MILITARY APPLICATIONS OF Ruo7s
SENIING BY INFRARED
The applications matrix of Fig. 5 is intended to pive ihe
rcader a perspaciive from which io view the full panor.me
of military epplicatioss of infrared remote sens sing.
three functicnal elements of any military organization, s

gic, lactical, and logistic, are lsied across the
mafrix where they repiesent the three clusses

users, At the side of the matrix are listed fhe o
properties of target-emitted and retlected
be sensed in the infrared. The resalt is a lozical com: oot
classification scheme in the formof a 3 by 9 ¢ ement merts.

rodintion

A. Raticrale for the Applications Matrix

Let us look mere closely at the functional elsmen
the mikiney viers of infraved remote sensing. Sm.m*: BRRECI
concerned with long-range planning for the muwn(m oG
, QT s sugrzag
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cnergy can be P\.i\ :d, the preseece of a tamet can be inferred,
its direction can be determinad with respect to the s2ns0r, and
any target motion can be noted., System:s .uch as these 2
siown on line 7 and they are used for night rendez Yous 9}'”51
collision prevention.

The geometrical and Spihal distribuiion
of the reflected radiation can, of course, be sensed and used
to produce some sort’ ‘of im wzery (line 8).  Representative
systems include those to permit sma}l anns fire at night (like
the sniperscope of World War 1) 2nd night driving systems.
Finally, as shown online 9, we can sense amplitude, frequency,
or phase vatiations and use ihem for rangefinding, target
designation, or communication. The most common communi-
cation system uses 2 voice-modulated scurce at both ends of
the circuit and the system uses not refiected radiation but,
instead, the radistion from cooperative sourcas. Some com-
munication systems in which covertness is particularly de-
sirable, use a source 2f onc terminal to illuminate a reflective
modulator at the other terminal.

The reader may have noticed that some applications appea
in more thaen one element of thz matix. This is not surpusx.xg
because there are many times when it is desirable to use
several of the remotely sensed charactcristics in order to in-
crease the probability of a positive target ideatification. Who
among us has not, at some time, encountered someone whose
face was familiar but whose name we could not recall until
we heard their voice? With the exceptions of lines 1 and s,
the applications shown in the matrix either require, or imply,
both detection and identification, In the case of an imaging
system, positive identification often results fron recognision
of a characteristic shape. Is it a truck? No, it is a tﬁgn‘. But
‘other situations are not so easy. Is the crop i that field
wheat or is it alfalfa? To answer this question by semote
sensing requires the recognition of target signature. A
signature is any unigue combinztion of spatizl, temporat, or
speciral characteristics of the emitted or refiected rodiatior
that is peculiar to a spscific target. Once a signature has been
identified it must be catalogued and made readily retriovable
so that it can be used to recegrize a similar target at another
time and place, i.e., wheat in Kansas today znd in the Ukraine
next month, One currently popular technique of scarching
for sxgnatures is muliispectral ¢nalysis in which a sensor, or
sensors, record in a number of parrow spectral intervals the
radiation reflected or emitted by a target

B. The Dollar Value of the U.S. Murker for Military Infrered
Sensors

As infrared matured into a re rmuzul technology, the
annual sales of infrared sensors assumed siznificent propor-
tions, The exact dollar value cf the U.S. mucket for military
infrared sensors is, of course, open to ¢onsiderable speeulation
but there are some g.mdchws lhat make it possible to provide
at least an order-of-magnitude estimate il pp. 9, 10]. Ko
this estimate, we define the market so thot it includes o)l U .S,
military expenditures for the iasearch, develepment, test,
engineering, procurement, and fizld scrv.ce of the infrared
sensors that are iraplied by the applicatior s wairix of Fig, §.
Notice that by this definition we have incl rr,-.,d laser infrared
devices along with the more classical infiend sensors. Ca the
basis of t‘n, markaet definition

of the marketARPEQYRAK OF qug%é’é“éb(#? ;c”tgi dlfé RDP77M00144R000300010017 3

in 1968, &nd 5700 milijon in 1974, Hersehul's discavery of
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C. Sources of Information for this Paper

The reader will, we hope, realize that much of the inferimig
tion about military infrared sensors is protected by coousi .
classification znd cannot be discuszcd herz, The linz beiweos
what is clussified and vhat is not is often blurred and fEnTey
defined. Qur criterion is thar publication of cn item i il
readily available open literatuire of the world is a clesr iniicd
tion that the item is not, or, perhaps, is no longer, clas c::rsci
By repeating such infoimation we do not necessarily i ;
anvthing about its eredibility. The source of ezl
meticulously cited so that the reader, if he so desire
to the original source and judge its validity for hins
personal files, which were used extensivaly for thi »*up:c o
culied from the open literature 2nd they reflect m .
years of worldwide “infrered watching.”” We f,m in
much of the intelligence-like information that a;:/‘,r:'—.z: ¥
Aviation Week and Space Technolog This source i+ .o
often cited in technical joumals, bLt we bclicve it 1
eminently proper for this paper. If the reader notices
in this paper, they messly reflect our insbility
source for the desired information in the open licraluie

In the remainder of this paper we will discuss some -
major military applications of infrared remote SCRHRY, b )
applications include the detection and early WaATNg .
intercontinental ballistic maissile (JCEA) launches, tﬁc
tion of atmospheric contaminants, such as poison g, o
battleficld, aids for the precision delivery of weapoury,
sensor systeins for reconnaissance and surveillance,

o e

V. STRATEGIC SYSTEMS FOR EARLY WaR ﬂwc
or ICBM LAukcHES ;
The detection of ICBM launches appes

application for infrared scnsors, In the Um ]
is handled by the Early Warning Satellite 5,5 ( )
The infrared sensor on board the satellite (c'mb-
in synchronous orbit) detects ihe radiation from .
of the exhaust plume during the missile’s boost, or pow o

phase, Information about the motion of the sateliite 5.
derived from the sensor is fed to a high-speed grounc.
computer that calculates the point of impact of tha v -
within about one minuie from the initial deiezclon | 4
Althouzh the system was designed for the deieciion of 7.5 %

launches it also appears to have a considerable capabiliv, . 5
the detection of ship-launched ballistic issiles (SLEH). :
capacity of the EWSS to detect and track mubiiple lani o
is said to be high enough so that system sutuiotion o
inddicate a full scaie attack against the U3, [8].

Very few measurements of 1CBM mdiation have been o

lished, Seymour [9] models the radiation from the
plume as beiny equivalent to that from 2 blu R
temperature of 2000 K with a rediaat intensity? o é(:’ ik

tHie estirnates that actual inissiles emit within an oroer o7 o
nitude either side of this value. Rosenberg ef 2!, [i a) oro
measurements of tiie emission spectrum of a keross
missile (not further identified).  Their measuremna s sin .
fairly continuoeus emission sirailar to that of a bluis
temperature of 2000 K. The peak emission from

sdical intensit
per lulr ot anglel

Yy is a messurs of the flux loavig & poiat 1
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HULSUN AND HUDSIND MILATARKY APPLICATIONS OF REMOTE SEMSING

oocurs at 1 })P" r_o(r?f.lk
daloulrie thot three-foumihs o “c iws at waveleng
Jcagcr {ren 145 jum, A7 at wavelengths longer tn N
2.05 uin, and one- fumm at wavelengths longer than 3.08 pm.
Intere fingly cnough, Jess than 0.8 percent los in the visikble
Ve concinde from our caleulztion that the detection of a
powerad FODM i3 prooa‘oly tost dope in the near infrared, but
we hold the reservation that there may be a problem LIUP to
competing signals cuused by the reflection of sunlichi from
clouds and other terrestrial backerounds, Forther information
on the modeling of a v.mpty of taxgcts has been published

oire

{1, ch. 3}.

A. System Development

In 1958, the U.S. Atr Force initiated Iroject MIDAS (an
acronym derived from missile detection and surveillance)
[1, pp. 471-474]), [11], (12]}. By the fall of 1961, MIDAS
sensort had apparently demonstrated, from orbit, t]Le ability
to detect the launch of a Titan ICBM {1, pp. 471—4 74}. But
the sensors were reporled to be plagued by an inability to

'd1f1°r°n*1me betwezn missile exhaust plumes and sunlight

r%fl.,ctc‘d from high-altitude clouds {8], [13}. The roots of
the 'vmbwm appeared to stem from insufiicient dat~ on the
cheracteristics of the radiation from targets and backgrounds
when they are viewed through the earth’s ztmosphere and to a
giata on the transmission characteristics of the atmo-
spheve. Because of these troubles, the program was reduced to
an experimentzl status early in 1963 [1, pp.471-4741, [12].
Program eiforts over the next several years seem to have been
devoted to measurements of the infrared signalures of ballistic

.missiles in the boost phase and to mqnovementc in sengor

reliability [12] .
Anp":e tiy these efforts were successful because in June
964 the £it Foree asked for bids on the development of an

EWSS [12]. By the end of 1966, satellite and

by then,

‘u" code number 949, The sensor packags, estimated

=1t 450 ke, was to contain both an infrared sensor
a for “J"\’t‘l“ ance purposes. It was estimaied that

det?ctar ould be cooled by liquid hydrogen and
lr:nf of the sensor would be about 1 m in

It was expacted that the first operational

be launched lmfu“‘ the end of 1968,

satellite launches, beginning in Auvgust 1968,

O test system 1‘-10.4;ypes. fn March 1971, the

the Ajr Force testiticd before Congress that the
proven i capebilily to detect missile Jaunches
now tle system was nown by the code number

2 fivst launch of an opoational satellite is reported
have ocowrred in Novesubor 19706, Ilsns were to put iting

synchronous orbit but this wos not achieved because of a

booster problem. Had th.: u;]..u reeched erbit, the plin was

fo kuep it over the US . tion testing end then shilt
it to & lorcitude frow v.wzi:h it covld ebserve missile tosis in
the P2 Pepublic of Clins {16]. On May 35, 1971 ¢
satellite arccessfully plsesd Ja o near synchronous orbit
over the Indian Ocezn, and the 647 system was considered to

e oparaticnal., From this sateliv e position the infrared censors

{1t beoable (o doloor uny massive lavnching of Soviet

zad it was alro posid sional verifications

= O et ¢eo
-:rf‘.,‘n“-m by detection missile launches from

V2
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plume the missile rose up out of the
sensor was said to use a 2000-element de-
tector operating in the 3- to S-um atmospheric window. The
second sensor was thought to be a televisioncamera tvpe of
device,  The television camera was apparently included to
detect fulse alarms caused by sunlight reflected off of high
altitude clouds that mizht trigger the infrazed sensor [15].
On March 1, 1972 an additional satellite was placed in a
rcosynchronous orbit and stationed over the Panama Canal to
warn of SLBM launches from surrounding Atlantic, Pacific,
and Caribbean arcas [17].

It was later revealed that the EWSS successfully orbited in
1971 and 1872 were developmental medels intended for test
and measurement purposes. Since their performance was
excellent, they were not replaced. In early 1973 it ‘oscan‘;e
known that the infrared sensor in the satellite orbited on
May 5, 1971 had suffered a gradual loss of mns!tmtd [18].
MNo cxpl;m tion has becn offered for this: degradation. L'?
February 1973 the first of an improved model (phase 2) early
warning satellite was delivered to the Air Force. On June 12,
1973 an early warning satellitc was successfully orbiied and
stationed over the Indian Ocean. Although no confirmation
has been given it is thought that thds was a phase 2 sysiem
emplaced so as to supplement, or replace, the original systcm
whose sensors had begun to lose szensitivity [19]. A total
of & phase 2 systems were to be delivered on a sc,hbd‘xl“ €X-
tending through 1974,

As yet, vory little information has appeated in the literature
about thc causes of performance degradations in spwccbome
ﬂenig,-rs One detailed report has appeared and it discusses in-
orBit degradation of the multispectral scanner (2S8) that was
faunched in July 1972 on the Earth Resources Technology
Satellite (ERTS-1) [20]. This system works ia the visible and
the near iafrared whereas the 6~ 7 sensor is reported to work
on the 3-to 5-um region [15], so that one should probadiy not
place teo much reliance on effects extrapolated from one to
the other. In the MSS, calibration signals penerated during the
sean retrace interval have showi a decrease from their expacted
values. The decrease is a function of both tine in orbii and
spectral interval, It is known that during spacecraft thermal
vacuum test some Mylar insulating tape was overheated and
this caused & milky deposit to appear on some of the MSS
opiical elements, Since there scemed to be no degradstion of
sensor performance, the optics wore not cleaned before zunch,
1t is postulated that this coating was polymerized by exposure
to solur uliraviolet while i1 orbit, Such a mechanism cowld
cxplain boti a p(’dl’d”y selective and a time-dependent
SCNICT [20}. Sincr most organic materials
churac absorption bands in the 2- to Sy
similat contamination wouid probably }"v‘ an
effect on systeras eperating in the raiddle infrarad.

The LWSS has been operaticnzl, for sevcml vears and the
concept  of boost-phass detection fom synchrorous ovbit
szems to have been proven.  The Air Fores hes regr -"'fr‘i
fiscal year 1975 funds for the purchase of Wditicna
& )auuiff technical suppori, and the comnplation o 2 «
aLility retrefit on "xrn' satellites {211, In
Alr Foree contracted for the development of = M.an -d
saicllite to carry sov cral spzelal defense experiments. Awueng
these cxperiments was a toest of an indfraad “str‘ri“’-"” SU11S08
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sional array, or mosaic
total field of view.

, of detectors to stare constenily ut s
As a result, no scanniag motina is re-
quited. The “staring” sensor to be tested uses a osaic of
about 1000 lead sulfide detectors combired with compact
metal—oxldeaselm;ondu;tor (MOS8 circuitry. Apparently,.
other tfetector mat terdals, such as mercury cadmium t:uride,
can also be used so that ghe techinique can be applied at la.“A,;r
wavelangths, The absenc“ of the moving parts usualiy fow

in mechanical scanners may incresse system reliability but tbc
use of a mosaic puls a much greater premium or achieving
reliability in the detector. As a final vote of confidence in the
use. of infrared sensors for early warning, we note that the
Air Force is seeking industry ideas for a new multimod:
ballistic missile EWSS that could replace the prescnt 647
system in about 1980. The new system would be equipped
with infrared rensors for the detection of ICBM lzunches us
"well as other se nsors for detecting nuclear explosions cod
space tracking {24].

- B, New System Concepts

With the success of the EWSS, it has been evident for some
time that improved infrared sensors will be developed and thut
they may, in tum, open the door to new sy.tem cuncepts.
One of the most important trends in infrared technology, of
the past decade or two, is the introduction of new and im-
proved long-wavelength infrared detectors [3]. Moving to
longer wavelengths offers two advantages: 1) a reduction of the
interference by sunlight reflected from the backaround, and
2) the ability to detect cooler targets. It would appear that
one of the principle changss in the 647 scnsor between 1963
and ifs reappearance in 1968 may have been the shi ‘tvto a
dctactor operating in the 3-to 5-im atmospheric window [15}.
Such a shift could have been one of the principal reasons for
the new sensor’s reduced susceptibility to false alarms triggered
by sunlight reflected from high clouds.

As carly as 1969, the Air Force asked for proposils for the
development of a midcourse surveillance system us ing a low-.
altitude setellite with infrared sensors to track ballistic nissiles
after burnout [25). Such sensors were to use infrared detectors
operating in the 10-um region in order to detect relatively
cold bodies, such as satellitcs and ICBM’s, during the mid-
course phase of their flight [26]. The development of such
a mideourse detection and, presumably, tracking system would
be of great significance for an improved dafensive system,

Oas of the most useful methods for nonitoring the testing
of long range missiles is to observe the missile reentiy from
ships or aircraft located near the impaci point. UK. ships
have reportedly monitored Russian ruissite shots into the
Pacific since 196) [13). Such obsirvations should hove
provided an extensive collection of recntry signatures,  In
mid 1970, it was reported that tests of Soviet ballistic missiles
in the South Pacific were bteing observed from hxg ahnuuc
aircrafl using special long-waveleneth infrared sen s {27).
The sensors were said to be able to track the xmm}:s .tgaiust
the cool sky background after the hea: resulting {rom the
powered poition of the flight had dissipated. in ey 1971,
the Air Force conducted a space flight evaluation of long
waveiensth infrared detectors operating v ie 8- to 14um
region, The reporled purpose was to further tegt the ab:lity
of infrared sensors to traci 1CLRMs

(28], At cboAPROVEdF t%R§|§§:§’$§66i/ ‘m%"‘difA Rnpzmeammomaaeoqom‘m‘  given ot fa 4 sty

development of two speciat test vehisles for mensuring fhe

" measuring the radiance?

(Y

mfrared radiation from ICDAs during midecourss fiahl,

&

unusuzl aspect was that the test veldele would be o
sboard the ICBM. It would be viected after Ixunch so &40 .

vould fiy along with the 1ICEM and make mezsuraironts ol iy
infrared radiation throughout the ballistic portion of its st
[2971. Such measurements would be vselid for tie d LI TR
midcourse detection, tracking, or inteic cept systems.

The long-waveleagth infrared sensors envizioned for uee s .
midcourse systein would be relatively immune to eficcred
sunlighé, btut they would have to contend with e nax
protzzmn of possible sensor saturation if the carth entercd the’
s2n3ot’s hc‘d of view. - The various measurement nro ing.
i sed used lock-up measurements mads
ul::‘.d of outer space. The implication was .
system \'you«d require a low-a%zi ude v

E

1."'1“‘

5T

tion of the feas;b:hty of & T.u\«b 3
row close to the carili zn ¢}
~a midcowrse ICBM before the
°arth intrudinv ix'tf‘- its field

o e b ion near tna eaivi’
it et llmb s2nsor {303. Two earth-limmb s
satellites (ELMS) are schedulzd to be lzunched ;::;.
circuiar orbits during 1975 and 1976 {31). A radic.uesier inr
of the carth's Hmb from ¢
logical satellite has been described [32}. It ucen o LE,
of 4 mercury cadmiuvm telluride detectors coolsd to VS HA a} 7
two-stage solid ammoenia-methane cryogenics unit.
Long-wavelength infrared sensors fer space use
certainly use detectors operating in a backsround-imitss
condition. In this condition the noise from the dctcc‘iot HA
due to fluctuations in the rate zi which carriers are cens :
by photons from the backmiound and subseauem Yy oIe
bined. The design principles for background-dimited svut.
are well known {1, pp. 421-423]}, {33]. In addition t5 ¢..0iny,
the detector and providing it with radiation <m-..)u1..‘,, the
entire optical telescope as»embly is usually cooled, Some izen
of the complexity that this introduces into sensor da:
be gleaned from a description of 2 liguid-hielivin-cooies m{gzzira;‘
telescope assembly designed for rocket-borae astec
measuiciments [34].

will 2tm ')*"
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C. Additional System Applications

An interesting additional wse that has besn propossd for
the EWSS is to venify Soviet compiiance with the arm: |
coatrel apteements signed as o result of the first round of b |
strategic-orms-limifation tells (SALT 1) 1131, w;;-.
contain sections dealing with the probleins of ve
In Asticle XIT of the treaty limitiug zmti-’rs:i.»stl.: by
(ADM) systems, it siates: “I. For the purposs of prot
assurence of camptance with tiaz provisions of thi
cach Party shall use mt onal technical ineans of verificazie
2. Each Party undert: kes not to inteifere wich the prtinps
technical metins of verification of the other }"xft\ e AN
e “nationa! fechnica means of verification™
U.S. are the iafrared censors of the Ew3s,
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}‘:ll"lﬂ:} mission i3 fo jaaed "xpp‘.«l et
ICEARL ciin capability to monitor

o Soviet
missile tesis [

1, they alsa provide a

131, Aaditionad SALT agreemnents may extend
to alimii on the number of Ini‘S.‘a tests ellowad per yenr {35].

Keeping track of such launches would be simple for the
sateliite borne infrared sensors. Smcc the infrared sensors, in
conjunction with a ground-based high-speed computer are
said to provide missile trajectory information it seems puossible
that the sensers could also detect the development and testing
of terminal maneuvering systems [7], [13]).

V1. THE DeTECeTiON OF POisoN Gas UNDER
FieLp CoMNDITIONS

One of the most frizhicening aspects of war is the possibility
that an enemy may ust poison pxs. Gas was usad extensively
by beth sides during World War I. It has been noted that in
1918, German factories were producing equal quantities of
chemical and high-explosive munitions and that by 1919 the
war would have been predominantly a chemical one [36].
cival chemical agents of that era were chlorine,
o, and mustard gas, Their general physiological action
d i Zhe respiratory tract and lungs after inhalation
» ¢f the skin and eyes upon contact,
=f golson gus is prohibited by the Geneva Protocol
senared by the League of Nations in 1925, Not all
simmatories to this protocol and it has, unfor-
t nad the desired result of completely banning the

o oof Topld War I edvances in chizmical technology

had "7 %o systemic poisons which would affect the entire
bady., Thore cysiemic poxsons became known as the nerve

st of the nerve gases, Tabun, was discovered in

L 1937 during a search fox more potent insecticides.

bers of the family, Sarin and Soman, were
rily therzafter,
in the spring of 1942 and by April 1945 a toial

dis-
Tabun was put into production in

of 12030 tons had been produced. After World War il a
Tabun plant was dismantled and moved to Russia,
ient work in the United States concentrated on Sarin
begar ._',"-. is several times more lethal than Tabun. Jn the
U.S. nerve gases are given the prefix “G”. Tabun is desinnated
as “GA”, Saiin 25 “GB”, and Soman as “GC” [36], [37].
2 52533 of Worla Ver I generally gave some waining of
‘ ¢ by simell or imriiation but the nerve gnuss are
S, c;iorl» ss, and tocteless. An antidote for the inhala-
> small quantity of nerve =25 is an injection of atropine
It l:as been roporied (hat sl ULS, coldiers in a buitle
mg tube of tl.« substance that can be injected
: s [37].
fooraainst nerve gases but there
Gyiiing & suinciently early v
orior o gas inhalation,

nleens wifer an el c’fnc
must be somz mus fy
so that they on

Thing

A razthod for Pdeiaction of very smalt ainouais
of Sa cmodn the petent lter dure [381.
The ds » s2nsing of chaxges n e

spectra! ch
throunh an
charactenae

Ths
mission

v'zv-c’l-:::'ﬁ h o: L2

?0"0’}‘&!\/‘\ ban \i 5)‘;_

Jn.
:» used for jts detection is to meniter o {rans-

priais
% in three norrow spacical intervals, one is centered in
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under surveillonce and is returncd by a retroveflacior. The 3
chosen wavelenath intervals are separated out of the return
beam, by a dititection grating or narrow bandpass filters, and
chuvnti..Uy delivered to an appropriate infrared detector.
The ratios of the three signals are noted for a clesr atmo-
sphere, i.e., one in which there is no Sarin along the Linc-of-
sight, If Saria is subsequently introduced in the area, the siznal
ratios will chaage, trizgering an automatic alarm, Concontra-
tions of Sarin as small as 1072 mg/m® could be detectsd with
the sensor described in the patent The median lethal dose for
active men is about 25 mg/m (an inhalation dosec lasting one
minute). A single inward breath at a concentration of
250 mg/m? is fatal {367, [37]. )

This detection equipment is called LOPAIR (an acronym for
longz path infrared). A comparison of the numbers given in the
preceding shows that it can detect Sarin coacentrations that
are more than 3 orders-of-magnitude below lethal doses. TheR
LOPAIR sensor described in the patent was not used over
path lengths longer than 200 m. The limitations imposzd by
such a short path and the need for a retroreflector make the
cquipment unsuitable for any tactical situation. However,
there seems to be no reason why an improved version should
be subject to the same limitations. The detectivity of a modern
cooled photon detector, such as mercury cadmitun teliuride,
is about 2 orders-of-maguitude higher than that of the therimo-
couple used in LOPAIR. With this change, it should be
possible to eliminate the retroreflector and source and replace
them with a naturally occutring terrestrial sousrce, such as a
distant hillside or. bluff, With these improvemeanis, several
LOPS lR sensors suitably deployed should be capabla
momtonng an entire battlefield. ’

The general principle described for the operation of LOPAIR,
comparison of the transmission in two or more narrow spectral
intervals, one of which contains an absorption band of the
substance to be detected, is used widely for industrial process
control and for the precision determination of water vapor

noair |1, pp. 524-527,596-598].

VII. AIDS FOR THE PRECISION IDELIVERY OF WEAPONRY

The military system designer is constantly on the alert for
new technigues to enhance the precision and speed with which
weepons can be delivered, NMNot teo long ago it could teke
mouths, or even years, to carry firepower to an objective,
Adiler delivery, additional days or weeks weare often needed
to epply the firepower in suflicient quantity to achieve the
desited results.  Introduction of the airplane compressed ihe
hours, Missiles have compressed the time o
tes o sccouds. A cteady increase in the precision of

Lveiy has accompanied this time compression.  Infrared
suidance te igues }‘:.'avc played an impertant rol2 in this
improved d:livery accuracy.,  Thece have bsen three quits
cndent stuoes in the utilizatiop of infrared fov this tosk
mc;uded infrared guide ance for smail eis-to-al
cld support apissiles that vse indrared a5 an
oremand puidance systems, end Inser suidsnce
of o variety of weaponry.
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A. Fassive f;!,mrw Guidaice for Air-to-Air Missiles
Of a1l the militmy applications of infrired, probzbly none
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! COUNTRY

MILSILE

STATUS

MAX, RANGE, kin

NOTES T

FRANCF

{
ISRAEL
ITALY "
JAPAN

SWEDEN .
UNITED HINGODLY

UNITED STATES

ViEST GERMANY

AR AIN‘?MS‘IL"T}
E: O SR ~

.»\
IMATRA 511
MATRA 530
‘MATRA 530
P AMAGIC)

LSHAFRIR
£ TIRIGELY)

Aar 1
AAM.2

Rix 2B(F ALCON)
FINESTREAK

REODTOP

SRAAM 75

AGILE { AN D5)
FALCON (Al 4C)
FALCON (AlM 4D}
FALGON (AIM-AG)
StEK BAT

SIDEWIND .
tAIM aB)
SIDEWINOER 1C
{an any
SIDEWINDER 1C
{aIM9))
SIDEWINDER 1C
1AM 9K

R1A

SUFER
SIDEWINGER
(KM oL)

OFERATIONAL
PRODUYCTION
DUVELORMENT

PRODUCTION
ODEVELOFMENT

QPLRATIONAL
DEVELOPMENT

OPE RATIOMNAL
OPERATIONAL

PRODUCTION

ODEVELOPMENT
DEVILOPMEMNT
OPERATIONAL
OPERATIONAL
OPEFRATIONAL
DEVELOPMENT

OPERATIONAL
1OPERATIONAL
CPERATIONAL

DEVELOPMENT

DEVELOPMENT

’
R

.

ANAB
ASH
ATOLL

AViL
SIDEWINDER

VIPER

AIR TOSURTACE MISSILES]

UNITED STATES

MAVERICK
{AGM-B5AL

[surrace

AP AN
SWEDEN
URITED STATES

USSR

\cqux\v v s vw

Kam o

REDEYE (RLOYY

CHAPARRAL
MM 224}

REDEYE 'FIN 43A1
STINGER
(KEING 528)

GOA(SA- 3}
GAINFUL (5A 6)

GRAL ISA T
SAMOVAR

SiLEs)

NORWAY

R

HEIIGUL

SCHURYER

SN 1

BT Y X AS5N 28)
SWATIER (AT 20

OPERATIONAL
OPERATIONAL
OPERATIONAL
PRODUCTION
PRODUCTION

DEVELOPMENIT

DEVELOPMENT

EXP. FRADUCTION
FRODUCTION
FROVUCTION

liditelen) '(‘FA"V 1
DEVHL ORI

PRODUCTION
FRODUCTION

PRODUCTION
QPERATIONAL

FRODUCT i

PRODUCTION

FRODUCT I ON
PRODLCTION

23

20
10

27

CI)
353

0o

A

DOGFLGHT MISSILE
DETECTCACOOLED wiTH
LIOUID MITROGEN

- OPERATIONALCEILING 13 &

USES INDIUM ANTIMONID
OETECTORS INI-~Sum
REGION, PLUME HOMING
CARABILITY

HAS INFRARED PROMIWHTY |
FUSE USES PYRARIDIA!
IRDBOME, MiNIMUM
RANGE 1.4k

CAPABILITY TO ATTACK
FRONM ALL ASPECT
ANGLES.

DOGFIGHT MISSILE

DOGFIGHT NISSILE

TOCOUNTER MG 25 TQ
ALTITUDES ABDVE 24 ke,
PLUME HOMING CAPARILITY,

USES COGLED INDIUM
ANTIMONIDE DETEZTOR.
COOLING 8OTTLES IN
LAUNCH RAILS

COOLED CETECTOR
INVERNALLY STOWED
COOLING MECHANISM,
INTLRIM DOGEIGHT Lo
WEAPON, -

REISERBLES aiM ag
CARKIED ON MG 2Y

WITH MODIFILD SEIXER
SINGCBOLER DETeCTOR.

~

IMAGING INFRARFD SEEKER
NDER DEVELOPMENT AS
ALTERRNATE IO NOHMAL M 4
IV SEEKER,

ROLGICICD SEODEWINDE
FIRED FROWM TRALKED :
VEMICLE.

PLUME HOMING CAPARIL(Y Y.

INFRAQRED DEERKEEH FOR
TEFAMINAL HOMING
SAME

EFFECTIVE TQ 2k AFL 717 000

SAME

SANME
SAME
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sensors for weidance ave shown in Figo 6 (misstles hought to ﬂf aiers were destroyed b’f Shalrir missites fired from Isracli

L frared puidoree technd ,;uta will be discussed later).
Since & totsl of 10 covntries are laced in Fig. 6, it is clear that
ne country enjoys a monapoly on infrared guidance tech-
nigues [1, p. 4301, {39]-143}.

The basic concept of the infraizd-puidad missile was explored
duting Workd Var II but the sizte-of-the-urt in detectors and
other r')mpn..cnts was not capuable of supporting production
of such a mizsile {1, pp. 1684691, While only lirited appli-
¢=tiongz of 1x~frare(‘ techniques appeared on the battlefields
of World War I (and these were almost entirely active
syeteins) preat progress voos made in the development of pho-
ten detectors. The thellous sulfide detector, responding to
1.4 pm, was put into production. This, for th«, first tine, gave
the npnlitary system designer an infrared detector with a re-
sponse thpe short enough to permit its use for missile
guidance, By the end of the war the lead sulfide detector,
responding to beyond 3 pm, had been developed to the point

owrars it too was ready for production [3], [44].

By the late 1940, the development of infrared puided air-
iz vrfeoiles had started in the United States, France, United
am, and the USSR [, pp. 479-486], {45]. By the
195(’s, these progra lh\fu() borne fruit; the U8, had its
Sicewinder and Faleon, the U.K. had its Firestreak, Frande
had itz Matra 511, and thc USSR had its Atoll (which, if has
seied, bears a striking resemblance to the Sidewinder
n, 479-486), [46]). The effcctiveness of these new
5 could only be assumed until a tragic Acmdeqf in
1251 in which a U.S. Air Force B-32 bonber was shot
down by ¢ Sidewinder snissile inadvertently fired from an F-100
typical behavior of heatsecking
misziles was, for the first time, revealed in the public press
eny it was reported that the missile entered the exhaust
>f an engine, cnusing it to explode and buckle the
"It i3 not certein that the missile contained a Live
: om, whiether or noi it did, the high speed entry of
ihe pnissile directly into thz engine thauat was sufficient to
bring ateut the kil (a fz-‘lw'md»r 1A 1missile has an overall

bam
i
ik, P
0
1

P
le

2
mirs!

Clensth of 2.83 n, a body dizmeter of 0.13 m, a fin span of

0.56 m, 2 launch weight of 72 kg, and attains a maximum
“spead of Mach 1.8 [39], [42], [45]). The resuliing crosh
ified. 3 of the crew membeis of the B-52 while the others were

iaziles made an eanly, and effee-
The first MiG-21 to be downad
by o U2, alreraft in combnt over Nos m Vietnam vwas roported
¢ i 2 fired from an 34
but apparcatly ney
GRreus similer sccounts
n June 1967, auring the
25 vwere used suoed: .xfu

the war, an Tragl Mid
. The Atoll charector-
;.:'1 tnv‘ aﬂr';"‘ Ah sough

S0 corcled a pair of Atel

iem to fire ti-:

21

h:;"i atoan fsroail o8

1 LI - . . [
v Drouned on oand Ay

cidangind e

its eng e, the pilot was able to l’»- the ..!1G b'y’ diving mto 3
Lank of "‘{;L-.T.: over the Soa of Oelitee and eventuetliy land
ot &n osmesrcncy buae, Onoznother occasion us

MIGA21 Tired a salvo of Atoe!!l missitos that pasred au fereel
"‘rpr"rft \"‘lun what wos thought to be normal kill renge,
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1afric is an infrared-gaided missile
Developrrent of the
missile started in the early 1960 and it way dcd‘xrcd opera-
tion:l in 1969, The firing sequence is described as being ex-
treimely simpla, An automatic technique is used for cchisvi
target acquisivion. A blinking signal light alerts the pilot to an
impending arquisition and an accouc;tic sigiral In his headset
anpounces its acihievement, fie Shafrir con be fired at alti-
tudes up to 18 km and has a maximum range of about 20 km
[39]. v '

Despite thase successes, infrared-guided missiles were not
withoul their problems. I sometimes }xapmned that the nessile
seekers were decoyed by sunlight reflecied from clouds in the
background. In addition, the apperent limitation to a {ail
attack became an increasingly serious factor in their tactical
usage (453, [50], [51]. Both of these problems were a con-
sequence of seeker opecation in the near infrared. At the tind
thase missiles were developed, lead sulfide (uancooled) was the
obvious choice for a detector [52]. Asshownin Fig. 4, those
detectors do not respond much beyond 3 gm, For this reason,
the seckers were designed to use the 2- to 2.5-um atmospheric
window. Since there is no enission from the exhaust vv’L.me in
this window, these seekers could only home on the hot met:

tailpipe of jet aircraft {1, ¢h.3). Hence, the limitation to a
tail attack. Interference by reflccted sunlight has alwaye been
a problem in the near infrared. Many of the infrarzd sensors
that were developed during the 1930%s and 1950%s were o
plazued by sunlight that they were used only at night. Fora
while it looked as if infrared sensors would be permanentily
relegatéd to nighttime-only operation [1, pp. 8, 9, 464~ Slu},
[&7. Most missile seekers nsed a reticle (optical medulator
generate the error signals that fod thair tracking loops. Ret
are an cffective means of clinninating much of the ir mrf encE
rom backgrounds because they discriminate epainst souress,
such as clouds, that subtend large angles [1, ch.¢]. Even the
best reticle technology, however, could not gu::”antce back-
ground immunity for these early seekers.

Tliese secker pioblems were allevia{ed by the acdoption of
improved phoion detectors, such as indium miunomd: and
lead celenide, that appeared in toe Ixte 1950%s {521, The
response of these detectors extends to beyond 5 m so that
seekers equipped with them can use the 3-to 5-um atmespheric
window [3]. The price paid for the longer-wavel:
sponse is the necessity to cool these detectors to thae t
Vhen one cxuminegs thr effcct
of this shift to longer wavelengths, he finds that thore is wmoie
tarzet radiztion and less mlvrnczenw from solar vadin tnm Ths
racdinfion from the hot meidd of ajot aircraft ts

F-4 aireraft {49}, The S

io that from a blackbody at a umpomture of 3 S
From equation (2), the maximum of the radiation disizils
Yies ot about 3.2 pm. A more complet: d.)"i_{\la of the t

ion ghows that nearly 5 fires a5 mich ene
3- to S window us in i8¢ 2-to 2.5 0m window,

on, the eqsmpy in the :unlight reflected fiont the bag

ron-nl 13 lower by at Jeast a {factor of two for the longer ws

inowindow [1, ppy. 85-95 129-136, 4384321, 3

hility of deiectors for th 3- to S+um window offered s

systemr desipner an order-ofnioitude inereuse in the ratio of
dusirad target, to undesired background radiation.
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processes result in the formeztion of carbon dioxide aud water
vapor, Heated catbon diexide radiates strongly in a nazmw
region near 4.4 pm which is, in turn, convenicutly located

within the 3- to S-um atmospheric window. Since an exhanst

plume may extend for 0.1 km, or more, behind the ajrcsait, a
seeker that can cense plurme radiation will not be limited toa
tail attack but wil, instead, have an all-aspect attack cepability
[1, pp. 85-98, 129-136, 435-452]. Missiles believed to have
plume-homing capability are so noted in Fig. 6. Another clue
to such a capability is, of course, the use of a cooled detector
[53].

The next group of problems encountered with infrared-
puided missiles were more fundamental in nature and required
censiderably more effort for their solution. The problom was,
in short, that the missiles were not being used in the typs of

- war for which they had been designed {S4]. The missiles,

developed as they were in the 1950%, were designed for the
deterrence-and-massive-retaliation scenario in vozue at that
time. Under this scenario, interceptor aircraft earrying long-
range missiles would be matched onc-on-one with single
bombers that had been programmed to hit specific targets.
When these inissiles were finally used it was in the closc-order
combat of limited war. Such combat required a missile that
could be fired at short ranges from a violently maneuvering
aircraft and one that could not be eluded by target maneuvers
[45].

The Sidewindar 1A probably came closest to meeting the
demands of the times in which it was used. It was developad
by the U.S. Navy for use by fighters providing air supbnonty
for fleet protection. The Navy scenario envisioned cnu.xge—
ments between two fighters, rather than between {h inter-
ceptor and a bomber. Tactically this meant a continuation of
the dogfight tactics vsed in previous wars. Dogfight tactics call
for short-range weaponry and highly maneuverable sircrafi.
The prime tactic in any dogfight is to maneuver into a posilion
on the tail of a target. What, then, makes more sense than the
development of a missile that will home on the engine heat so
copionsly availeble at the rear of a jet aircraft {45], {51]?

In order to launch a Sidewinder properly, the launch aircraft
had to be pointing at the tzrget at the time the missile was
fired. There were tinies in a dogfight when this requirement
could not be met. If the missile was fired while the launch air-
c1aft was mansuvering, the high-g loading could seriously de-
grads the performance of the missile. A lateral loading of
3 g’s at launch would, it was said, have made the missile worth-
less [511, [55].

Sidewinder had a minimum launch renge of about 1 kmn
which is also about the maximura limit for accurate gunfive
[51]. Pilotsinihe heat of a dogiizht had to make the difficuit
estimation of target range before they could make a choice
between firing a gun or lauaching a missile. At lonzrange, ina
standoff situation, identification, friend, foz, or neuttal (JFIN)
problems arose beceuse pilots were Ax"tura!ly hicsiteat tolzunch
a nissile without a positive target tdentification. The sppoar-
ance of N for necutral in HT” symbolizes another new
problem that kas been handed the pilot. With the permissive
¢nvironments often fo in hr ited wars Qt i noioat ell
uncommon for combtat pilo to enceovater comnnncrcial air
liners. Visual identification of targets is s2id to e L‘xf""fn‘

[¢]

out to 2 or 2.5 km, In the gbsence ox 41) L“' é ]b ) 0% l}') b as, actuaily .;mu«::.i'. c .
ures, it waes vaPH"QVrﬁh ROK ¢ “_‘ﬁ%ﬁﬂ -%., Ié*xrﬂg:l!A Pﬁ u u ﬁé}}ﬁb@ggd gﬁqg\fz}a of Dade e nnwy

1engs for Sidewinder [51].
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redesign of both thz mizzils and its seeker. n eirly
was announced thet the Air Force aud the >
ploring the design of dogiignt missiles., These m
be infrered guided by seclers having an all-aspect attack capa-
bility, they were to have a short minimwm-firing yang: :
they wore to be capable of vary high munewvering ratas (1, 1 5.
479--456),156]. The cursent rzsuli of thase progras IERRNE
a thrust-vectored missile capuo;c of tusning 1807 in loss tha .
1.5 s while traveling at a speed of nesviy 1 kmo/s [571.
seeker i3 said to be homui in a pﬂ.bu -sha‘;ecl noss
which enables it to look ‘““over-the ‘shoulder” for
targets that are maneuvering at high angmicr rates 1557
evident from Fig, 6 that {he U.S. Is not alone in the
ment of this type of high capability missile.

Among the surface-to-air missiles that axe shown o i 2
are Redeye, its probable replacement Stinges, ans :
missiles will have 2 radical effect on close ai: SUPLIL
tactics of the future. For the first time, thass 3
the individual foot soldier a lethal maich for ”'nu(_
and close support aircraft. The Redeye concept iz to me
infrared guided missile small enough to e carried by onc 2 -
and light enough so that he can fire it from his shoulds. ¢n
very short notice. The first public firing demonsiiat :
held in Qctober 1964, Targets included a drone ”QE*
at 750 km{h across the linz of sisht and a droac
helicopter.  Average firing rangss were about 1.5 ki ©.
479-486]. Stinger is an improved version of Redey
said tc have a plume-seeking capability [39].

Very little is known about the Soviei program thal il
the developruent of the SA-7 Grail missile. It is prob
descendent of the Samovar inissile, wirich was descrit

1959 as an infrared~guided surface-to-air missile for ves o

low-altitude supersonic aircraft., The useful mn':a of Sz
was said fo be about 4.8 kra [, pp. 479-486]. The o
of Grail has been known since 1969 and it was, until vec
called Strella. Tt was given to the Egyptian Armed ‘-Gr‘
1970 and introduced into Vietnam in the spring of 1072,
remains to be scen whether it will be generally dagloy ed withi
the Wairsaw Pact countries [43 ] ’
Both the Redeye and the Gxaul system cons:st
missile and an expendable lzancher. Initial air
visually and it is belicved that both systems ,15
when there is sufficient encerzy to permit missi ;
operator must determine visuslly whether the tzrgct 3oyt
thie flight eavelope of the mimsde. IFIN is a mujor prouis.
Buring the October Middle Lastern wur in 1973, the S
forces launched the SA-7 Giailin balteries from redarog
tracking vehicles (which repressnts an interesting vvelad
froin the original shoulder-fired concept).
rnissiles were Javnched withia short periods of ¢
relatively few Israeli aiccraft weie downod, ove
of the missiles scored diract tatipins hits, Tni~
that the warhead curied by Gradl is too smn
lamage in most m:mntc” with jot alreraft zﬁ"f.
The Redeye rv bas a fuscinating s-*.‘ el ha»;'
to the aizenal of weapons used to gnavd ihe Wh B
ardy i 1974, two altenpls, one of them sy,
roade to pesetoate the restricied air spoce surres

pblic h-mdmgs in the W 'r‘nmgmn .C., aren

i

L

futvre landing ettempts Lut it remsios to be ssen w
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GU bRY ROARRSAEN & FUNCYHION Ky

H ACRA ANTETANY EviLe? I INFRARED EANM RIDLA
: A AMETOSURFACE  PRGDUCTIC ?

AS AR TQ SFACE.  PRODUCTIO 12 N TE
R CROTALE ANTIE ATBRCRAER Y PRLDUCTION 85 RADAR TRHASKED WiT
i . : ACQUIATION BY AN

INFRAL P TRACKER
USES 1MFRARCD
; PROXIMITY FUSE
" § . HARFON ANTI AMKIRAFT PRODUCTION 3 NOTE &
INTERNATIONAL HOY ANTE TANK PRODUCTION 4 NOTE §
Mi{ &N ANTE TANK OEBEVELOPYNMIENT 2 NOTE 3V
ROLANO ANTI ARCRAFTY DULVELUPMENT 8 NGTE
Py e iTALY - SEAINDIGO ANTHAIRCAAET  DLVELGAMENT 25 USES AN IF RARED
H TRACKER AND AN
INFERIARE D PROXEMITY
H FUSE
3
i UNITED KINGDOM PAPLER ANTI AIRCRAFT PEDDUCTION 3
j : UNITED STATES DRAGON ANTIE TANK PRODUCTION —-—
‘ . SHILLELAGH ANTI TANK PROOLCTION 16 COMMAND GUIDANCE 8#Y .
i INFRARED LINK X
LocE o NOTE |' INFHARED FLARES ON AMISSILE ARL AUTOMATICALLY TRACKHD
‘ L. ) BY AN INFARARED SEEKLR AT THE FIAING SITE
H y . " o Fig. 7. Dattlefisld support missiles thought to use active infrared guidance [1, pp. 508-510], [41], [42], [60].
-
officizt will dare to approve its nurg oyer the hw_vxly popu- War II. Such systems use a laser target desiznator to iliuminate
lated raatropolitan area. B a specific target while a sensor on the weapon homes oa the
o reflected laser lumination. Apparently, most designators use
~ o ; . .
TS v Infraved Guidance fo, Battlefield S‘upport M*“""d“ a neodymium yitrium aluminum garnet (Nd:Y AG) Iaser ihal
4. Combeat troops heve their own group of battlefield support  emits i & very narrow infrared band at a wavelength of 1.05
Powaamons, Among these are relotively short range missiles that  fm [62), 163]. At this wavelength the system can bz con-
B 1 egainst tanks :md other armor, fixed objectives, sidercd only partizly coveri.* In addition to possible
] § aireraft.  As shown in Fjg 7, many of these detc},uifm by the eye, the infrared image converters in the night
i
; iz ura(. techmou for missilv tracking, com- "1‘ ing viewers found on many military vehicies respond at
i An eanly forerunner of a 1.05 m oas does the Metascope {1, pp. 296-3C 30, 4955021,
L rad ’roduy u,cd ait optical sight to acquire  Of course, these methods of detection zre far too casual to ba
; after which the missile was fire considered adequate for warning purposes. It has boen re-
z When the missile entered the field'of  ported that a wicrominiature infrared alarm hus been u“,":loped
g the opm 1tor, using a minialure job stick, that will alert the bearer when he has been illeminaied. The
signals that would direct the missile  device is said to be sinall enough to be attached to a so U. er's
The stesring signals were, in turn, trans- usniform. Fstimates are that it will provide an auval warning as
i'.e ovar a trailing wire or via a 1adio com- well as indication of the direction to the iMlurainator [65].
=ffect, the opsrator became part of a servo The addition of a receiver to the basic laser designator sllows
) v
13

cm hzs 2 number of huinan encinserug  the determinetion of slant range to the target to be dong
P850 :igtpd with it zs well as the fact thai ;a bad  simultansously with the designation funciion. DBscauvse it is
, vedsr adverse lighting coaditions, or at pm},i it may wly desivable to know slont range, the multifunciion liser
~olt or impossible 10 see and foliow the o . The  designstorfrevgefinder, or Muminator/ranzefinder, has hecome
t solution to this problern is to mount a pyrotechuic  incressingly popular.  Seme of the newer designatorfianas
the ¢ weT of the waivsile to improve its visibiiity. Sipce ter units wre prograramsd to caleulate rangs on every
wie fiazes emid more enargy in the nfrared Lases designators woeizhing only 4 kg have bes

‘r.z:'_» ir t,w visible the noext siop was to edd sn iaf

A Tt £ At AR E

SO

) ed for vse by ground i{roop:. Anoptienzl clip
Lat would eutewaticsly seovire and fiacl the Gars-  &dds w verzefinding capebility when desived.

23 20 it handlss ke an M16 1ille. A vhoto of ihe
action irdicaies an effeclive 1 :

ile,  The system st still have
ilie opersior's ozﬂv fwrttion is to keep
¢ it crc ;'naizs o siznads are genar rs {631,

; mn line of sight of ; of an aithorne desi '"‘Lf). may briag with it the
_ sight, A furthot refine-  reguirermient for a stabilized moint.  One of ihe frw
w3 the flare its o wa sijanture, 2 uniaus specital o
sacteriztic, thai cun ln, 1ecognized by t‘r e jufra-
CSRSSG, 1A, [42} H*

des,

optirnicalien ol such a syolent bus baen

gc*o'\'c are aware thut the wsponsu of the hum=n v:\,c
Griffin ez =l [64) marvvrad e :
ith of 1.03

a0 vatue,

ll:; °
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Literature is £ vas produced for use on
Air Torce gunships, It uses a Nd:YAG luser and produces 10
pulses per second. Ezch pulse has a durafion of 10 ns, The
bzam widily is only 0.6 mrad, i.e., at a distance of | ki the
giameter of the beam znd, hence, of the lﬂuln‘ﬂ‘f?u spot is
only 60 cus. It seems gvident that uie of such 2 navtow beam
froon an eircraft \wou‘u be nearly xmpom;h wnhom a
stabilized mounting.

To further enhance the versatility of the taser designator it is
often packaged in conjunction with 2 lowdight-level television
camera or a forward looking infrared (FLIR) imazing sensor
(which will be discussed in a later section). In such arranpe-
ments the deosignator and the senser generally share the sume
optics and stsbilization. The operator can identify targets
seen on the sensor display, select the desired one, illuminate it
with the designator, and launch the laser-guided weapon. One
such system, the Pave Knife, is said to be able to detect targeis
and achieve acquisition at ranges of from 5 to 11 ke [62].
the Fave Spot System, which is intended for use by a forwacd
air controller, it has been reported that an luminator/range-
finder is combined with an image intersifizr for the night*lmo
acquisition of targets. The Nd:YAG illuminator weighs 12k
and its associated rangefinder can rangze on tarzets as far u.‘way
as 20 km [62]. The Long Knife system consists, of a pod-
mounted laser designutor and a low-ight-level television
camera, both of which share a stabilized inounting, With tais
wstem, it is reported tihat ground targets can be designated at

tandoff runges of up to 48 km, with twice the accuracy of the
eall.\.r Pave Knife system that wes used exte nsively pver
Vieinam [66]). Excellent photographs have been puclished
showing a pod-mounted targeting and leser designation system
mounted on the wing stub of an attack he clicopter. The pod is
szid to contain a precision stabilized sioht, a lw-x dosignator/
rangslinder, a laser spot tracker, a FLI R ant 2 f{elevision
camera. The laser spot tracker is said to be able to detect and
{rack pround targets that have been designated for helicopier
attack by virtue of being ltuminated by 2 forward air or ground
controller [67]. It has also been reported that laser designators
can be used successfully from unmannzd drones. In one such
demonstration, the drone was fitted with a special nose section
that contained 3 windows. One window was for a daytime
television: caniera or a nighttime FLIR, one for the designator,
and one for a laser receiver [68].

The designer of a laser seeker should ba able to use much of
the technology that clieady exists for the longer wavelenzth
passive infra r;d seekers tmt were discussed earlier. Silicon

photodiodes are one posiible choice for a detector.  Un-

fortunately, their q uanbum effici:x‘c'cs n;u p rather sharply o

avout 1.0 ;.m and their performance at 1.06 o leaves much
.

to be desited.  Cooling (to about ISO K increeses thair
detectivity Lut it is doubiful that the increasa is worth the
flort required to provide the cocling. A much beiior choice
ia the fzhcoln or germanivm avalanchs photodiode. Substantiil
current gain can be achicved in solidstar-photodiodes thious!
ayaianche corrier multiplication.  Although excess noise is
introduccd by this muliiplication process, s ';;sxiﬁcant imyprove-
ments in detectivity result [69). Oprical inateniels presznt no
problems for a 1,06-pum seeker since o ‘ V2ild :t} of suitghlc
glasses zre available. A very good wocount of efforts to go-
valop a triseivice secker for use with close air support missiteg

I
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The laser-peided “smact bomd™, inlicduced inio Vidrom in

1969, 45 suid to have dumonstiziod an wstonnding intrezse i
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puzzling to note, however, that a forraer Assis .
of tnie Air Force has reveried that th. laser-guided boras.

avallable zs early as 1967 but they failed to excite
infercst [713. It was after the bruubing halt of |
when the prime focus was on ths interdiction of SupL
that pilots found the new “smart bombs® were superdly ods
at hitting trucks and other small ta.gns.

The idea of a guided bomb has been explored, hut veinly, §
many years, Centervall {72) patented a geided zexial RN
in 1921 (applied for in 1916) and oikers, includis 03 Q£
from Sweden [73], have tried to adapt infrared senscrs u, {
guidance of bombs L1, p. 44651, l/fvj I\.o.w of these
tempis met with much success, The performance of i
guided bombs has been pheonomenal, f the fizst Siown
that were dropped in Vietnam, more than 70 g RIS
reported to have struck their intended tarzets {62}.. i
capability for precision delivery made it pessibic to Covem
military targets, such as bridgss, petraleum lanks, a®d b
defended point targats, with “surgical nsatness,” and v
significant reduction in inxdvertent damags 1o weizhy cia
activities.  Kits, designed in 1966, were Gsed  to vo . ¢
conventional iron bombs inte the “smart” variely. Cu -
involved mounting a luser sceker on the bamb's
movable steering vanes on its body. The toi ] o
verting a bomb was said to be about $3300 [711)

The basic concept of (._sxgr'-tzcn g puidan
laser has opened a host of new opporiunitiss for o
of bombs, missiles, and 01'11 -fired projectiles

2

N

Y pear
&

pioitation of the concept has oaly bezun and .
reading about addxtxopu] new davalopr’-u.t.‘ for

come. : o : A i

VIIL IMAGING Szmc:“s
AND St

Tactical military forces sre constaniiy faces v
Tem of finding the enemy and keepingz acihk o7 u

The remote sensing systems we have discussec Lo
relatively little use for such reconnaissancs cud o 3
because they are non image férming. They, in ¢

the centroid of the energy emitted by or refuz :
taryat. This Is all that is peeded for detection 2.3 fi ¢
it 1t vurely adequate for yecoznition and idenii: i
tub.is require an ilaging s2nsor, i.e., one that provides & ;

boerator an indication of the geometrical and spotind ios
uon of the energy from the iar;;u.

A, Aerial Phatography with Black and 1¢hite Infraced

Reconuaissance by mz2ans of zerizl photo 1 ..‘.;.,’ bos ooy
nracticed by the military since the time of ibe &3
first 1ecorded usare was in June 1867 when the 1
uscd the tether

naer General MeClellan,

i

as un acrinl photography plativrm. Phot i
tude of 450 m were used to nszess the defens
Camnerzs  designed speox,.ica‘-xy far vea in
production by the end of 1915 aud sow "
World War 1. The story of acrial photogpanh g
elsawhere [735], 176) and our concern in t's-.;; Pt :«." g
lirnited to the use of fofrured film in aeral y kot :
A pm>l-.»§::dph.~ fitlm or pli‘w ConGis ,,
emndsion coated on a suitable &

product i called a filin, if the support is &
cailed a plete).

g
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2Ll s
oty to blue, violat, 1d uiivoviclet wavelengths art the emul-
sions made with me Tz wavelengih cuiorf at about
0.5 g, Response to lon wavelonaths is accomplislied by
the gddition of ernsitizing dyes that are adsorbed at thesurface
of {he silver halide greiv:, The pringciote of oyc sensitization
was Gizcovered in 1873 Ly Vogzel but its application to long
viaveiength seasitization wes slow varil major adv;mcc-s in dye
synihesis occurred in the 193Gs, The majority of modern day
black and white acrial reconnaissance photography iv done with
panchromatic flm that has an extended-red response [77].

a

5

ve ol

" This film responas fairly vamm‘v to all colors of the visible

spectrum and has a long vevelenath cutoff at 0.7 ¢#m (pan-
chrommaiic {ilws sold for gonerntd ; ictorial use do not have the
lzd-red response and their long wavelength cutoff oc-
2+ 0.65 um).

sensitive black and white film for aerial recon-
sonsitized so as to have a long wavelength cutoff
Pinco {his flmoalo responds to all coloss of the
as well as to the ultravicolet, it js nonnally
Sitter that abzorbs all wavelengihs shorter than
By the proper choice of sensitizing dye it is
to preduce emdsions having a cutoff as long as 1.35
fons are vsed in spectroscopy and other labora-
.. . They have a rclatively short lifetime and
0 siorad at dry ice temperztures until used. It seems
=iy that the ph wiogrephic long wavelength cutoff will be
exiensad be {o“d 1.25 pin. As shown in Fig. 3, ﬁtmosphcric
LIRTACH or ebsorbs sironsly between 1.3 and 1.5 um, 1 Beyond
Hin is reached,

6}'{?,’.:1

1.5 pm the transmission §s quite good until 1.8

2

_ A& mew problem, however, ariscs because at these wavelengths

cufficient radiation froin the normal 300 K ambient
inzs to fog the filin 2nd render it useless in a very

s exporimenting with the use of black aud
fl.-'n for eerial reconneissance as early as 1936
qz sited considersble experience with it before the
VWar 1L [76, p. 236]). There are two reasons for
1 white mfm «d filmi® for aerial reconnaizsance.
sitant reeson is its unusual tonal rendering of

cones CO’lt ining green follzpes and water. The second reason,
2t 1? “fo*'cd
it (1

has been much over-
print made from a panchiomaiic
'd esoa dark shade of gray whils

:hility to pereirete haze
On s po m“

LTERINE A1 roast
moto of the zamne -
b jone, so bigat, in fach) o
Lates und st
for this vnusey
the ‘spectral oo
chlovonbhvl!, the uni
Ve (hinl {his ‘\‘.Z’.’f’-;,:w

sce the

foliage JS TeNnQers d iu Ve
often appears to bo covered

vdeped @ (x-’.‘u,l (.-L ck. The
are a couvleguance of
of wuetir and of
OF green versiation,
“;13'}} ofieet” in greater dotuil to

tage detection end, witimately,

vitil S0,

o
jfechtelie e

SO IEGAEY

C e .
L ddsid

i it f“l y§in ¢on

E.,(C«’.‘l the legves of moest
ation iz due to the pr orophvil, Chlorophylt
smont that plays an oo .m' J roi° in t e le of the plant
by faciitatinz (he

colos

baorpiion

ayanfrared fiim. In order to
'0 o discussed in the next

refer (o thi
s reon-black-and
Ted fulse ¢l

PHereafeor, wa wil
Y v':'z cv:\f\.«ir;n
exoifon Wit baoer
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by multiple reflections and refractions at the miany structue
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TFig, 8. Typical reflectance specira of leaves from deciduous snd conté-
erous trees [ 78}, [80], [82].

and {he subszquent formation of a starch from it. Qiher pio-
raents, notably carotene and xauthophyll, which are yellow in
color, generally accompany chlorophyll. When ihe graen
cl‘lorrmhyll is destroyed by, for instance, a change in climate

t s0il chemistry, it is these other pigments that cause tha color
of the foilage to change from gieen to yellow or orsnge {781,
Chlorophyll shows strong absorption bends in the blue ot
about 044 ym and in the red 2t about 0.66 pim. Thers is a
slight 1c"xdv"l absorption betwzen these two bands but these
is vixa ;.le no absorption iu the near infrared beyvond G.7 tun
1781, [791.

Wiren light is incident on a leaf, part of it is reflected, par
absorved, and pari is transwmiited into the body of the leaf.
From 2 to 15 percent of the light is reflected directly irom the
surface (the reflectance of the lower surface may be twice this
amount). Ihe reflectance is pieatest in the green rezion of the
speciviiin and considerably less in the blue and red where the
abscorption of the chlorophyll is high. Light transmitted into
the leaf encovnters a vory complex structure and it is scattered
ral

The long path lengths that resul give ample op-

)

LI

elements,

portunity for atzorption by the pigments of the lsaf and any
fe grsen

of tid
i coloy,
strong 'M,(h of gxm:n. Eun 1 ,out»,h L}"‘»“ tot:” rot
the lesl ibn the green rtarely exceads 135 perce it
{hot the human eye is most :‘rxmwu to 2
s biightly cclored objects that have a sivong
] ml ‘qeir surronndings.

Beyond 0.7 tmy, in the nmear infrared, the sitnation 15 quite
Gifferent becanse at these wavelengths chiloiophyl! Pus nesl
ble nbsorption. As a result, these wevelangths ars
reflected {rosa the surface of {he leal, Bzosuse of
parency of the chlorophyM, eny Heht trans
selicws Litle absorption and & significent fractio
Bool oml of the Jeaf. The 1esull is that the refleciance of
leal is very highydroem 40 to 60 percent, in the
Tnis, thea is the reason for the extremely light tonal vendarivs
r)f f"'n 300 infrurcn‘ photos. s

‘ reflecianoe CU;';::: fu. thele:

(5144BQ 0039
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Fig. 9. Spectral reflectance of fcliage snd paints [ 78], [8n], (81].

difference in reflectance that enables a pliotointerpreter to
differentiate between the two on an infrared photo. Here,
then, is a simple example of multispeciral analy:is. On 2
panchromatic photo, deciduous and coniferous frees are
rendered in similar shades of gray and an interpretes trying to
differentiate between the two must fall back on such sub-
sidiary clues as texiure and shape. On an infrarcd photo the
two types are readily separated on the basis of their different
tonal rendering. A side-byside compartison of the two p?}‘qwe
makes the differences even more apparent. e
Camouflage is used in a military situation to confuse or de-
ceive an observer. The techniques of camouflage include com-
plete concealment, dummies, nenfunctional structural addi-
tions to make the object look like something else, zad
coverings to blend the objact with its surroundings.” Among
the means used to blend an object with its surroundings are
the direct application of paints, the use of overlying nets
supporting strips of variously painted fabrics, und simply
covering the object with foliage cut from the surroundings.
The camouflager works on the thesis that the more closely
an olject can be made to resemble its environment, tite more
difficult it will be to detect and identify it. The introduction
of infrared film for aerial reconnaissance made the #ttzinment
of this goal much more difficult because it forced the
camouflager to zcliieve a resemblance in the near iafrared as
well g5 in the visible portion of the spectrum., Fig, 9 s}’zo‘;‘.fs
the spectral refiedtance of deciduous folinge, oy d

dying, ordinary gfreen paint, and a specisl irzf;:n"-d»—n in
green paint. If the object to be concenled is pojn d .11 w
ordinaty peeen paint it is unlikely thal the eye wil perogive a
difference between it 2nd a 1‘-1@%:';'1'0"'-*(1 foimed by the
deciduous leaves. On an infravad pheto the decoption will be
obvious, Th: ob;ed., bocausz of the low refleciunce of the
paint in the noar infraced, will appear a5 ¢ tarl Shuy
in front of a very lizht backpround. This

was recoganized during World War !l and h
ment of came:fir2 paints having a

tiniaues cun bo found in Aviasion

?Mumerovs cvamples of these tec #
"mr 1o natz thet during the

Week end Space Yechrclogy. It ints
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of plywood and ¢ m Vivr

aircraft.
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fiin for aerial reconnaissance has an extzndodsed 7.

PROCE

this camoufluge point with thet
the cve nor the lufraved phota sie lu..u v o difiveer
tween the paint aod the leaves. The cuve for G,..\. I
represents foliage that was ont approximuiely ons x.,) e
Laving its refieciance measied., The decvensed o
tie near infrared and the noreased reficotancs in tie
and rad (due to the carolens and xanthopioyily are olvions
it is unlikely that wse of tvah fottuge would fos! o
eye or an iafrared photo. ¥/ .
green color for szveral doys b
reflectance occurs very qw-_e!y
tected within 2 h on an ind
folizge is a poor clivice us 2
prepared to replace it ever
secure place to hide the tell used m.xtr‘.,.»l
A closer examination of iz, 9 shows that
cant differences in reflestence of the moicrd
detected by examination i" & narioWw spoctrs! s
reflectance of high-infrared-reflocting paint is, for ¢ cuapte,
noticeably different from that of thc leaves in ths G.68-un
chlorophyll absorption bangd, znd between 0.7 zud 0.75 i1
vhere the leaf refllectance inereasss qh,. iy, Li
sbservation to either of tlress spaeired roxdoms .
show the mismatch. We muentioned carlicr {hat puncheon

Irclapes

14 \

ot
L..; (9
p

R
AL

Jt is cvident now that this is dorz 20 93 to sxte:xfi :’
response into the chlorophyll ebsorption vand.
ftond"d-red response, panchromatic film m;h arag
detect some of the commonly used camouflags o
[78 ch. 13], [82]. R
Water is rendered as a deep hhzw. tor: on infrarad ol

o3 B
FEA AN oy

grapis because water absorbs strongly in the neacin .

vater-filled stream or ditch need bz no more than 3 ;
to record as completely black on an iufrored phoils :
clidracteristic enhances the contrast between graen ve :

and water on infrared photos whereas they oftan rioed &
quite similar tones on panctromatic photos. . a stracza
carrving & heavy load of sediment it may
dramatically on an infrared phold.

The ability of infrared film o penetrais
understood and oversiated. Drozk [83] and \,’lar {’1
have reported detailad analyses of photosraphic ha
tion. Irom their analyses, it is possible o ste
concluzions zbout the posihility of pencirsiing
and fog by infrared phetorrs

1.4.

ting of small pait
Sch hazes coatior

, hence, apyea

1) Imthecese of 2 hare con
Lage gatis can be achiaved.
the blue end of the spectrim e

[N

¢smallerist

4) Much of the obiezved “han

sianly to the entizaced coniiss :
enaoring of {oflece and arcen vegetation ia the

plotoyragh,

infriored film ravelv finds ony m

toreporaiute blackbody thot can be




: Hdi‘"' ARD HUDSON: ITHUITARY APPLICATIONS OF RUMOTE SENSING 121
o Approved For Release 2002/01/02 CIA- RDP77M00144R000300010017 3

film is one having a temperators of 250°C (482°F) [84]. paint appears bluc while the unfrnx:'d eflecting soeen
AL R souree te mperzture the weouired exposure tingz may be  paint copesars purplish,
frm\ J0 minates to several hous,® Duricg Worid War II, fulse-color infrared film revecied, for
the fist time, the extensive camouflage system over ths
S Acrizl Plhiotography vith Frlse Color Infrared Filim ) German V-1 preparation arca north of Arras, France, by
_; Tra Adr Corps beran the erperimentad use of color film  makin D ngpear as a lurge bh'v an. This complex had escaped
,g 83 Ty 1926 and by 1939, when Yorld War 11 started, (lctccnon for many weeks despite inteusive recounaissancs
ihe of color {ilm for aerial reconnaissance had been  with panchroinatic film [&S]
©owell estaplished {761, loot, but not ull, color films for There is also a Russian-produced falsecolor film. It is a
. reconpaitsance use yield a positive color transparency. They  two-layer type and is referred to as spectrazonal film. QOne
} - ere a trilayer type of film consisting of 3 emulsion layers  layer has a panchromatic-type response extending to 0,65 L.
Poconterd omg c-;!:‘a.mon baze. Tho emudsion next to the film base  The wesponse of the second layer extends to 0.80 pm. Dif
- @5 sensiiive to red lght, the middle emulsion is sensitive to  ent dve colors are produced in spectruzonnl film than are
© preent lisht, and the top emuision is sensitive to blue lght. produced in the previously described false-color film. On the
{ Each layer contains a dy¢ coupler which, during development  spectrazonal filin, conifers appear green, deciduous foliage
4 of the film, reacts wita componenis of the developer to form  appears yellow, orangs, or red, and high-infrared-refiscting
iz anappronrztely colored uycf’ camoufluge paints appear nearly white {80], [87]. . %
‘ In 1038, a modified color film was produced for the detec- The reader who wishes to ses examples of the truly beautiiul
¢ tiom of camoufloge [35], [86]. It is a trilayer filin consisting  photographs that can be made with false color filhn, is wrged

norraal green- and 1od-sensitive layers but the blue- to examine those found in [77],{85], and {88]. Brock {83}
fzyer has been replaced with a layer sensitive to the  shows a seres of excellent acrial photos taken with a twin
sied (0.7 to 0.9 ) Because all three layers show  camera arrangement in order to allow direct comparison of
,.‘r‘.:»n":' to blue light, which is not to be recorded, #  panchrematic and black and white infrared imagery 1

y*”ow fi¥er 5 used over the l2ns to absorb the unwanted blue :

light.  Unlike normal color film, the dyes formed in each ¢ Image Converters for Night Vision

“leyrr ¢o sot produce the color to which the layer respands.
Creen cbjects appear blue, rad objects appear green, and
objectz having 2 high retlectance in the near infrared appear
rzd, i is this combination of infrared response and false
celor 1o dmon that gives the film its de signatiun of false

St

The image converter was developad on the evve of World
War II, first in Germany and somewhat later in the Undited
States. It was of prime interest to the military bacauss it

offered an effective means for man to see in the dark, An
1rna,<u, ¢dnverter tube is a photocmmisive device that converts
en'mfrared irnage into a visible image. An optical system is
uged o foum an image of the scepe outo the cathode of the
tube. The cathode is a semitrensparent silver -cesivm-oxide—~

-color infrared,

P
21
S

riss cclor infrared able for the same reasons

fim valy
va nirgady been desc d for biack and white infrared

: Zrviduous f »1 iage 7*3351:{'1(’:5 appear as brizht red. . . . . - .
" h‘x h h N -l rl fle : e‘-p: the :e i H ; czstum film with 2 maximum response at 0.835 pm and a long
i hich have ¢ ctance in the near infrarcs .
L fYC 8 : > wavelepgth cutoff at about 1.3 pm. Photoelectrons laaving
4 mphm rf‘d tonas D ing foliage appears bluish or
v 22ich {‘l’ OD 1y ~L the cathode form an eclection imape of the sceue that is
the reddish age. Diseased vegstation \
Nantrnce in th ;ra dand i ; b) ¢ reimaged onto a fluorescent screen. When strusk by ea
; Prelectancein ;1(: near infrared and it shows asa
N ) e N sas electron, this screen emits visible light. In this way the orizinal
RITREC QF wa or, somct;mcs, even black. Plants stressed
2 light red hite. 1 infrared image is converted into a visible image. A mapnifying
2z 2 light red or white. In man . . o
S s pite. b d.x}' eyepiece increases the apparent size of the lmase without
show v alse col efore the . -
Ficw bp R ‘i so color tefore the 1 sciable loss in its brightness [1, pp. 206-267, 495-502,
+ deets nrp vicihle ra As
cr deefna 'f'rF' visible to t.uc cye, As a 531-532, 547-548], [89], [90]. Becavse very fow miliary
emora, which may be miles aveey, con ) o ) radite ammi - Do ernatrel
§ | ! ob ; targeis are hot enough to radiste approciably it the speotrsl
wsed obssiver canno
Lo o \Si 1 . repion covered by image tubes il is uvumr\x} to provide some
his hand, Ordinary green
* A y &t mezans of aminating the torget, The most cominoa fllumi-
netor is the tungsien lamp fitted with & filver that poases the
near jnitevad while blocking the visibic so rs to 1"’.‘:5‘3:'.‘, covest-
since most military vehicles are equipped
: imple addition of a sa
* or con ;u, covert 11u-m nators tor night doving
i Bz toval sy spplications for imspe converters include
; i hesniparscope), surveillrnee (e snooperscry

of jeeps, tiucks, and fanks, dejcction
ivto-air 17T, ship dockidy, aireraft Lraling,

stoms for tanks, cawmisuflane deiectinn, ard «lation
_ i i
,

¢ et Oye

n dye im

conivol sy

Fiz. 10 shows the pesformance
vorepoited for typical pisht viewiag cguipnoen
\

i ,u‘ul.).r,a;,.
g haysr, apd ia o ‘f‘t, no
7 bois g("‘)i\\’

ooty gye image o the grem
,y‘.x dye :nn e in 3t Ad T
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FOWER
MAXIMUN INPUT TO
USEFUL: " ILLUAINATON,
APPLICATION FIANGE, m . WATTS
CARGINE A1NUNG {WWN2) 190 - 130 19 .. 30
CARBINE AINMING (1965 - 200 -
+
)
NIGHTY DRIVING 50 -~ 200 10 - 100
BATTLEFIELD S0 - 809 220 -~ 1500

SURVEILLANCE
TANK FIRE CONTROL 600 — 2000 1000 -
SHIP SUARVE!ILLANCE 1609 ~ 13009 | 1000 -

BEACON DETECTION 16000 -

" Fig. 10. Reported performance for typical night viewing cquipmeznt
quip

using Image cdnverier tubes {1, pp. 296-297, 458-502, 531-532,
§47-548]},

uses image converter tubes [1, pp. 206
532, 547-548].

In 1943, when the Germans introduced their first tank firs
control systeras incorporating image convester tubes, they
were clearly a case of the tactician’s drcam come fruc—a
weapon possessed by one side and not the other! I puwmerous
instances, German tank crews badly mauled Rugsian tank% units
during nighttime strikes on the eastern front in 1944. The

-297, 498-502, 531--

. Germzn success was simply due 1o the foct that they could se

at night and the Russians could not. 1t has not been cxplained

_to this day why the Germans did not use this cquipment
. against the Allies on the western front. Guderian, the b* 1Hant

German tank tactician, however, has very few comp! mcnmry
things to say about image coaverler equipment in his
autobiocruphy [91].

One might assume that the presence of the easily detected

- illuminator with each image converter system would make

these systeras 5o vulnerable to counteratteck that their use
would be abandoned, The Mstascope, in fact, was developed
expressly for detecting thesz sources. It was a smail Liand-
held device that used an infrared-sensitive phosphor. It was
simple to use, weighed less than 0.25 kg, could be pocketed
by any soldier, and cost about $40 to produce [1, pp. 206-297,
498-502, 531-532, 547-548], [5], [6]. But survive they
did and image converter systems are alive and well today. An
examination of cuc of the standard references on ailitery

. equipreent [41} shows more than 50 examples of fmage con-

verter devices ot tanks, armoured persounel carrizis, and scout
cars. ‘The apphc tions include viewers for tank commanders,
sights for gunners, and viewers for night driving (some being
affized to the vehicle and sowne being helmst mounted).
Among the countries listed as using this equipment me France,
India, the Netherlunds, Sweden, United Kingdom, United
Qtatcs aud the USSR, 1t is also sm,mf, cant to notc thai two
excellent boo;(s on night vision devices, written by and for
the military, bave been published and widlely distribuled ia tie
Warsaw Pact countrics [80], [92]. 'The baok by Kapeler [£0)
is unusual forits treatment of camouflage detection with imare
convertzrs, The author was a captuin in the Hunearian .-‘J'mj-.
Engincer Corps and his discussion is in sich depth that it ¢
advizes the individual soldier on meens of cvoiding czcccct:cn
by image converters,
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D. Draging Scanners and Multisnectral Sensinz

The basic principles of multlspocto

PROCEEDRINGS OF THE IECE/ I»‘;‘Vl £ F

<

tended to provide ima oy in raore thun three revions
speciium. As we do this the dividing lizc bLetween milits, it
civilian apolications becomes inzeaas aoly herd to defico, o
miliimy sirztezist intent on d»lec.mg signs of an im
crop {ailure in another country may use the very save ¢ i
riques as the couuty agricultural agent intent on deizc
fungus in r:eighberdn ;; ciims groves,
An early muliispectral sensor used a special 9-lens
camera to make 9 siim ltanzous black and white phots :
in narrow spectral bands cx.cudmv from 0.40 o G20 un
[93], [94]. At about the same time, a 4-dens camery wo
developed but it differed in that additive color fech ,s
were used to produce a colot positive from the Bloce o
white negatives. In essence, 4 nepsiives were mwade oo
taneously, one each in the blue, green, red, and noar by
Each nogative was printed to yield a positive black a0
transparercy. The four positives were then placediv iz~ - 7:
viewer that illuminated cach (ransparcacy with culq.s. o,
and optically superimpossd the four fo viol .;

acria

d.a geiony!l

Fhoto interpreters often find that it is vasise torinte. .

color rather than a black and white photosraps
subject, The d*aiwers of thxr A-dens sanscr sy
that the eye can perceive about 200 shades of
over a million color dLifcn-v 28 (black end wid
vary in brightness only while color prociss
hue, and saturation [931). The Skylz
carricd a multispectral photographic fac
matchad cameras. Two of the camerss ws
film, two used black and white inlraced filr, ou
color infrared film, and cie vsed color film t9u} -5

The multispectral seusors that we heave beesn ¢
limited in their coveraze of the spoctrvm by the o

response of available T ims. 'I‘o remova :
usz a scenning sensor which eombines a einn ;
scanning mechanism w'm an infrared dotector. P
many ways of gzunerating a desired scan pattern l'l
209], [99]. In essence onc tokes a senscr with & 4o
of view and arranges o move the field of view in sor
priate manner so as to cover a much larger seareh fiets,
time required for one compliie scan of the scarch {7 1
called the frame time. Many infrared scanners pameys
reciangular scan patiern or raster similsr to thas eo
television. For special applications, however, coniocl, s
rosctie, and circular sesn patierns may be used.

Tha simplest way of genersting a scan patiert is 49 e
entire sensor so as to ereste the desiesd potiern, I the s:
and ils mounting are uusw"-:c‘ e”srl-“!v for this 0
aungular scanuing rates as high azs 250 /> cin be
For thuse applications where it is not practical to
entire sensor, various cpticel techniques must
rotafing s:-:qn;ing; mé:ror i3 s example of thioe:
Azsame i

consist of a Iens ani oa sl
this sepsur so that i's sxi (t\* I"}-* joi
defector) is paictiel o zh.. divection of f’;‘;‘. o,
inclined &t an avcle 'Jf ‘i'i'io to ths sensor axh

front of the lens, wil nllow the seosor to :
Fiotbhe mioor is rot'. ed zboui the axis of the sxnaoy s
cause the sensor to soan a live on the carfit's serfa

‘c

(’/

1
o
P

Punsih of the d

C iYs seslenr
G oads 320Gl 1o

the deotectar and the foos
aatanoads fioe
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1

Vihe eltitude 3 osiresaft we can determing tho

ths ¢

af n‘»w o1 of ¢!

inoar iy o.:" tn.: patch on round that just fills the
sensor’s :iold of view.,  Since th» detector integrates the

radiation from &l ohyects within this sround patch it deter-
mines the ground reselution of the sonsor,  Successive scan

are oispl acva alonn thz sur ace of the earth by virtue
Forward motion of 1w ¢ 3ft A visun! record of the

Lene t“_.,s.t} the aircraft cun be reconstructed if the outpnt
of the detocior is usad to modulate the brightness of a small

lamp zzmi tne lamp is, in tum, imagzd onto a photographic
film via 2 sc rmnin" mirror synchronized with that of the
snzor, Alicrne ely the output of the detector can be used
ta modulate thode ray tube so as to form a television-like
pieture, I mc scanning v/as done in the intermediate or far
intrarcd the resulting image is often called a thermal imasze.
Thers 2re many ways of cantroliing and changing the spectral
region utilized by the scanner we have just described, A filter
i front of the detector can bLe used to select any
oizal interval,  Gross changes in spectral coverage
"z by chenging the type of detector. In rmany cases
cuie to provide simultaneous scanning in several
tvels. This can be accomplished by replacing the
a2 number of fiber optic bundles, each
te o different detector.. Alternatively, thé
= repleced with o spectrometer or other
it e.noh cr way 1s to replace the singls
ctors, cach with a different
'mation on the design and
ers cant be found in [1, pp. 428-432,
41-5 »"', 599-6071, [100]-[105].
i of a multizpectral scanner has
ctrometer to define the varous
1,rncl) t‘nt are covered. A 15~channszl
; ectral coveeige from 0.4 to 13.5 pim, forms
{‘lf;r;:;;'g.fgr}"g’:ﬁ;;z;,, data zcquisition su'»cyslcm of a complex egricul-
turnd romote sensing systern [106). Al data are handied by a

s vith

v ..ﬁ,her f

s1En
N

GOy complex [107). An 18<hecanel version has been
£ u\c\,t.nwv.ly in salrerzit for various ecological studies.

lts. sprotral coveiage extends from 0.32 to 14 pm [108],
A / ~cheunel version has been designed for use in a NASA
sourees survey aireraft, Its spectral coverage cxtends

%10 13 pmoend the ereular resolution of exch ¢chennel

fﬁAr\ 'l"‘ 5
fiom 6.3

Buring the inactive scan tr . the miryer rotates
o PN =] PP .

angle of 2207, Tiis time is uszed for 10’ compen-

o dnsmt calitiation sig;u(;f‘ from two thermo-

e]ectrisa]iy controiled blackbodies whose tempeiatores are
know to within 025 K. The visible channels are enlivrated
fengsten helogen lowmw or by o shylighi-iomianted

iny o screen in oa holn o ipecluge

e

Poougn thn top of the

w0 from space,
Ag:ﬂ.i:‘. LY Yention is not
gy to < fﬂz whatever raason
vi* ‘;-:’.-t‘:v; no internations on no

¥

any (ffour; .'ad(‘u to by
zed for in
v but, unt

'Ihff

g.bad in H l"’]
"f';.l‘.) t}"'x

provides
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scanniery

UL R0t

eniends

Six scan lines are imaged in each spectral ‘band with cach
weep of the scanning mirror. The scan lings ave defined by
the end-; of fiber optic bundies arrayed in & 6 X 4 elemant
matiix in the image plane of the scanner’s optics. During 2can
retrace the scene is blanked out by a rotating shutter and the
output of an internal calibretion lamp is swept zoross the
fiber optic bundles, The optical system is a two-mirror typs
vith a 23-cm diameter primary mirror. Ground resojution is
aboul 70 m. The entire scanper weighs about §5 kg {113],
[114]. Many spectacular examples of ERTS imageiy have
appeared in the literature. An especially fine color portfolio
dp,).ul-*d inf114}].

The Skylab Crbital Workshop also carried ths 8-192 mulii-
spcctral scanner, It provides 13 channels of imagery over

vo spectral intervals extending from 0.41 to 2.35 and 10.2
to 12.5 pum. The ail reflective optical systern employs a 60-ctn
diameter, nickel-coated, aluminum prim.ny mirror. A conical
scan is generated but only the front 120° are u,sd for sensing?
radiation from the earth. The remaining 240° are used for
sensor calibration. The use of & conical scan has the advantage
that the length of the line-of-sight path is essentially consiant
throughout the full length of the scan line. Hence, variations
in atmosphoeric transmission, due to varying lenaths of the
line-of-sight path, do not occur. An unusual dichroic beam
splitter that provides 80-percent reflectance from 0.4 te
2.5 pm and 80-percent transmittance for longer wavelengths is
used to divide the incoming radiation inte two broad bands.
The shiort wavelength band is fed to a prism spectrometer that
provides the dispersion necessary to separate the 12 spectral
boends befoxe they reach a 12-detector array [32], [961, [97].
All mt"ctorq are cooled fo cryogenic temperatures by a
Qt'vrxmn cycle cooler, The ground resolution is 80 k. A color
portfolio of imagery from this scanner appeared in [93]).

Obscuration by clovd cover has been 2 problem sivice the
very beginnings of aerial reconnaissance and the pretlem is

even more critical for reconmaissance fioin space. No longer
is it sufficient to argue that since the average cloud cover of
the catth is about 40 percent, about 60 percent of all carth
observations will be frec of clouds. What is nesded by the
military eor earth resource user is a statcment of the probability

that a particular evea will be clear enough for observation at a
particular time, o5

A large body of worldwide cloud siatisti
exist and considereble work has been done in applying tham

to planning for optimum satellite application {115]~-1117].
£, Thermal Mapping Sensors

Thermal minnping seusorz were oricinally Pro-
duee thena i jmegery of the terrzin bensath an aiveea(d, Rlost
iy s aie scanners and thelr operation and finnle-
vlar to that alveady described foe snuibi-
IS WEre dz:cu::ed during Wond War I, by
it was nat undl the 195 s that any were fiown. Those very
early noppers used pu'sh‘“fo*»m” scaniing technd RS

wd g !'nc:r’array of deitectors snd it

in the aircraft, so that it pointed
> dotectLd 2rray was s
s Lo tho Mght d‘l":‘hukl
rline that was moved fcr"“"d over
ard moiion of the drciafy, The

consisted of opiics a1
was mounted verticaliy
fociand the groumd. The
its avis wes at aichi angles
each dotsctor defived asca
the certh’s sarfece by the forwa

Sehior

wtiony rafe

VoY

reaporAin.
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most scanner desipas from the toter 1950°s on vsed e crose-
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[5].

Iu 1959, it was reporied that a U.S. Navy petzo) plzne was

shot down over interna txonal waters while carrying dafrared-

equipment desizned to detect sulimarines {118}, Less than a
year later, an article ina huma:» jouraal, by amajor ic the
Sovict Enzineering Corps, described the deieciion techniqus
{119}, The article stated that modern airborne infrared
sensois could detect submarines submerged os u;vp as 40 m
by the temperature difference of 0.05 to 0.5°C that exists
between the surface wake and the surrounding water. Tn 1967
it was claimed that infrared sensors for the detection of sub-

rirines had thx, capability of detecting a temperature differ-
ence of 0.0605°C but further dmuopmcnt o'{ the cquipment
was uncertain because of the way its operstion was affected
by high seas, rain, and fog [120]. Other smul.ar repoits have
continued to appear [1, pp. 494497}, A rceent article on
the U.S. Navy 5-3A Viking enti-subinarine weilire aircrafi lisis
an infrared sensor among the onboard quipment [121].

It has been speculated that an infrared scanner should be
able to detect buriad objects, either by slight thermal patterns
evident at the surfuce or by some sort of persistent thermal
scar left by tie excavation and subsequent backfilline regiu
to bury the -object. In 1963, it was claimed thet an infiared
senisor had been developed for the detection of buricd land
mines [122]. Tests were describad in which a simulnted tine,
buried at a depth of 45 cm, was readily detectud by the scusor
for at least a week after burial. In 1970, it was reported thot
an infrared scanner being flown under contract to the }’ #oaas
State Highway Deparlment had detected abandoneds under-
ground mines down to support 1 villars, The purpose of this
program was to deternaine the underlving structure of potential
interstate highway routes [123]. A short time later, it was
reported that the West German Navy in test flights of infiared
scanners had been able {o detect bunkers buded deep i the
ground [124].

From numcrous rcpo;ts it appears that thermal mappers

ere used in Vietpam and that they demonstreted a capabi ity
to detect Viet Cong cooking fires and truck engiaes [L,p
494-497}, [125].

Satellite borne thermal imaging systems for rwtcoro’c"mal
observations have been in use for zbout a decade [1, pp. 603~
605}. It fss, however, not boen so well kaown that the
US. Air Force has operated the Defense Meateorological
Satellite Progrumi for ncarly as long.  In hiarch 1973, the
Under Seerctary of the Alr Force voknow dodged the propram
and stated thet it w nu}u be used to support ¢l of ihe Alr
Force's worldwide il?ﬁ). The catefites carry buth
visible and infrared scan n‘;rs L-c:)::izl of movicingi
a ground resoiution of either 3.7 or 0.6 kmn.
thus, provide both = d:z)’ and nisht capability {or k,luu i-cuver
susveiliance.  An additional infrared semsor nolies mestore-
ments of the vertical femiperature profile of {he atinosplere
[126],[127]

The satellites are re;ort "d to bain a polar orbit et an oluiude
of about 9500 km and are placed wo as to provide world wids
data sensed at 7:00 A , noon, 7:00 PALL end mids’ i
(ocal times) [126), (127). “ihe Undor & ddatoribed
how, in a conflict sitoation, Unit Comwan d to hove
cwrent datz on wezther conditions aleny the . ,wm" oh reute
and in the terget are if thov o

to diert 53
missions. A kﬁgprove&l Fp\ Rel\?’u 2

iy x.\

';’J

07]0 z‘ X '1A hbp}%nnobmhboosabmoow*r*@s "

aititudes would be favaluahle in the dosignation

estiimating arcas wherein sirike afresaft mizh
vulnerable to attack by surface-to-air missilss f1zej.

Further reports indicate that 2 2-channel scanner is us:
has a 20-cr diameter primary mirror. A beam spiilic .
sepesaies the 0.4- to Igun baad from the 8- to 13-tm bod, |
A cooled mereury cadmivm tellurides ¢atector is uesd for v
long wavelzngth band and 2 silicon photodiods is used
visibic and near infrared band [128]. In tho muitissecs ;
scanner that we described previously, the ground resclativu
was at its best at 2 pom directly below the sensor and it -
graaually worsened as the ground patch approached Lot
horizon, In-the defense meieorological satelize scann s .
alimost constant g.ound resolution is achieved by umm.. G lhe
scan angle to 58° either side of the vertical and by dooong
the scanning mirror at a nenlinear rata {114],

An excelient survey has been publizhed thet deisiln yhe
chrrzeteristics of infrared and - cioible Dmagery thor coa b
obtaincd from orbiting meteorclogical sacellites {129} A

The sensor that measuies the vertical emperature profils
in the atmosphere is described as a 16-channzl multispoet L
cross-track scanner. In addition to the atmospheric tompe -
true profie it also measures profiles of water Vapor and o
The temperature measurements are accurate to 2 0.35°
arc derived from scanning the edge of the carbon dlayisa
absorption band from 14 to 16 min. Water Yanor con
measured to an accuracy of * 2 percent by scanmirg in ¢ 2
water vapor absorption band at 25 g, Qzone conc i b
determined to an accuracy of * 4 percent by scanning {hs
ozone absorption band at 9.6 um. The entire fnsiroraen® o
reperied {o weigh 14 kg [128], Aunother techni Jrai o
measvring atmospheric temperature profiles from a4 Selotols
has been described [1307. : P

Cleer air turbulence (CAT) is often associate ol

rontal temperature gradients in the atme esphiere.
cnt types of scnsors have been tested for tho
detect CAT but only infrared sensors have sicun 25y fodl
promise [1, pp. 524-527]. The infrared techniquis =i
detection of CAT are, in essence, the same as (nons u?
determine the vertical temperature profiiz in the ¢
Sersors were installed in three commercial j:
regular passenger service zud over 603 f fiiz
acquited.  No severe turbulence occur ¢ur
period but many light turbulencs 1cour'n:13 W
as 1uch as 137 km in advance, This is equi
the pilot @5 much as 8 minutes advence warnd
counter. A high falee-alarm rate was experiencs :
atmossheric tempeorature gradients that were nol zianciste ;
with torbulence [131]. ) ;

iorizontal atmosphueric temperature gradients can zis: i
measared by the infrared seanvars on metsorolo o
A recent study related femporziure gradient mieas
fromm IImbus meteorologzical ‘.w‘l ites iu the
of CAT esinferred from re
horvizeatel temperatinre gradisus weie
sveas of lurgesoz's vertical wind shear. Ths re
study anidicate that meteorolorical citi y
sign Lot poihs so that the probvoiglity
s extremely Jow [132]. Su“’l jaformar
v ovaluable to the Air Force ani it 5o
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Fig. 11. TLIR sspwrsreportad to ba used by the U.S. nititary rarvices in mid-1973. Adapied from Mitler [133].
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chailenge begsn to appear in 1968 and weve, of course, im-
mediately tested in Vietnam {1, ch: .4 and pp. 477-479],
{134]. .

Fig. 11 presents information on a wide vVaristy of FLIR
sensors that were operationsl, in production, or under develop-
ment in mid 1973 for the U.S. military services.!d Perhaps the
most striking feature of Fiz. 11 is the indication that 2 totsl
of nzarly 600 FLIR ce rbo“ are under contract with more than
half of this number being in production or already opsraticnal.,
It is reported that U.S. Army planners project acmy necds s
7000 to 10000 FLIRs for use as night vision devices on
tanks, armored vehicles, crew-scived weapons, and remotely
piloted surveillance vehicles [133]). Many of the FLIR variants
desizned for the Army are hand-held or tripod-mounted devices
that have their own buili-in displays [133}, {135].

IX. CoNCLUSIONS

In this review we have tried to provide a persuective from
which the rcader can view the full exlent of modern<day
military involvement with the techniques of infrared remote
sensing. Of nccessity, we have been selective in our choice
of topics to be covered. The choice of some topics was
tempered by the necessary constraints of military security
classification.  Our choices rua the full gamut froin night
viewing to missile guidance to reconnaissance from space.
We hope that these topics, and our treatment of them, will

help to convey some of the sense of excitemeznt that pervades

the infrared field todsy, Even a casual perusal of the literature
of the infrared shows that the military coromunitiss of the
world share a conunon awareness of the value of infysved
techniques in accomplishing their assigned missions, dafrared
is no longer on trial. 1t is a heaithy, growing field with a fine
heritage, a strong present, and a bright future.
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Abstract=Thzemal inlrered tnages provide informadion about the
nearsucface physical state of goolcgic materials, particulatly, the den-
sity, water content, and heat trans:fer, Nonterrestrial pl"m,urv '«:ud'rq,
conducted st fairly coarse resclution, huve been wseful piimanly in
determining the di ution of rock fragmeats. Terss 4 studies,
iu {ine resnhiuiions, have
been successful for monitoring effuive vole wniane, dein
stesming altered grovnd and hot g aetivity, detocti
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flying eaircraft to orbiting sa t“Iute can
physical preperties of terrain meisris
geologic processes which bave oocuired
of these date can range from direci visus! 2.
photograplic recordings of the measursd
niques developed in photoy enlcvy) to supa
processing using modeling analysis vocts
techniques, These investigations are li Loy S
complexity of the problem, in terms of boih iz
phenomena and the number of 2i{fcrent factars the s i
tne resutt, Of r:ccc.\xuv, the interpratation of thae
dsta h_) been based on gquite simple theoret :
voiving very lnhtm asvmnptions and {aisly mcwi
nces (both ;uctsqu.o".ca‘-l'-f and gecloaicaliy). :
ments in obzzrvational fochpinue and t..,nruu,..; :
will be required in order io apaly iha techn
i divesse terrein conditions fonnd jaa ure.
This poper doscribezs o develor
model {or & alyw of the surfice
The resulis provids a goaptitzilve et :
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