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Abstract—Tlemaote sensing i3 the process of acquiring information
{roin the environment by tie use of a sensor that is not in physical
fer study. The military ceivices are ex-
peiicnced proctitioners of this old, but newly glamosous, art, Their
accomplishments in the infvared, that repion lying between visible light
on the one hand znd microwaves on the other, are both imoressive 2nd
of increasing kwmpostance.  Our purpose is to provide an overview
of these accomplishmenis. We begin with a biief treatment of h‘e
‘chaiacioristics ul.l peculizdties of the infared portion of the spectrum
end of the sonsors that operate there, Early militaxy experience with
reraoie sensing by infraved i3 dcscri%*d nd an appliensions paairix is
developed in order to p":)/‘-.- » perapective from which e render
can viow the foll panorama of mititary applications. Specifig ::pp.m-
tions are discussed., Vhese inclede stratesic systems jor emidy warping
of Luteicontinental batlistic missile Lunu'c‘ methods for the detection
of stmespheric contaminants, such a3 poizon gas, under 21d cowu-

aids for the precision delivery of weaponry (including pausive,
end laser desisnntor nmi(aw techniques), and sersor sysicms for
sanee #nd surveilance. Wherover possible, detalls of sensor

-

IECOTIR
perfonmanes L5s given,

1. INTRODUCTIUN S
N a remote-sensing creature since his

The mnht Ius cyces, vars, and nose
ions in his s uroundm" environment
often meant the difference between life and death.” Remote
sensing is simply the process of ecquiring information from the
environment by the usc of a scnsor that is not in physical
contact with the object or phenomenon under study. When
viewed in this context, it is evident that remote sensing is
neither a rew nor a particelurly innovative discipline, It has
hO\VDVCL, taken on an increasing haportance h"cm se of the
need for the collection of informution on a scals hitherto
unattempted and the cmergsnce of many hcwlv engineered
sensars that ave, for the fi time, capable of unattended,
long term, re,la‘alf‘ oper ation,

The military services have, of course, always had 2 strong
mterest in remete sensing. Whet did the enciuy do yesierday?
What is he doirg todsy? VWhat will he do ton
are questions of abserbing mporteace and the answers aie
needed day or night, rain or shine, win or lose,
can bz donc v operating virtuelly anywiers in the
electromagunetic specirum, as well as with such nonclectro-
maguetic typos as acoustic and seismic, Tiais paper will be
limited to those app!eations in which the mmo?'P scnsing is
done in the infrared sortien of the spectrum. The infrared
spang neatly 11 octaves, extending from the visible at 2 wnve-
leagth of 075 pm 1y the microwave region at 10006 un.
Because of absorption »y the eerth’s 2tmosphere, only a smail
portion of this range is vsuble for terrestrial applications,
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Fig. 1. Subdivisions of the infraced.

Solid bodies not at a tsr"nera wre of absolute zero ras
energy end, for all practical {emperaturas, the balk of
radiation lies in the infraved. For this reason ic is oiten o
the heat region of the specirum. it is convenlent to 5 it
the infrared into the four parts shown in Fie. l..
divisions are somewhat arbitrary but they
cause fhe first three include spectral mterv“}x in
earth’s atmosphere Is relatively transparent, ile
atmesplieric windows, Tt is thess windows that vil
by any infrared sensor that must look through the eari
atmosphere. In the extreme infrared, which is nearly & cete.
wide, the atmosphere is essertisily opague, :
generally used only for laberstory egplications <«where i)
instrument can be evacuated.

Since its discovery by Sir Willlam H el i 18
infrared has held a sirong fascination for potentici
Herschel, the discoverer of Ursnus, is reraembered 23 Cus
the finest observatioual astronemers of ol time., Fenadn
looking for a better way to proisci his eyes whe
the sun and it was this search thst led him to the
of what he termed the “invisiblz rays” TFor i
years Inany workers followed Nueschol’s lead cod
basic discoveries that have evaibved invo inge
techinofozy.  Applcaticns fo: infrored fochni
appear shortly afier the turn of this
of World Warl, the military forees of the worid v
to apply thess infraiod techrijues to the suhiiios <»f'
prob;;j-)s Before discussing those appiicstions ot us ic
morc dotail at vhe characteristics and peoularion
red weeion and of (he sensors that operate there,
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Fig. 2.

further distinction between active systems in which the ilumai-
nator iz an integral part of the sensor system and semiactive
systems that use a naturally occurring illuminant. By this
definition, photography with a flashbulb would be an ex-
ample of an active system while daytime photography with
the sun a3 2n iluminant would be an example of a semi-
active systeni.

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

~

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

viewing and illuminating angle, and surface conditions, With a
passive system, the radiating characteristics of the terget are
important, ‘Il radiated energy will vary with the temperature

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

some angles), Radiation can be prouped into two classss;
" gaseous radiation from hot gases and thermel radiation from
heated solids. Most combustion processes produce water vapor
and cerbon dioxide both of which, when excited, radiate at
characteriztic wavelengihs in the infrared. As a result, the
exhaust gases of turbojet, turbofan, rocket, and internal com-
bustion engines show intense radistion at 4.4 um from carbon
disride and ia the 2,6- to 2.8um rcgion from carbon dioxide
The presence of this gaseous, or exhaust

frorn nearly any aspect angle rather than only those angics

from which the hot metal of the exhaust structure is visible.
Flanck’s low cescribes the spectrsl distribution of the energy

raiz,\.ted by a bleckbody. A blackbody iz a theoretical con-

cept, 12 c,h as are t"xe neinsiess r and the frictionless
p::',ne., rd it rep nts a perfect radiator. By Xirchhoffs
Jave, g.)cl ebs rL eis are good radintors.  Thus an slternele

definition is that a b.mtmy dbsorbs all of thr‘ radiztion

incident on it. The radiation ftem nrany solid bodies approxi-
mites quite closely to }"t from a b cl.body at thc
feraperature, We ¢ ¢ the rzdiation from o solic

first c¢aleulating the, rsdu from a blackbedy and thea
it by the emissivity of the solid, The -emissivity
of most electricsl conductors lics in the range from 0.02 to
0.2 while tiat of insulators rances from 0.8 to newly unity.

[nteprating Planei’s law ovar ob wevelengths pives ihs
Stefaa-Boltzimunn law, 53 expression for the fux (or power)
recisted into 2 hemispiere above a blackbody
grea of 1an?

having an
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The elements of an infrared remote sensing system.

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

Mn 7= 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 isa
maximum and the effect of changes in temperature of the
body. Many targets, such as personnel, trucks, ships, and
terrestrial backgrounds have a temperature of about 300 K.
From (2), the maximum of the radiation distribuiion occcurs at
9.7 um and, from (1), each unit arca of surface radiates
0.046 W. The hot tailpipe of a turbojet has an effective
temperature of about 900 K. The maximum of its radiation
distribudion occurs at 3.2 um and each unitf area radiates 3.7 W.
Tc)*‘é':'ury 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 .49 pm and cach unit
area radiates nearly 6900 W {although the sun is a mass of hot
gas, rather than a solid bedy, the thermodynamic 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
target reaches 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,
modulated by rapid variations in some atmospheric properiy
{(in much the same way as the light from stars appears to
twinkie), Tig. 3 chows the spectral transmittance measzurcd
over a horizontal, sea level path 1828 m (6000 {i) long. Tiwe
molecule responsible for each absorption baud, water vapor

zrhon dioxide, or ozouse, is indicated in the upper part of the
i The transiission curve can be characterized by savers
regions of high transmission, the aforementionad etipospheric
windews, seperated by intervening regions of high absorpiion.
The subdivisions of the infiaved, shown ju Fiz 1, a
included., Note that each subdivision includas at
atinospheric window, The ‘ransmission degpends uvp

amoumt of a_bso;‘b;:r along th: path, the altttnde of t !
the angie the puath maokes with ihe horizontal and tl;-;— WY
length of obaerys ation. The caloulation of the transmission over
any arbitrary p?.%h is a difficw't analytical problem but there
are \ar\.-' zbles and nomozraing gvaileble f;o.n wltich rcuson-
CIARI .JJMQQM‘!RQQ%QQQJIOIQ [5

‘1" 2 i;-t’-(}i)‘ of scarferiry shon

crowien e or

—

q -'_,1 Du]
t}'lu & pal: lulv Lb t Y TGRT

1 to the vavelone

s 15 enpy

i



e

i
i

106

PROCEEDINGS OF THE IEEE, JANUARY

. _ e.c ot
Approved For Release 2002/01/02 : GIA-RDRI7M00144R000300010017-3 X
©2 "2°~ “co, "2° co, s Hy0 c"z\/oa 10 €0, o co, |
1R T T 1 1 it i | i
100 1 ¥ T T == T T T T Y T T 1
r 80 - n -
z . . 1
& i VoY
R TS -
w Y ‘ .
; f ,‘ : L
£ i ‘ R
F ;, |
2 Y
: !
- -
£ 20 d A
0 1 1 | 1 i t | I ! t
] 1 2 3 4 5 & 7 8 ] 10 \.I 12 3 14 15 ”’1
WAVELENGTH, um ) %
v
E I ] :
'NFN:::ED-»-{-— x::z:;sp FAR INFRARED 1 ;
Fig. 3. Transmittance through the Larth’s atraospherse (horizontsl path at sea level, length 1828 m).
(Adapted from Hudson {1} and Gebbis [2].) .
, 7
of the radiation being scattered. Since most atmospheric  one is willing to pay the price). Diffraction is a consss s g
scatterers (haze particles) have radii that are fromi 0.05 to  of the wave nature of clectroinagnetic radiation and it Camnty
0.5 um, the shorter wavelengths of the visible portion of the be climinated. The ability of an optical system to fori i+ 4

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 infrarad scatterers. As a result, clpuds
and fags 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 systems, typical iluminants include tungsten lamps,
xenon lamps, and carbon arcs, al! 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 lunps for
the illuminators in active infrared systems led to the sealed
beam headlamp 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 wavelengil of a fow micrometers, For this teason,
nearly all early infrured sensor designs uwsed reflective optics
of the type commeanly used for astronomical instninentation.
Strong military support following Woild War 11 led to the
development of many new infrared-transmitting materials
and effectively removed any restrictions on the wie of refiace-
tive (lens type) optics. The optics in typical modern infrared
sensors generally range in diameter from about § to 25 cm
with some specialized systems running 2s tarpe 25 100 cm.

The smallest image that s set of optics can form of a point
source is calied the blur circle. The bLiur circie is caused by

aberrations in Approved For/Réléase2002/61402:: CLA-RDP77MA0E44R0O00300041Q01:F:3itive photagranhis i

be minimized or eliminzted Ly the optical desipaer {provided

v

recognizable images of two closely spaced targetsis ¢h
ized by its angular resolution. In the absence of aberrat.:
diffraction-limited case) the diamseter of the blur ci

Tyl

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

pressed another way, the ability to resoive objects with s .
angular separation is directly proportionc! to the nunm ;
wavelengths in the receiving aperture. Here, then,isonc .. 4
fundamental zdvantages of infrared (or optical) equi, -
Since the apertures of such equipment are thousands of v "

larger than the wavelength, the angular resoluticon capabiiis
great. With radiation having a wavelength of 4 pua, {:
ample, a lens with 2 dizmetet of 5§ cm would hove 117
wavelengths across its diameter, To achieve the same a-
resolution with a 10-cm (wavelength) radar would reav- -
antenna with a dizmeier of 1.25 km. The importeace »7 (€
number of wavelengths across the aperture is, of coun
compelling reason for the development of synthetic agieiuic
techniques in radar and radio astronomy.

E. Optical Modulator

In tracking seuwsors the radiation from the targst is codod, v
modulated, with iaformaiion concerning the dircotion to il
target, This is accomplished with a small divk, often ¢
reticlz, carrying a careMilly contrivad pattarn of !
In addirion, most reticles provide

s
il

opague spaoes,

assistapce in discriminating & target from ifs bach G, af
R H

process known as space filtering. !
4

E. Infrured Deicctor
e . 5

An infrared detector is 9 transducer that cornve serrodi

cediztion into some other observable form, such as 2
current, a change in some physi¢al property of a detect

There cre two mutuslly exclusive classes of detectors.,
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Fig. 4. Useful spectrsl ranges for infrared detectors

a

reason for the two classes stems from the modern concept that
divides the solid into two thermodynamic systems, the lattice
and thf- clectronic. The way in which the incident radiation
interacts with these systems results in two fundamentally
&It detection mechanisms, called the thermal and the
pm;mr!. Padiation incident on a thermal detector is absorbed
blu,.if_ec.efl coat*ﬁg which heats the lattice. This, in turn,
& the electronic system and results, for cxample ina
slectricel resistance or the generation of a thermal

J

s
onY

-
e 52
civ‘ ; o

AWM, When radiation is incident on a phoron detector, the
ract directly with the electronic system to pro-

nwn

sxemple, a change in the conductivity of the
. kany of the photon detectors in use today require
= oryogenic temperatures.  Since the energy of a
- wrrios inverszly with wavelength, there is a long-
ioeuteil for each type of photon detector beyond
energy of th photon isinsufficient to cause a change

nfn,t*dl nuerval over which typical infrered
3 ..d. Notice that the response of
hort way into the near infrared.
diation (usually

are
TN b,
LA ST
.
H

Infreivd Jitm is normally uoed to record the ra

suptizhy) that is reflected from objects rather than that which
is ammitied by them. There rre a number of thermal imaging

devices that work at longer wavelengths and some are even

called cameras.  These devices rccord objects by their ows
radistion and their imagery should net be confused with tuai
producad by infrared film,

Lum -rous terms have been used to describe the performance

of an infrared detectar, Sersitivity springs naturally to mind
but its uvse {8 not reconunended because, all ton ofien,
sansitivity is used indiscriminantly to mean signal-to noize

ratie o simply signal. Instecd it is customiry to spask of the
detectivity of a detector which is now expressed quantitatively
by a povameter called D* (pronounced Dee star), When two
detectors are compared, one thet con Jetuot the smatlest
amoun® of radiation is the one having the higher vedue of ¥,

the

oy

30

(opzrating temperature of alt detectors is 300 K

unless noted) [3].

tectors can be operated without cooling, respond over large
portions of the spactrum, have lower values of D* than photon
detectars, and exhibit relatively long response times so that
they are not well suited for high<information-rate systems.
Photon detectors, by comparison, generally require cooling for
operation beyond 3 pun, respond over relatively narrow pos-
tions of the spectrum, have values of D* that arec 1 or 2
orders of magnitude higher than those of thermal detectors,
and ¢xX¥ibit very short response times so that they are well
sui¢d 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
extremie miniaturization, minimum power consumption, simple
maintenance, and high reliubility. Such devices are 2 commer-
cial reality and the cooling requireimment need not deter any
system designer from adopting a cooled dstector for his
sensor design [3].

H, Signal Processor

The sigaal processing techriaucs employed ars, for the mest
part, quite similar to those usad with radar, sonar, and tele-
vision, Tliequencigs involved are usually in the audio region
but witl sorm tems they may goashich as a few meeah-
Signal lovels out of detectors may be as Jow as 2 3
volts 50 it is essentizl that good lownofss Bigh-zain cires
techniques be vsed, Preamplifiors have been (_‘\\,.; ened 1"01 HET
at very low remperatures so that they can be aced divect

with cooled detectors.  Intepgrated cirenitry has besn widely
adc;v ed and en increasing number 01 infrared sensors now use
dizital, rather than analog, signal processing,.
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" technigues have for the military sysiem desigaer.

.mum effective range of this system was 8§ km.

1943,
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REMOTE SENSING BY INFRARED

the appro al that infrazed
Since

It is not difficult to understand

infrared rsdiation cannot be detected by
offers the opportunity to see in the dark, to detect targets by
their self-cmission, and to communicate by secure eans.

Military organizations begm to experiment with infrared
sensors soon after 1900. By the time of World War [ there
were experimental blinker signaling systems usable at ranges
of up to 20 km, voice communication systems with ranges of
3 km, and Jetection sets that could detect aixcraft at 1.5 km
and people at 0.3 km. Neither side put any infrared equipment
into production but the expericnce gained with the experi-
mental equipment was promising enough to assure continued
support of its development [1, pp. §,9,464-5107, [4].

Germany was the first country to deploy inirared cquipment
on the battlefields of World War II. Early in the war, German
intelligence ‘:hougbt 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  rader,
Germany lost the war but she clearly won the battle of the
infrared [1, pp. 8, 9, 464-510]}.

Cerman troops made effective use of an infrared communi-
cation systemn, called the Lichtspracher, in the African desert
during the major tank battles from 1941 to 1943, The maxi-
The exuten;:v
of the Lichtsprecher remained a secret until the British c.«p—
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 remaikably effuoctive ir
nighttirne battles. Why these devices were never used on the
western front remains 2 mystery. Night driving systeins con-
taining image cor;werter tubes saw extensive field service.
When the Allies pained air superionity over the continent,
these night driving systems made it possible for the Genman
Army to move its V-2 weapons across Germany and Helland
to their launching ramps. The speed with which this was done
puzzled Allied intelligence who did not know, at the tims,
of the existence of the Gernian night driving capability.
An experimental aircrsft detection set, which was probably
the first to use a cooled detector, could detect bombers (at
night only) 2t a distance of 12 k. In 1943, development wa
completed on Muodrid, an infrared sceker intended for the
guidance of small air-to-zir mi .-'Ees. This seeker used an
uncoolad lead sulfide detector and there is soine evidence that
there were plans to incorporate a cooled delector {1, pp. 8,
9,464-510].

The best known U.S. infrared equipment of World War 11
vas the sniperscope, which consisted of an imase converier
and an iluminator mounted on a carbine, With it a suldier
¢suld fire accurately, in complate darkness, et targets that weic
a. far away as 75 m. The snipirscope was first used in com-
b.t during the invasicn of Chkinawa, Japan, in April 1945,
N ght driving systems usinz bacze converters were wler de-
velopment but were not yet ready for field vse when the war
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ments inchoded infrased commuaitation sysicms, both v,
and blinker, for navel use and 2z simple viewer, called

]‘»fuia%cope, for detecting the sources thut were requised by
wetive viewing systems. False-colos film was perfected for the
dctcctlon of camouflage from the zir, i remauains, to t'u day,
one of the most important tools availuble for multispecire)

analysis [1, pp. 8,9, 464-510}, {4]1-[6]

In the United m.:g(.om, an n:?r.&rcd wrerart deteciior set
was tested as ecarly as 1635, 1t could detect an aircraft at a
distance of 1.6 km durag the duvtime and 3.2 ki n»-';
(Most infrared sensors of this time pariod wers bothered by
reflected suniight and they usually perfoermed much better «f
night. Thoy used either a tliciiuad detector, with 1o soecis il
fittering to remove short-wavelensth . soler radiation, or
short-wavelzeath photon detector such as thailous suifids or,
later, lead sulfide) The British also £igiht tested one of ihe
detection sets and were able to detect znother aircr::it wlon
gistance of 0.5 km. This cccuricd in 1937 and it may: o ti
first time that an infrared sensor was ussd to dctbc; ons nic-
craft from zanother, while both were in ﬂwht I1, pv £, 8,
464-510]. - S

The lapznese were influenced by the German success™.iti ™*
infrared sensors and thereis some evidencs to suggest that Ls -
were planning to produce night viewers and deiving Jdi. oo
when the war ended. There is no evidence that the Rusi
used any type of infrared sensor during World Wear 13, 7 2

Despite the relatively small produciion totals that .-
achieved during World War I, infrared sensors shovrod wul: -
cient micrit to justify a sirong postwar dovelspmeny
supported lergely by military funds. Toz
remarkable for the rapid developiient of ncw and
detectors and of infrared-transparent optics!
their application to the solution of a hOSL of nvhtarv 1nvumz
Subsequently, many of the same techn S e
the solutien of industrial, scieidific, and ,-4.,:}’"'
In the late 1950°s the release of information on it
and Falcon heatsceking infrarcd-guided riissites eo
public fancy, and subsequent appiications of inireved ram
sensing lechniques to the attitnde  stabilization of sg
vehicles, satellite reconnaissance of sea-ice cond allices, ¢
surveillance, and submarine deiection heve been conzily
portad in the news media,

.
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TV, TuE MILITARY APPLICATIONS OF Rurn0tE
SENSING 1Y INFRARED

The applications matrix of Tig. 5 is intended to pive il

reader z perspaeciive from which fo view the full pmw

of military epplications of infrared remote sensing

g,
three functicnal elements of any military organiznticn, ¢
gic, luctical, and lopistic, are listed azcross the fop o

matrix where they repiesent the three clusces
uscrs, At the side of the matrin are lsted e TETNil
propertics of target-emitted and reflected rodintion that an
e sensed in the infrared.  The result is a lozical cowmrsgt
classification scheme in the form of a 3 biy !

-9 ¢ ement maty

A. Ratiorale for the Applications Matrix

Let us look miere closely at the fusictional elzme
the militasy viers of ipfrared remote sensing., Siraregisis ae
concerned witn long-range plum\m‘f for the h} a:um o
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Fig. 5. Typical military applications of remots sensing by infrared.

zetual conduct of war., St"‘i(*ffy is the prelude to the boattle-  shown in line 3 of the matrix. Finally, as shown on line 4, the

o

field, Tactics are the action on the beattlefield, Logistics  sensor can sense the peometricat or spatial distribution of ths
b provides the means for the conduct of war, By long-stending  tarpet radiation, This Jeads to thermal imaging systems thet
I tradition, logistics includes the eloments of supply, transpor-  produce imegery similar to a photepraph, with the exception
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pied. g it line 1, we at-refiectad radiation from a naiura
if the torget rad in the iafra ce, the spactral charact
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ets do to varying d o8, an infrarcd sense krnown =nd it is eﬂy to sense t'h,_.evproduccd changes in the
existency of the tzrget, aeterming i ..ctmi radiation, g line § shows, such systems zre uiotvl

, and rense its mo . oSuch for target iden deCC!tIOH and the deiection of came
Il € we have imazing systems that result from sens
guidasiee vysiems. Havipg detected o target, the scicor cen ‘fu 2l am d spatial distribution of the reflecied fiux,
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OAppro\/éq'For please 2002/011102 CIA RDPZTM00144R000300010047-310- m"

! srt of tho senaor sysivin, thers are chree |

with respect to soms 1e!
sensors wiw the heart of ceurch and dotection,

smectiel charscterist

s Ssan gas deteciion, o3




110

of the reficciy dﬁ

energy can be P\i\ :d, the preserce of a taoet can be inferred,
its cirection can be determined with puspect to the s2asor, and
any target motion can be noted. Systemizuch as {lhese are
siiown on line 7 and they are used for night rendes vous and
collision prevention. The pgeometrical and spatial di: stribution
of the reflected r::dxatlou can, of cuurse, be sensed and used
to produce some sort’ ‘of im uzery (line 8).  Representative
systems include those to permit sma}l arms fire at night (like
the sniperscope of World War I1) and night driving systems.
Finally, as shown or line 9, we con sense amplitude, frequency,
or phase variations and use them for rangefinding, target
designation, or communication. The most common communi-
cation system uses 2 voice-rnodulated scurce at both ends of
the circuit and the system uses not reficcted radiaticn but,
instead, the radistion from cooperative sourcas. Some com-
munication cystems in which covertness is particularly de-
sirable, use a source 2t one terminal to illuminate a reflective
modulator at the other terminal.

The reader may have noticed that some applications appear
in more then one element of the matrix. This is not surprising
because there are mazny times when it is desirable to use
several of the remotely sensed characteristics in order to in-
crease the probability of a positive target ideatification. Vho
zmong us has not, at some time, encountered someone whose
face was familiar but whose name we could not recall until
we heard their voice? Vith the exceptions of lines 1 and §,
the applications shown in the matrix cither require, or imply,
both detection and identification. In the case of an imaging
system, positive identification often results from recogrijion
of a characteristic shape. Is it a truck? No, it is a tant. But
‘other situations are not so easy. Is the crop il that field
wheat or is it alfalfa? To answer this question by semote
sen:ing requires the recognition of target signature. A
signature is any unigue combinuztion of spatial, temporal, or
spectral characteristics of the emitted or reficcted radiatios
that is peculiar to & spscific target. Once a signature has been
identified it must be catalogued and meade readily retricvable
so that it can be used to recegnize a similar target at another
time and place, i.e., wheat in Kanpsas today und in the Ukrzaine
next month, One currently popular technique of scarching
for sxgnatures is muliispectral enalysis in which a senszor, or
sensors, record in 2 number of narrow spectral intervals the
radiation reflected or emitted by a target,

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

As infrared matured into a recognized technology, the
annual sales of infrared scnsors assumed siznificent prrwf:w
tions. The exact dollac value of the U.S. muslet for mibilary
infrared sensors is, of course, opan to coasiderablic specelation
but there arc some guidelings lhat make it possible to provide
at least an order-of-magnitude cstimate {1, pp. 9, 10]. Fu
this estimate, we defing the market so thet i includes s}l U8,
military expenditures for the i1asearch, developmient, test,
engineering, procurement, and field servoce of the infrared
sensors that are iraplied by the applicatior s wairix of Fig, §.
Notice that by this definition we have incl ided laser infrared
devices along with the more classical infier.d sensors. Cn the
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C. Sources of Information for this Paper

The reader will, we hope, realize that much of the inf{crima
tion about military infrared sensors is protected by coousi
classification znd canuot be discusced herz. The lins bel
what is clussified and v/hat is not is often blurred and poarh
defined.  Qur criterion is thar publication of cn item iz i
readily available open literatuire of the world is g clear iniicd
tion that the itém is not, or, perhaps, is no longer, classizie
By repeating such information we do not necessarily i.;
anything about iis credibility. The source of euuh sueli 2o
meticulously cited so that me reader, if he so desires
to the original source and judge its validity for himse
personal files, which were used extensively for this paper, -
culled from the open literature and they reflect move
years of worldwide “infrared watching.” We {ind Invain ©.0
much of the intelligence-like information that aghs
Aviation Week and Space Technalog This source i .5
often cited in technical journals, bLt we beliave it o
eminently proper for this paper. If the reader notices
in this paper, they mersly reflect our insbility to looo
source for the desired information in the open lierature

In the remainder of this paper we will discuss soms .
major military applications of infrared remoie sensing, @ !
applications include the detection and early warhiag <
intercontinenial ballistic missile (JCBR) launches, tnc
tion of atmospheric contaminznts, such as poizon 08, oo
battleficld, aids for the precision delivery of weaponry,
sensor systemns for reconnaissance and surveillance.

e

V. STRATEGIC SYSTEMS FOR EARLY WARNING

OF ICBM LAUNCHES ;
The detection of ICBM launches sppears to b-; Lo
application for infrared scnsors, In the United Sz ;

n (i

is handled by the Early Warning Sateilite Syste
The infrared sensor on board the satellite (c'mu
in synchronous orbit) detects 1he radiation from Lo
of the exhaust plume during the missite’s boost, or powrs- i
phase. Information about the motion of the sateliite .
derived from the sensor is fed to a high-spesd ground. o
computer that calculates the point of impact of the o -
within about one minute from the initial de
Althouzh the system was desizned for the detzctivn of 100
launches it also appears to have a counsiderable capabilly, &8
the detection of ship-launched ballistic missiies (SLEB#H). 1
capacity of the EWSS to detect and track muliiple lanio
is said to be high enouzh co that system sutuiotion
indicate a full scale attack against the U3, [8}.

Very few measurements of 1CBM rudiation have buen
lished, Seymouwr [9] modsls the radiation from the o
plume ag being equivalent to that from a blackh
temperature of 2000 K with a redizat intensity?
Hie estimates that actual snissiles et within an croer o7 2
nitude either side of this value. Rosenberg ef !, [i a) ro
measurements of the emission spectrum of a Kerogzoos
missile (not Nuther identified).  Their measuremnens sun . g
feirly continucus emission simdlar to that of a bl ",
temperature of 2000 XK. The peak emission from o 2455 1
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iy ocours at 1 })
caloulrte thaot three-fouw L iws at waveleng

Jouger then 145 jum, ()i‘:c'd?ﬂf at wavelengths lomyer tn.m
2.05 tin, and one-fourth at wavelengths longer than 3.08 um.
Interefingly cenough, less than 0.8 percent lios in the visible,
Wwe coaclude {rom our caleulztion that the detection of a
powerad ICBM ds protably bost done in the near infrared, but
we hold the reservetion that there may be a problem due to
competing signals cuused by the reflection of sunlizhi from
clouds and other terrestnial backsrounds, Further information
on ths modeling of a v.mpty of taxgcts has been published

ack b

\zeg‘ Far | R

L83 1

{1, ch. 3}.

A. System Development

In 1953, the U.S8, Air Force iuitiated Project MIDAS (an
acronym derived from missile detection end surveillance)
[1, pp. 471-474}), [11}, [12]. By the fall of 1961, MIDAS
sensors had apparently dermonstrated, from orbit, the ability
to detect the launch of a Titan ICBM {1, pp. 471—4 74}. But
the seznsors were reporled to be plagued by an inability to

'd:fx°r\,n*13te between missile exhaust plumes and sunlight

r%fl.,ctc‘d from high-altitude cJouds {8], [13}. The roots of
the 'vmbwm appeared to stem from insufiicient dat~ on the
chzeractesistics of the radiation from targets and backgrounds
when they are viewed through the earth’s atimmosphere and to a
iack of data on the transmission characteristics of the atmo-
Because of these troubles, the program was recuced to
an expzsrimental status early in 1963 [1, pp. 4714747, [12}.
Program ciforts over the next several years seem to have been
davoted to measurements of the infrared signalures of ballistic

.rissiles in the boost phase and to mwpwvementc in sensor

rehab:hty [12]. .
tiy these efforts were successful because in June
Foree asked for bids on the development of an
Y¥SS [12]. By the cnd of 1906, satellite and
ntractors had b—‘e sclec'tvfi for w lnt wa%, \y then

out ~+ﬁ0 ke, weas to contam bom an mfmred SENSOL
ra for surveillance purposes. It was estimaied that
sould be cooled by liquid hydrogen and
rajastive lzns of the sensor would be about 1 m in
2 It was expacted that the first operatronal

e could be launched before the end of 1968,
al satellite launches, beginning in Avgust 1968,
o test system proliod ynes. in March 1971, ths
the Ajr Force (estificd before Congress that the
toven its capavilily to detect misstle Jannches
- now tlhe system was bnown by the code number
2 fivst tauncetht of 2a oporational sstellite is venorted
to have oceurred in Movembor 1970, Pians were fo put it ins
1ot achieved becouse of a

synchrogoous oroit but this wie
ateliite reeched crbit, the pleon was

booster protilem. Had theos
fo kuep it over the US. f:)r verificetion testing and thern shiflt
it to & lorcitude frow which it could observe missile fosts in
the Pooples Depublic of Chiny {1n], On May 271w
satellite was successfully plnesd ja o near synchronous orbit
over th: Indizn Qcean, and the 647 system was considered fo
be oprreiienat, From ihis satelic e position the infrared sensors
reosalt to e oable (o deotoot uny massiye lavuching of Soviet
+d 1t was alzo poosinic (0 zet cconsional vertfications
i p:rf‘.,m“rn‘«" by detecting missile Jaunches from
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from the exhaust
atinosphere,

plume as the missile rose un out of the
This sensor was said to use a 2000-elerent de-
¢ in the 3- to S-pm atmospheric window. The
second sensor was thought to be a televisioncamera tyvpe of
device. The television camera was apparently included to
detect false alarms caused by sunlight reflected off of high
altitude clouds that mizht trigger the iufrazed sensor [15].
On March 1, 1972 an additional satellite was placed in a
geosynchronous orbit and stationed over the Panama Canal to
warn of SLBM launches from surrounding Atlantic, Pacific,
and Caribbean areas [17].

It was later revealed that the EWSS successfully orbited in
1971 and. 1872 were developmental models intended for test
and measurernent purposes. Since their performance was
excellent, they were not replaced. In early 1973 itt
known that the infrared sensor in the satellite orbited on
May 5, 1971 had suffored a gradual loss of sensitivity (18],
MNo cxpl;m tion has becn offered for this: degradation. In
February 1973 the first of an improved model (phase 2) early
wvsarning satellite was delivered to the Air Force. On June 12,
1973 an early warning satellite was successfully orbiied and
stationed over the Indian Ocean. Although no confirmiztion
was a phase 2 system
emplaced so as to supplement, or replace, the original system
whose sensors had begun to Jose sensitivity [19}, A total
of & phase 2 systems were to be delivered on a sr,imd‘xl“ X
tending through 1974,

As yet, very little information has appeared in the literature
about Ule_ causes of performance degradations in spaceborne
%eng;;s One detailed report has appeared and it discusses in-
orfit degradation of the multispectral scanner (MS$S) that was
launched in July 1972 on the Larth Resources Technology
Satelite (ERTS-1) [20]. This eysiem works in the visible and
the near infrared whereas the 647 sensor is reported to work
on the 3-to 5-um region [15], so that one should nrobabiy not
place teo much reliance on effects extrapolated {rom one to
the other. In the MSS, calibration signals penerated duwsing the
scan retrace interval have shown a decrease from their expocted
values. The decrease is a function of both tine in orbit aad
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 MS3
opiical elements. Since there scemed to be no degradstion of
sensor performance, the optics ware not cleaned before I2unch,
it is postulsted that this coating was polymerize d by exposure
to solur wliraviolet while i orbit, Such a mechanism could
r\phnn bot.z a spectrally selective and a time-dependent
dation [20}. Sines most organic materials show

¢ absarption bands in the 2- to Sqhwn region,
similar contamination would probably have an obiervable
effect on systeras operaiing in the raiddle infrarad.

The EWSS has been operationszl, for several years and the
concopt of boost-phuse detection fom synchrotous orbit
szems (o have been proven.  The Air Fores hos regtosted
fiscal veac 1975 funds for the purchase of an addicional
\viauuafr tzchnical support, and the complation o
a0ility retrofit on ‘m e satellites {21]. In (-'Lti)bii STE
Alr Toree contracted for the development of & . ctabilized
sutellite to carry sev eral special defense experiments. Among
these cxperiments wud a test of an infrauad “smrir‘g” S11501

ecame
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sional array, or mosaic,
total field of view.

of detectors to stare constonily ut its
As a result, no scanning motincn i3 re-
quired. The “staring” sensor to be tested uses a mosaic of
about 1000 lead sulfide detectors combined with compact
metal—oxldewselm;ondu;tor (MQOS) circuliry.
other tdetector materials, such as mercury cadmiwm touride,
can also be used so that the techinique can ba applied at longer
wavelengths. The absence of the moving parts usaaily found
in mechanical scanners may incresse system reliability but the
use of a mosaic puts a much greater premium orn achieviig
reliability in the dotector. 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 presint 647
system in about 1980, The new system would be equipped
with ipfrared rzpsors for the detection of ICBM liunches o
“well as other ss nsors for defecting nuclear explozions zad
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 thaut
they may, in turn, open the door to new sy.term concepts.
One of th: 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 background, and
2) the ability to detect cooler targets. It would appear that
one of the principle changes in the 647 scnsor between 1963
and its reappearance in 1968 may have been the shi #t'to a
dctc;ctor operating in the 3-to 5-um atmospheric window [15].
Such a shift could have been one of the principal reasons for
the new sensor’s reduced susceptibility to false alarms tiigzered
by sunlight reflected from high clouds.

As early as 1969, the Air Force asked for propos:ls for the
development of a midcourse surveillance system wsing a low-.
altitpde satellite with infrared sensors to track ballistic inissiles
after burnout {25). Suchsensors 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 midceurs: detection and, prosumably, tracking system would
be of great significance for an improved defensive system,

Oaz of the rost useful methods for monitoring the testing
of long range missiles is to obscrve the missile reentiy from
ships or aircraft located pear the Impact point. U.S, ships
have reportedly monitored Russian ruissite shots into the
Pacific since 1961 [13]. Such obscrvations shovld bhave
provided an extensive colizction of recntry sigunatures. In
mid 1970, it was reported that tests of Soviet ballistic missiles
in the South Facilic were being observed from high-ultitude
aircrafl using special long-wavelength infraved sensxors {27]).
The sensors were said to be able to tracik the missilss against
the c¢ool sky backpround after the hear resulting {rom the
powercd portion of the flight had dissipated. In sfoy 1971,
the Air Force coaducted a space flight evaluation of lovg
wavelength infrared detectors operating in tiie 5- to [ ium
region,  The reported purpose was to further test die abitity
of infrarcd sensers to tracic 1CBM’s
[28].

development of two special test vehigles for
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infrared radiation from ICDAs dusing midcourss fight, -
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unusuzl aspect was that the test velidcle would be oot
aboard the ICEM. 1t would bo cjected after l.su:n, 50 i

would fiy zlong with the ICEM and make measuranents ol ios
infrared radiation throughout the ballistic portion of its f1ight
[29%. Such measurements would be usefud for tiae desinn 7
midcourse detection, tracking, or intercept sysiems.

The loag-waveleagth infrared sensors envisioned for uee a a
mideourse systein would be relatively immune to mficcred
sunlighi, btut they would have to coantend with 2 ncw.
provizin of possible sensor saturation if the carth enterzd {he
hc‘d of view, - The various measurement DIosrasia.
ed uszd lock-up measurements mads v
: uu:‘.d of outer space. The implicaticn wa
system would require a low-slitude si®
incoranasible with the 647 systerm il
thronous wltitudes. Apparenily tho uext
fwtion of the feasibility of & riyeouese
'%'.ow close to the earill zn gpoom .
a midcourse ICBM belfore the con.or.
earth intruding into iis field ol ...,
s Alr Force announced plans for a bzcinga o

wents ware to ba md :

: 'n. intrared radiation near ths eaiw
i eerie imb ssnsor {30}, '1 carth-limb s
satellites (ELMS) are scheduled to be l.unclxe Hal e
circular orbits during 1975 and 1976 [31). A radic.ueterior .

of the carth's timbh ﬁo L e :
logical satellite has been described [32]. It uses arr oo
of 4 mercury cadmiunm telluride detectors cooled to VS & a}
two-stage solid ammonia-methane cryogenics unit. ’

Long-wavelength infrared sensors for space use
certainly use detectors operating in a bileS.I'Ollii{uuii“"G.:
condition. In this condition the noise from the detecior ine
due to fluctuations in the rate at which carriers are geasiied
by photons from the bau}:g,xound and subseq.&en;:f 0o -
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the detector a’xd provxdm"' it wzt
entire optical telescope as»embly is usuully cooled. Some iZen |
of the complexity that this introduces into senser deuiy
be gleancd from a description of 2 liguid-hielivim-—cooslied iniisis:
telescope assembly desigied for rocket-borne astronc
measuiements [34].

C, Additional System Applications

An intci(‘-s“n? ﬂddifi‘:’:lﬂl iz ('ﬂﬂt hlis b{h-.! Uru"l-"?ﬁ;ﬁ-.i f(“‘ b
O & t
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the EWSS is to verify Soviet compiance with the
contrel apeements signed as o resuit of tue first roun
strategic-orms-lmifation telzs (SALT 1) [13]. The ass

contain sactions dealing with the problemns of vuiific
In Article XII of the treaty anti-trzliisticn
{ADM) systems, it states: “l. For the purposs of provi
assurence of comphlance with the provisions of this ire
each Party shall use nat onal techinical means of vanficad

limiting

2. Bach Party undert: kes not to interfere with the netinnael |
technical meins of veriication of the other Party - - - A |
the “natonal technica means of veritication” avatla Sk {
U.S. are the iafrared censors of the W3S, Alhous: thel |

et by

r, por unit solid zagle, amd per unit of o irfac
» thel direction,
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missile tests [ 31, Andittoned SAY

to alimit on the number of missile tests allowed per yen
Keeping track of such launches would be simple for tle
sateliite borne infrared sensors. Since the infrared sensors, in
conjunction with a pronnd-based high-speed computer are
said to provide missile trajectory information it seems puossible
that the sensors could also detect the development and testing
of terminal maneuvering systems {7}, [13]).

Soviet
LT agrecmcents may extend
Ie
lc

V1. THE DETECTION OF PoisoN Gas UNDER
FieLp CONDITIONS

One of the most frizhicning aspects of war is the possibility
that an enemy may use poison p2s. Gas was usad externsively
by beth sides during World War I. It has been noted that in
1918, German factmies were producing equal quantities of
chemical and high-explosive munitions and that by 1919 the
war would have bzen predeminantly a chemical one [36].
:::p.ﬁ,.l chemical agents of that era were chlorine,
tard gas. Their general physiological action
’.rva respiratory tract and lungs after inhalation
s ¢f the skin and eyes upon contact,
=f golson ges is prohibited by the Geneva Protocol
svenared by the League of Nations in 1925, Notall
simmatories to this protocol and it has, unfor-
: nad the desired result of completely banning the

'.)U‘

2noof Teortd War I advances in chemical technology
2o systemic poisons which would affect the entire
Thare cysiemic poisons became known as the nerve
% ol t_.u erve gases, Tabun, was discovered in

’)érs of the family, Sarin and Soman, wers dis-
rily thersafter. Tabun was putinto production in
in the spring of 1942 and by April 1945 a toial
of 12030 tons had been produced. After World War il a
Tabun plant was dismantied and moved to Russia,
:ent work in the United States concentrated on Sarin
besauz 31 is several times more lothal than Tabun. In the
U 5. nerve gacos are given the prefix “G”. Tabun is designated
as “GA”, Saiin 25 “GB”, and Soman as “GC” [36], [37].
i 52533 of Worla Vor I generally gave some waining of
‘ ¢ by simell or imdiation but the nerve goses ere
S, c;iorl» ss, end tacteless. An antidote for thie inhala-
> small quantity of =25 is an injection of atroping
It Las been roporizd that all UK, coldiers in o baitle
1o tube of tn—" substance thot can be injected
s [37}.
ases bul there
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o
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under surveillonce and is returncd by a retroreflecior. The 3
chosen wavelength intervals are separated out of the return
beam, by a dititection grating or narrow bandpass filters, and
chuvnti..Uy delivered to an appropriate infrared destector.
The ratios of the throe signals are noted for a clesr atmo-
sphere, i.e., one in which there is no Sarin along the line-of-
sight, If Sariais subsequently introduced in the area, the sinnal
ratios will chaange, trizgering an automatic alarm. Concontra-
tions of Sarin as small as 1072 mg/m3 could be detectsd with
the sensor described in the patent The median lethal dose for
active men is about 25 mg/m (an inhalation dose lasting one
minute), A single inward breath at a concentration of
250 me/m? is fatal {367, [37]. :

This detection cquipment is called LOPAIR (an acronywm for
long path infrared). A comparison of the numbers given in the
preceding shows that it can detect Sarin concentrations that
are more than 3 orders-of-magnitude below lethal doses. The?R
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 mmake the
cquipment unsuitable for any tactical situation. However,
there seems to be no reeson why an improved version should
be subject to the same limitations. The detectivity of a modern
cooled photon detector, such as mercury cadmiwm teliuride,
is about 2 orders-of-maguitude higher than that of the thermo-
couple used in LOPAIR. With this change, it should be
possible to eliminate the retrorcflector and source and replace
them with a naturally occutring terrestrial sousrce, such as a
distant hillside or. bluff. With these improvemeais, several
LOPA lR sensors suitably deployed should be capable of
momtonng an entire battlefield. ’

The general principle described for the operation of LOPAIR,
comparison of the transmission in two or more narrow speciral
intervals, one of which contzins 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 DELIVERY OF WEAPONRY

The military system desigoer is constantly on the alert for
new techinigues to enhance the precision and speed with which
weepons can be delivered. DMNot teo long ago it could take
mouths, or even years, to carry firepower to an objective,
Adter delivery, additional days or weeks were often needed
to epply the firepower in sufficient quantity to achieve the
desired results, Intl'odncti'm of the wirplane compressed the

ssiles hieve compreszed the time to
audy increase in the pracision of

lu

nees or socouds, A ¢

veiy has accompanied this time compression.  Tnfrered
guidance tc.;,: 'v;,ues. tave played an impertznt role in this
improved d:lvery accuracy.  There have bf:cx three quits
P ‘nf" at stpzes in the utilizetion of iafrared for tuis task
KR mc;uded infrared ,[.;Uld‘nu for smail eiz- *0~"

zld support nissiles ‘that wvse infrared os oo
oremand puidance systems, end Inser suidsnee

the delivery of o variety of weaponry.

A. Fassive f;!,mrw Guidance for Afr-to-Air Missiles

Of a1l the militmy applications of infrired, probzbly none
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saveecking missila, Missiles thoupht to use passive ing
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" ! nouurrf MILSILE STATUS MAX. RANGE, km NOTES
[‘ .
: Emﬂ T Am_n.s<u_,~:}
AL ~ N
T~
: FRANCE ‘MATRA 511 OFERATIONAL -
CMATAA 530 PRODYCTION 21
) MIATRA 530 DEVELORMENT 2 DOGEIGHT MIZSILE
; ¢ . i IMAGIC) - DETECTCACOULED wiTH
E . : LEQUID NITROGEN
H
. {
% ISRAEL JSHAFAIR PRODUCTION 20 .. OPERATIONAL CEILING 13 6m

- ITALY ™ & T HIRIGELY) OEVELOFMENT 10

- JAPAN aars 1 QPERATIONAL - :

v H . AAM-2 DEVELOPVENT - ; USES INDIUM ANTIMONID

L . : . i DETECTORS 1N I-8sm

- : [ REGION, PLUME HOMING
! CAPABILITY
SWEDEN ) Ri 28(F AL CON] OPE RATIONAL 9 :
UNITED RINGDDMN FINESTREAK OPERATIONAL a3 ,  HAS INFRARED PROXSMITY |
FUSE USES PYRARDIA
IRDOME, MINIMUM
; . RANGE 1.4 km
. REDTOP PRODUCTION & CAPABILITY TO ATTACK .
- . : . FROM ALL ASPECT

- : ANGLES.

Lt . SHAAM 75 OEVELOPMENT .5 - DOGFIGHT MISSILE Y
! UMITED STATES AGILE {AAN-D5) DEVILOPMENT - DOGFIGHT MISSILE
Y : : FALCON (Al 4C)  OPERATIONAL ] .

| N FALCON (AIM 4D}  OPERATIONAL -~ >9 -
FALGON (AM-4G) OPERATIONAL 13
‘ R SEEK BAT DEVELOPMENT TO COUNTER MG 25 TO .
ALTITUDES ABDVE 24k, .
PLUME -HOMING CAPARILITY,
i SIDEWIND R 1A OPERATIOMAL 36
tAITM 913)
SIDEWINOER IC 1 OPERATIONAL 18
S {AIN QD] ,
. ’ : . SIDEWINDER 1C CPERATIONAL
. ; {EIM 9D .
SIDEWINDER 1T DEVELOPMENT - USES COGLED INDIUM
LAIM 9K) ANTIMONIOE DETEZTOR, .
COOUING BOTTLES IN s
LAUNCH RAILS
. SUFER DEVELOPMENT - COOLED EETECTOR .-

o ; SIDEWINGER . INVERNALLY STOVNED - g
L L X . ; (M 9L) . . : COOLING MECHANIZM. b R
N : ' s W" . i INTERUM DOGEGHT b o see

: T R R E L WEAPON., - .
* . o ; ' . R . .
USSR ANAB OPERATIONAL Co- :
N ASH OPERATIONAL - . S L
: ATOLL | OPERATIONAL 6.5 RESERBLES Aa1M 98
CARRKIED ON MG 2T 1
AVIL PRODUCTION -
VIEST GERMANY SIDEWINDER FRODUCTION - WITH MODIFILD SELKER ; .
USING COOLER DETECTUR. L PP
; VIPER ¢ DEVELOPMENI o
I e L
ATR.TO-SURT ACE KVISSILES] .
~ « AP
UNITED STATES MAVERICK DEVELOPMENT - IMAGING INFRARED SEERER O ST
B {AGM GaAL - NDER DEVELOPMENT AS )
’ ALTEANATEIO NORMAL - FF o M byl
. YV SEEKER, )
e .
[surFace 7o AR W i
JAP AN KaM D . EXP FRADUCTION 20 oo
SWEDEN REDEYE (RLOY! FHODUCTION 3z’ .
URITED STATES CHAPARRAL FROVUCTION - HOLIFIED SIDEWIN
RN 22A) EIRED FROM TR :
VEMICLE.
] AEDEYE 'FIR 43A1  PRODLCTION X2 .
: STINGE R DEVEL OPIAENT - FLOME HOMING CAPATBILIY Y
! {KEIN G2 A} .
USER GOA(SA-3) PRODUCTION VX INFRAGED TEEKTH FOR
TEFIMENAL HONING
GAINFUL PRODLCTION - SANE
GRAIL 1SA 7Y PRODUCT N [N EFFECTIVE TQ 2k AFL T 0L
i1 SArAOV AR OQPERATIONAL EEt
NORWAY FEISGUL FRODUCTION 27 INFRARED SHEXEE FOIR
TEREANAL FUTLING
B8R SCHURYER PRODUCTION 0o SAME
SSN N
5T v X ISEN 28) FRODUCTION e SAME
OWAaTTER (AT 2 PRODGCTION SAME
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“Guring a training flight. The

B spae «1 of Mach 1.8 {{Q]

Jable to parachure to safety {471,

LDDSOR AND HUDION: }JiLlTAR\' AVFLICATIONS OF RE
own in Fizo 6 (missiles thoueht to
fraved puiders tecliniiues \»Jll be discussed later),
tot s of 10 countries are lizted in Fig. 6, it is clear that
ne cozxmr*,' cnjoys a monepoly on infrared guidance tech-
nioues [ 1, p. 4301, {39]-[43].

The basic conccpt of {he infraied-nuided missile was explored
during Worid ¢ 1T but the siste-of-the-art in detectors and
cther r')mpn..cnts was not capuable of supporting production
of such a raiszile {1, pp. 455469]. While only limited appli-
cztions of 1x~frare(‘ techniques '*ppeax"ed on the beatilefields
of World War 11 (and these were almost entirely active
systems) rreai progress vos made in the development of pho-
ten detectors.  The thallous sulfide detector, responding to
1.4 pm, was put into production. Im for the first timne, gave
the nilitary system designer sn infrared detector with a re-
sponse thne short enough to pum1t 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

sidance pre wF

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

By the late 1940, the development of infrared guided air-
iz vafeniles had started in the United States, France, United
am, and the USSR {1 pp. 479-4386], [45]. By the
1950°s, these prograins had borne fruit; the U.S. had its
Siéowinder and Falcon, the U.K. had its Firestreak, Frande
had its Matra 5§11, and thc USSR had its Atoll (which, it has
noied, bears a striking resemblance to the Sidewinder
p. 4794863, [46]). The effcctivensss of these new
25 could only be assumed wentil a tragic accident in
1251 in which a U.S. Air Force B-32 bomber was shot

z inadvertently fired from an F-100
typical behavior of heatsecking
misziles was, for the first time, revealed in the public press
en it was reported that the missile entered the exhaust
>f an engine, causing it to explode and buckle the
"It i3 not certein that the missile contained a Live

: om, whiether or not it did, the high speed entry of

ibe pissile directly into the engine thauat was sufficient to
bring ateut the kill (a .‘Lalc»,md»r 1A 1missile has an overall

bazn
i

i 2 p
misedl

down by ¢ Sidewinder missi)

Clength of 2.63 m, a body dumeter of 0.13 m, a {in span of
0.56 m, 2 launch weight of 72 ke, and attains a maximum

(421, [45]). The resuliing crus!
crew membein of the B-52 while the others were

f’d Iolthe
iaziles mizde an eany, end effce-
The first 3MiG-21 to be downad
“‘o*th Vietnam was veported
2 fired fron an
but app :m’;;rly 15V
Tereus simils accounts
n June 1967,
5owere used suace .xfu

iz MG o0 1"d a pair of Atell

o to fire th

[
- o
,;x(‘ ll PpR. A 79-d {)

auring the

S Se R of the war, ap Jragl MiZ-21

Sred oo A::"i at oan fereel 3 The Atoll charectier-

il frowed on oong pom the tailpipe. Althongh
craangind e o7t end of the Mirage and damiges

i*s eacine, the pilot was able to lose the MIG by diving into a

Lank of ults over the Soa of Ootitee and eventueliy land

ot an crocacy base, Onoanother ogcasion ug

G211 Tired a salvo of Ate!l missitos that pasced au leraeii
’*‘rpr"rft \"‘lun what wos thoueht to be normal kill renge,
bt th
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ﬂf atvrs were destroyed by S

Shalrir missit red from lsraeli
P-4 airceraft [49]. 1o

Shafric is an infrarcd-gnid
eveloprrent of tha
missile started in the early 1960°s and it was declared opera-
tion:l in 1969, The firing sequence is described as being ex-
treicly simpla, An autematic technique is used for achiavi
target acquisivion. A blinking signal ight alerts the pilot to an
impending arcquisition and an accoustic signal in his headsat
ariounces its achievement, The Shafrir con be fired at alti-
tudes up to 18 km and has a maximum range of about 20 kma
[39]. v '
Despite thase successes, infrared-guided missiles were not
withoul their problems. 1 sometimes happened that the nissile
seekers were decoyed by sunhight reflecied from clouds in the
backeround, In addition, the appereni limitation to a lail
attack became an increasingly serious factor in their tactical
usage [45], [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, these
detectors do not respond much beyond 3 gm, For this reason,
the seckers were designed to use the 2- to 2.5-m atmospherie
window. Since there is no emission from the exhaust ﬂ’L.me in
this window, these seekers could only home on the hot mets
tailpipe of jet aircraft {1, ¢h.2). Hence, the limitation to a
tail attack. Interference by reflccted sunlight has always bees
a problem in the near infrared. Many of the infrarzd sensors
that were developed during the 1930°s and 1950%s were so
plazued by sunlight that they were used only at night. Fora
v'hxh it looked as if infrared sensors would be permanently
r\,lx atéd to nighttime-only operation [1, pp. §, 9, 464~ Slu},
[5; Most missile seekers used a reticle (optical mcd\x‘ﬂ*
generate the error signals that fod thek tracking loops. Re
are an effective means of clinminating much of the ir mrf

The § ol midssile

Tence

rom backgrounds because they discriminate 2zainst 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.

Tlicse secker pioblems were allevinied by the acdoption of
improved phoion detectors, such as indium u‘numomd: and
lead selenide, that appeared in the late 195075 {521, The
response of these detectors extends to beyond 5 fun so that
seekeds equipped with them can use the 3-to 5-um atnwespheric
window [3]. The price paid for the longer-wavelenatls re-
sponse is the necessity to cool these detectors to {ie tompe
f liquid nitrogen (77 K). VWhen one cxomines tho effect
of h.f; shift to longer wavelengths, he finds that {hore is oo
% radiation and less mlvrnczenw from solur vediution. 3
radinfion from the hot meisd of ajot airerafy tad is s
1l from 4 blackbody at a femperature of 3

o ]

From equation (2), the maximum of the radiation di

tabout 3.2 pm. A more complets d.)"i_{\la of
ion shows that pearly 5 firmes &5 much endigy i3

3« to Soian owindow s i the 2- to 2.5 0w window,
on, the eqorpy in the :unhgat reflected fiom the bag
ron-nl 15 lower by at Jeast a factoe of two for the longer wa
thowindow [1, pp. 8595 129-136, 4384321,

hility of deiectors for thr 3- 1o S4im window offered the
izner an order-ofoninitnde iporsuse in tue ratio of
2t to undesived background radiation.
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processes result in the formation of carbon dioxide and water

vapor. Heated catbon dicxide radintes strongly in a n'ﬂmw
region near 4.4 pm which is, in turn, convesicutly located
within the 3- to 5-um aimospheric window. Since an t’thm
plume may extead for 0.1 km, or more, behind the airciaif, a2’

eeker that can cense plurac radiation will not be limited toa
tail attack but will, insteud, have an all-aspect attack capability
{1, pp. 85-98, 129-136, 438-452]. 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 problem was,
in short, that the missiles were not being used in the type of

- war for which they had been designed [54). The missiles,

developed as they were in the 1930, were designed for the
deterrence-and-massive-retaliation scenario in vogue at that
time, Under this scenario, interczplor aircraft carrying 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-oider
combat of limited war. Such combat required a missile that
could be fired at short ranges from a violently maaneuvering
aircraft and one that could not be eluded by target maneuvers
[45].

The Sidewindzr 1A probably came closest to meeting the
demands of the times in which it was used. It way developed
by the U.S. Navy for use by fighters providing air superiority
for fleet protection. The Navy scenario envisioned cm.‘ige—
ments between two fighters, rather than between’ I inter-
ceptor and a bomber. Tactically this meant a continuation of
the dozfight tactics used in previous wars. Dogfight tactics call
for short-range weaponry and highly maneuverable sirciafi.
The prime tactic in any dogfight is to maneuver into a position
on the tail of a target. What, then, makes more scnse than the
development of a missile that will home on the engine heot so
copiously availzble at the rear of a jet aircraft {45], (5112

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

Sidewindor had a minimum launch reage of about 1 kin
which is also about the maximurm limit for accurate gunlive
[51]. Pilotsin ihe heat of a dogiight had to make ihe difficuit
estimation of target range before they could make a choice
between firing a gun or launching a missile, Atlongzrange,ina
standoff situation, identification, friend, foz, or neuttal (JFIN)
problems arose beceuce pilots ware naturally hositent tolzunch
a niissile without a positive targat identification. The cppoar-
ance of N for neutral in IF T\‘ symbolizes ancther new
problem that has been handed the piot, With the permissive
environments often feurd in lmited wars it 15 not at ell
uncormmon for combat piloi to encouater connnercial ale-

liners. Visual identification of targets is s»u’ ¢ gifective
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1enes for Sidewinder [51].
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redesiyn of both thz mis:ile and its seeker.
was anvcounced thet the Al Force and the
ploring the design of doglicat missiles. Thess 2
be infrorved guided by seeliers having an al-aspect attack
bility, thty were to have a short minimun-firing a2
they vere to be capable of vary high moneuvering ratas
479--4561,[56]). The current resuli of thase pro R
4 thrust-vectored missile cepeble of turaning 1807 in ioss tho .
1.5 s while traveling at a speed of nesdly 1 km/s [57). Tt
seeker 13 said to be housed in a pillhox-shaped nose scitiva
which enables it to look “over-the ‘shoulder” for i iz
targets that are manecuvering at high angnicr rates N
evident from Fig. 6 that the U.S. Is not alone in the
ment of this type of high capability missile.

Among the surface-fo-air missiles that ere shown W i
are Redeye, its probable replacement Stingar, ans v
missiles will have e radical effect on close air s.bgpu,
tactics of the future. For the first trm“ these n AR
the individual foot soldier a lethal maich icr 3'!1:3(; HACTP R I
and close support aircraft. The Redeye concept iz tor
infrared guided missile small enough {0 oe casvied Ly onc 2l -
and light enough so that be can fire it from bis shouldis ¢n
very short notice. The first public firing demom‘; Dl
held in Qctober 1964, Targets included a drone !
at 750 km/h across the linz of sight and a dlf ac OF
helicopter, Average firing ranges were about 1.5 xm :_*,
479-486]. Stinger is an improved version of Redavs tiuu ;':.
said 1o have a plume-seeking capability [39].

Very little is known about the Soviei program thal il .
the development of the SA-7 Grail missile. [t is pr
descendent of the Samovar inissile, witich was doscriz !

res

R

1959 a3 an infrared~zuided suriace-to-air missile for use o

low-altitude supersonic aircraft. The useful ranze of Sor
was said to be about 4.3 kra [1, pp. 479-486]. The exi
of Grail has been known since 1969 and it was, until recor
called Strellu. Tt was given to the Egyptian Armed Fo
1970 and introduced into Vietnam in the epring of 197
remains to be scen whether it vill be generally dc;!oyeé z
the Warsaw Pact countries [431> )
Both the Redeye and the Grail system consxst uf tas ;V 2
missile and an expendabls lzancher. Initial aiming is o
visually and it is believed thst Uoth systems signal inz ©
when there is sufficient enorgy to permit misside tracks
operator must determine visuslly whether the tappet 13 v
the flight eavelope of the mimsde. IFIN is 2 mujor prouic.
During the Qctober Middle lastern war in 1973, the
forces launched the SA-7 Giailin batteries from redar-og
tracking vehicles (which represents an interesting ov
froin the original shoulder-fired cun-.‘:.*pr.) uti}f""é\

rf‘l wively few Iemeh atmra:# ware dow
of the missiles scored dizazt talipips hit
that the warhead cerried by Gradl is iOu sm
famune in moest encounters witih jat eirern®t {
The Redeye story bas a fuscinating saqest; it hds Benn oouf
1o the mzenal of weapons used o puard b2 YWhite Houss
Iarly in 1074, two altenpis, ong of them sv. ;:
rooae to peactoate the restricted air spoce sucres .
pblic o-mdmgs in the Washington, D.C., area. 1 the susis
3, actually lendad

futvre Linding etfempts but it remsins to be
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AS.20 AR TO PHRODUC TN 32 NTE Y
CHOTALE ANTE ATECRAET PRTOUCTION 8% HADAR TRACKED WiTet
. ACQUIAITION BY AN
INFRARED TRACKER
USES INFFRARLD
PROXIMITY FUSE
HARFON ANTI AIRCRAFT PRODUCTION 3 NOTE 1
INTEARNATIONAL HOY ANTE TANK PRODUTTION 4 NOTE §
ML AN ANTE TANLK DEVEL TPIENT 2 NOTE 3V
ROLANO ANTI ARCRAFTY DULVELUPIMENT 8 NOGTE D
ITALY - SEA NGO ANTE AIRCRAFT DCVELOPMENT 9.5 U.';ES I\NI.’.’F}IKAHED
TRACKER AND AN
INFRARELD PROXIMITY
FUSE
UNITED KINGDOM PAPLES ANTI AIACRAFT PEDDUCTION 3
UNITEO GTATES DRAGON ANTI TANK PRODUCTION -
. SHILLELAGH ANTI TANK PROOLVCTION 16 COMMVAND GUIDANCE Y .
INE RARED LINK X
Loce o, NOYE | INFHARED FLARES ON VISSILE ARL AUTOMATICALLY TRACKED
L . BY AN INFRARED SEEKLR AT THE FIAING SITE
A Fig. 7. Battlefisld support missiles thought to use active infrared guidance [1, pp. 508-510], [41], [42], {ou].

-~

officizt will dare to approve its nurg oyer the hw_vxly popu- YWar II. Such systems use a laser target desiznator to iliuminate

fated rastropolitan area. B a specific farget while a sensor on the weapon homes on the
o reflected laser lumination. Apparently, most designators use
8. Active Infraved Guidance fo, Puatrlefield S’upport Mmz!es -

a neodyndum yitrium aluminum gamet (Nd:Y AG) laser ihat
“Combet troops hove their own group of battlefivld support  emits in & very narrow infrared band at a wavelengih of 1.05
Aamong these are rclolively short range missiles that  pum [62), [63). At this wavelength the system can be con-
3 zgainst tanks and other armor, fixed objectives, sidered only partizfly covert.” In addition to possible
in7 aircraft. As shown in Fig 7, many of these detrg;,dﬁm by the eye, the infrared image converters in the night
niy ura(. techniquss for missile tracking, com- drving viewers found on many military vebicies respond at
beam riding. An early forerunnzr of a 1.05 »m as does the Metascope |1, pp. 206-3060, 4985~5021.
zd today uwsed an optical sight to acquire  Of course, rhese methiods of detection are far too casual to b2
, after which the missile was fired considered adequate for warning purposes. It has bien re-
411, When the missile entered the ficld'of  ported that a microminiature infrared alarm hus bean u“,":loped
the operator, using a minialure job stick, that will alert the bearer when he has been illominaied 'S,'he
signals that would direct 1lhie missile  device is said to be small enough to be attached to aso !.‘!.'
The steering signals were, in turn, trans- uniform. stimates are that it will provide an aural warning as
Yo over a trailing wire or via a 1adio com- well as indication of the direction to the illuminator [65].
sffect, the operator became part of a servo The addition of a receiver to the basic laser designator sllows
stem has 2 number of hwmnan ennvincerug  the determination of slant range to the taget to be done
;‘ngosigtpd with it 2§ well as the fact thai sa bad  timuliansously with the designation function. Docanse it is
- adverse lghting coaditions, or at 1""}ﬁ it may usuwly _desivable to know slont range, the multifunction laser
¢ C:r irapozsible to see and follow the : c"’-sif: atorfrengefinder, or uminzator/ranzefinder, has be
tion 1o this problers is 1o mount a ;w,m :rc:mr;lv popular.  Scme of the newer designatorfian
ar of the missile to improve its visibi 1P unils are pjo;:rdmmm to caleulate rangs on
] eniit more enargy in the ind 5. Laser designators weizhing only 4 kg have bes
v the yvind > raxl £iep was to add an ed for vs2 by ground {roops. An optionzl clip
hat would eutewatics cooauire and {rack i 1‘~ﬁ!"’,:"'f1ﬂ~11131 capability when desis i»d i‘
aissile. The system east still have 20 it handiss Iike an M16 1ifle.
Bie operator’s only funciion is to keep in action irdicaies an effective raaye of s:ﬂ.-'erezi
¢ aie cross hairs, Steatng siznads :
suter -*si‘ CopTres ‘“-f! lae of sight of ibe zlfr:.:»

0

e

—

Vroieg

an aithorne designg Lu. may biing with it the

1oy

od tricker with thoat of 1l ¢ sight, A further o a stabiized 1mount.  One of ihe fou
ment s {o v the flare 1= owa sijnature, & uakjus spec .,lril. or .
fernpos &_“ sacteriztie, thal cun l‘.: 1ecognized by the jnfra- s people are aware that the sesponse of thie huma ¢ yo et

a1 g Grifting er oL {64} mancarsd e

rod srwter U, pp. S05-510 “1] [42). fhe segl y eveLout to a wavelsnsth of 1,05 &
- ; ; - P03 times it Cantus. e o
optiraicttinn of such a syolem bias baen deseribed 141 ,‘. X307 times iy pesicovalvz, by e

be rond 1, i" ,’L!‘\ the respo
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hiterature is vas produced for use on
Air Force gunships, It uses a Nd:YAG iaser and produces 10
pulses per sccond. Ezch pulse has a durafion of 10 ns. the
bzam widil: is only 0.6 mrad, i.e., at a distance of 1 km the
diameter of the beam and, hence, of the illumineted spot is
only 60 ¢, It scems gvident that vie of such 2 navrow bam
from an zircraft would be nearly impossible without a
stabilized mounting.

To further enhance the versatility of the laser designator it is
often packaged in conjunction with z low-light-level television
camerz or a forward looking infrared (FLIR) imazing sensor
(which will be discussed in a later section). Ia such arrange-
ments the deosignator and the senser genieraily share the same
optics and stabilization. The operator can idsntify targets
seen on the sensor display, select the desired ons, iluminate it
with the designator, and luunch the Jaser-gouided weapon. One
such system, the Pave Knife, is said to be able to detect tarzeis
and achieve acquisition at ranges of from 5 to 11 km [62].
the Pave Spot System, which is intended for use by a forward
air controller, it has been reportued that an illuminator/runge-
finder is combined with an image intensifizr for the nighttime
acquisition of targets. The Nd:YAG illuminator weighs 12 kg
end its associated rangefinder can ranze on targots &s far aveay
as 20 km [62]. The Long Knife system counsists, of a pod-
mounted laser designater and a low-light-level television
camera, both of which share a stabilized mounting. With tais
wstem, it is reported that ground targets can be designated at

tandoff ranges of up to 48 km, with twice the accuracy of the
eall.\.r Pave Knife system that wes used exte nsively pver
Vietnam [66]. Excellent photographs have been putiished
showing a2 pod-mounted targeting and luser desig mulén system
mbunted on the wing stub of an attack helicopter. The pod is
s2id to contain a precision stabilized sight, 1.“‘-1 dasiznator/
rang2finder, 2 laser spot tracker, a FLIR, and 2 {elevision
camera. The laser spot tracker is said to be able to detect and
{rack pround targets that have been designated for helicopter
attack by virtve of being lluminated by 2 forward air or ground
controller [67]). 1t has also been reported that laser designators
can be used successfully from unmanned 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: cantera or a nightlime FLIR, one for the designator,
and one for a laser receiver [68]

The desivner of a laser sceker should ba able to use much of
the technology that glready exists for the longer vavelenzth
passive infrared seekers that were discussed eagdier. Silicon
photodiodes sre one po:ible choice for a detector. Un-
fortunately, their qummm efficiencies drop ruther sharply ot
about 1.0 prm and their performance at 1.06 o Jesves much
to be desived.  Cooling (to about GO K) increeses thzir

detectivity but it is doubiful that the increase is worth the
effort required to provide the cocling. A rauch berizr choice
is the f'tlicor or germanivm avalanche p?‘otodvo:]c Substantiz}
current gain can be achioved in solid-stary-phoiodiodes thiough
avalanche cerrier multiplicetion.  Although excess noise is
infroduccd by this multiplication process, w‘,.nﬁcant imyprove-
ments in detectivity result [697. Or'n ibonaterszls presopnt 1o
provlems for a 1.06-pm secker since & wide vaiiety of suitab!
glasses ere available. A very good wocount of efforts to do-
valop a trizeivice sezker for use with close air support missites

Lias Luen p‘»”-"iAﬁprG’Véd For Release 2002/01/02 : CIA- RDP77MO0144R00030004 0047330 1 {1 xi!

The laser-paided “rmact bombd™) intictuced inio Vidzinnm in
13 szid to have domornstreied oo estonnding increase in

PROCEEDIMNGS OF THE I12LZ, JANVARY 1

puzzling to note, however, that a former Assis:
of tiie Air Force has reverled that the luserguided borad.
available es early as 1967 but they failed to excite wny 3
interest {711. It was after the bunbing halt of Jfurch !'-/‘i_»
when the prime focus was on the interdiction of sup;

that pilots found the new “smart bombs’ were supert
at hitting trucks and other small taygets,

The idea of a guided bomb has been explorzd, bui veinly, §
many years, Centervall {72] patented a guided aeiial to. _-,“a,
in 1921 (applied for in 1916) and others, including o <
from Sweden [73], have tried to adapt mfrared s-)nsc"s ot
guidance of bombs [1, p. 4651, 174, Nonez of these prios
temprs mat with much success. The performance uf :
guided bombs has been phenomenal, OF the fiist fiowin
that were dropped in Vietnam, more than 70 poroest o
reported to have struck their munwd tarzets {625, T
capability for precision delivery made it pessibie o devio
military targets, such as bridgss, petraleum {anks, agd L.
defended point targats, with “surgicul neatness,” 2und v 74
significant reduction in inadvertent damage to wearby clvr -
activitizs.  Kits, designed in 1966, wers vsed g vo . ¢
conventional iron bombs inte the “smart” variely. Cu. -
involved mounting a laser sceker on tue Lomb’s o
movable steering vanes on its body. The t.”u
verting a bomb wos said to be about $33500 {7 N

The basic concept of designution znd suidancs™
laser has opened a host «f new opportunitiss for
of bombs, missiles, and gun-tired projeciiles.
pioitation of the concept has only ‘oc'ﬁ'n. ant L
reading about addxtxonu] new davalopr"- ois for
come. B S . o i

VIIL ImAaGING SEmsors ron Ruls
AND Suisy
Tactical military forces are constaniiy face
lem of finding the enemy and keeping LJI. <
The remote sensing systems we have discussec -
relatively littie use for such reconnuissancsz £id
because they are non image fSrming. They, in o
the centroid of the energy emitted by or ref®
tarpet. This is all that is peeded for detection : ,
it is rurely adequate for vecognition and idendiiiesilon, 1 g
tasks require an imoging s2nsor, i€, ene that provides Lo o
operator an indication of the geometrical and spotinl i
tion of the energy from the targst.

prs . PPN

A. Aertal Photography with Black and White fnfrired 0
Rcconmmfs nce by means of aerizd photo ‘»,z-
razeticed by the military since the timez of ihe

hzu wcorde(; ware was in June 18407 v
ncer General MeCigllan, uscd the

as an acrial phomnapm platiorm. FPi:

tude of 450 m were used t) »uiess the

Cameres desisned specilicelly for e

production by the end of 19135 =2ud scw oxeenuive uw.

World War 1. Tae story of acrial photogaphy has {. HIE

elsewhere [751, 176) and our consern in tids pu '

Hrntied to the wse of fofrured {ibn in aerdal [ hoiomw
A puot-.zg;raph‘.c film or plaiu com%,.ts W

eruulsion coated on a2 suifable transy m«t m.x*:;m-;t {ty - |

product is called a filim, I the support 15 g 230 s
cailed a pleee). The emulsion consists of vory 1ine ¢t iy
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Goce this [moaleo responds to all colors of the
well as to the ultravielet, it s normally
r that abzorbs all wavelengths shorter than
Dy the proper choice of sensitizing dye it ia
 fo p-‘cduce emuisions having a cutoff as long as 1.35
clarmuisions are vsed in spectroscopy and other lﬂbom"
"»;)‘;icat_ion.). .They have a relatively short lifetime and
; ¢ sionad al dry ice temperatures until used. It seems
valifeiy that the ph otovr"phic iong wavelength cutoff will be
&.‘“r‘f 2d be {o“d 1.25 pun. As shown in Fig. 3, ﬁtmosphcric
vt o .,or £hsorhs sirongly between 1.3 and 1.5 um, ! Beyond
1.5 i the transmission is quite good until 1.8 pin is reached,

problem, however, ariscs because at these wavelengths
cufficient radiation from the normal 300 K ambient
vdings to fog the filin end render it useless in a very

as
Cite
a1

o5

A mew

PR &

Zorps was exporimenting with the use of black aud
film for ?m ial reconnelissance as eatly as 1936
zquired considerzble experience with it before the
1 VWar If [’/ﬂ p. 236). “Ihere are two reasons for

and white mfra';J fitm® for aerial reconnaizsance,.
i apoitant reeson is its unusual tonal rendering of
scones containing grwn foilzpe and water. The second reason,
imy ro*'cd =hility to pepeirote haze hes bzen much over-
sized, On o positive print made from a panchiomnaiic
i iered vsoa dark shude of gray whils

is oy

Iu'ﬁt;s and 3 resdcied ina much Lehier tone. On an
inf{rzred pnoto of the sawne - foliane is rendercd i u very

e, so hout, in it often appears to ba covered

1

with seow, Lates and st ved 2 deoop Lluck, The
r20n0 fuv t?:is. unuseed > a2 conteguance of
lixr' : of wueter and of

i‘Eon.
tutl to

- Ty
'i‘:t.l aately

03‘ green vor
i greater 4o
detection end,

tl::‘._li;i‘
: {his “x‘.i’
wopari it pliys in con

~Cirat analatsis

XL‘

S

froen the leaves of most
fon iz due to the pr > orophyil, Chlorophylt
ismont that plays on izl roi“ in the Jife of the plant

by facititating the absorpiion o dioxide from the air

of Cur

it refer (o this simply a3 anfrared film, In order to
[y e Black-and » 1o bo discussed in the next
exnion witi b2 ealled jalse ¢otr o Dured fi
R ;Approved For Releazse/
e, v = .
v \\~

print aed

by multiple reflections and refractions at the many structur
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(‘:::3, i Mxm violat, end utivoviclet wavelengths ot the emul- = DEE IDYOUS

sions soade with thazm Lave o long wavelengih coioff at about | e CONIFEROUS

0.5 Fin.  Response (o longer wavelaneths is aecomplislied by

the addition of srasitizing dyes that are sdsorbed at Uhie suiface

of (e silver halide greins. The princinie of oyc sensitization 5

was dizcoverad in 1873 Ly Vozel but its application to long ;,

vavelensth seasitization wes slow varil major adv;mcc-s in dye &

ymhfzeu occurred in the 1930, The majority of modern day t;»

black and white acrial reconnaissance photopraphy i done with !

paﬁc‘u mailc £lm that has an extended-red response [77]. lf

" This filn responds fairly v'rn‘,.m‘v to all colors of the visible &

spectrum and has a long veavelength cutoff at 0.7 um (pan-

chromaiic {ilvas sold for gonernt ; ictorial use do not bave the

entend -=dm°d response and their long wavelength cutoff oc-

cLis £t 0.65 um).
sensitive black and white film for aerial recon- 0 _ ]
sensitized so as to have a lrmg wavelength cutoff 0.4 0.5 0.6 8.7 0.8 0.9
s VIAVELENGTH, pm X

TFig. 8. Typical reflectance specira of leaves from deciduous snd contf-
erous trees |78}, [80], [82].

and the subsequent formation of a starch from it. Qther pio-

ients, notably carotene and xanthophyll, which are yellow in
color, gemerally accompany chlorophyll. When the graca
chlotophyll is destroyed by, for instance, a change in climate
or s0il chemistyy, it is these other pigments that cause tha color
of the foilage to change from gieen to yellow or oran .
Chlorophyll shows strong absorption bunds in the blie ot
about 0,44 pm and in the red 2t about 0.66 pm. There is a
slight residual absorption betwzen these tvo bands but there
is virjually no absorption iu the near infrared beyvond G.7 tun
1781, [791.

Wiren light is incident on a leaf, part of it is reflected, part iz
absorbed, and pari is transmitted into the body of the leaf.
Frow 2 to 15 percent of the light is reflected divectly from the
surface (the reflectance of the lower surface may be twice this
amount). Ihp reflectance is gieatest in the green region of the
speciruin and considerably less in the blue and red wherce the
abserption of the chlorophyll is high. Light transmiited into
the leaf encovnters a vory complex structure and it is scatfered
al
elements. The long path leogths that vesult give ample op-
portunity for absorption by the pigments of the lsaf and any
of tis Yight that vMimately escapes from the Yeaf is quite green
i color,

As & result, the human eye poresives t‘w ]f::—'.“ e
strong shade of green. Even though the totsd ro f

the leal i the green rarely excesds 15 percen

3 i3

waveloizths (het the human eye is most :‘rmm'u to 2
porezive leaves 2s brightly cclored obiects that hizve a si;‘-:“ .
contvist wath their surroundings,

Beyond 0.7 pny, in the near infraved, the sitnation i35 qui
¢ifferent because at these wavelengths chlorophyl! Fus nersd
ble :s_‘t:w;orptinn As a result, these \’/z"v‘c[::n:‘t.m
reflected {rosn the surface of the leal,

of the chlorophyl, env lichitran
Vitle absoirption and o siznificont fraction |
Voo oul of the deaf. The 1esell is that the reflectan
Yeuf is very highyfrom 40 fo 60 percent, in the
Tnis, thea is the reason for the extremely leht tonal yeadorin:
of foli on infrered photos. .

1! refleciance cuives
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Fig, 9. Spectral reflectance of fcliage and paints [ 78], [80], (81].

difference in reflectance that enables a photointerpreter to

differentiate between the two on an infrared photo. Here,
then, is a simple example of multispeciral analysis. On a

panchromatic photo, deciduous and coniferous frees ate
rendered in similar shades of grey and an interpreter trying to
differentiate between the two must fall back on such sub-
sidiary clues as texture and shape. On an infrared photo the
two types are readily separated on the basis of their ¢ifferent
tonal rendering. A side-byside comparison of the two p?;qwe
makes the differences even more apparent. L
Camouflage is used in a military situation to confuse or de-
ceive an observer. The techniques of camouflaze include com-
plete cgncealment, dummies, nonfuncticnal structural addi-
tions to make the object look like something else, and
coverings to blend the objact with its surroundings.” Among
the means used to blend an object with its surroundings are
the direct apphcatlon of paints, the use of overlying nets
supporting strips of variously painted fabrics, and simply
covering the object with foliage cut from the surtoundinzgs.
The camouflager works on the thesis that the more closely
an ohject can be made to resemble its environment, tiie more
difficult it will be to detect and identify it. The introduction
of infrared film for aerial reconnuissance made the sttzinment
of this goal much more difficult because it forced the
camouflarer to achieve a resemblance in the near iafrared as
well a3 in the visible portion of the spectruin. Fig. 9 shows
the spectral refiectonce of deciduous folizze, boeth li\':'p:vg and
dying, ordinary preen paint, and a specisl infrred- j
green paint. If the object to be cm.fr‘ aled 1s ;L. d wiih 1 :
ordinary pceen paint it is unlikely that the eye widi pryopive 2
difference betwueen it and a lw oround  foomed by the
deciduous leavas. On an infrarad photo the cecoplion will be
obvious, The ob;eet, bocausz of the low reflecience of the
paint in the nosr infraced, will appear a3 a lark shedy of oy
in front of a very ght backsround. This zob;."r:: vith paints
was recoganized during World War I and h 1:d to the devalop-
ment of cameo: 2 paints having a hich retle siance in the nea

? Numerous m:'mples of these technigues cun by found in Aviarion
Week and Space Techriology. Tt interesting (o note tast during the
Octiober Mu‘!ule Er AL
of plywood ta Ap brq\(eg‘FQr Ré[eaSE ?QO2I01702
aircraft.
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fiin for eerial reconnaissance has an extindod-sred 1.3
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this comonflage print with (vt of tholeaves shows
the cye nor the ioufraced photo we likelv fo difivrs
tween the paint aod the leaves. The crove for dozd
represents foliage that wes eut app: cu.:- sely ona :Z,y o
Laving its refiectance measuoad, The decrenss :
the necar infrared and the incroassd reiiccianes in tio y-.-i
and rzd (due to the carotens and xanthop! .x_“.; ar olvion
it 'is unlikely that wse of tvah foliage W ;
eve or an infrared photo. :
green color for saveral doy
reflectance occurs very ciw._Jy
tected within 2 h on an ind 1 o
foliage is a poor clioice us a camoulle ,J:
prepared to replace it every few hours ane
secure place to hide the tell ;‘e 1“ d 1tm..,1

A closer examination of iz, 9 shows il i:.e il
cant differences in reflectence of the mol
detected by examination in ¢ narpoWw spad
reflectance of high-infrared-reilocting pain

-1

[
}n soree ceser it can ee de-

noticeably different from that of the lesves in the G.68-us
chlorophyll absorption band, zud betweea 0.7 cug £.75 .

vhere the leaf reflectznce imcreasss abrontly, Li
sbservation to either of thess spectrzd rexfons
show the mismatch, We muentinnad earlior that punshenn

Jt is ¢vident now that this is dops 80 95 io C\k‘:lf’. :‘~
response into the chlorophyll absorption vand.
rtmd“d-red response, panchromatic fiim m;h aag DRorong
detect some of the commonly used camouflage o ‘
[78 ch. 13], {82]. R
Water is rendered as a deep hhzw. tonz on mf’:'
graphs because water absorbs stiorgly in the neaci
vaater-filled stream or ditch need bz no more thas
to record as completely bluck on an iafrared phioio,
chiaracieristic enhances the contrast betwioen graen ve st
and water on infrared photos whersas tl:'-y altan rroed &
quxiL similar tones an panchiromatic photos. H.oa straiza s
carrving & heavy load of sedimment it may ba shown QL.
dramatically on an infrared phot3. :
The ability of infrared fiim to penetrs‘g baze iz,
understood and oversiated. DBrosk [83) and Qlark {
have reported detailad analyses of photozzaphic
tion. I'rora their analyses, it is possible 16 stote sovs
concluzsions czbout the possinfiity of pencirziing
and Togz by inirared photomraphy

»L'». SN oty

1) Inthecese of e hare con sroatl paitl
Lage gatis can be achieved. Sxch hazes ccatier
the blue end of the spectram and, hence, apyes

ey,

csmalleris th

3} In the casz of
npentral pray in color,

4) Mueh of the obzurved “hans
siiaply to the onlizaced cont

foilene ana

ienaering of vegetahion ia

areen
P '()““ Tup L.

infreved filmy rarelv finds ony mililary applicatine in v

¢

saperatute blackbody thonr van be detecied

e
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temnerature of 25 50°C (1821 1) [84].
rod exposure Uin2 may be

film i: one huaving &
At s source temnersiurs (e tegud

. 8
froim § 0 minotes to soveral hours.”

B. Acrizl Priotograpky with False Color Infrared Filriz

Trz Alr Corps bezan the experimental use of color film

“aops 1926 and by 1939, when World War 10 k‘rarfed

i of color film for senal reconnaissance had bee
761, Fiost, but pot ol color filng for

fesance vse yield a pos mw color transparcncy. They

feconna

L are a trilayer type of film consisting of 3 emulsion layers

coutest on g coramon baze, The cmidsion next to the film base
is sensiive to red lisht, thiz middle emulsion is scositive to
preen lisht, and the top cusuision is sensitive to biue light.
Each laver contains a dye coupler which, during development
of the film, reacts witn componenis of the daveloper to form

an epmo",n:iu!y colored dyel

.n 1033, a modified color film was produced for the detec-
ins of oo le‘Jlli'gC {35], [86]. It is a trilayer film consisting
of i normal green- and 1ed-sensitive layers but the blue-
% ¢ fzyer has been replaced with a layer sensitive to the
fean i (0.7 to 0.9 um). Because all three layers show

SOME LIPS to blue light, which is not to be recorded, a
yallow fid%er is used over the 12ns to absorb the unwanted blue
Yizht,  Ualike normal color film, the dyes formed in each

leyer ¢o not produce the color to which the layer responds.

Green cbjects appear blue, rad objects appear green, and
objects having 2 high reflectonce in the near infrared sppear
wad, §~': iz this combination of infrared response and false
color rendition that gives the film its d'*Slgnanun of false

.color 131{18'0(1

Trles color infrared film is veluable for the same reasons
oh mw-ﬁy been dcsr d for biack and white infrared
T Ixaeiduous foliage cr'i g asslands appear as bright red.
" h‘ch have g lower reflectance in the near infrared,
urplish red tonzs. Dying fo h:.ge appears bluish or
the rodzish Lealthy f la Discased vegetation
3«:"@:&»%? in t"c near infrared and it shows asa
fmes, even blacx. Plants stressed
1’ 4 uo 22 & light red or white. In many
show up on false color before the
cr deeta ore visible to the oye,
cra, which may be miles aveey
itz creund based observe
e plont o his

?.r\","

As a

cannot
hend, Ordmary preexn

"turc with ths s unimun
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paint appears blue while the
paint eppears purplish,

During VWorid War If, fu 13@ color infrared film revewed, for
the first time, the extensive camouflage system over the
G°nmm V-1 preparation arca north of Acras, France, h"
making it ngpear 2 a large blue fan, This cormplex had escaped
detection for many weeks despite inteusive reconnsissance
with panchromatic film [&5].

There is also a Russian-produced falsecolor film, It is a
two-layer {ype and is refcried to as spectrazonal film. Ongc
layer has a panchromatic-type response extending to G.65 .
The yesponse of the second layer extends to G.80 jrn, Differ-
ent dye colors are produced in spectruzonnl film than are
produced in the previously described false<olor film. On the
spectrazonal filin, conifers’ appear green, deciduous foliag:
appears yellow, orangs, or ied, and high-infrared-refisciing
camouflage paints appear nearly white {801, [87]. . )

The reader who wishes to seg examples of the truly veouniiul
phetographs that can be made with fake color fihn, is urged
to examine those found in [77], [85], and [88]. Erock {83}
shows a series of excellent acrial photos taken with a twin
camera arrangement in order to allow direct eompurizon of
panchrematic and black and white infrared imagery 1®

1-mfmmd--scﬂ:cting green

C. Imege Converters for N zf’ht Vision

The image converter was developed on the cve of World
War I, first in Germany and somewhat later in the United
States. It was of prime interest to the military becauss it
offered an effective means for man to see in the dark, An
imag_g ¢onverter tube is a photoemmisive device that conveits
ensinfrared image into a visible jmage. An optical syatem is
used 10 foun an image of the scere onto the cathoude of the
tube, The cathode is a semitransparent silver -cesivm-oxide~
cestum film with 2 maximuin response at 0,83 pm and a long
wavelength cutoff at about 1.3 um. Photoelectrons baving
the cathode form an eclectron imape of the scene that is
reimaced onto a fluorescent screen.  When sitruck by aa
eleciron, this screen emits visible Jight. In this way the orig
infrared image is converted into a visible firaze. A mogiifying
eyepicce increases the apparent size of the linasy wililout
apprecinble loss in its brightness [1, pp. 296-2U7, 02,
31832, 547-5481, [89], {90]). Becawse vory fow mitivary
targeis are hot enough to raditte appreciably in the speotrsl
region covered by image tuboes Il is necessary fo prov SOt
means of Haminating the target, The most cosunoa illami-
nator iz the tungesten lamp fitted withv 2 filver that posses the

while blocking the visibie so ps t2 insurs covert
s most military vehicles are equippad
3, the zimnle sddition of a sasp-on fis
At covert ibuminators for night driving
Lifhitary cgm‘,«b.t o1 for imazpe converters inclu i
3 surveillrnoe ({he snooperas
and | deioction
.o‘u IFF, ship dockidy, aireraft
ns for tanks, camouflage deicctin
10 shows the performance ¢hian

sen repoited for typical pizhi viewiag
\
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tended to provide lmagery in raore thun three reions
speclium. As we do this the dividing lae between militn. o

Ui

FOWER
MAXTRMUMN INPUTY TO
USEFUL: " TLLURHNATON,
APPLICATION FIANGE, m . WATTS
CARHINE AILUNG (WD 150 - 150 19 .. 30
CAREINE AIMING (1960) - 200 -
+
)
NIGHT DRIVING ¢ 50 - 200 10 - 100
BATTLEFIELD YI0 - 801 220 - 1500
SURVEILLANCE
TANK FIRE CONTROL 600 — 2000 1000 -
SHIP SURVEILLANCE 1600 ~ 13000 | Y000 -
BEACON DETECTION - 160012 -

" Fig, 10. Reported performance for typical night viewing equipment
using lmage converter tubes {1, pp. 296-297, 495-502, 531-532,
§47-548]},

uses image convvrtﬂr tubes [1, pp. 296-297, 495-502, 531--
532, 547-548].

In 1943, when the Germans introduced their first tank fire
control systeras incorporating image converter tubes, they
were clearly a case of the tactician’s drcam come trug—a
weapon possessed by one side and not the other! In rumerous
instances, German tenk crews badly mauled Russian tank units
during nighttime strikes on the eastern front in 1944, The

. Germzn success was simply due to the fuct that they could sz
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 bzilitant
German tank tactician, however, has very few compli mcnmry
things to say about image converfer equipment in his
autobiogsuphy [91].
One might assume that the presence of the easily detected
. iluminator with each image converter system would make
these systems so vulnerabls to counterattack that their use
would be abandoned. The Msiascope, in fact, was developad
expressly for detecting thess sources. It was a small hand-
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. 296-297,
498~502, 531-532, 547-548], [5], [6]. But survive they
did and image converter systems are alive and well today. An
examination of cue of the stundard icferences on ilitery
cequipment [41] <hows more than 50 examples of hinage con-
verter devices on tenks, armoured personnel! carnizi, and scout
cars. The apphc tions include viewers for tank commandess,
sights for gunners, and viewers for aizht driving (some being
effixed to the vehicle and somne being kelmst mounted).
Among tho countries listed as using this equipment 21¢ Frunce,
India, the Netherlands, S\”Cun_n United Hingdom, Uaited
States, aud the USSR, 1t is elio sm,mf, cant to note that two
excellent booxs on night vision devices, written by and for
the military, have been published and wh'v’"v digtributled ia ke
Warsaw Pact countrics [80], [92]. The book by Kapeier [80]
is unusual forits treatment of camouflag: detection with imaps
converters, The author was a captain in the Hungarian {
Engincer Corps and his discussion is in sitch depth that it ¢
advizes the individual soldier wvoiding detection
by image converters,

on mesns of

D. Imaging Scanners and Muitispectral Sensing

The basic principles of ruulilspeat=ad imraiyg
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civifian applications becomes inzeaasing
military steztezist intent on detecting signs of an o .
crop failure in another country may use the very san.e o i
liques z2s the couunty ag ncutural agent intent on dosacin,
fungus in reighbeoring citras groves, .
An ewrly multispectral sensor used a special 9-lens aorig
camera to make 9 stinulianzous black and white phiotozriok
in narrow spectral bands ex;:udm" from 0.40 o G.VC up
[93], [94]. At about the same tiune, a 4-lens camera wc{
developed but it differed in that additive color fech
were used to preduce a colotr positive from the
white ncgatives. In essence, 4 nepaiives were m
taneously, one e¢ach in the blue, green,
Each ncgative was piinted to yield a positive hlack 2+ 00
transparency. The four positives were then placed inz -
viewer that illuminasted each fransparcacy with eoloqs. .o
and optically superimposad the four tovirld.a ccfcf"' ‘
Photo interpreters ofteu find that it is casier-toiinfe. ..
color rather than a black and white photozraph i
subject. The designers of this t‘-le 18 32N5CT 8
that the eye can perceive about 200 shades ¢f
over a million color dii‘fcrur‘ s (biack and vl
vary in brightness only while color process
hue, and saturation [935}). The Skylab T
carricd a multispectral photographic fac
matchad cameras. Two of the camoras uss
film, two used bluck and white infraced Tthr,
color infrared film, and cie vsed color fim t‘?u} 194
The multispectral sensors that we have been doiueie
limited in their coversze of the spectrvm by
esponse of available Toremova th:s iimiral

aGs
red, and puar;

filma.
uss a ssanning sensor which combines a 3
scauning mechanism with en infrared detector. T
many ways of gznerating a desired scan pattern ll
2027, [99]. In essenece onc iokes a sensor with & s

of vigw and arranges to move the field of view in somes
priate manner o as to cover a much larger szaven izl

. ‘.
time required for one complete scan of the scarch i1 4
called the frame time. Many infrared scanneis gsosps L
rectangular scan patiern or raster similsr to th :
television. For special applications, however, ceniosl,

rosctie, and circular scan patterns may be used, ;

The simplest way of genarsting a scan patiem 340 o o
entice sensor $o a5 to creste the desived potiern, Wthe s 4
and ils mounting are desyned ewsrvr“!v for thiz nisho i
angulsr scanning iz as 257 /> cin be sehieve®
For those applications where it is not practical to gz 1)
entire sensor, various opt t»‘chniqizcs must
roteting sonnning mirror is a good sxampl of th
Azsame that we wish to desize a sonsoy Lo nioy LY
tmars of the terrain bonsuth 2o sireraft. Astinply seiservin s

concist of a lens anl 2 uiasgis onell detaoror,

rates as

this sepsur so that i sxis (thy line joining

defector) is perotlel 1o the divection of

inclined &t an avel

front of the lens, wil

i tbe mioror 15 rota ed azbout m" axis of tag =y
ause the sonwor to suig a h. 2 og the carty's serface o3 oo

Tl r
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6f view wnd the eltitude OF (55 ciresaft we can defernmine the  Six scan lines are imaged in each spectral ‘band with cach

lingar c:_:" tha patch oa the ground that just Ols the
sensor’s ootd of view. Since thz detector iutegrates the
adistion feom &l objects within this round pateh it deter-
@3 Lie f"O”ﬁ'l reselution of the sonsor,  Successive scan
vaced along the surface of the earth by virtue
d raetion of fiw sircraft, A visuol record of the
1 thie aireraft cun be reconstructed if the output
of the detoctor is usad to modulate the brightness of a small
famp end the lamp s, in tum, imagzd onto a photographic
film via a scanning mirror synchronized with that of the
ansor, Altcrnetively, the output of the detector can be used
to modulate a cathode ray fude so 23 to form a television-like
picture, If the scanning was done in the intermediate or far
intrarsd (he resulting image is often called a thermal imoze.
Ther: 2re many ways of cantroliing and changing the speciral
regien utilized by the scanner we have just described, A filter
placad in front of the detector can be used to select any
aizal intcrval, Gross changes in spectral coverage
"5 by chenging the type of detector, In many cases
‘czuie to provide simulfaneous scanning in several
This can ba _accoreplished by replacing the
xzoviih e number of fiber optic bundles, each
different detector.- Alternatively, thé
gen be repleced with o spectrometer or other
Sl another way is to replace the single
Wi t.. an 'rr'*y of detectors, ecach with a different
*';t‘ler information on the design and
s found in [1, pp. 428~-432,
9-—60’7} {100]--[105].
of a multispectral scanner has
,tro‘nct*r to define the varous
cx,rﬂcl) t‘x at qrp covered. A 15-~channsi
z spectral cov : fiom 0.4 to 13.5 pin, forms
fa zcquisiiion su'my:,lcm of a complex gricul-
T n‘oie: ensing systerm [106). Al data are handled by a
comiatzr complex [107). An 13<heanel version has been
£0% u\c\,t.nwv.ly in alrerzft for various ecological studies,
s, spretyal coverage extends from 0.32 to 14 pm {108],
h-casnnel version has been designed for use in a NASA
eart’v-’-suurc-"" survey aircraft, Its spectral coverage cxtends

[3

coene L\:x

tenvels,

et
.
LAMARH

from G,3% to 13 pm and the rrpgular resolution of c“-'*h chennel

Buring the insctivae scan time the mireer rotates

angle of ’”00. TR time 1s usad forao .§ compen-
setion and to insog calibss from two thormo-
electrically controt ‘-"d blas 'hf He: se tempesatores are
St to within 0.25 ¥. f'r.cls are extibrated
bty a ﬂolfen 3 cylight-itamionted
T i top of thu incclage

d used from space,
Anain sy rnd elvil applension is not

for whatove
A infvinges-on no
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weep of the scanning mirror. The scan lings aie defined ’ty
the ends of fiber optic bundies arrayed in a 6 X 4 elemont
matiix in the image plane of the scanner’s optics. During zcan
retrace the scene is blanked out by a rotating shutter and {he
output of an internal calibration lamp is swept across the
fiber optic bundles, The optical systemn is a two-miiror typs
vith 2 23-cm diameter primary mirror. Ground resofution is
about 70 1. The entire scanner weighs about §5 kg {113],
[114]1. Many spectscular examples of ERTS imagery have
appeared in the litcrature. An especially fine color portfolio
appeared in [114].

The Skylab Orbital Workshop also carried the 8-122 mulii-
spcctml scanner. It provides 13 channels of imagery over

wo spectral intervals extending from 0.41 to 2.35 and 10.2
to 12.5 pm. The aill reflective optical sysiern employs a 60-ctn
diameter, nickel-coated, aluminum primaly mirror. A conical
scan is panerated but only the {ront 120° are u,sd for sensing
radiation from the earth. The remaining 240° are used for
sensot calibration. The use of a conical scan has the advantage
that the length of the line-ofsight path is essentially consiant
throughout the full length of the scan line. Hence, variations
in atmospheric transmission, due to varying lengths of the
line-of-sight path, do not occur. An unusual dichroic beam
splitter that provides 80-percent reftectance from 0.4 te
2.5 pm and 80-percent fransmittance for fonger wavelengths is
used to divide the incoming radiation into two broad bands.
The shiort wavelength band is fed to a prism spectrometer that
provides the dispersion necessary to separate the 12 spectral
bonds befoxe they reach a 12-detector array [32]}, [961, [97].
All r~,~vt‘ ‘ctors ate cooled to crycgenic femperatures by a
Qt'vrnun cycle cooler. The ground resolution is 80 k. A color
portfolio of imagery from this scanner appeared in [93].

2

bscuration b ' ver has bzen a problem sivce the
Obs t by cloud cover has bee proble t
very beginnings of aerial reconnaissance and the pretlem i3

even more critical for reconnaissance fioin space. No longer
is it sufficient to argue that since the average cloud vover of
the earth is about 40 percent, about 60 percent of a2ll carth
observations will be frec of clouds. What i nesded by the
military or carth resource user is a statcment of the probability

that a porticular erea will be cleur enough for observation at a
particular time, A large body of worldwide cloud siatistic

exist and considerable work has been done in applying them
to planning Jor optimurm satellite application [1151~1117].
£, Thermal Sfapping Sensors

Thermal minpping sensors were orie'm'rl[y db cloped (¢ pro-

duce thermal imogery of the tenain bensath an airveact, Rlost
thormel mappers aic scanners and their op:::lumz\ and pinple-
n‘zc::t.’--tion is simi!ar to that already described for muiii-

i‘hcmual mappas wers discussed during Woinid
¢ 1950% that any_we izown.
weppers usad 2 “pushbroom” scaniag tee
o5 consisted of optics snd & !'nc:r’array of detectors and it
mited \'emC'vl?y in ths aircraft, so that it poinled

A the ground, The detector BEINY Wi od
ite avis wes atb sichi aegles to the Dight d*l»‘:hua
each dntoctor defived ascan line that was movesd fory
the certh’s sarfece by the forward maiion of the «irciaft
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most scanraer desipas from the toter 1950%s on vsed Hie crosc-

[s].

In 1959, it was reporied that a U.S. Navy ; rol plzne was

shot dowan over 'u,crmhonal waters while carrying dafrared

ef;'.upmmt designed \u det subimarines {118]. Less than a
year later, an article 2 hus::a:» journal, by amajor ie the
Sovist Engzinecering (ums described the deteciion technigue
{119).  The article stated that modera airborne infrared
sensois could detect submarines submerged o5 u:vp as 40 1
by the temperature difference of 0.05 to 0.5 °C that exists
befween the surface wake and the surrounding water, Tn 1967
it was claimed that infrared sensocs for the detection of sub-
rirines had the capability of detecting a tomperature differ-
ence of 0.0603°C but further dcvclopmcnt o'{ the cquipment
was uncertain because of the way its operation was affccted
by high seas, rain, and fog [120]. Other smul.ar reports have
continued to appear [1, pp. 494497}, A rccent article on
the U.S. Navy 5-3A Viking enti-submarine weilere aircrafi lisis
an infrared s2nsor among the onboard quipment {1217,

It has been speculated that an infrared scanazr shouid be
able to detect buriad objects, either by slight thermal patierns
evident at the surfuce or by soine surt of persistent thermal
scar left by the excavation and subsequent baekfiiling required
to bury the -object. In 1963, it was claimed thaet an infiared
sensor had been developed for tlhe detection of buricd land
mines [122]. Tests were describad in which a simulated mine,
buried at a depth of 45 cm, was readily detectud by the scusor
for at least a week after burial. In 1970, it wus reporied that
an infrared scanner being flown under contract to the }’ ERREH
State Highway Deparlment had detected abandonsds under-
ground mines down to support p Yi irs, The purpose of thig
program was to determine the underlving structure of potential
interstate highway routes (123] A short time later, it wes
reported that the West German Navy in test flights of infiared
scanners had been able to detect bunkers buccd deep in the
ground [124].

From numecrous rcpo;ts it appears that thermal mappers

ere used in Vietnam and that they demonstreted a capability
to detect Viet Cong cooking fires and truck engiaes [, p
434-497},[125].

Satellite borne thermal imaging xystems for rwtcoro’c"mal
observations have been in use for zbout « decade [ 1, pp. 603~
605}. It hss, however, not boen so well kaown that the
U.S. Air Force has opernted the Defense Meteorological
Satellite Progrem for ncarly as ng;. In Karch 1973, the
Under Scerctary of the Alr Force acknow!ledged the pi'opr"m
and stated thet it would bz used to support &Il of ¢
Forca's worldwide missions [126]. The sateities carry
visible and infrared scannors cepable of providing i
a pround resolution of either 3.7 or 0.6 km. THhe two sonsg
thus, provide both 2 day and nisht capability for ddeud-
suiveillarice,  An additional jnfrered sersor moles mess
ments of the vertical feniperature profile of the atinosphere
[126],[127].

The satellites are reported to b i a polar orbit ctan cliiude
of about 9500 km and : Jac
data senszd at 7:00 A,
(local times) [126), 410 The Undor Soors
how, in a conflict sitvation, Unlt Commwands
current data on wezsther condi"onx along the

and in the terget aro 07 theoy arg ditect, g
missions. A kAprQVe&' FQ\rnRel\‘r’m?ﬁz.&Qz].pj

4 wide

Wil

are p 4 s oas Lo provide world
!i., noo, 7:00 Pl cnd midal i
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attitudes would be tavaluable in the dosisnation of refe
[9 35004

estiinating arcus wherein st HE:

vulnerable to attack by surface-to-air missitzs {126,

Further reports indicate that a 2-channei scannear is us
has a 20-crm diameter pvimary miror., A beam splil
seprsates the 0.4- to I-un baad from the 8- to 13-7wn beat
A cooled mercury cadmivm telluride ¢atector is uazd for o
lonig wavelangth band and a siicon photodiods is uzzd Tor the |
visible aad near infrared band [128]. In the mull : .
scanner that we described previously, the g ourjd resobaticn |
was at its best at a2 point directly below the sensor and i -
gredually worsened as the ground paich appreach
horizon. In'the defense meieorological satelaf.-: scannir an
almost constant ground resolution is achieved by m L'.. Gihe
scan angle to 587 either side of the vertical and by 4o
the scanning mirror at a nenlinear rate {114]),

An excelient survey has been publithed thet detsilz
cheracteristics of infrared and wisible imagery m;.z Gt
obtained from orbiting m“eoroiogcal satellites {129].

The sensor that measwiss the vertical temperaturs
in the atimosphere is dezceibed as a 16-channsl multi
cross-track scanner. la addition to the atmosphoric 12
true profile it also measures profiles of water vapor and oz
The temperature mezsurements are accurate to +03° oo
arc derived from scanning ithe edge of the carbon ¢icuils
absosption band from 14 to 16 pn. Water vasor contin: =
measured to an accuracy of * 2 porcent by scanning in ¢ 2
water vapor absorption band at 25 pgm. Ozosne conc i
determined to an accuracy of % 4 percent by scanning hs
ozone absorption band at 9.6 ym. The entire fasicutacnt o
reperied to weigh 14 kg [128)., Another techmiam
measvring atmospheric temperature profiles frém ¢ 3w
has boan described [1307. : SR T e

Cleer air turbulence (CAT) is often assce ok

ontal temperature gradients in the atmosphere .
ent‘ types of scnsors have been tested for thoir abid
detect CAT but o:ﬁy infrared sensors have sheifn ady fol
promise [1, pp. 524-527]. The infrared techniqude oiid fua
detection of CAT are, in essence, the same as fnons :
determine the vertical temperature profile in the
Sensors were installed in three commcrcxsi i
regular passenger service aud over 600 h
acquired. No severe turbulence occurr
period but ma -*y light tuibulencs 1c0ur'tr el
as 1nuch as 1392 km in advance, This is equivainnt o
the pilot as much as 8 minutes adveuce warning of Tuw oo
countar. A high falce-alamm rate was experiencad hoguye s of
atrrossheric temperature gradients that were not anglatid
with terbulence [131]. ’ .

Horizoatal atmaspheric temperature gradients can #d5: -
measared by the infrared scannars on metcoro{u--’
A recent study related lepiporsture grazdient measpy
from Inimbuy meteorolozical saielites to ine probdd
of UAT wsinforied from roualay pllot reports, Tha most s
hovizeate! temperatare gradaeuis weie found o L rola

of sra'e vertical wind shear, The n
raat meteorolo;tical atc.'x data

ree 3

TEaAs 0F

&
tovelee yorty
SLUCY iy

to Gvzizn St peills o that tiie probs ;
CAT i3 extromely Jow [132]. Suchi
erirorme’y valuabis to the Air Force an: ;
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chailengs bepan to appear in 1968 and weve, of course, im-
mediately tested in Vietnam {1, ch: .14 and pp. 477-479),
{134]. .

Fig. 11 presents information on a wide varisty of FLIR
sensors that were operational, in production, or vader develop-
ment in mid 1973 for the U.S. military services.!! Perhaps the
most striking featire of' Fiz. 11 is the indication that a tots)
of nearly 600 FLIR senso., 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 st
7000 to 10000 FLIRs for use as night vision devices on
tanks, armored vekicles, crew-seived weapons, and remotely
piloted surveilience vehicles [133]). Many of the FLIR variznts
desizned for the Army are hand-held or tripod-mounted devices
that have their own buili-in displays [133}, [135].

IX. CONCLUSIONS

In t1his review we have tried to provide a persuective from
which the rcader can view the full exient 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 run 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 excitement that pervades

the infrared field today. Even a casual perusal of the literature
of the infrared shows that the military communities of the
world share a conunon awareness of the value of infrsved
techniques in ac¢omplishing their assigned missions, dafrared
is no longar on trial. It is a heaithy, growing field with a fine
hieritage, a strong present, and a bright future.
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flying airciaft to orbiting sa t.-hxte can

physical propertiss of terrain maieriziy
geologic processes which bave occuived.
of these data can range from direct vis
photographic recordings of the measursd ¢
niques developed in photo: enlcvy) to s
processing using modeling analysis and w;t:
techniques. These investigations are limited, fo
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