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ABSTRACT 

This is a report based on a study of infrared technology as it is 
applicable to military training problems. 

It investigates particularly the specific problems of surveillance, 
for example, the observation of nighttime amphibious training opera¬ 
tions, and training in identification, interpretation, location, and 
detection of objects. 

These problems are best covered by presentation of images; 
therefore, techniques used in image-forming and image-scanning 
systems are explored. As an additional aid for the solution of other 
training problems, the fundamentals of infrared technology are pre¬ 
sented, This is made up of sections on radiation theory, target and 
background radiation characteristics, atmospheric absorption effects, 
optical considerations, infrared detectors and sensors, and methods 
of data presentation. Comparisons of the effects of the characteristics 
of the various spectral modulators, such as background, atmosphere, 
optical components, and detectors, are presented in the corresponding 
sections. In addition, the techniques and components of low-light-level 
television are presented and compared to infrared techniques for 
training purposes along with a comparison of infrared and radar. The 
synthetic presentation of infrared information displays plus other 
simulation techniques are investigated as a means of training personnel 
in the identification and interpretation of objects. An extensive biblio¬ 
graphy on all phases of infrared technology is included as an aid to the 
reader desiring more detailed information. 

Affirmative conclusions as to the feasibility of the application of 
infrared techniques to the training considerations of surveillance, and 
to identification and interpretation of objects for training have been 
reached. It has also been concluded that, television techniques are 
feasible for infrared image-forming in the range from 0. 7 microns to 
1-2 microns, as a means of infrared information distribution and dis¬ 
play, and for image-forming at low intensity visible light levels. 

Based on these conclusions, recommendations are made for further 
investigation toward the development of training equipment for the 
training applications considered. 

n 



FOREWORD 

This report is intended to provide guidelines for the exploration 
of infrared principles as applied to training problems, and is the first 
of two based on an examination of the infrared technology. In recent 
years, infrared technology has made its appearance in both the military 
and the scientific fields in the form of operational equipment. From an 
examination of the principles involved in the operational equipments it 
can be presumed logically that these basic principles can be used advan¬ 
tageously in training applications. The published results of investiga¬ 
tions in infrared, however, are widely scattered and are often relatively 
inaccessible and expressed in highly technical language, understood only 
by specialists in this field. Very little attempt has been made to date 
to collect together those leading principles which can be regarded as suf¬ 
ficiently established to be used as a guide to practice, particularly in 
the training field, and to state these simply and as straightforwardly as 
possible and without detailed argument. It is intended that this report 
will be a contribution in this direction. 

The principle objective of this report is to publish the results of 
an investigation of the feasibility of utilizing infrared techniques in 
the solution of specific military training problems. In order to accom¬ 
plish this, an investigation was conducted and reported on in two training 
areas. Firstly, the basic concepts are covered in a manner that is not 
only scientifically applicable, but informative reading as well, and 
secondly, the feasibility of utilizing the infrared technique in the solu¬ 
tion of the two specific military training problems is reported on. 

In addition to the aforementioned exposition of the basic fundamentals 
of the technology, the two training considerations reported on as related 
to the infrared technology are: 

1. Surveillance, for example, the observation of nighttime 
training maneuvers; and 

2. Training in the identification, interpretation, location 
and detection of objects. 

In addition, an examination is made on the application of the tele¬ 
vision technique in information forming and distribution. 

This Phase I Report is a general investigation report. It will be 
followed by a Phase II Report in which the information gathered will be 
reported in greater detail for the specific applications. 
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1, INTRODUCTION 

1. 1 Historical Background 

Infrared radiation was discovered by Sir William Herschel in 1800 
by observing the temperature rise in thermometers placed in different 
positions of the sun's spectrum dispersed by a glass prism. This dis¬ 
covery for many years was only of academic interest. Industrial ap¬ 
plications of IR spectrometry to chemical problems became widespread 
during the two decades before World War II. (For a complete history 
of the development in the IR field up to World War II see Reference 1 
Chapter 1). 

1. 2 First Military Applications 

Military applications of IR radiation began with World War II. 
The Germans carried out extensive research and development on de¬ 
tectors and systems for the surveillance and interception of airborne 
targets and IR guidance. IR applications in this country used active 
short-wave-length radiation in viewers such as Sniperscope and 
Snooperscope, in signaling and communications systems, and in am¬ 
phibious landing beacons. Development work in the longer-wavelength 
region was done on a limited scale. After the war, the development of 
much more sensitive photoemissive, photovoltaic, photoconductive, and 
thermal detectors opened up new areas for exploitation by passive IR 
techniques. 

Infrared has been taking its place beside well-established visual 
and radar techniques for the search, detection and tracking of military 
targets. With this greater emphasis on military applications of IR 
techniques, the problem of training military personnel in all phases of 
infrared technology is one of increasing importance. 

1- 3 Training Considerations - Report Concept 

This report will cover those phases of infrared technology appli¬ 
cable to military training problems. The areas of particular interest 
are surveillance, for example, the observation .of nighttime training 
maneuvers, and identification, interpretation, location and detection 
of objects for training. These problems are best covered by presenta¬ 
tion of images; therefore, techniques used in image-forming and image¬ 
scanning systems will be emphasized. However, as an additional aid 
for the solution of specific training problems, the fundamentals of 

1 
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2. INFRARED FUNDAMENTALS AND MATERIALS 

2. 1 Radiation Theory 

2. 1. 1 Electromagnetic Spectrum 

Infrared radiation occupies a small portion of the electromagnetic 
spectrum, which extends from high-energy cosmic rays at the high fre¬ 
quency end to low energy radiation from commercial power lines at the 
low frequency end. The portion known as infrared lies between the 
visible part of the electromagnetic spectrum and the upper end of the 
microwave region. There is no sharp division between the radio and 
infrared spectrum; as modern microwave techniques push the limits 
of the radio spectrum further into the millimeter wave region, the 
usable infrared spectrum is being extended to close the gap between. 

2. 1. 2 Infrared Spectrum 

It is customary to divide the infrared spectrum into three regions: 

(Figure 1) Near infrared - 0. 75 micron to 1. 5 micron (¡x) 
Intermediate infrared - 1. 5p to 8p 
Far infrared - 8p to 1,.000 p 

A micron is a wavelength measure equal to one millionth of a 
meter. Where radio and radar specifications are given in 
terms of frequency, infrared radiation is specified in terms of 
wavelength. The relationship between wavelength and frequency 
is given by: 

C = 

C = free .space velocity of light in meters per second 
V = frequency of radiation in cycles per second 
A = wavelength in meters 

The division is arbitrary, with the limits varying somewhat ac¬ 
cording to the person defining them. These limits are widely used 
since they are closely related to certain effects and problems that are 
met within the generation and detection of infrared radiation. 

The most familiar effect of infrared is the sensation of warmth 
produced by a heated body. Heat is a form of energy, and the physio¬ 
logical effect is the result of absorption of energy from infrared radia¬ 
tion. 

3 
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Military interest in infrared, however, is primarily due to the 
fact that all objects at temperatures above absolute zero (-273°C) emit 
electromagnetic radiations whose wavelengths are mostly in the infra¬ 
red spectrum. The relationships between the temperature of a body 
and the amount of radiated energy, and the way in which the energy is 
distributed over the spectrum are of fundamental importance in the 
discrimination between targets and background. 

2, 1. 3 Atomic and Molecular Vibrations 

Until the middle of the 19th Century, heat was regarded as a fluid, 
and the heating or cooling of a body was attributed to the transfer of 
this fluid to or from the body. It is now known that heating a body in¬ 
creases the energy of the molecules or atoms of which the body is 
composed, and that this energy is manifested as motion. The motion 
is random in a gas, but in a solid the atoms or molecules are con¬ 
strained by the forces that hold the solid together, so that they execute 
vibrations about their rest positions. Accelerated charges radiate 
energy as electromagnetic waves, so that the emission of radiant 
energy by a heated body is a characteristic of its atomic and molecular 
structure. 

2. 1. 4 Blackbody Concept 

If a heated body can be regarded as being made up of many elec¬ 
tromagnetic oscillators, it should be possible to calculate the energy 
distribution as a function of wavelength. Since this distribution depends 
upon composition of the body, simplification of the calculation is carried 
out by introducing an ideal "blackbody", which is defined as a perfect 
absorber of all electromagnetic wavelengths. A blackbody is also the 
perfect thermal radiator at a given surface temperature; in amount and 
wavelength distribution, its radiation depends only on its temperature. 
Although actual heat sources radiate somewhat differently from a black¬ 
body, the use of this idealization is justified by the fact that its proper¬ 
ties are a close approximation to reality, and theoretical calculations 
may be carried out that would otherwise be impossible. 

Almost ideal blackbody characteristics can be obtained from com¬ 
mercially available blackbody sources. Construction of simulated black¬ 
body sources are described fully in the literature and will not be discus¬ 
sed here. (Reference 2, 3) 
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under th¿ curve) '‘^ 

2. 1. 5 _Early_Theoretical Radiation Laws 

{¡^^^a-saszKsas. 
W = C1 AT 

X 

A5 c2 

ot ¿crrthe e"ergy ta a- -1“- to 

Wien worked on the problem from the other end’ trvine- to fit thP 

SSÄSZed^“:a dCTIsed’c“rre ^ - 
w= ^11 X 

A5 exp _Ç2 
À T 

where Ci and C2 are constant. This fit the exDerimpnfniUr hc' • ,, 
curves at the short wavelengths, but went astra, at the longer onTs 

2. 1„ 6 Planck Law 

Tne solution of the problem was achieved by Max Planck who 
arrived at his celebrated formula by assuming that energy L em tied 
and absorbed, not continuously, but in discrete packets ^r "nuanta” 
e,a(ï 0 ^hl(:h has an ener&y hV. where h is Planck's constan?and ’ 
s the radiation frequency. Planck's constant and y is the ïadTation 

irequency. Planck's equation in practical form is: 

Cl 
WA= X 

A5 exp (C2/AT) - 1 
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Figure 2 - Spectral Radiafat Emittance Curves for Blackbodies 
at Several Absolute Temperatures 

{Showing Wien Displacement Law line and grey- 
body curve for C = 0. 8 at 1500°K) 

7 



h i / be Seen that the Wien's and Rayleigh-Jeans’ equations can 
be deduced from Planck's law by either neglecting the number one in 
relation to exp (C2/ÀT) or expanding the exponential in a series and neg¬ 
lecting higher order terms. ë 

2- 1-1 Wien Displacement Law 

The shift to shorter wavelengths of the peak emission with in¬ 
creasing temperature is known as the Wien Displacement Law. This 
can be obtained by differentiating Planck’s formula after substituting 
the numerical values of the constants: (Ref. 4) 

3. 740 X 104 t 
W A A / 1. 438 X M 

exp 1--) 1 

and setting the derivative equal to zero. Then Am = 2897/T microns 
(Figure 2). By substituting A m into Planck's formula, the peak 
spectral radiant emittance is: 

A\m = 1- 3 X T A 10 -15 watt/cnA/micron 

The total radiant emittance from a blackbody can be obtained by 
integrating WXdA from A = 0 to A - infinity. The result, known as 
the.Stefan-Boltzmann law^is 

.00 

W - Wj^dA - 5. 67 X t4 X 10“13 watt/cm3 

^ote that the total emittance is proportional to the fourth power 
oi the absolute temperature whereas the peak spectral emittance is pro¬ 
portional to the fifth power of the absolute temperature. 

2-1- 8 Numerical Results of Radiation Laws 

, Table 1 gives the value of the total radiant emittance, W, for black- 
oody emission into a hemisphere (a solid angle of 271 steradians) for the 
temperatures oi Figure 2. 

It is interesting to note some of the numerical results of the various 
radiation laws. At room temperature, about SOQOK, one square centi¬ 
meter of an ideal blackbody emits a total power of . 046 watts referenced 
0 abs°tote zero, For a blackbody whose temperature exceeds that of its 

surroundings by one degree centigrade, assuming the surroundings to be 
at room temperature, the difference in emitted power is 6 2 x IQ-4 wattq 
pei-square cenhmeter. Much less power will be radiated by real bodtes 
since the Stefan-Boltzmann law holds only for the ideal blackbody. 
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TABLE I 

Total Blackbody Radiant Emittance 
PerSq. Cm. of Radiating Surface 

Temperature, T 
(°K) 

300 
500 
750 

1000 
1500 
2000 
3000 
4000 
6000 

Total Emittance, W 
(watt/cm2) 

0.046 
0. 35 
1. 8 
5. 7 

29. 
91. 

460. 
1460. 
7380. 
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given JtteXntf ^ T““ ^ maxlrallm 01 e"^gy distribution 
Sratare The „ ? 0CCUrS 18 atout 10 microns at room per ature. The energy from a tungsten filament lamp at average onera 

mirror lnrtre ÍS P±d at a WaVelength longer throne" " 
C, ,'. 5 he Case of the radiation from the sun, the ene rev is 

pea e m the middle of the visible region, at about 0. 5 microns. 

1- 9 Emission and Absorption 

body thaéééé'TT1 ab80rFtion are complementary processes, and a 
the Li! “'‘.‘ "'‘lar ra"«e o' wavelengths strongly w 11 emit 
he same wavelengths. This qualitiative idea was first experiment^ v 

IT JZ7Serby LlrCh0ff 1858- Ho defined the“mLsWy 7 
ah'«1 h Zr the fractl0n of a monochromatic beam of wavelength A 
absorbed by a real body at a temperature T. Then if W* - d. a’ 
is the power per unit area (radiant emittance) that would bJemitted bv 

po^rr fC!yblaTx0dy betrn ^ a"d A + « lh8 -al body »L imit a ? 
j AT ' Since emittance and absorptance are comnle- 

mentary we can define a, the absorptance by a ‘ =fW/Lnn lf; 
Ehat is the emissive power of a blackbody at temperature TÍnd"T 
wavelength A is equal to the emittance at the same wavelength of a 
non-blackbody source divided by the absorptance of that body if it is 
t 1 same temPerature. Figure 2 also shows this relationship. 

2- !•10 Reflection and Transmission - Ideai 

.an he and emitted, electromagnetic radiation 
V- i be leflected or transmitted by a medium. (See Figure 3). 

a h C°rn,Sidu!r the Case of a medium in which absorption is negligible 
A beam of light is allowed to fall upon a flat plate that has been optically 
£0Í\Sh,ed- the beara strikes the plate a portion of the beam is re- Y 
fleeted. The remainder of the beam travels through the plate and 
strikes the second surface where, again, a portion is reflected. If 
absorption in the plate is negligible, the beam will continue to be re¬ 
flected back and forth inside the plate. Although this process will 
theevetieguy at fegef, continue indefinitely, a eonsWeraWe pyoTol’tion 

energy leaftinSsidrpathmitefd ^ ^ reflection> and the actual amount of mieigy left inside the plate is quickly reduced to anegligible amount 
In the stead state condition there is: (Figures). 
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Figure 3 - Reflections and Transmissions 
by Non-absorbing Medium 
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1. The incident beam, I0 

2. The reflected beam, Ir, which is made up of 
the initial reflection plus a small contribution 
from the multiple reflections. 

3. The transmitted beam, It, which is made up of 
the portion of the beam that is left after the two 
initial reflections, plus a small contribution from 
the transmissions from the multiple reflections. 

A reflection coefficient, R, can be defined for such a non-absorbing 
plate as the fraction of the energy in a beam of radiation that is re- 
flected when the beam strikes the plate. Similarly, a transmission 
coefficient can be defined as the fraction of the total incident energy 
that is finally transmitted. 

Thus: R lR 
T 
‘0 

T = ^T 
V 

It is apparent that, if there is no absorption: R + T = 1 

It is more fundamental to define a reflection coefficient, r, and a 
transmission coefficient, t, for a single boundary surface. These 
coefiicients are directly related to the indices of refraction, n, of 
the two media that are separated by the boundary surface, and’ if 
one of the media is air, (n = 1), are given by the Fresnel formulas 
assuming normal incidence: 

(n - I)2 
(n + 1) 2 

4 n 

(n + 1)2 
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In terms of r, the coefficients for a non-absorbing plate are: 

R = A-I-L 
1 + r 

These formulas assume that interference effects can be neglected, 
which they normally can be unless the plate is quite thin. The trans¬ 
mission and reflection coefficients are not constants, but vary with 
wavelength. Over restricted wavelength ranges, however, they can 
usually be taken as constant. 

2- 1. 11 Absorption Effects on Reflection and Transmission 

All real media absorb radiation to some extent at all wavelengths, 
and all exhibit strong absorption in some wavelength regions. Absorp¬ 
tion is measured by the linear absorption coefficient, a, which is de¬ 
fined by: 

Io 
* = exp(o!dJ 

where Iq is the initial intensity, d is the distance that the beam of 
radiation has traveled in the medium, and I is the intensity that remains 
after the beam has traveled through d. For an absorbing plate, faking 
reflection losses into account and neglecting interference effects, we 
have: 

I - I0 X i11 r)2 X exP(2gd) 
exp (ad) (i _ r2) 

If the effects of multiple reflections can be neglected, as they can 
be except when the absorption is very small, the above relation simpli¬ 
fies to 

I (1 - r)2 
exp(o:d) 

Thus, optical materials should have a low value of a for the de- 
sj.i ed spectral range and a value of approaching unity everywhere else. 
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2. 1. 12 Emission and Reflection 

The above equation shows, however, that bodies that reflect 
strongly, even if good absorbers, are poor emitters. This applies, for 
example, to metals, particularly if the surface is polished. Metals 
absorb very strongly in the visible and infrared but, when polished, 
have reflection coefficients not very far from unity. However, if they 
are deposited in the form of very small particles, they form a surface 
with poor reflectivity and because of their high absorption, or large 
absorption coefficient the emissivity from Kirchoff's Law is nearly 
unity. Such a surface, therefore, acts approximately as a blackbody 
over a range of wavelengths for which the reflection coefficient is 
small. This is the basis of the action of metallic "blacks". Again, 
if repeated reflections may be made to take place, the effective re¬ 
flection coefficient may be greatly reduced and use made of the high 
absorption coefficient. This is the basis of some practical designs 
of blackbody radiators. 

In order for a body to be a good emitter and approximate a 
blackbody, it must have both a small reflection coefficient and a large 
absorption coefficient. 

This was expressed by Kirchoff as r +-£ = 1 (The sum of the 
reflection coefficient and the emissivity must be unity. ) 

2. 1. 13 Emission - A Surface Phenomenon Experiment 

The concepts of emission resulting from absorption and also being 
a surface phenomenon can be demonstrated by a simple experiment as 
follows. If a cylindrical aluminum bar with a diffusely reflecting sur¬ 
face, about 2 ft. long and 1 in. diameter, were heated by placing each 
end of the bar on a separate hot plate, an infrared image device would 
display the bar as a gray stripe on a black background. Wrap part of 
the bar, say about 4 inches of it, with a piece of asbestos, and wrap 
another section with highly polished aluminum foil. An infrared picture 
of the wrapped bar would show the asbestos as a white area on a gray 
bar; the aluminum foil would appear almost black. 

Asbestos, being a good absorber, is also a good emitter and thus 
gives off more radiation than even the bar. The aluminum foil, being 
highly reflective, has very poor emission and thus radiates very little. 
The fact that asbestos is considered a heat insulator and foil a good heat 
conductor has no bearing on this phenomenon of emission since heat 
conduction is a volume effect and emission is a surface effect. 
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Table II lists the emissivities of several well-known materials. 
Note the emissivity of asbestos compared to that of the various metals. 

2. 2 Infrared Backgrounds and Targets 

Radiation in the infrared region emanates from all objects 
whether natural or man-made. For military-application purposes 
it is useful to classify an object as a target or a background. 

2. 2. 1 Definition of Target and Background 

A target is an object that is to be detected, located or identified 
by means of infrared techniques. A background is any distribution or 
pattern of radiant flux external to the observing equipment that is cap¬ 
able of interfering with this process. An object may thus at one time 
be a target and at another time be part of the background, depending 
on the intent of the observer. An electric power generating plant is 
part of the background if a tactical aircraft is intent on a ship moving 
on a nearby river. To a strategic bomber, the generating plant is the 
target; ship and river are the background. All terrain features are 
of interest to certain reconnaissance devices, such as. mappers, and 
hence are targets. However, information obtained by such equipment 
is useful background data to others. 

2. 2, 2 Sky Background 

The sky constitutes the background for all directions of view above 
the horizon. It is formed by the atmosphere of the earth, including haze, 
fog, clouds, and precipitation, and by the moon, planets, and stars, in¬ 
cluding the sun, beyond the atmosphere. It includes special sources of 
radiation such as the night airglow of oxygen (O2) and nitrogen (N2) which 
is about six times as bright as starlight. It also includes the polar 
auroras, which are many times brighter than starlight and of unknown 
infrared intensity. The atmospheric emission bands of water vapor 
(H2O) and carbon dioxide (CO2) and of the ozone (O3) layer at 50, 000 
to 90, 000 feet also make up part of the background. 

2. 2. 3 Daylight Sky Radiation 

The daylight sky background is composed of two main parts; 

(1) Sunlight scattered by air molecules, haze, clouds, and 
other particles makes up the major part of the radiation 
in the visible and near infrared wavelengths to approxi¬ 
mately three microns. The absorption bands of water 
and carbon dioxide remove a part of the scattered radiation 
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TABLE lí 

Approximate Emissivities of Various Surfaces (Ref, 6) 

Material 

Polished Metals 

Aluminum 
Brass 
Chromium 
Copper 
Iron 
Nickel 
Zinc 

Filaments 

Molybdenum 
Platinum 
Tantalum 
Tungsten 

Other Materials 

Asbestos 
Ice (wet) 
Lampblack 
Rubber (gray) 

Temp. Range °C 

250 to 600 
250 to 400 
50 to 550 

100 
150 to 1000 
20 to 350 

250 to 350 

750 to 2600 
30 to 1200 

1300 to 3000 
3 0 to 3300 

40 to 350 
0 

20 to 350 
25 

Emissivity 

0. 039 to 0. 057 
0. 033 to 0. 037 
0. 08 to 0. 26 
0. 018 
0.05 to 0. 37 
0. 045 to 0. 087 
0. 045 to 0. 053 

0. 096 to 0. 29 
0. 036 to 0. 19 
0. 19 to 0. 31 
0. 032 to 0. 35 

0. 93 to 0. 95 
0. 97 
0. 95 
0. 86 
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reaching the surface of the earth but contribute only 
weak self radiation because of the low temperature 
of the atmosphere. Scattered sunlight decreases in 
intensity on very clear days and also decreases with 
altitude. 

(2) Self radiation by the atmosphere is dominant at the 
surface of the . earth at wavelengths longer than three 
microns. 

Ihe distinction between the two parts of the daylight sky is one 

in theT ln, enfty' If an infrared spectrometer is aimed at any point 
the sky and intensities recorded wavelength by wavelength positive 

rerton toÄ "f“ ,hr°Ugh0Ut ^ "sible ^ " 
^ AK 1 3 flcrons because incoming scattered sunlight is pre¬ 

dominant. Above 3 microns the meter would show a negative deflection 
receives^ 6 Spectrometer is radiating more energy to space than it 

Three factors contribute to this effect: 

a. The solar intensity decreases sharply with 
increasing wavelength. 

b. The scattering of sunlight by the air molecules 
decreases sharply with increasing wavelength. 

c. Beyond three microns the spectral intensity of 
sources at atmospheric temperatures becomes 
measurable; the spectrometer, being at a higher 
temperature, loses more energy to the atmosphere 
and interplanetary space than it gains. The loss is 
greatest, and the greatest negative deflection occurs 
in regions where the atmosphere is most transparent 
and where the spectral intensity of the spectrometer 
is highest; these regions coincide with the 8 to 13 
micron atmospheric window. (See section on at- 
mospheric transmission). 
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2. 2. 4 Water^Vapor (H^O) and Carbon Dioxide (CQ;)) Emission 

band ?hpíeif0rt wavelen&th side the 8 to 13 micron transmission 
represents an emiSS10n °f water vaPor in the 5 to 8 micron region 
On h i incoming signal to detectors sensitive in that region 

Harbin dToxideVelengís ^ °f the band? the f™damental band of carbon dioxide near 15 microns emits strongly. In each of these bands 
very short atmospheric pathlength is sufficient to be opaque- if tern 

phéreUrthe resumr T"'' “ fÍrSt hundred teet «f the’ataos- mpn ’ J resulting change in emission may be enough to create a 

wavelengths n01Se ^81131 in deteCtOTS S~ ¡” -spe^e 

2« 2. 5 Ozone Emission 

ci™ oí,! 9;í microns the ozone tayer at 50, 000 to 90, 000 feet absorbs 
j. ng y' thus emitting strongly at this wavelength. Furthermore 
temperatures in the ozone layer are comparable to surface tempera 
tures At the earth's surface the ozone layer produces an appreciable 
radiation flux easily measurable by detectors pointed at the sdiy de 

froL the oil fa“'8 gr0l,,’d leVel ge‘ ^ Iittle ^onni noise 

2. 2. 6 Night Sky 

Qo1f Iat!¡e nightjsky the effects of sunlight are absent. Tie effects of 
5ad,iaÜOn as dlscussed above remain essentially unaltered One 

new feature appears: starlight. Stars produce measurable radiation 

theX8 to Ts micron region^ bel°W three miCrons^ aad tn 

2. 2. 7 Ground Backgrounds 

The background for the military observer on the ground is com 

rocks m 10frtth';iniltural S“ch as trees, shrubbery, 
locks, and hills and other variations in ground level. These natural 
backgrounds have reflection characteristics as well as radiation 
emission. Since reflection and emission are both surface phenomena 
the numerous variations m the surfaces of natural objects^uch as ’ 
color texture and movement (as in the case of leaves) make for Í verv 
noisy background. However, practically all of the radiation energy ^ 
of relatively low temperature, (around SOQOk) especially at night 
arp1 u detectl0n of militarily important targets is facilitated shfee they 
aie usual y at some elevated temperature because of a power source7 
Identification by means of imaging systems is quite difficult unless a 
high resolution system is used 
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2-2.8 Sea Backgrounds 

The temperature of a sea surface remains fairly constant on the 
average because of its tremendous mass (Ref. 7). However, because 
of its motion, the reflectivity of any point is constantly changing. To 
an observer with infrared equipment the sea surface thus forms a very 
noisy background. For detection purposes, autocorrelation techniques, 
tatung advantage of the regularity of man-created effects such as wakes 
o ships, can detect targets in this randomly noisy background. For 
imaging purposes, however, a high resolution system is necessary to 
permit identification of a sea target. 

2. 2. 9 Background Measuring Programs 

On 8 and 9 June 1954, an infrared conference was held at the 
University of Michigan. Information on infrared backgrounds was so 
meager it was decided to hold a conference devoted entirely to infrared 
backgrounds and also to form a committee dealing with background 
measurements. 

The Background Conference was held at the Engineering and 
ResearC development Laboratories (ERDL) at Fort Belvoir, Va. on 
22 Nove. . 1954. At this conference a group of three members, 
one from each of the Military Departments, was appointed to consider 
the selection of members and the general field of interest of a Workin°- 
Group on Infrared Backgrounds. The membership of the WGIRB is 
composed of representatives of Defense Department research and 
development agencies and representatives of several of the major 
industrial organizations concerned with infrared. (For details of this 
organization and its work see Ref. 8). 

In addition, an infrared atmospheric measuring program known 
as Infrared Measuring Program 1956 (IRMP56) was carried out under 
Wright Air Development Center (WADC) sponsorship to get detailed 
information on sky backgrounds and atmospheric transmission. (Ref. 9). 
The information from these reports is still in the process of being 
analyzed and correlated. The main result of these studies has been a 
demonstration of the extent of the lack of knowledge of IR background 
and has led to the formation of other measuring programs which are 
still being carried out. These are Infrared Measuring Program 1958-59 
(IRMP 58-59) and Interservice Radiation Measuring Program 1959-60 
(IRMP 59-60). 
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2- 2. 10 Wiener Spectrum 

har-kor„l?"!Paratiï'::1,y, reCenl method of «raPWcal presentation ot 
Ï“™- .e called the Wiener spectrum. Its great usefulness 

in analysis of radiation for reticle techniques, which greatly assist 
in discriminati°n between a small target and a noisy background. ‘ 
However since reticle techniques are most useful in search and track 

to theSWGTRR ir|and/r0Und't0"air systems> the read« is referred to the WGIRB report and other literature for further details (Ref. 10). 

2- 2. 11 Target Discrimination 

located 3 target ÍS any °bject that is to be detected, 
orm w ° dentlfied by means of infrared techniques. For image 

tarp-pf g t/5 emS’ fny °r information could conceivably be a 
thpgt! f°Wever> for surveillance or reconnaissance infrared systems 
the targets are usually objects that are man-made. Thus the detection ’ 

a target becomes a matter of discriminating between the natural 
background and the man-made objects. In IR scanning systems target 
recognition is accomplished by detection of the difference between the 
p wer radiated by the target and by its background. (Ref. 9). Figure 4 
shows the difference in radiant emittance (watts/cm2) below wavelengths 
^ = Van0US tarSet-background temperature differences at g 

a-ff Thus> at ordinary ambient temperature, for a 5°C temperature'- 
difference between target and background, below 10u there is a 
maximum radiant emittance differential of about 1. 5 x 10-3 wátts/cm2 

reachesthe detecto“" ^ l0SSeS’ " Perce"ta«e of ^rg,' 

2. 2. 12 Methods of Describing Targets 

One of the other losses referred to above is due to the fact that 
the target and background radiations used to plot the curves were as¬ 
sumed to be blackbody radiation. Solid object radiations are basically 
grey body type; the blackbody curve for the temperature of the object is 

object y mUltÍPlying eaCh'P0Ínt 0n the CUrVe by the emissivity of the 
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may be more useful i^certTin^pL^at^60111? ^ °ther means’ which 
Polar diagrams of radi^^S o^the^ ÍS í° Pl0t 
object - top, sides, front and rear. (Figure 5/ if Pff- VieWed 
exists one or more of these may be eliminated ‘ a h c" Symmetry 
presentation may be necessary at timeT dimensional 

Polar diagrams usually are based nn frvfru 
ured by infrared radiometers* the nnfn f ^ t0tai radiant energy meas- 
teristics. Figure 6 wa^ Dlottéd 068 n0t have sPectral oharac- 
which measures radiation^at each incrl^116! by a spectrometer, 
the precision of the instrument (Note the^ ^ WaVei®ngth depending on 
vapor absorption at 6 microns.') N t ^ Pronoimced effect of water 

2- 3 Atmospheric Phenomena 

2. 3. 1 Considerations 

and use of ^16 Í ^ deSÍgn 
infrared receiver is almost ai„7i„o ’ j , , radmtion incident on an 
mosphere. This atmospheric 3, by the "’‘«vening at- 
tinuously changtag S« „f gases"”?,15 

rreÄ^-S’ “8 
sent, the wavelengths involved, aid th°e 

The prediction of scattering: effects hTr Qfm^n ] 

made difficult by the fact that cts by atmospheric particles is 
require knowledge of Dart,He J K a"d We scatter¡“g theories 
electrical character sües whfchm?8' ShilpeS' sizes, ”d 
making up the part"les ’tX " ‘““e depe“d 0,1 the materials 
and the theories cannot takeXo,TheXtorsTnX ^ C,etermi"ed 
many simplifying assumptions. account, requiring 

medium traversed. Airthe^factor^al^^6 r t0 refraction by the 
and refraction; vary with ti^e and P °n’ emission> scattering, 
The constant motion of the atmosphere ^ °Ver the transmission Path, 
scales, create these vario+-'nnQ ^ °n rnacro''an^ microscopic 

meteorological factors. Only on'a^tisüfafh^16 a Pattern aS °ther possible. ‘.atisucal basis are any predictions 
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In spite of the complexity of the problem, a tremendous amount 
of work has been done leading to an understanding of the fundamental 
physical processes involved. (Ref. 9, 10, 11, 12, 13, 14). The ab¬ 
sorption and emission spectra of the more important gasses are known 
in the regions of interest. Meteorologists have compiled tremendous 
amounts of data on the composition of the atmosphere and its variations. 
Theories of scattering and refraction have been developed from this 
data and have been employed with some success. Finally, there are 
quite a few measurements of the transmittance at wavelengths from 0.7 
microns to beyond 15 microns made through real and synthetic atmos¬ 
pheres. 

2. 3. 2 Atmospheric Absorption and Transmission 

Absorption of infrared radiation by the atmosphere consists 
primarily of the absorption spectrum of the vibration-rotation bands 
of H20 and CO2. These bands are situated at certain wavelengths in the 
spectrum, and the regions between the bands are "windows" which 
transmit radiation with very little attenuation. As a first approxima¬ 
tion, Figure 7, shows the absorption regions and windows associated 
with atmospheric transmission. 

Under low resolution the absorption curves look smooth, but 
higher resolution shows each band to be made up of many small absorp¬ 
tion lines (Figures) (Ref. 11). 

Absorption of monochromatic radiation follows the usual expon¬ 
ential law; from which 

— = 1 I0 exp(aw) 

in which I/I0 is the fraction of radiation transmitted through distance w 
and a is the absorption coefficient. The value of a at any wavelength 
depends on the amount of water vapor and carbon dioxide in the path 
length, w, and on the atmospheric pressure. Calculations based on the 
above equation require the spectrum to be broken up into extremely 
short intervals of one Angstrom (10-4 microns) or less, and the amount 
of labor required is not justified because of the variations in the water 
vapor content. Furthermore, the values of a are not well enough known 
at each wavelength to warrant this kind of computation. 



Figure T - 
The windows and absorption 

of the atmosphere 
regions 
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pm ElsasseJ (Ref. 12) has shown that for absorption lines which are 

an’ er/oX„eela„ndlawSeÍt“Si,y' ^ abS“-P«»" ^ 
J 

A = erf (ffw) 
1/4 

where A is the absorbed traction after traversing a path length w and 
ß is the error-function absorption coefficient. ® ’ d 

The error function is defined by 

erf(x) = _ 
dt 

o 
ex p(t2) 

this value is tabulated in various mathematical handbooks (Ref. 13). 

2. 3. 3 Effect of Water Vapor (H2O) 
■ • 

For application to absorption by water vânnr thp nafVi rr±u 

is usnaily given in terms of précipitable water in the total pathtf radia 

íhP ãhkiPfraCi,tlCe^W’ 18 obtained from meteorological observations of 
observatons oTthe / WMcl! must ba computed from actual observations of the temperature and relative humidity. 

an r T¿e assamPh°ris involved in the error function law are not strictlv 
pplicable to the spectral properties of the water molecule. The Ohio Y 

State bmversity Research Foundation found that values of atmosnheric 
absorption by water vapor lie between those predicted by the exnonential 
aw and those found by the error function. However, the actual devTa 
ons from the values predicted by the error-function are smaller than 

the uncertainties in the meteorological data, and the error-function 

-(R“ ä 
ft” äää? 

ö.f K^ttXoÄ0tted “ 9 -'Set 
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2- 3. 4 Effect of Carbon Dioxide (CO2) 

principal absorption bands of carbon dioxide are at 1.4, 1.6, 
2‘ °> 2- rj> 4- 3) 4- 5. 2 and 15 microns. See Figure 10. The work 
of many investigators in this field has verified the predicted trans¬ 
mission in most regions (Ref. 16). One of the largest discrepancies 
was near 4. 5 microns where data did not predict as much absorption 
as was actually found. Since this is precisely the region where hot 
C02 radiates, it is important to understand the reason for the dis- 
crepancy. The poor agreement is due to the fact that nitrous oxide 
(N2O), although only a very minor constituent of the atmosphere, 0. 5 
parts per million (ppm) has a very strong fundamental absorption band 
at 4. 5 microns. 

2. 3. 5 Scattering 

Scattering of infrared radiation by solid particles depends, as 
mentioned previously, on the number of particles, size, shape, etc. 
Studies of suspended particles have shown they consist of dust (with no 
growtli in size due to water) having diameters of about 0.1 to 10 microns 
and-condensation nuclei 10"3 to 1 micron diameters. Distributions of 
condensation nuclei have been found as shown below: 

In cities 
In small towns 
In the country 
In mountains 
and forests 

150, 000 particles/cc 
50, 000 particles/cc 
10, 000 particles/cc 

1, 000 particles/cc 

2-3-6 Atmospheric Penetration - IR vs. Visible 

In general, scattering of radiation is accomplished by particles 
equal to or greater than wavelength. Dust particles scatter radiation 
up to 10 microns in wavelength while the smaller particles only affect 
the near infrared. Thus infrared radiation has greater penetrating 
power through haze and fog than visible light, with the longer wavelengths 
being more effective. For infrared observations over sea surfaces the 
layer of water vapor makes it necessary to use these longer wavelengths 
to obtain any appreciable range. Atmospheric absorption effects further 
re uce the useful spectral region to the 8 to 13 micron window. 
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2. 4 Optical Systems 

2. 4. 1 General Considerations 

In order to obtain sufficient infrared energy at the detector it is 
necessary to employ an optical system to collect the radiation and 
focus it on the cell. By analogy with radio systems the optical element 
of an infrared receiving or transmitting system corresponds to the 
antenna of the former. The energy pickup and directional characteris¬ 
tics are dependent upon the type of optical system selected. 

Optical arrangements for infrared systems are usually adopted 
from those developed in the field of visual optics and optical engineering. 
Several suitable optical systems are those that are used in telescopes. 
While all optical arrangements are basically image-forming this pro¬ 
perty is not a requisite for infrared systems, which may be divided in¬ 
to image-forming and non-image forming classes. The classification 
depends upon whether the output of the system is to produce an image 
of the target or simply some response dependent upon one or more 
characteristics of the target. Many infrared systems fall into the non¬ 
image forming category. These include guidance systems, tracking, 
search, fuzing, etc. Image-forming systems either build up the image 
by scanning small areas, somewhat similar .to television, or form the 
entire image at one time as an ordinary camera does. 

The following discussion will be limited to those optical systems 
most suitable for the applications under consideration, such as the 
surveillance systems and systems for training in identification and 
interpretation which fall in the image-forming category. 

2. 4. 2 Optical Considerations 

The selection of an optimum optical configuration for an infrared 
system depends upon a number of factors: 

1. Physical or mechanical size 
2. Relative Aperture - f/number 
3. Angular field of view 
4. Spectral or wavelength response 
5. Reflective or refractive optics 
6. Aberrations 

From the infrared system designer's viewpoint, the optical 
system may be regarded as a specialized component in much the same 
way that an electronic system designer would regard a special electron 
tube. However, in order to properly select and use an optical system, 
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the designer must understand certain optical fundamentals. (For 
detailed discussion of optics, the reader is referred to any good 
optical text-book. Ref. 17, 18). 

2. 4. 3 Reflective and Refractive Considerations 

The elements in an optical system are either reflective, refrac¬ 
tive or a combination of both. Because of the chromatic aberrations 
inherent in refractive systems, caused by the changing index of re¬ 
fraction with wavelengths, reflective optical systems should be most 
suitable for imaging purposes, especially for infrared systems. Other 
aberrations, such as spherical aberration, coma, astigmatism require 
some combination of refractive and reflective elements for best image 
quality. 

2. 4. 4 Relative Aperture - f/number 

One of the most important optical parameters is the relative 
aperture or f/number which is determined by the ratio of the focal 
length to the effective diameter of the optical system. An f/4. 5 optical 
system means the focal length is 4. 5 times the effective diameter. It 
is a measure of the radiation-gathering capability of the optical system; 
the smaller the f/number, the larger the effective area for a given 
focal length, and the greater the image brightness will be. f/number 
is sometimes referred to as the speed since the time needed to get the 
same image brightness is inversely proportional to the square of the 
f/number. For imaging systems, a low f/number would be desirable; 
however, the larger diameters associated with low f/numbers usually 
introduce more aberrations resulting in a decreased image quality. 

2. 4. 5 Field of View 

The field of view is a measure of the number of point sources 
that can be collected by the optical system in any instant. A wide 
angular field of view may be a desirable feature for imaging in some 
instances; however, the combination of wide angle and low f/number 
is difficult to achieve since the effects of the aberrations become more 
pronounced. Thus, angular field of view and f/number must be juggled 
in accordance with the requirements of the overall IR system. At 
present many systems use a small angular instantaneous field of view 
and low f/number; a desired resultant wide angle may be obtained by 
some means of scanning this small field over the wider angle. 
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2. 4. 6 Aberrations - definition 

oredirínnf atl^nS ^ dePartures of the actual images from theoretical 
predictions. These are not caused by defects in the lens, but are con¬ 
sequences of the laws of reflection and refraction. 

2. 4. 7 Chromatic Aberration 

of thP Jhe f0Ca/ ien1gthc,of a lens is a function of the index of refraction 
of the lens material. Since the index of refraction varies with wave 
length, the focal length is different for different colors. Thus, a single 

ns forms a series of images at varying distances from the lens and 
of varying sizes. Longitudinal or axial chromatic aberration is varia- 

on of image distance and lateral chromatic aberration refers to varia¬ 
tion of image size. An exaggerated illustration is Figure 11. 

This is one of the major problems in a refractive imaging system 
since the spectral regions of interest are many times greater than the 
visible spectrum. Correction requires use of two different materials 
or two lenses of same material separated by an air space. A reflective 
system avoids this problem completely. 

2. 4. 8 Spherical Aberration 

Spherical aberration is due to the fact that parallel rays incident 
on a spherical surface are not reflected or refracted to the same focal 
point, on that radius of the surface which is parallel with the incident 
rays, especially if the diameter of the surface is relatively large. Bv 
proper choice of radii of curvature of the surfaces and of distances 
between surfaces, spherical aberration may be reduced to a minimum 
In reflective systems, figuring to a paraboloid will eliminate spherical 
aberration, or corrector plates such as the Schmidt or Maksutov 
Correctors may be used. (Figure 12). 

Sphencal aberrâtion results in a circular image for a point source 
This is called the circle of confusion and is present to some degree in 
all optical systems using spherical surfaces 

Aspherical surfaces such as the paraboloid referred to above would 
be a means of eliminating the problem. The creation of aspherical sur¬ 
faces, however, is a very costly and time-consuming procedure 
Spherical surfaces, on the other hand, can be produced cheaply and 
quickly by machines. Thus, the cost involved must be considered in 
arriving at a final design. 
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a. Measure of axial chromatic aberration 
b. Measure of lateral chromatic aberration 

Figure 11 - Chromatic Aberration 
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(b) (a ) 

Effect of Spherical 
Aberration 

Minimizing Spherical 
Aberration 

Figure 12 - Spherical Aberration 

(c) 

Schmidt Corrector Plate for Minimizing 
Spherical aberration of a mirror 



2. 4. 9 Coma 

This aberration affects image points off the optical axis and is one 
of the factors limiting angular field of view. Figure 13 best illustrates 
this aberration. It will be noted that the rays through the marginal zone 
come to a focus at a different point in the image plane from the focus of 
rays passing through and near the center of the lens. This effect is 
true also of reñective optics, especially so of paraboloidal mirrors 
where an off-axis condition of more than half degree can produce an 
unrecognizable image. 

Comatic aberrations can be minimized for a one element lens by 
using two different radii of curvature. A higher order of correction 
can be obtained by using more than one element. In some cases it is 
possible to minimize coma and spherical aberration at the same time 
by proper choice of surfaces. 

2. 4. 10 Astigmatism 

This can be described as a special form of coma. Where coma 
results in spreading the image of a point over a plane perpendicular to 
the optical axis, astigmatism spreads the image along the axis. Figure 
14 best illustrates the effects of astigmatism. The circles of the top 
part marked "no astigmatism present" represent the cross-section 
of the bundle of light rays. The astigmatism illustrated in the lower 
part is the distortion of these circles into elliptical patterns with the 
rays passing through two short lines perpendicular to each other at 
points B and C. Point D is the circle of least confusion. In this plane 
the most satisfactory image is obtained. A lens constructed with 
ordinary care will not show any astigmatism for a point on the optical 
axis of the lens, but only for points off the axis. 

2. 4. 11 Minimizing Aberrations 

These aberrations and others (such as curvature of field and dis¬ 
tortions) cannot all be eliminated from a single lens. Compound lenses, 
by balancing one aberration against another, can eliminate or reduce 
aberration effects. Combination reflective - refractive systems are 
also effective. However, the more elements an optical system has, 
the greater the cost; also, refractive elements cause some radiation 
loss through absorption and reflection. The infrared designer must 
jùggle his optical materials and components to come up with the best 
system for the least cost. 

Table III lists the various aberrations and their variations with 
image height, h, and aperture size, y. (Ref. 18). 
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a 

a. Focus of off-axis object 

Figure 13 - Comatic Aberrations 

60° 

b. Comatic image formed by cone of rays through 
each zone of the lens. 
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A - Image of a point - no astigmatism present 

A 

V 
B 

O o - 
D C 

B ~ Cross-section of rays forming astigmatic image of 
a point. 

Figure 14 - Astigmatism 
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TABLE III 

Effect on Aberrations with Change 
Image Height and/or Aperture * 

s in 

Spherical Aberration 
Coma 
Astigmatism (difference in focus) 
Length of Astigmatic Focal Lines) 
Petzval Curvature 
Distortion 
Longitudinal Chromatic Aberration 
Lateral Chromatic Aberration 

Variation with Variation with 
Image Height, h Aperture, y 

Independent 
h 
h2 
h2 
h2 
h3 
Independent 
h 

r 
y2 
Independent 
y * 
Independent 
Independent 
Independent 
Independent 

•Ref. 18, P. 46 



2. 5 Optical Materials 

2. 5.1 Infrared Use 

Optical materials are used in infrared instruments of two rather 
distinct types, and different specifications are imposed upon the ma¬ 
terials by the two types of usage. The first is laboratory use of optical 
materials, chiefly as spectrometer prisms and as windows for spectro¬ 
photometer absorption cells. The second is the so-called "field use"; 
military instruments lie chiefly in this category. The specifications 
imposed upon optical elements for field use are obviously much more 
severe than for laboratory use. Only field use will be discussed since 
the scientific literature contains information relating to materials for 
laboratory use. 

2. 5. 2 Outside Uses 

From the practical point of view, one can differentiate between 
"inside" and "outside" uses. Outside use refers to the employment 
of an optical material to seal a system, such as an entrance window. 
Such a sealing window may be flat, as in some scanning equipments or 
in radiometer devices of the type made by Barnes Engineering Company 
and Servo Corporation of America. In missile guidance devices and 
the like, the window is curved, ordinarily hemispherical, and then it 
is often called an "irdome". Windows used in outside applications must 
possess suitable elastic, thermal, and chemical properties as well as 
adequate hardness, abrasion resistance, etc. Their melting points 
must be appropriately high; their thermal conductivities and thermal 
expansions should be optimal for the design use; they should not be 
water soluble to any extent, etc. Equipments used by the ground 
forces are more likely to encounter rain and sand erosion, whereas 
irdomes on guided missiles must have high melting points because of 
the high temperatures resulting from the supersonic speeds at which 
they travel. Adequate resistance to mechanical and thermal shock is 
also important. Other practical considerations are the maximum size, 
which is a real limiting factor for certain materials; cost of grinding 
and polishing finished components; and reproducibility. Satisfactory 
sealing windows, either flat or curved, can be of plastic that is sup¬ 
ported by a wire mesh or spider backing to give adequate strength. 
Segmented windows can sometimes be employed, relaxing the slab-size 
requirement on the crystalline or glass material. 
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2. 5. 3 Re-emission 

that nnÍ!nHeVfei\an °í1Cal element is at a temperature different from 
Thtt fn !te?0/: pr0blem of re-e™tssion must be considered. 
to he bPh^ f ln 15, WhÍCh rePresents an approximation 

,behavior of ™any g°od optical materials. If the material is per 
thp I transParent (as indicated by the region marked "T") throughout 
the detector s wavelength range of sensitivity, then there will be^no 
et interchange of radiant energy between the two components for the 

only losses are those of reflection, marked "R". If, however the 
material has an absorption region, as indicated by the area marked 

•, ^1611 lts cmissmty m this interval is not zero and it will 
emit radiant energy. Some of the radiant energy may reach the de¬ 
tector and cause a false signal, an increase in noise, or (in extreme 
cases) a saturation of the detector. The pure single crystals have 
very near y peifect internal transmittance, except near their cut-off 
wavelengths. ¡ Thus, re-emission should not be a problem as long as 
the window s high-transmission region extends beyond the spectral 
response region of the detector. Most glasses, however, exhibit ab- 
sorption in the water band, 2. 7 to 2. 9p, where re-emission is ex- 

2. 5. 4 Inside Uses 

Optical elements used inside an equipment are not subjected to 
as rigorous environmental factors as some of those just indicated. 
However, the location of the melting or softening point is important, 
as are such practical properties as thermal expansion, vibration re¬ 
sistance, and resistance to cold flow. One inside use of an optical 
element of the refractive type is as a corrector plate, necessary to 
reduce the spherical aberration and coma of a purely-reflecting optical 
system such as the popular Cassegrain type of telescope. A material 
of good optical quality is necessary; often it must be available in rather 
large pieces because the plate may determine the entrance pupil- it 
must be readily ground and polished to an optical surface which may not 
be plane or spherical but a more complicated figure. Sometimes the 
corrector plate serves as the outside window, then the above noted 
specification for atmospheric effects applies. 

2- 5. 5 Prism Material Considerations 

t. ^ Prism system consisting of two or more wedges, which may be 
stationary or rotating, may be employed in a scanner. The purpose of 
these prisms is to deviate or redirect the radiation path to provide a 
scanning motion giving deviation without dispersion. A high index of 
refraction material may be selected for this application, since it keeps 
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Figure 15 - Ti ansmission and absorption of window 
material, illustrated schematically 

(Ref. 19) 
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the wedge angle small and hence the size and weight of the prisms at a 

ZT™ K PariCUlar i]rrtance f0r rotating parts; and ialso keeps the absorption losses in the wedge low. 

2- 5. 6 Lens Material Considerations 

Lenses have not been used very widely in infrared instruments as 
radiation collectors because of the emphasis on reflecting optics- the 

îaüon haVH,the adVantage °f freed0m from chromatic aber¬ ration. Field lenses, though , are often used behind a reticle to image 
n entrance pupil on the sensitive surface of the detector. High-index 

w w ge;manium are used in this application because a thin 
lens is needed and a very compact system can be made. 

2. 5. 7 "Immersion Optics" Properties 

The use of optical materials in so-called immersion optics for 
detectors is a particularly attractive application in the latest instru¬ 
ment designs. For several reasons it is often necessary to use the 
smalles detector possible in a system. A simple means of obtaining 

s goal is lhe use of immersion techniques that are similar to the 
f,e;Slgnf of immersion microscope objectives. By depositing or attaching 
. detJ-ctor onto a flat surface which is the base of a hemisphere or 
hyper-hemisphere of a material having a high refractive index, the in¬ 
cident radiation is concentrated on a cell of very small area. Figure 16. 
The linear demagnification can be determined from the equations for a 
single refracting surface, and is proportional to the index of refraction. 
The area reduction is related to the square of the index. Lead sulfide 
detectors have been deposited directly on the flat surface of immersion 
lenses made of titanium dioxide or strontium titanate. Immersion 
op ics have been recently used with bolometers using germanium as 
the lens material; mosaics have been made of many very small flier- 
mistors each immersed in its own immersion lens. 

The properties desirable in an immersion lens are required 
transmission region, low electrical conductivity, high dielectric 
strength, and relatively high refractive index so that the optical gain 
is reasonably large. It is necessary that the lens material match the 
detector m thermal expansion so that the interface remains stable 
It is also possible to use the immersion lens as a heat sink for thermal 
detectors; m this case high specific heat and high thermal conductivity 
are desirable. Since the refractive index is lar'ge, an anü^eflecüon 
coating is a critical part of the design. Particular care must be taken 
to insure that even off-axis oblique rays are properly handled by this 

lCeQns surface ^ ^ ^ ^ internally reilected at the detector- 
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Infrared 

Figure 16 - Image Reduction by Immersion Optics 
(Ref, 25) 
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2. 5. 8 Filter Material Considerations 

Optical materials are also used as filters of the cut-off or cut-on 
types Because of the sharp cut-on of germanium at 1. 8p, germanium 

meftS mfy n0t 0nly serve as focussing optics but also per- 
Whe^e ïn/r T f Ä filter, eliminating the shorter wavelengths 
in H-, Z rddlatl0n 18 large- If there are ordinary glass elements 
in the optical system, then there is a long wavelength cut-off at about 

• M or less which may be useful in eliminating much of the atmos¬ 
pheric radiation at the longer wavelengths. Some of the single crystals 
have been used as cat-off filters, since they drop in transmission 
s arply at their long-wavelength transmission limits. However the 
more common use is as cut-on filters, known as long wavelength 
pass filters, which are especially useful in reducing reflected and 
scattered sunlight effects. 

2- 5. 9 Reflection-loss Considerations 

An undesirable result of high refractive index is the large reflec¬ 
tion loss For ordinary glass, of refractive index 1. 5, the reflection 
°SS4%- T!?us the eternal transmittance of a glass plate is 

about 92% because of reflection losses at the two surfaces, neglecting 
any absorption loss within the glass. The reflection loss per surface 
or a material of refractive index 4, such as germanium, is 36%. 

Therefore, a simple germanium lens or filter will have a total reflection 
oss for the two surfaces of more than 50%, which means that over half 

the energy is reflected out of the beam and unavailable. A partial solu¬ 
tion is the use of reflection-reducing coatings. But the correction is 
va id only for a single wavelength and the reduction is efficient over 
only a small wavelength band, perhaps not over the entire region of 
interest. Even multilayer films are not altogether satisfactory. 

2. 5. 10 Material Development 

The early workers in IR had only a few natural crystals such as 
quartz, fluorite and rock salt that they could use. Developments made 
in growing single crystals, particularly during the World War II years 
resulted m the commercial availability of a number of new materials ’ 
such as silver chloride, synthetic lithium fluoride and calcium fluoride 
and also some new synthetic mixed crystals of which KRS-5 is a good 
example. Large single crystals of synthetic sapphire, spinel and 
rutile were grown. Research in solid-state physics developed highly 
pure and rather large pieces of germanium, silicon and other semi-7 
conductors which also have considerable use as optical materials. 
There has recently been a rapid growth in the availability of interme- 
talhe single crystals of the so-called three-five and two-six types making 
them contenders for optical instrumentation application. 
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2. 5. 11 Glasses and Plastics 

New glasses have been developed during the last few years. 
Arsenic trisulfide is an outstanding example. Calcium aluminate is 
a new glass that extends into the intermediate IR region. Plastics are 
not as generally used as are glasses and crystals; however, those that 
transmit in wavelengths of military interest are sure to be valuable. 

2. 5. 12 Spectral Transmission Regions 

Perhaps the most important single property of an optical material 
is its transmission range. These ranges are presented in Figure 17 in 
order of increasing long wavelength limit. The transmission limits are 
chosen on the basis of 10% external transmittance for a sample 2 mm 
thick. The limit cannot be defined rigorously for some materials, 
especially semiconductors, since, for them, the state of purity and, 
in some cases, crystal orientation, should also be specified. The limits 
indicated can be used as a general guide, however. 

2- 5- !3 Long Wavelength or Thermal Region 

The region from 8 to 13/1 is the most critical as far as satisfac¬ 
tory optical materials are concerned. Windows can be fabricated of 
rock salt (NaCl), potassium bromide (KBr), and others, but these 
’’conventional" materials are generally water soluble. Silver chloride 
(AgCl) can withstand moisture and even solarization if pure enough 
and properly coated for protection, but its homogeneity leaves some¬ 
thing to be desired, and it is rather soft and corrosive. KRS-5 has a 
melting temperature of 415°C, exhibits cold flow, is sometimes in¬ 
homogeneous, is toxic, is expensive and has high specific gravity so 
that optical elements of this material are relatively heavy. Arsenic 
trisulfide glass, which is often used as a window, cuts off at about 12/1 
and softens at 1950C, a temperature that is too low for many applica¬ 
tions. Crystalline germanium and silicon can be used, except that 
they are limited in size. Germanium's transmission drops rapidly 
with increasing temperature starting at about 1250C; silicon can be 
used up to 300°C. (Silicon irdomes up to 6 inches have been reported. ) 

Some of these materials are useful as corrector plates, lenses, 
and prisms in optical systems, but are not really as satifactory as 
they might be because of the limitations that have been indicated. 
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Figure 17 Transmission regions. 
The limiting wavelengths, for 
both long and short cut-off, have 
been chosen as those wavelengths 
at which a sample 2mm thick has 
10% transmission. Materials 
marked with an asterisk (*) have 
a maximum external transmit¬ 
tance less than 10%. 
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Immersion lenses have been made from germanium and selenium. 
This is probably the least restricted of the thermal region applications 
because of the less strigent mechanical thermal requirements, although 
many problems remain. 

2. 5. 14 The Intermediate Region 

In this region, 3 to 8/i, the situation is better. In addition to the 
above mentioned materials, calcium-alumínate glass, sapphire, peri- 
elase, and plastics such as Kel-.F can be used for irdomes. Calcium 
alumínate shows absorption at 2. 8p with the subsequent re-emission 
problem already discussed. Sapphire is available in sizes sufficiently 
large for most applications, but is expensive. Flat plates and seg¬ 
mented domes of arsenic trisulfide glass, Kel-F, etc. have also been 
used. 

Optical elements can be constructed from germanium, silicon, 
rutile, sapphire, arsenic trisulfide and arsenic modified selenium 
glass. Silicon and germanium have not only high refractive indexes, 
but also low dispersions. Thus they can be used as lens and prism 
materials that possess high power and little chromatic aberration. 

Selenium, germanium, and strontium titinate have been used for 
immersion lenses. Other materials are available; they should be 
chosen to best match the physical properties of the detector. 

The use of a filter is more important in this region than in the 
theimal region, and there are more possibilities. Not only are there 
better interference filters available, but a broad range of semicon¬ 
ductor cut-on wavelengths lie here, and a desired cut-on can be manu¬ 
factured by a proper mixture of materials. 

2. 5. 15 Near Region 

Extending from visible to 2. 7p this region is the most satisfac¬ 
tory from the optical materials standpoint'.' All the materials mentioned 
above are available; in addition fused silica and optical glasses can be 
used. Refractory type windows or domes can be made, lens systems 
can replace reflective or catadioptric (combination reflective-refractive) 
systems and virtually any desired spectral band can be isolated by an 
interference filter. 
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^^ frfote-of-the Art Report 

in a sä“ "art ryetr0«fòfhZrrírmT,e °f materials »e found 
(IRIA) group of the Uni versity of Michfgan (Re”™!10 

" diffe^maleÄÄ 

infrared optical anfa^t^r;:/^“ " 

® Optical Components 

2. 6. 1 _Mirror and Lens Systems 

avail ableos describí tlle »Pticl>l materials 
arrived at. This system mav havp ^ 1 s> an °Ptlcal system is 
in many combinations Some7of the^01^ lenses' Prisms, filters 
Figure 18. °f these are shown ^ the following chart, 

be used to create an overairshorterTysfe^m It«1611868 “1that they can 
radiation collectors and providing some aburrir 8ame me aCting as 
a good imaging system reouire« fhf aberration corrections. Since 
flective-refracti/esvstpmQ11^68!.^6 ^°St aberratioa correction, re- 

Bouwers are usually'used This c'hote "o^f °r Maksutov 
spectral region of interest as fids aff / I coarse’ dePf!nds upon the 
the corrector plates ^ affeCts the choice material for 

2. 6. 2 Prisms 

the disPp™TvSeae«e“c!: afe 

s; »ä 
s-— 

2. 6. 3 Filters 

is done in several ways ° Tband ^as-ñlf^159'1'1 0Í the spectrum- This 
narror band of wavelengths- the higher aMi uansmits radiation over a 
A long-wave pass filter tra^mits waveml^^ WaVelengths are blocked, 
length, while a short-wave pass filter , ^118 ionger than a given wave- 
than a given one. P er transmits wavelengths shorter 
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Material 

Glass 

Fused Quartz 
Si02 

Calcium Aluminate 
CaAl 

Sapphire AI3O3 

Kei-F 
(Plastic) 

Magnesium Oxide 
MgO 

Arsenic Trisulfide 
AS2S3 

Spectral 
Range 
(microns) 

0. 2 
3. 0 

0. 2 
4. 0 

Index 
of 

Refraction 

1. 9 
1. 5 

1. 48 
1. 41 

0. 4 
5.0 1. 63 

0. 17 
5. 8 

1. 83 
L 59 

0. 3 
6 1. 43 

0. 25 
8. 0 

1. 77 
1. 62 

Silicon Si 

0. 57 
11. 86 

2. 66 
2. 37 

1. 2 
15. 0 

3. 5 
3. 42 

Germanium Ge 

Silver Chloride 
AgCl 

1. 8 
20. 0 

4. 1 
4. 0 

0. 4 
23. 0 

2. 1 
1. 9 

TABLE IV - Properties of Ii 

Per Cent 
Trans¬ 
mission 

90 

90 

88 

80 

85 

70 

55 
(38°C) 

45 

80 

Thickness 
(mm) 

0.15 

5.4 

2. 5 

1. 15 

Maximum 
Size 

(Inches) 

Unlimited 

18 

Over 
18 

4" dia. .. 
Thin rolled 
sheets of 

Cold 
Solub 

(gms/ 

0. ( 

0. 0 

Ve 
Slig 

0. 0 

0. 0 

0.00 

0. 0C 

0. 00 

0. 001 

large area 
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Properties of Infrared Optical Materi 

Maximum 
Size 

(Inches) 

Cold Water 
Solubility 

(gms/100m 

Unlimited 0.000 

0. 000 

18 

Over 
18 

4" día. 
Thin rolled 
sheets of 

large area 

lals 
.7 ! 

Soluble 
In 

Relative 
Cost Pertinent Design Properties 

HF 

Very 
Slight 

0, 000 

HF 

0. 000 

Slightly - 
Acids and 
Alkalis 

Low 

Moderate 

High 

High 

Low 

0.000 Ammonia Moderate 

0. 000 Alkali Moderate 

0. 000 
Mixture 
HF & 
HNO3 

High 

0. 000 

0. 000 

Hot H2 SO4 
Aqua 
Regia 

NH4OH 
Na2s2°3 
KCN 

High 

High 

Homogeneous. Colorless. Easily cut 
ground, polished, non-toxic 

Good mechanical and thermal properties. 
Isotropic. Colorless 

Glass. Under development. Some times 
crystal clear, other times brown or yellow. 
Water causes slight marking of polished surfaces 

Hexagonal crystal. No cleavage. Does not 
scratch easily. Excellent mechanical and 
thermal properties. 

White opaque - may be transparent or translu¬ 
cent. Good mechanical, thermal and chemical 
properties. Non-toxic 

Colorless cubic crystal. Cleaves. Good 
chemical resistance. MP-2800°C. 

Homogeneous red glass. Non-toxic Non- 
corrosive. Thermal shock resistant. Softening 
temperature is 195°C. Stable 

Steel gray, cubic crystal. MP is 1420oCh 
Transmission decreases over 300°C. Good 
mechanical and thermal properties. 

Steel gray, cubic crystal - MP is 940°C. 
Transmission d ecreases over 100°C 
Hard and brittle at room temperature. 

Colorless cubic crystal. Isotropic. No 
cleavage. Darkens in sunlight with reduced 
témete!?1011' Softand malleable. Corrosive 



ne. ia fã) 
infrared optical systems 

pertinent design characteristics 

1. Free from spherical aberration. 

2. Suffers from off • axis coma. 

3. Available in small and large diameters 
and f/numbers. 

4. LowIR loss (Reflective). 

5. Detector must be located in front of optics. 

1. Free from spherical aberration 

2. Shorter thon Gregorian. 

3. Permits location of detector 

behind optical system. 

4- Quite extensively used. 

1. Free from spherical aberration 

2. Longer thon casscgrain. 

3. Permits location of detector 

behind optical system. 

4. Gregorian less common than Cassegrain. 

• < Suffers from off-axis coma. 

2. Central obstruction by prism or mirror. 

Hot widely used now. 

2. No central obstruction by auxilory 
'ens. 

3. Simple construction. 

4. Suffers from some coma. 

. Produces a curved field. 

2. Free of spherical aberration and coma. 
3. Central obstruction by its own field 

surface. 

4. Can obtain low f/number. 

5. Sharper focus over larger area than 
paraboloid. 

6. May be built os solid unit. 

1. Rodiolion gathering power less than 
reflection systems. 

2. Relatively short length. 

3. Limited field of view. 

4. Spectral response limited by lens mat mm. 



rui. ttf b) 
INFRARED OPTICAL SYSTEMS 

ERTINENT DESIGN CHARACTERISTICS 

“ree from sphericol oberroHon. 

Suffers from off • oxis como. 

Avoiloble in smoll and large diameters 

and f/numbcrs. 

-OwlR loss (Reflective). 

Detector must be located in front of optics. 

Free from sphericol aberration 

Shorter (hon Gregorion. 

Permits location of detector 

behind optical system. 

Quite extensively used. 

Free from spherical aberration 

Longer than casscgrain. 

Permits location of detector 

behind optical system. 

Gregorian less common than cossegroin. 

Suffers from off - oxis coma. 

Central obstruction by prism or mirror. 

Hot widely used now. 

No central obstruction by auxilary 

lens. 

Simple construction. 

Suffers from some coma. 

Produces a curved field. 

Free of spherical aberration and coma. 

Central obstruction by its own field 

surface. 

Can obtain low f/number. 

Sharper focus over larger area thon 

paraboloid. 

May be built as solid unit. 

, Radiation gathering power less tiran 

reflection systems. 

. Relatively short length. 

. Limited field of view. 

. Spectral response limited by lens marfwW. 

. 

TYPE RAY DIAGRAM 
OPTICAL 

FI FUFNTS 
PERTINENT DESIGN CHARACTERISTICS 

KEPLERIAN 

SCHMIDT- 

CASSEGRAIN 

0« BAKER Axis 

MANGIN MIRROR 

Axis 

Refractive 

L,^ Biconvex len« 

Lp= Biconvex len* 

1. Rodiation gathering power Us« 

thon reflection system. 

2. Spectral response limited by lens mcierial. 

X Not widely used now. 

Reflective- 

refractive 

Mp = Aspheric mirror 

M,= Aspher 

L = Refractive 

1. Produces Hot field. 

2. Very siwrt in length. 

X Covers large field. 

4. Corrector plate has larger curvature 

than Schmidt. 

corrector plate 

Refractive- 

reflective 

Mp = Sphericol 

refractor 

Ms= Spherical 

reflector 

]. Suitable for 1R source systems. 

2. Free of spherical aberration and coma. 

3. Most suitable for small apertures. 

4. Covers small angular field. 

5. Uses spherical surfaces. 

MAXSUTW 

Refractive- 

reflective 

Mp— Meniscus 

reflector 

Ms = Meniscus 

refractor- 

reflector 

1. Free of spherical Mjerration, como, 

and chromatism. 

2. Very compact. 

3. Large relative aperture. 

4. May also use combinations of spherical 

and aspheric elements. 

GABOR 

Refract! ve- . 

reflective 

Mp —Spherical 

reflector 

M5 = Spherical 

refroctor-plono 

reflector 

1. High aperture system. 

2. Hoi mean correction of spherical 

aberration and coma. 

X Suitable for IR source systems. 

FRESNEL 

LENS 

Refractive 

Lp= Special 

fresnel lens 

1. Free of spherical aberration. 

2. ' Inherently lighter weight. 

X Small axial spoce. 

4. Small thickness reduces infrared 

absorption. 

5. Difficult to produce with present 

infrared transmitting materials. 
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Filters depend on one or more of the following phenomena: 
selective absorption, selective refraction, selective reflection, inter¬ 
ference and polarization. Selective absorption depends on the spectral 
response of the material. Selective refraction takes advantage of the 
chromatic aberration effects by placing the detector at the focal point 
of the optics for the desired wavelength. Selective reflection is de- 
pendent on a variation of reflection coefficient with wavelength. This 
is particularly useful in far infrared regions. 

interference filters are of the reflection type or transmission 
type. These filters are usually of the narrow band-pass type and 
as such are not usually used in infrared imaging systems. For more 
information see Reference 20. 

2* 6. 4 Diffraction Gratings 

Diffraction gratings are used in laboratory instruments such as 
spectrophotometers for analysis of radiation. Effectively a diffraction 
grating is a large number of parallel narrow slits, as many as 5 or 10 
thousand per inch. Radiation waves from these slits interfere with one 
another either on transmission or reflection. These interference effects 
cause a dispersion of the various wavelengths somewhat similar to a 
prism. The number of lines determines the precision whereby the 
various wavelengths may be separated. Thus, the diffraction grating 
is much more precise for radiation analysis. Further discussion is 
not warranted for the purposes of this report, and the reader is refer- 
red to optical texts for more detail. 
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3- infrared detectors 

Considerations and Characteristics 

In order to detect infrared radiation, it must be absorbed and its 
enei gy converted into some measurable quantity. The output of the 
optical system is, thus, focussed on a material which is a good absorber 
of IK, and a good energy converter. These are the two basic qualitative 
characteristics of a good detector. To describe and compare detectors 
more completely they are broken down into the following quantitative 

a. Responsivity 
b. Noise Equivalent Power (NEP) and Detectivity (d*) 
c. Time constant 
d. Spectral response 

3. 1. 1 Responsivity 

Responsivity describes the signal response. Units are usually 
signal volts per watt of radiation incident on the detector. 

R (f) - vs (f) 
W (f) 

Vs (I) Is the rms signal voltage at the modulation frequency f, 
and W (f) is the rms radiation power of modulation frequency f incident 
on the detector. R (f) will generally be a function of the time constant 
and other physical parameters of the detector. (Henceforth, in this 
report, frequency will refer to the modulation or "chopping'' frequency 
which permits designers to use standard ac electronic circuitry. ) 

3- 1- 2 Noise Equivalent Power (NEP) and Detectivity ÍD*) 

The NEP is a measure of the signal energy level that describes 
the capability of the detector. It is defined as the radiation power needed 
to produce a signal to noise ratio of one, or the radiation power needed to 
pioduce a signal equal to the noise level of the detector. A smaller NEP 
denotes a more sensitive detector. Another way to describe the detection 
ability of a detector is to specify its detectivity or D* (called D-star). 
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X 
1 

NE P 
D* = 

A 
lcm2 

where A = cell area in cm^ 

This has the psychological asset of indicating improved perfor¬ 
mance with an increasing numerical figure. It has been recommended 
for use by the organizations concerned with measuring detector charac¬ 
teristics such as Naval Ordnance Lab. at Corona, California. The 
term "noise" in noise-equivalent power is made up of several types as 
follows: 

1. Johnson noise 
2. Thermal noise 
3. Current noise 
4. Shot noise 
5. Recombination - generation noise 

3-1-3 Johnson Noise (Also called Nyquist Noise) 

An ohmic resistance can be pictured as a material which con¬ 
tains a number of free charge carriers which move about in a crystalline 
lattice bumping into one another and into the atoms which make up the 
lattice. Their motion is random with energies that depend on tempera¬ 
ture. If a sufficiently sensitive voltmeter were placed across a resistor 
(or semi-conductor) it would indicate fluctuating voltages. These fluctu¬ 
ations represent a noise whose behavior is determined purely from ther¬ 
modynamic considerations and not from the nature of the charge carriers. 
Johnson noise is independent of frequency for the frequency ranges nor¬ 
mally used. 

3.1.4 Thermal Noise 

There is a continual interchange of radiant energy between bodies. 
Since they all emit radiation that is characteristic of their emissivity and 
temperature, this radiation can be described in terms of photons which 
emerge from or are incident on surfaces in a statistical manner, analo¬ 
gous to rain drops falling on a roof. There are statistical fluctuations 
in the density of photons emerging from the surroundings and falling on 
the detecting surface, which, on absorption, cause corresponding fluctu¬ 
ations in its temperature. Thermal noise is independent of frequency 
over the frequency ranges normally used. 



1- 5 Shot Noise 

scribed is us“ally associated with vacuum tubes and it is de- 

the grid if^tv ¡field Irr f aPPearS in Uie mtmt of a tabe *»'«' 

ia Hr=r-a“ S rs:- 
iSe f f í ‘’“ú“1"8 t0 11,6 Passaüe of an electron from cathode to 
anode. A similar situation prevails in the case of a semiconductor 
Electrons or holes going from N type material to P ty™fr ,te vefsa 

characteristicfthat a6' appearin8 across »o «»de with the same aracteristics tiiat are observed for vacuum tubes. Shot nnidip oiap 
is independent of the chopping frequencies normally used. 

3-1-6 Current Noise 

- . ^ur^ent noise if the voltage fluctuation that appears across the 

rent ^ss'es through the Íesfstof' ThisIvTt™*’ ^ a CUr' 

mirra/H b“ng.del>e"de”t 00 the reciprocal of toVctoSfrî-6"^ 

sua,/, appear Jas -fsf tojftemic^f „Jf 

lllTSeptP„°omd:rr ^ HlmS: Wire ™“"d «««-» * 

5. !.7 Recombination - Generation Woise 

Part of thefource ff mf0™'6“ .’’‘‘f se“‘oonducting photodetectors. 
a ! source of this noise is the same as for thermal roise 

ground radiation photons impinge on the detector in a ^hÍi i 

by "phoíon-dtnternacüoT ïnrcrysTaT^trictu^e'^ïaÎ11^10113 
vibrate in a well organized manner to the extent that theü^i^at^1^ 
are quantized and can be described in parüculL terminologv as1"5 
phonons with energy equal tot 00(00= 2ÏÏV t = h/2lT t/- Pif, 1 - 

constant, y = vibration frequency). J W J h = Planck s 
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Electrons can be excited by the conduction band through "phonon" 
collisions. This thermal process is statistical in nature and the rate 
at which electrons are excited to the conduction band fluctuates. 

3.1-8 Time Constant 

It would be convenient to be able to give a single figure to denote 
ne speed of response of a detector. However, the time constant cannot 

be rigorously described in the same manner as for an RC network, as the 
rise and decay times are not always simple exponentials. Experimental 
work, which gives evidence of the existence of two exponentials, might 
maxe it possible to describe the detectors by two time constants, a long 
time constant and a short one. Some detectors have more than two time 
constants. The Naval Ordnance Laboratory (NCL) at Corona, California 
has arbitrarily defined the time constant as the time required for a sig¬ 
nal to decay from maximum amplitude to 37% of maximum. As it is the 
responsibility of NOL to measure and record properties of photoconduc- 
tive detectors, and, since a great percentage of the section on photo- 
conductive detectors is taken from NOL reports, this report will use 
the same definition. 

The frequency response and time constant are roughtly related 
by the expression T = l/2-rrf where T is the time constant in seconds 
and 1 is the modulation frequency in cps at the point where the response 
is 3 db down from maximum amplitude. 

3*1.9 Spectral Response 

This characteristic determines the spectral sensitivity of the 
detector. Thermal detectors, because of the means of energy conver¬ 
sion, do not have a characteristic response spectrum. As such they can 
operate far out in the long wavelength regions. 

Photodetectors are limited by their characteristic spectrums. 
The photo-emissive detectors have limits to their spectrum determined 
by. the work function of the medium. They are limited to detection of 
radiation whose quanta have an energy, hU, greater than the work func¬ 
tion of the detector material. Since this is of the order of 1 electron- 
volt (ev) or higher, these detectors are limited to use in the near-infra- 
red where photon energies are greater than 1 ev. 

Photoconductors and other photo-detectors are limited by the 
absorption edge since a detector cannot be sensitive to energy it cannot 
absorb. The limit of spectral sensitivity is defined by NCL as the wave- 
length at which the sensitivity is one half the maximum sensitivity. 

57 



3.1.10 Detection Mechanisms - Comparisons 

The mechanisms by which a material detects radiation depend 
upon how it reacts to die photons. Thermal detectors such as the^mo- 
tumPÍf°’ kabmeters and gas-type detectors share the energy of a quan- 
cen f™tiatl0ni?mongst a11 the atoms and molecules making up the 

triS sS I" ah T inH tT1>erahlre Which is converted into an 
nhntnn fn ^lgnaLA Photoconductive detector uses the energy of the 
photon to change its resistance independently of temperature effects 
and this resistance change can be converted into an LctrTcal signai. 

are vartaf TndT ''i. Whi<lh.theSe e"ergsr conversions are accomplished are varied, and are brought out in the following sections. 



3.2 Thermocouples 

The thermocouple depends upon the discovery of Seebeck in 
1826, that heating one junction of two dissimilar metals with respect 
to the other junction causes an electro-motive force (emf) to be gen¬ 
erated. The direction and magnitude of the emf depends upon the 
properties of the junction materials and upon the temperature gradient. 
The emf can be expressed as E = Pi2 AT where P12 is the thermo¬ 
electric power, and is characteristic of the two materials. 

If the circuit is closed a current will flow, and the above ex¬ 
pression is no longer correct. This is a result of the Peltier effect 
which causes a cooling of the heated junction when current flows across 
it in the direction of the thermoelectric emf. 

In practice, lead is used as a reference metal for determining 
the thermoelectric power P of a material. Then the behavior of one 
thermoelectric material with respect to another is determined simply 
by taking the difference of their constants with respect to lead. A com¬ 
bination is chosen so that P is as large as possible. The sensitive junc¬ 
tion has a receiver of small mass compared to surface area attached to 
it. The surface is blackened to have as high an absorption coefficient 
as possible. The reference junction is held at constant temperature, 
usually in an ice-water bath. 

3. 2.1 Thermocouple Characteristics 

A good thermocouple has a low thermal capacity, a high thermal 
resistance, but a low electrical resistance. As a general rule, though 
materials with low electrical resistance have a low thermo-electric 
power. Also, according to the Wiedemann-Franz law there is a rela¬ 
tionship such that the ratio of thermal conductivity K and electrical con- 
ductivitycr at a given temperature is K/crT = L, where L is known as 
the Lorentz number. It has a very nearly constant value for most ma¬ 
terials, especially metals. This constant is 

L0 = 2.45 X 10'8 volt2/°C2 

A high value of L/L0 indicates a disproportionately high electrical 
resistance. L/L0 is used as a figure of merit by many people, although 
others prefer some ratio of P to L as a better figure since high values 
of P are generally associated with high values of L/L0. 
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ch .,Taïe Vj based 011 work done by Hornig and O'Keefe (Ref 21) 
sho^s the thermo-electric power, thermal and electrical cónductivSes 
and L/Lq for various thermoelectric materials. Table VI lists the 
characteristics of several thermocouples made by Ho „L a„d OTeefe 
Which can be taken as representative of M-metalUc coupfes 

hv F Jllermoco“Ples ha™ been made using semi-conducting materials 
by E. Schwarz in England. Table VII lists the characteristics of some 
acuum thermocouples and an air thermocouple. 

, ^ese thermocouples are available commercially; they are at 
frnt Uhe TSi effectlve and widely used thermal detectors for spec¬ 
troscopic and other purposes where very wide spectral response is re 
quired and short time constant is not a factor. P 

betweenR2erdn8SÍmÍitcrnfvTdern thermocouPles have ^ order of magnitude 
NFP icV f d 8 Î urOVOlts per raicrowatt. The ultimate sensitivity or 
wat^l detTrmned Johnson noise and is of the order of 3 to 5 x 10-H 
watts for a 1 cps bandwidth. The effective time constant is a function of 

ThefeTrT'tawTT °l tl;er",OCO“ple sl,unted ^ a «Pacitance. hese are, in turn, functions of the chopping frequency so that the time 
constant becomes dependent on the frequency and is, in effect a m asure 
°î the frequency response. The measured values have orders of mae 
mtude between 0. 1 second and 0. 01 second. g" 

For image display systems - the characteristics of the thermo- 

andPtimaercnn0,t "Y WÍth °ther detectors as far as responsivity and tinje constant are concerned. The cost is relatively high and the 
ruggedness for military field use is somewhat less than adequate. 
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TABLE VI 

Characteristics of Hornig and O’Keefe Thermocouples 

Total area of receivers (mm^) 
Number of Junctions 

Electrical Resistance (ohms) 
Diameter of Lead Wires (x 10_3 mm) 

97% Bi 3% Sb 
95% Bi 5% Sn 

Heat Capacity of Lead Wires 
(x 10"' joules/°C) 

Total Heat Capacity (x 10~^ joules/°C) 
Response Time (seconds) 
D. C. Responsivity (volts/watt) 
Responsivity at 5 c/s 
Minimum Detectable Power at 

5 c/s (x 10"10 watts) 
Johnson noise at 300°K 
Thermal noise at 300°K 

(x 10'IQ volts) 

0. 5 
1 

1.6 
2.0 

1. 0 

4. 8 
0. 036 

6. 5 
4.4 

0. 5 
2. 9 
0. 5 

1.0 
2 

10 

1. 6 
2.0 

2. 0 

9. 5 
0. 036 

6. 5 
4.4 

0. 7 
4.0 
0. 5 

4.0 
4 

12. 5 

2. 1 
2. 6 

6. 3 

36. 3 
0.041 

3. 8 
3. 1 

1.4 
4.6 
0. 4 



TABLE VII - Properties of Schw; 

Couple Number (V, vacuum, A, Air-filled) IV 2V sv 

Receiver Area (mm2) 
Electric Resistance (ohms) 
Dynamic Resistance (ohms) 
Responsivity (volts/watt) 
Time Constant (sec. ) 
Minimum Detectable Power 

(watts) (for a Ic/s BW. ); 
Calculated D. C. 
Calculated 5 c/s 
Measured 5 c/s 

Combined Thermo-Electric 
Power (/iv/°C) 

Thermal Conductance (watts/°C) 
Thermal Conductance Due to 

Conduction (watts/°C) 
Noise Factor (obs. 5 c/s) 

4 X 0. 4 
4 7.9 

6. 6 
22. 1 

0.043 

4. 1 X 10"11 
7.0 X 10-11 
1. 5 X 10-10 

500 
4. 5 X 10*5 

3. 5 X 10-5 
22 

2 X 0. 2 
39. 8 

5. 8 
17. 0 

0.023 

4. 7 X lO'11 
5. 9 X 10-11 
8. 5 X IQ-11 

.5 70 
6. 7 X 10-5 

6. 3 X 10-5 
25 

2xo.: 
4 2. 9 

4. 8 
38. 5 

0.055 

2. 2x 1( 
4. 4 X 1( 
4. 6 X 1( 

210 
1. 07 X 1 

8.0 X 10 
14 
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TABLE VII - Properties of Schwarz Thermocouples 

9 
3 

10 11 
10-H 
IQ-iO 

10-5 

10-5 

2V 

2 X 0. 2 
39.8 

5.8 
17.0 

0.023 

4. 7 X 10 
5. 9 X 10 
8. 5 X 10 

-11 
11 
11 

.5 70 
6. 7 X 10-5 

6. 3 X 10'5 
25 

3V 

2 X 0. 2 
4 2. 9 
4.8 

38. 5 
0.055 

2. 2 X lO"11 
4. 4 X lO’11 
4. 6 X lO"11 

210 
1..07 X 10 

8. 0 X 10 
14 

5 

4V 

7. 5 
106 
4. 6 
9 

1. 5 X 10-10 

212 
1.9 X 10~4 

1. 4 X 10'4 

5V 

3. 2 
115 
8. 6 
24 

5. 6 X 10-11 

150 
5. 0 X 10 -5 

2. 9 X 10 

6A 

1. 5 
70 

0. 6 
0. 008 

1.8 X 10'';' 
1.8 X lO’9 
2. 0 X lO"9 

300 
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3.3 Bolometers 

The operation of the bolometer depends on the change in electri¬ 
cal resistance of a material on heating it. This change is determined 
by a quantity c<, the temperature coefficient of resistance: 

cK =— -j—. ohm/ohm - °K 
R dT 

where R is the resistance of the material at temperature T. Since the 
resistance of most metals over a wide temperature range is approxi¬ 
mately proportional to the temperature, 

at room temperature, = 0. 0033-ohm/ohm - °K~ Values vary a little 
from this, but not greatly. (Ref. 22). For semiconductors, R is gen¬ 
erally given by an equation of the form R = R0 exp (A/T) with A being 
a positive coefficient. Then 

G< = 
sA 
T2 

Note thatCX is negative in this case which means the resistance goes 
down as the temperature goes up. Values numerically much greater 
than for metals may be obtained. A typical value is A = 3, 000°K, 
givingCX = -, 0. 033 ohm/ohm - 0K for room temperature. As a general 
rule, one finds the temperature coefficient for semiconductors is about 
10 times greater than that for metals. 

3. 3.1 Bolometer Bridge Circuit 

The usual arrangement of the bolometer detector is shown in 
Figure 19. R^ is a load resistance. In practice, especially when using 
semiconducting materials for thermistor bolometers, Rp, is a bolometer 
as nearly identical to the active cell as possible. It is shielded from 
the radiation, but otherwise arranged so that any fluctuations in ambient 
conditions affects the detector and compensator in the same manner, and 
the bridge remains balanced. 

The power source is arranged so that the bias current through 
the circuit is effectively constant (constant current generator theory). 
The signal observed is the change in voltage across the element due 
to the change in resistance. 
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(R+ Re) xEx 

or = - Re E_o = -—- „ —Re_ 
dR (R + Re) R + Re x R + Re 

Re/R 4 Re is known as the bridge factor and, for the situation described 
above, is equal to 1/2. 

(Re = ) 
RL + Kg 

The bolometer, like the thermocouple, is a very simple device, 
yet the design of a sensitive bolometer for radiation measurements is ' 
complicated by a number of factors. Some of these are similar to those 
encountered in the thermocouple. A small thermal capacity and minimum 
lermal losses are desirable to obtain a large responsivity, while small 

thermal losses tend to increase the time constant. 

3. 3. 2 Heat Capacity, Thermal Losses, Joulean Heat 

The effects of heat capacity, thermal losses and Joulean heat due 
to bias current can be described by the differential equation 

where 

Ce x d AT] 
df J + Ko AT = AW + dWh 

dt 
x AT 

Ce = dynamic heat capacity 

K0 = static thermal conductivity 

Wh = Joulean heating power 

W = power absorbed due to radiation 

AT = change in temperature due to absorbed radiation 

The first term of the equation on the left is the rate of heat 
storage in the cell. The rate of heat flow out is given by the second term 
and is associated with radiation out from the cell and conduction through 
the heat sink. The last term on the right hand side is the variation in 
Joulean heat flow caused by the variation in the resistance due to the 
absorption of energy AW. 
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3. 3. 3 Bolometer Characteristics 

The bolometer has problems peculiar to itself. To obtain a 
large responsivity the bias current and the load resistance should be 
as large as possible. (A load resistance may be used in place of the 
shielded compensating cell. ) However, the thermistor bolometer 
is subject to self heating due to the bias current, as explained above, 
and actual instability can occur in a cell due to this self heating effect. 
This criterion for instability places a limitation on the value of the 
voltage and on the operating temperature; also, there is an optimum 
bias current beyond which little improvement can be obtained. 

Semi-conductors are especially attractive for bolometer cells. 
As shown previously, they have a much larger temperature coefficient 
of resistance than is possible for metals, and a much higher resistivity. 
Thus semi-conductor bolometers tend to be high impedance devices of the 
order of megohms, permitting the arrangement of Figure 19 for driving 
ac electronic amplifiers. 

The ultimate sensitivity or NEP is the ratio of the limiting noise 
voltage and the responsivity. The limiting noise is Johnson noise voltage 
if frequency considerations are ignored. Johnson noise is a function of 
the impedance so that a semiconductor would have, inherently, a larger 
Johnson noise than a metal bolometer. If the effect of frequency is con¬ 
sidered, a current noise source is present at low frequencies partly 
caused by, the method of making contact to the cell. In practice, this 
currehfnoise, proportional to l/f, can be made small enough so that 
a good bolometer has a total noise level when biased that is less than 
twice Johnson noise. 

The responsivity is a measure of the temperature change due 
to a change in resistance in terms of volts out per watt of incident 
energy. The higher temperature coefficient of resistance and the higher 
resistivities result in a much greater change in resistance for a given 
temperature change in the case of semiconductor bolometers compared 
to metal units. The responsivity of a semiconductor bolometer is very 
much greater than that of a metal bolometer, thus offsetting the increased 
noise and resulting in a NEP for the semiconductor unit comparable to 
or better than the metal one. 

The time constant or frequency response depends to some extent 
on the responsivity. It is a measure of how fast the temperature change 
can be made. A fast speed of response is achievable at the expense of 
responsivity, Figure 20. A few bolometers using thermistors, semi¬ 
conductors composed of combinations of sintered or powdered metallic 
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oxides aid featuring very large temperature coefficients, have been 
made with time constants of the order of hundreds of microseconds 
with responsivities around 500 - 800 microvolts per microwatt. 
2ri'e usual range for semiconductor bolometers are, however: (Ref. 

Time constant 
Responsivity 
NEP 
Resistance 
Spectral response 

0. 001 to 0. 005 sec. 
800 to 1200 microvolts/microwatt 
10~a to 10”10 watts 
1 to 5 megohms 
Uniform to all wavelengths 

For metal bolometers, characteristic data are: 
I 

Time constant 
Responsivity 
NEP 
Resistance 
Spectral response 

0.001 to 0.005 sec. 
0. 5 to 5. 0 microvoits/microwatt 
10-8 to 10-9 watts 
20 to 50 ohms 
uniform to all wavelengths 

3. 3. 4 Immersion Bolometers (Ref. 25) 

there are limits to the optical gain that can be achieved prac 
tically with conventional optical systems in the infrared regions. In 

le longer wavelength regions it is necessary to use reflecting optics 
exclusively and these become expensive and bulky. It is possible by 
means of optical immersion (referred to in Section 2. 5. 7) of the de¬ 
tector cell to achieve substantial optical gain directly at the detector. 

. Thermistors have been attached to concentric germanium hem- 
ispheres for large gains in detectivity. The image at the plane face of 
the germanium lens is reduced by a factor of 4 from that of the image 
m space. This amounts to a reduction of 16 times in the area of the 
receiver ana, since thermistor detectivity varies inversely with the 
square root of its area, a gain of four times in detectivity results. 

_ The thermistor is mounted centrally on the plane surface of the 
lemisphere separated by a thin film which is transparent to infrared 
and electrically insulating. Detector time constant is determined by 
controlling the thickness of this layer. The germanium-immersed 
bolometer is suitable for use in optical systems having effective rela¬ 
tive apertures down to less than f/1, 0. 

69 



3. 3. 5 Bolometer Mosaics 

A matrix or mosaic of thermistor elements can be "printed" in 
desired patterns on ceramic substrates. Electrical junctions are like¬ 
wise printed to provide signal and bias contacts. Arrays containing 
100 cells have been made by laying down a 10 x 10 matrix. Linear 
arrays have also been produced by this technique. The individual bolo¬ 
meter elements have properties comparable to the single element ther¬ 
mistor cells described previously. Because of its method of manufac¬ 
ture, printed thermistor bolometers are useful under high ambient 
temperature conditions. 

3- 3. 6 Low Resistance Thermistor Bolometers for Transistors 

Due to space and weight requirements work has been started on 
developing thermistor bolometers for use with transistor amplifiers. 
The high impedance, 1 to 5 megohms, of standard thermistor bolometers 
is not suitable for transistor amplifier matching. Optimum resistance 
for thermistors for coupling to transistor circuits has been determined 
to be of the order of 50 K ohms and work is progressing on the develop¬ 
ment of these relatively low impedance cells. 

3.3.7 Superconducting Bolometer 

The temperature coefficient of resistance, a, for metals in their 
normal state tends to zero for very low temperatures. Many metals 
however, become superconducting at small values of T, their resistance 
dropping to zero at a particular temperature. For pure metals this 
transition is extremely rapid and would be difficult to use, but for some 
alloys the transition is relatively gradual and corresponds to a large 
positive value of a over a small, but finite temperature range. This is 
one of the major requirements of a sensitive bolometer. Columbium 
nitride cooled to a temperature of 14. 340K has temperature coefficient 
of 50 ohm/ohm - °K over the range from 14. 34°K to 14. 37°K. Ordi¬ 
nary metal has an a of 0. 07 at this temperature. In addition there is a 
large reduction in heat capacity due to the low temperature. Since at low 
temperatures the specific heat becomes proportional to t3, quite short 
time constants may be obtained; values of the order of 0. 3 milliseconds 
have been reported. (Ref. 26). 

The narrowness of the transition region, 0. 03^C, requires a very 
high degree of temperature stability, thus posing quite a practical prob¬ 
lem. The work of Milton and Andrews shows the possibility of achieving 
great sensitivity at tremendous expense in effort and time. In its present 
state, the superconducting bolometer must be regarded as a special re¬ 
search instrument and not as a tool for ordinary use. 
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3. 3. 8 Increased Use of Semiconductor Bolometers 

Semiconductor bolometers of the thermistor type are being used 
in greater quantities as new materials and techniques increase the re- 
sponsivity, increase detectivity and lower the time constant Increased 
interest m the 8 to 13 micron atmospheric window has aiso played a 
part in focussing attention on the thermistor bolometer since the spectral 
response °f the photoconductor detectors has not yet been extended very 
iar into this region. J 

A training device incorporating a thermistor bolometer would 
seem quite attractive, as filters could be used to display images from 
targets as they would be seen by the more spectrally selective equip¬ 
ments designed for specific uses. This will be explored further in later 
sections, as there are several other factors to be considered such as 
optical considerations, optical materials, scanning methods, economic 
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3. 4 Pneumatic and Other Types 

In its simplest form the pneumatic type of detector is made up 
of a small gas-filled chamber, equipped with an infrared transmitting 
window, some means for absorbing radiation admitted to the chamber, 
and finally a method for transposing pressure change in the chamber 
into measurable signal output, usually electrical or optical. 

One device made by Hayes (Ref. 27) used a carbonized "fluff" 
material in a small chamber to absorb radiation. One end of the chamber 
was closed with a thin metal diaphragm which formed one plate of a con¬ 
denser. Capacitance changes provided a direct means of measuring the 
radiation input. 

3. 4. 1 Golay Cell 

Zahl and Golay are responsible for the more commonly known 
version of the pneumatic detector, the Golay cell. (Ref 28) (Figure 21). 
An air or gas-filled cell contains a very thin radiation receiving mem¬ 
brane in the form of a layer of aluminum (0. 03p) deposited on a 0. 05p 
thick collodion base. The heating of this membrane causes expansion 
of the gas distorting the detecting membrane which is a flexible mirror. 
Visible light is reflected from this mirror and focussed on a photo¬ 
cell through a high sensitive optical amplifier. The light passes through 
one half of a line grid and is then reflected by the cell membrane back 
on to the other half of the line grid and thence to the photo-cell. Initially 
the images of the line grids are focussed in such a way that no light 
gets through. A slight distortion of the membrane will, however, defocus 
the image sufficiently to allow a considerable amount of light to energize 
the photo-cell. Helium filled detectors with 600/isec time constant have 
been made; the more usual values range from 2 to 30 milliseconds with 
NEP of the order of 6 x 10'^ watt. The absorbing disk has a diameter 
as small as 0. 1 inch although other sizes and shapes may be used. 

Another form of the pneumatic detector utilizes the gas itself as 
a radiation absorber. By filling the cavity v/ith gases having selective 
absorption bands, detection in certain preselected wavelength intervals 
may be achieved. Since mixtures of absorbing gases may be used a 
variety of specific wavelength response combinations can be obtained. 

A sharpness and multi-region response characteristic that is 
difficult to obtain with optical filter methods can be achieved by this 
cell. Energy conversion is accomplished by using the flexible dia¬ 
phragm as one plate of a capacitor and using the electrical signal to 
drive a standard high impedance cathode follower circuit. 
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Response is 3000 volts/watt at 50 cps. Because of its method 
of operation there is no self noise, the NSP of 6 x 10~10 watt being due 
to radiation background noise and preamplifier noise. The effective 
sensing area can range from 0. 5 mm2 to 2o cm2. Overall size of a 
detector with effective area of 18. 5 mm2 is 0. 925 in. long and 0. 437 in. 
diameter. Immersion optics techniques can be readily adapted. (Ref. 29). 

3. 4. 2 Thermal Image Tube 

Another variation of the pneumatic type makes use of the change 
in refractive index of the gas due to local temperature changes. (Ref. 30). 

A thermal image is focused on a thin layer of infrared absorbing- 
gas or upon an infrared absorbing membrane (that is partially trans¬ 
parent to visible light) immersed in a nonabsorbing gas. The local varia¬ 
tions in the density of the gas caused by the energy variation throughout 
the thermal image are made visible if the corresponding refractivity 
variations are examined by means of a sensitive optical system of the 
type used to observe wind tunnel air density patterns. 

Thus a directly displayed thermal image may be observed. 

3. 4. 3 Thin Films 

The change in rate of evaporation or condensation of thin liquid 
films, usually oil, on exposure to an infrared image is another type 
of thermal detector worthy of mention. The Evaporograph is, perhaps 
the best known device using this technique, and will be discussed more 
fully under Section 4. 7. The main disadvantages of this technique are 
its slow response, of the order of seconds, and the fact that the image 
must be wiped off before a new image can be built up. 
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3, 5 Photodetector Transducers 

Detectors that convert light energy into electrical energy based 
on the freeing of bound electrons by the absorption of quanta of radia¬ 
tion are known as photodetectors. Photodetectors count the number of 
effective quanta of radiation absorbed. The energy of a quantum of fre¬ 
quency ¡J is h¡J , h being Planck's constant. In such detectors only 
quanta having energies greater than Eo, the threshold energy level, are 
effective, the detector ignoring the presence of quanta of lower energy. 
The value of E0 is frequency dependent and is usually fairly sharply 
defined, establishing a long-wave limit of detection. The energy' of a 
photon (unit of a quantum), therefore, depends only on the frequency of 
the radiation and not the intensity. In a monochromatic field, all photons 
have the same energy. An increase in the intensity of the monochromatic 
radiation increases the number of photons emitted per unit time, but not 
their individual energy, and hence would increase the photocurrent. 
Since the time constant of photodetectors does not depend on the thermal 
capacity but on the photo-electric properties of the material, their time- 
constants are much shorter. The higher frequency response due to the 
short time constants allow the system designer more latitude. 

3. 5. 1 Photodetector Types 

The photodetector types classified by their modes of operation 
are: 

1 - Photoconductive detectors 
2 - Photovoltaic detectors 
3 - Photoelectromagnetic detectors 
4 - Photo emissive detectors 
5 - Photographic Film 
6 - Luminescent phosphors 

The first four modes depend upon fluctuating current. Photo¬ 
graphic film is a photodetector that depends on a photo-chemical pro¬ 
cess for its operation. The infrahed quenching of luminescant phos¬ 
phors is a photon absorption process that has found limited practical 
use to date 

3. 5. 2 Photoconductor Theory 

The photoconducting phenomenon is the increase in conductivity 
of a semiconductor due to an increase in the number of current carriers 
available for the conduction process when light energy is absorbed. 
Light energy, in this case, is the energy of photons from the ultraviolet, 
visible, and infrared regions of the spectrum. When light of the proper 
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wavelength Jails on the surface of a semi-conductor, the energy of the 
incident photons is expended in the transfer of electrons from the val¬ 
ence band across the forbidden energy gap into the conduction band. 

3. 5. 3 Electron Energy Levels and Bands 

The electronic properties of solids may be described by electron 
energy band theory. The Bohr model of the atom consists of a centrally 
located nucleus surrounded by electrons in orbit analagous to the plane¬ 
tary orbits of the solar system. Figure 22 shows an orbital model of 
the atom and the energy level diagram of the same atom. The vertical 
position of die horizontal lines represents the levels of energy corres¬ 
ponding to die various electronic orbits. The lengths of the lines cor¬ 
respond to the diameter of the orbits. The curves bounding the system 
of horizontal lines therefore represent a plot of die total energy of the 
atom as a function of die radius of the electronic orbit. Orbital elec¬ 
trons are allowed discrete values of energy which may be determined 
by quantum mechanics. The particular allowed values are illustrated 
m the energy level diagrams by the position of the horizontal lines. 
Associated with every atom are a number of orbital electrons sufficient 
to cancel die positive charge of die nucleus. 

If a number of identical atoms are brought together, a coupling- 
process takes place and the discrete energy levels normally occupied bv 
the electrons in the individual atoms split up into energy bands as shown 
in Figure 23. Electrons diat bind atoms togedier are called valence 
electrons, and the energy levels diat diey fill are called valence levels. 
In each band diere is a number of energy levels approximately equal to 
the number of atoms. The next higher band of levels arising from the 
lowest excitation level of die individual atom is shown to be separated 
from die valence band by an interval of energy in which there are no 
allowed energy levels. The electrons populating these bands move under 
quantum mechanical constraints which make the electrons in the energy 
levels near die top of a band act as if their masses were negative. 
Removal of one of diese electrons leaves a vacancy which behaves like 
a particle having positive charge and positive mass. Such a vacancy is 
a positive hole. ^ 

^he degree of filling of electron levels in single bands, assem¬ 
blages of bands, forbidden gaps, and impurity levels may be ascertained 
by the use of Fermi statistics. The energy of a reference level at which 
the probability of filling a level is 1/2 is called the Fermi level. 
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0. D. 4 Increase in Electrical Conductivity 

exr ifpHf^íh6 enerfy 5ap ls small> a few electrons will be thermally 
band so thaTthp0 U °ni n^leaVing & f6W vacancies in the valence - 
Hnld ?Kth 1 th are a limited number of electrons capable of coopera. 

atoms! field) and the CryStal (a large number of identical n j a -onduct current. Such a crystal shows a resistivity several 

ductorsmrd is^fifV1161161’ resistivity of most metallic con- cmctors and is called a semiconductor. 

3. 5. 5 Impurity Addition or Doping 

trnlipH T!\e conductlvity of a semiconductor may be altered by the con- 
ereatet n df10n 1]íipurities (doping). Impurities may have either 
g eater or fewer valence electrons than the semiconductor. When die 
valence electrons of the impurity exceed that of die semiconductor an 

impuritvemp'Conductor results and the impurity is referred to as a donor 
impunty. Fewer impurity valence electrons make up a P-type semi- 
conductor, and the impurity in referred to as an acceptor impurity 

3.5.6 N-Type Impurity 

The effect of an N-type impurity is shown in Figure 24 Ger- 
mamum (Ge) with four valence electrons, is doped witli arsenic (As) 
having live valence electrons. When an arsenic atom replaces a ger- 
mamum atom m the germanium crystal lattice four of its five valence 
electrons are used in bonding the arsenic to its neighboring germanium 
atoms, xhe extra valence electron is very lightly held and is easilv 
given up to the conduction band. Without its fifth valence electron the 
drsenm son represents a localized positive charge in the ilrL of 
he ci ystal and warps the edges of die valence and conduction bands 

giving rise to a few rather extensive energy levels just below die edge of 
he conduction band. The bending of the conduction band edges results 

the leflechon or scattering of electrons if they approach the impurity 
a i ^ed energy levels adjacent to the bottom of the conduction band 
are called donor levels. Since the energy gap between the donor levels 
and the conduction band is much less than die energy gap between the 
valence band and the conduction band, the donor levels win yield their 
lections vO the conduction band by thermal excitation at much lower 

Íhe cltuoi baVd" reqUired t0 eXCi,e eleCtr0"S 
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Figure 24 - Donor (N-Type) Impurity Effect on Energy Bands 

Figure 25. Acceptor (P-Type) Impurity Effect on Energy 
Bands 
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3.5.7 P-Type Impurity 

<n \ , The ffeCt °f a P~type imPurity is shown in Figure 25. Gallium 
(Ga) having tliree valence electrons is added, and replaces a germanium 
atom in the germanium crystal lattice. It is able to saturate its bands in 
only three Oi its four germanium neighbors. It is, therefore, ready to 
accept an electron from any available source in order to saturate the band 

i the fourth neighbor. At ordinary temperatures the gallium atom 
would capture an extra electron from the valence band in order to saturate 
its bands with its germanium neighbors. The negative ion warps the band 
e ges as shown. An extensive impurity energy level is found just above 
the top of the valence band and contains the extra electron captured by 
ie gallium impurity. At very low temperatures this level loses its 

electron to the band. The empty level thus produced represents die 
unsaturated band of the gallium's fourth nearest neighbor. Such an 
energy level close to the top of the valence band is called an acceptor 
level, and it is relatively easy to excite an electron thermally from the 
valence band into this vacant energy level and thereby satisfy the bonding 
requirements of die gallium impurity. This process leaves a vacant 
energy level in the valence band. 

3.5.8 Radiation Energy Required for Conduction 

The minimum radiation energy required to raise an electron from 
tie valence to the conduction band is the energy of the gap A E. The 
energy of a light quantum is the frequency of the light ¿7 multiplied by 
Planck s constant h. The wavelength A 0 of die photoconducting thres¬ 
hold is, therefore: 

A 0 
he 

V o A E 

, c 18 velocity of light. The maximum energy that can raise an 
electron to die conduction band from the valence band is the energy dif¬ 
ference between the bottom of die valence band to die top of die conduc¬ 
tion band. All light energies between h V 0 and h ¿W are capable of 

citing some electrons across die energy gap, increasing the number 
of current carriers m bodi die valence and conduction bands, thereby 
contributing to the photoconducting process. 

3. 5. 9 N and P Carrier Pairs 

When a semiconductor crystal is excited by photons, and the 
absorbed energy is greater than the energy of the forbidden energy gap 

pa’f ™*™ce band are excited into the conduction ZI 
Cl eating N and P type carrier pairs that would normally not be there in 
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thermal equilibrium. As long as the extra pairs exist, the conductivity 
oí tiie crystal increases. The rate at which pairs are created will be 
proportional to the number of suitable quanta incident on the crystal. 
Usually, the extra electrons and holes do not stay separated for long. 
They recombine by the aid of at least two methods. A conduction-band 
electron finds a hole in the valence band and loses energy to return to 
the original lower energy level. The rate at which extra N and P type 
carriers recombine will determine the average time these carriers can 
spend in the conducting state. 

3- 5.10 Life Times of Charge Carriers 

On a pure crystal the average time spent by the charge carriers 
in the conducting condition and the average time for recombination are 
the same. However, if localized energy levels exist in an impure cry¬ 
stal tlien a portion of the time of the charge carriers may be spent in 
these levels (called traps) and only intermittently are the carriers free 
to conduct. The "life time" of the carriers is defined as the average 
time which the charge carrier spends in the conducting conditions, 
while the recombination time is defined as the average time1 the carrier 
stays in the excited states of motion which includes the time spent in 
temporary localized positions at traps. Thus, the recombination time 
is always greater than or equal to the life time. 

Since the lifetime of a carrier is measured only by the average 
time extra carriers remain in the conducting condition, the trapping of 
a carrier by a recombination center ends the life of the carrier even 
though that carrier may have to wait for a carrier of opposite type to 
complete the recombination reaction; so it is not unexpected to find the 
lifetimes of the two carrier types differing by significant amounts. One 
type of carrier usually waits for the other in a recombination center. 

The spectral sensitivity of a photoconductor is seen to extend 
between the long wavelength threshold (the wavelength corresponding to 
the energy gap), and the wavelength where h\J extends from the bottom 
of the valence band to the top of the conductor band. When hV extends 
between the center of the valence band and the center of the conduction 
band, the excitation probability is largest. 
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3.6 Photoconductive Cells 

Photocondúctive cells may be made with semiconductors of either 
conductivity type and in a number of configurations as shown in Figure 26. 
These include the high resistivity bar, the point contact, and several 
junction configurations. Not illustrated, but shown later, are film types 
having either evaporated or chemically deposited layers. Photoconductors 
use external power supplies (bias), and the fundamental process involved 
is the modulation of the conductivity of a PN junction or bar of semicon¬ 
ductor material. 

The spectral response, D*, and frequency response character¬ 
istics of many materials have been investigated and are the subject of 
continuing investigation. In the development of infrared detectors 
several approaches have been employed. They are based on the selec¬ 
tion of materials whose electrical properties are such that they will 
have a long wavelength threshold beyond three microns, and on increas¬ 
ing the wavelength cutoff of a material having an intrinsic cutoff in thq 
visible or near infrared. 

3. 6.1 Spectral Response 

Photoconductive cells may be separated into three broad cate¬ 
gories according to the temperature at which they are operated. Detec¬ 
tors sensitive at room temperature include Lead Sulfide (PbS), Lead 
Selenide (PbSe), Lead Telluride (PbTe), and Indium Antimonide (InSb). 
Figure 27 shows the typical absolute spectral response of the detectors. 
It should be noted that the detectivity, D*, at the peak of the spectral 
curve is at least 100 times greater for PbS than for the other room tem¬ 
perature detectors. As an order of magnitude figure, D* (-, 90,1)* 
at the peak for PbS is 10^ cm/watt; for room temperature PbSe it is 
109 cm/watt. 

The second group contains those detectors which show optimum 
sensitivity in the liquid nitrogen region. Those available include PbTe; 
PbSe; Germanium (Ge) doped with gold (Au) and Antimony (Sb); Ge doped 
with Au (referred to as Ge:Au); InSb. All but Ge:Au have a long wave¬ 
length threshold in the 5 to 7 micron region. Ge:Au has a response 
extending to 9. 5 micron. Its sensitivity when operated at liquid-nitrogen 
temperature is comparable with the other detectors in this group; when 
cooled 10 to 15° further, its sensitivity surpasses the other detectors 

*D* (-, 90, 1) - means measurements made at 90 cps with a 1 cps 
bandwidth with monochromatic radiation. 
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in this group. Figure 28 shows the absolute response of several of these 
detectors. It should be noted that D* (-, 90, 1) at the peak is of the 
older of 10*0 cm/watt for these detectors, liiere are, of course, varia¬ 
tions among the detectors produced by one company as well as among 
those produced by different companies. These variations are less than 
an order of magnitude. 

,,,. thi]"d grouP contains those detectors which should be opera- 
ed Mow liquid nitrogen temperature. They are sensitive in the 9 to 

, ¿oT tr°W “io ur°nCl' ÍClUde<i “ «■'““P are Ge a"d Qermanium- ilicon Ge - Si) alloys with various impurities. Figure 29 shows the 
spectral curves of Ge detectors with different impurities. Au and Sb 
impurities when added in proper proportions, produce 6 A detectors. 

imPurities alone lead to the 9. 5/1 response, Sb and Zinc (Zn) im- 
punbes combined extend the cutoff to 15U , Zn alone to 40/1 , and Sb 
alone to 120/1 . As the spectral response extends to longer wavelengths 
lower and lower temperatures are required. Thus, the 6/1 detector6 ' 

?h?aní/V™f T °n fUrther C00ling bel0W liquid nitrogen temperature, 
, “• ^etector improves by a factor of 4 when the temperature is 
lowered an additional 10° to 15°, the 15/Z detectors require a tempera- 

Uirr °f a u01!1 50 K> and the 4°^ and I2°^ detectors should be operated at liquid helium temperatures. 

3. 6. 2 Signal and Noise Characteristics 

In addition to the criteria of detectivity (D*) and long wavelength 
cutoff, the magnitude of the signal and noise of a detector must be con¬ 
sidered. To make full use of detector characteristics, operating condi¬ 
tions must be such that detector noise and not equipment noise limits 
the performance. This is accomplished in a photoconductive detector 
by increasing the bias current to the point at which the S/N ratio starts 
to decrease with further increase in current. This is the optimum bias 
current. In film detectors, the S/N ratio decreases slowly when the 
optimum current is exceeded. An increase in the current by a factor of 
5 may lead to a drop in the S/N ratio of only 30%. The bulk Ge detectors 
show a much more rapid drop in the S/N ratio when the optimum current 
is exceeded. In well-constructed Ge detectors, however, bias currents 
of 100 microamps are common, in contrast with currents of about 

to 10 microamps for film detectors of the same area In order to 
make possible a rapid calculation of both detector signal, S and detector 
noise, N, under normal operating conditions, it is suggested that the 
signal factor, Js, and the noise factor, Jn, be specified. 
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Fïgure 28 " Absolute Spectral Response of Cooled Detectors 
(Liquid-Nitrogen Temperature) (Ref. 32) 
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Both S and N for the optimum operating current may be deter 
mined by the relation 

s = Js • Rn • E 

N = Jn • Rn 

s (optimum current) 
Rll E 

T _ n (optimum current) 
Jn-m- 

NEP n 

w 1ère Rjj is the parallel detector-load resistance combination and E 
is the energy falling on the detector. In order to indicate by what factor 
both signal and noise may be increased to allow for a 30% drop in S/.N 
ratio, the factor may be placed in parentheses following Js. Thus, 
Js (4) would indicate that if one allows a decrease in S/N by 30%, die 
signal level may be increased by a factor of 4. Well constructed 9. 5 
Ge detectors have so far given the largest values of Js (0. 05 amn/watt 
and larger); for film detectors, the values of Js are of the order of 
0. 01 amp/watt. 

3- 6- 3 Time Constant & Frequency Response 

Signal and noise dependence on frequency is more involved than 
are the preceding parameters. Two methods are currently used to 
determine the speed of response of a detector. The first consists of 
flashing radiation pulses on the detector and observing the rise and 
decay of die photosignal. The second consists of varying the chopping 
frequency and observing the resulting changes in detector signal. When 
die decay in signal is exponential after the radiation source is removed, 
as indicated in Figure 30 a time constant may be defined and both 
methods yield the same result for the time constant. The exponential 
decay is frequently not the case. PbSe and PbTe detectors exhibit a 
combination of a rapid decay of the order of 10 to 20 microseconds, 
and a slow decay of the order of several hundred microseconds, as 
indicated in Figure 31. In the most desirable PbTe or PbSe detectors, 
the slow component should be completely absent or should contribute 
no more than 10% td the signal. In addition to multiple time constants, 
many detectors have a wavelength dependent decay behavior. This makes 
it vital that frequency response measurements be made with radiation in 
the spectral region in which the detector is to be used. PbTe frequently 
has a slow decay characteristic in the 1. 5^a region. The 9. Ge de¬ 
tector has a slow component extending up to 1. 5x., and the Ge de¬ 
tector has several slow components extending up to 2. . The use of 
properly selected filters will, of course, reduce these effects. Beyond 
1. 5^, the 9. 5aGe detector has a time constant less than 1 microsecond. 
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Figure 30 - Determination of Time Constant for 
Exponential Decay. (Ref. 32) 
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Figure 32. Noise Spectra for Several Detectors (Ref. 32) 
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3- 6- 4 Noise Spectrum 

resonn JhrLTSe Specírum of a detector, in addition to its frequency 
ponse determines its range of applicability. Figure 32 shows noise 

speccra for several detectors. PbTe detectors have a l/f noise-power 
spectrum. Noise power in PbSe also decreases with frequency increase 
but not as_rapidly as l/f. This makes PbSe useful if employed^ con ’ 
junction with a circuit with a response which extends to low frequencies 

afforpÍTeemBu kt0* ^ " n0t aS d forVbSe 
noise with ; f yPe ?eteCt0rS exhibit generation-recombination 
nois. with a frequency dependence exactly the same as the signal. 
In addition, they exhibit l/f noise at the lower frequencies. It is now 
possible to construct 9. 5 Ge detectors in which no l/f noise appears 
down to frequencies lower than 10 cps. The value of D* for SiisT- 
norrnq u thus ^dependent of frequency over the frequency region 
ormally used. However, l/f noise has not been eliminated to the 

same degree in the other types of Ge detectors. Because of the low 

dependence.^ ^ deteCt°rS’ is inc°™Plete data on its frequency 

3- 6. 5 Construction of Cooled Detectors 

thPi rhf W1?e USe 0f cooled detectors makes it desirable to describe 
sensitivhv All0!! ^ t0nanalyze üie effect of coolant temperature on 
sensitivity. All have a Dewar type of construction. The various types 

(apbTe and ¿bSeraiÍableth Ín FÍgUre 33, In film iyPe detectors 
nrJ d nbS?’ Where 016 sensitive element is either an evaporated 
or chemically deposited layer, the material may be deposited directly 
on die inner Dewar, or on glass plates which are later cemented onto 
U,e mner Dew« war Well detined areas are possible when the sens!- 

ve layer is exposed to the atmosphere after deposition. When this is 
™ “ defi":d,aya obtainable in many possible coMignraUons 
consTst of a shoe ofT* a si"Ele “ystal detectors consist of a slice of Ge or indium antimonide (InSb). In the case of Ge 
desired impurities are added during crystal growth. The Ge sample is 

substrate!0 “ ^ ” Cemented dire8Uï ^ or sappwfe 

Detectors such as PbSe, PbTe, InSb and 6^c Ge have their charirp 
carrier density determined by background radiation at toe operatingh £'' 
temperature and are not sensitive to small temperature fluctoations 
Liquid nitrogen or oxygen may be used as satisfactory coolants As the 
long wavelength threshold is extended to 9^, as for toe 9 ^ Ge detector 
toe charge density at liquid nitrogen temperature is no longer determined 
only by toe background radiation but also by the coolant temperature 
fluctuations in cocían* temperature may lead to noise, unless the thermal 
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A, B, C, D show Dewar vacuum bottle method of cooling. 

E, F, G are details of cell mountings to the substrates. 

BCD 

Ef Ff 

Figure 33 - Types and Shapes of Cooled Cells 
(Ref. 32) 
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capacity oí the sensitive element is kept sufficiently hieh Anv 
^anataon ahove liquid nitrogen temperature leads to a decrease in 
sensitivity, so that contamination with oxygen would be harmful, 

„n , ,, Enginffing improvements on presently available detector, 
, seai’ch for new materials which lead to detectors with diffo’ 

äs“in the various arers“ent 
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3. 7 Photovoltaic Detectors 

Another photoelectric property of semiconductors is the photo¬ 
voltaic effect, wherein an electromotive force (emf) is generated when 
light (ultraviolet, visible, and IR) falls on a PN junction or a metal- 
semiconductor contact. The generated voltage may be used as a sensi¬ 
tive element to drive a photographic exposure meter, as a solar battery, 
or as a radiation detector for military applications. 

3. 7. 1 Generation of EMF 

In a photovoltaic cell, an emf is generated when light is absorbed 
in a rectifying contact or PN junction. Figure 34 illustrates the physics 
behind the photovoltaic process in the case of a PN junction. The junc¬ 
tion is considered to be initially in equilibrium with no external bias 
applied. The absorption of a photon in the barrier with production of an 
electron-hole pair initiates the process. The resulting particles are 
separated by the built-in field of the barrier, with the electron drifting 
into the N-type end of the structure and the hole drifting into the P-type 
end. The two regions thus become oppositely charged, and an emf 
appears at the terminal contacts of the PN structure. Current can thus 
be generated to flow in an external circuit as long as the irradiation of 
the junction continues. 

The separation of charge in the photovoltaic process is such as 
to charge the N-type region minus and the P-type region plus. This 
charging polarity is such as to bias the PN junction forward. If no cur¬ 
rent is drawn in the external circuit, the open circuit terminal voltage 
builds up until the junction is sufficiently forward biased to pass forward 
current corresponding to the rate at which new carriers are liberated 
by photon absorption, and separated by the barrier field. If the external 
load is made finite, the generated photocurrent divides between the ex¬ 
ternal circuit and the internal barrier shunt. 

3, 7. 2 Spectral Response 

The spectral response of a photovoltaic cell is the same as that 
of a photoconductive cell of the same material. This is true since the 
quantities involved in the photoliberation of electron-hole pairs are the 
same in both cases. One material used is 6^¿¿ diffused InSb. 

The same physical process occurring in PN junction voltaic cells 
take place also in metal-to-semiconductor contact photovoltaic cells. 
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3* 8 Photoelectromagnetic Detectors (PEM) 

Photoelectromagnetic detectors operate in the following manner. 
A thin conducting strip is placed in a uniform magnetic field. Four 
contacts are applied to the strip as shown in Figure 35. If a beam of 
light normal to the magnetic field illuminates the surface of the strip, 
a voltage appears across the strip along the axis that is perpendicular 
to both the magnetic field and the beam of light. When radiation falls 
on the strip, extra P and Ntype carriers are generated at the point of 
absorption of the radiation. If it is assumed that the radiation is prac¬ 
tically all absorbed near the first contact, the existence of carriers at 
one end and the absence of extra carriers at the other will lead to a dif- 
lusion of carriers to equalize the inhomogeneous distribution. The dif¬ 
usión current tends to be deflected by the magnetic field withP-type 

carriers deflected one way and N-type carriers the other so that a 
voltage is generated across the other two contacts. The voltage genera¬ 
ted at right angles to the diffusion current forms the signal voltage of 
the photomagnetòelectric effect. 

The signal voltage persists as long as diffusion current flows 
and disappears as soon as the flow ceases. 

3- 1 Signal Decay Dependence on Carrier Life Times 

The decay of the signal is governed by a different process than 
the photoconductive and photovoltaic modes. The decay of the signal in 
the other two modes depended upon the recombination of the extra free 
charge carriers while the decay of the signal in the PEM mode depends 
upon the extinction of the diffusion of carriers even though the carriers 
may still exist in the separated state. If a material has a short life 
time carrier of P-type and a long life time carrier N-type, then the 
decay of the PEM signal would be governed by the short life time of 
the P-type carriers. The reason is that the diffusion depends upon both 
cai rier types moving along together. If the center of charge of the P~ 
type carrier cloud becomes separated from the center of charge of the 
.N-type carrier cloud by more rapid diffusion, an electric field will be 
generated which would tend to prevent further separation. Therefore 
if the P-type carriers become stuck in deep traps, the N-type carrier' 
cloud is stuck also by virtue of the growth of a retarding field in the 
direction of diffusion. 

3. 8 Iridium Antimonide as PEM Detector 

Currently, the only material which has been shown to be com¬ 
petitive as an infrared detector operating in the PEM mode is crystal¬ 
line indium antimonide. Typical detectivity D+ (-, 90.eps, 1 pps) 
of 1. 9 X 10" cm/watt has been attained, and the time constant is less 
than 1 microsecond. 
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Infrared 

Figure 35 - Schematic Representation of the 
Photoelectromagnetic Effect. 
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Photoemissive Detector 

Photoemissive tube operation is somewhat similar to the photo- 
detectors previously described. A photocathode (emitter) and an anode 
are placed in an evacuated tube. A potential difference between anode 
and photocathode causes emitted electrons to flow to the anode. 

The electrons of the photocathode are excited by the absorption 
oí photons. When a photon is absorbed, it gives up an amount of energy 
equal to to an electron. The excited electron is transported to the 
surface of the photocathode, and if the absorbed energy hp is greater 
than Ew the energy difference between the top of the electron distri¬ 
bution and the potential barrier, (also called work function), the elec¬ 
tron will be emitted into the evacuated space. 

, M excitation occurs at some distance within the emitter, a 
further condition must be satisfied, namely, that the loss of energy 
uring transport between the point of excitation and the surface must be 

small enough so that when the electron reaches the surface it still has 
an energy greater than Ew and can be emitted. This condition must be 
satisfied, and unless it is, the quantum efficiency of the emitter will be 
low inasmuch as only those electrons excited near the surface can 
escape. This, together with optical reflection loss, is the reason why 
metals in general are poor emitters. 

3. 9.1 Semiconductor Photoemitters 

All efficient photoemitters are semiconductors. A characteris¬ 
tic of a semiconductor is that the valence electrons completely fill the 
valence band as shown in Figure 36. Between the valence band and the 
conduction band, there is a forbidden energy region (in the absence of 
impurities) where electrons cannot exist. In the diagram this gap is 
esignated as Eg. The potential of the space surrounding the photo- 

emitter is above that of the bottom of the conduction band by an amount 
Ea. This energy difference is known as the electron affinity. 

3. 9. 2 Minimum Energy for Photoemissicn 

occur, the excited electrons must receive 
from the absorbed photons an energy equal to or greater than Ee plus 
Ea; üie energy Eg Of the forbidden band is greater than the electron 
affinity, an electron excited within the material to an energy only slightlv 
greater than Eg plus Ea can move through the material to its surface 
with only a small loss of energy. This is because electrons cannot exist 
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TRANSPORT , EMISSION 

Figure 36 Photoemitter Energy Diagram 
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in the forbidden band, and therefore the smallest amount of energy 
which can be accepted by a valence electron is Eg. An electron having 
the energy Eg. + Ea does not have energy enough to give up an amount 
of energy Eg to another valence electron. During the transport there 
will be some loss of energy by the electrons because of scattering. 
However, this loss is relatively low so that semiconductors with small 
electron affinities may be very efficient photoemitters. 

The lowest work functions which have been achieved are close 
to 1 electron volt (ev). Hence, the wavelengths that can be detected by 
photoemissive tubes are restricted to the near infrared. 

3. 9. 3 Image Tubes 

Photoemission detectors such as the image tube, made up of a 
semitransparent photocathde whose emission is electrostatically focused 
onto a phosphor viewing screen have been used as near infrared imaging 
devices in the Sniperscope and Snooperscope. The photocathode of the 
image tube is made up of a sensitized semitransparent film of silver- 
oxygen-cesium on the end window. Similar cathodes are frequently 
used in phototubes, certain types of photomultipliers and similar devices. 
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3.10 Infrared Sensitive Films 

itifrare/detKtíorind hCatS T ptl“tograi,hic film have been used in near 
and photogr^aminetrv ndrnmna°Und applifti0"s in aa«al reconnaissance 

visible MdHto-ed ^1°° 0d SpeCtral reflectance between the . Also infrared penetrates the atmosphere better. 

with speSllletS 

srSsí“'"-“-—.o 

“SSie- 

cZÍZr ¿H^™™-tesFhé“ “ititiZed 
tion and storage. P l6m in infrared íilm is üierefore one of produc- 

3.11 Mrared Quenching of Phosphors (Ref. 31) 

With a p™Ma?c°oior0r «ter "aÄr'64 Bl°* 
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3.12 Tabulation of Infrared Transducers 

Table VIII gives a tabulation of infrared transducers in terms 
of their modes of operation. Table IX indicates the operating parameters 
of a number of infrared detectors. Improvement of the various types 
presently available and the search for new materials is the subject of 
continuing effort. (Ref. 32, 33). 
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TABLE IX - Infrarí 

Type 

Uncooled Lead Suipñide 
300 deg. K (+27 deg. C) 

Cooled Lead Sulphide 
233 deg. K (-40 deg. C) 

Cooled Lead Sulphide 
90 deg. K (-183 deg. C) 

Uncooled Lead Selenide 
300 deg. K (+27 deg. C) 

Cooled Lead Selenide 
90 deg. K (-183 deg. C) 

Uncooled Lead Telluride 
; 300 deg. K (+27 deg. C) 

Cooled Lead Telluride 
90 deg. K (-183 deg. C) 

Uncooled Indium Antimonide 
(PEM) 293 deg. K (+20 deg. C); 

Cooled Indium Antimonide 
90 deg. K (-183 deg. C) 

Cooled Gold-Doped Germanium 
90 deg. K (-183 deg. C) 

Thermistor Bolometer 
300 deg. K (+27 deg. C) 

Pneumatic (Golay) Detector 
300 deg. K (+27 deg. C) 

Evaporograph 

Ferroelectric Bolometer 
300 deg. K (+27 deg. C) 

Spectral Response 
(Microns) 

0. 25 to 2. 5 

0. 25 to 3. 6 

0. 25 to 4. 5 

0. 7 to 4. 5 

0. 5 to 6. 5 

0. 5 to 3. 5 

0. 5 to 5. 5 

0. 5 to 5. 5 

0. 5 to 5. 5 

0. 5 to 8. 5 

1 to 1000 

0. 25 to 1000 

0. 7 to 1000 

0. 5 to 1000 

Time Constant 
(Seconds) 

1 X 10-4 to 
1 X 10-5 

1 X 10-3 

2 X 10-3 to 

7 X 10-5 

5 X 10-6 

18 X 10~6 

20 X 10'6 

1 X 10"4to 
5 X 10-4 

1 X 10'6 

2 X 10"D 

20 X 10~5 

4 X 10"3 

1.5 X 10-2 

0. 5 to 15 

1 X IO-1 to 
1 X IO’3 

Electr 



Electrical Bandwidth 
(CPS) 

Infrared Detector Characteristics 

Detectivity 
(Watts-1) 

2 X 1011 

5 X 10 11 

Noise Equivalent 
Power NEP (Watts) 

Area 
(mm^) 

5 X 10-12 

2 X 1011 

3. 8 X 109 

4. 8 X 109 

2 X 10 12 

7.7 X 10 

2. 6 X 10 

.12 

10 

0. 25 to 200 

2. 5 

2. 1 X 10 -10 

Limiting 
Noise 

Current 

Current 

Current 

Current 

Current 

5 

5 

5 

5 

62 

10 

1 

2. 3 X 1010 

2 X 108 

3 X 1010 

6. 3 X 109 

2 X 108 

1. 6 X 1010 

At-0. 1C to 
A'Tc*2000C 

5. 5 X 1019 

4. 4 X 10-11 

Q 
5 X 10 

3 X 10-11 

1. 6 X lO"10 

5 X 10-9 

6 X lO'11 

1.8 X 10"11 

4 

0. 5 to 2 

3. 5 

3. 5 

0. 2 to 25 

0. £5 and up 

Current 

Current 

Current 

Current 

Current 

Johnson 

Temperature 

R adiation 

Johnson 
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4. CHARACTERISTICS OF IMAGE FORMING AND DISPLAY 
PRESENTATIONS 

4. 1 Methods of Display 

The means of infrared displays are as varied as the equipment 
with which they operate. Logical groupings of equipment may be made 
based on display methods which, in turn, are determined by how rapidly 
the data must be processed and how much information about the target 
is needed. In a training application where a warning that an object is 
approaching from a particular sector may be all that is necessary; on 
the other hand, a photograph of the sector may be wanted with all 
possible detail. A sample grouping, may be as follows: (Ref. 34). 

Target 
Date Type Variables Display Representative Equipment 

Transient one Neon Rash 
lamp pips 

Gun-sight. 
Proximity Warning- 
Indicator. 

Transient 

Permanent 

Permanent 

many Cathode-ray 
Tubes 

Air-to-air-Search. 
Battlefield Surveillance. 

one Oscillograph Railroad "hot box" 
Detector. Rapid Scan 
Spectrometer. 

many Film Air-to-ground Mapper. 
Commercial Camera. 

In practice more than one display method may be used in an 
equipment: one for visual monitoring and another for permanent records 
for future study. For the purposes of this report, emphasis will be on 
data presentation in the form of images as opposed to meter indications, 
audio signals and lamps used as indicators. 

4. 2 Cathode Ray Tubes (CRT) 

For high resolution image display the cathode ray tube excels in 
the infrared field as it does in other applications such as radar and 
visible light TV. The variety of displaiy techniques in infrared is about 
as great as those associated with radar, but none are as complex as 
radar since the active elements are not needed. 
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4. 2. 1 Display Variations 

own TnS?íStlCated lnfrared CRT dlsPlays have a complexity of their 
own in early warning systems, other information may be displayed 

serondSmaStihlSt0ry^data ír0m suPP°rting radar> television, or a 
second IR set responding to other wavelengths. Memory or variable 
persistence tubes are useful for target enhancement by integration of 
he signa s, and by cancellation of the noise. Systems subifct to varia 

formitch^anllToll mad^h* T ShÍP’ Can haVe display ^^ections 
and rieht and íe ? Y eleCtncally shifting the master up and down, 

d right and left. In tnose systems where the IR scanner moves 

tvoe^f disn^V1" field 0Í VÍ6W the Plan-Position-indicator (PPI) 
ilto fnur rnli ^ An interesting variation splits the scope 
history of the fh riC rlngS, each ring belonging to a different scan. The 

oarison wi ï fh PireV10US SCanS iS then always available for c°™- parison with the most recent trace. 

4. 2. 2 Line or Raster Scan 

-he CRT display by intensity modulated line scan or raster scan 
is, however, the most common for those applications with which this 
reporUs concerned. For visual display, the raster scan is unexcelled 
nd unique scanning systems have been devised to take advantage of this 

type of display. Resolutions of the order of 3000 elements pe/line are 

tatelHe Mv 5 nn - thldyna“iC caPability of presenting rapid motion 
intelligibly Utilizing the eye's integrating effects, moving images may 

e displayed with stationary background removed. Special elpctronic 7 
switching circuits reversing the polarity of each frame displayed have 
been developed to achieve this result. The intensity modulated line 
scan used with a moving film strip is the basis for the familiar aerial 
mapper or reconnaissance device. The raster scan is also used with 
a synchronized camera to obtain a permanent record of the images. 

The distortions due to use of a curve-faced CRT with a flat film 
surface has been the subject of much research. Another problem in 
transposing the image from the tube face to the photographic film is 
the loss of light. Using the best photographic equipment it has been 
shown-That only one per cent or less of the light emitted from a point 
on the phosphor finds its way to the film (Ref. 35 ). About 45% of the 
light emitted is not received by the photographic system and is conse¬ 
quently wasted while the remainder appears as a halo to the emitting 

reflections at the glMs-air tateria- 
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4. 2. 3 Fiber Optics (Ref. 36 ) 

These difficulties could be overcome by the use of a bundle of 
glass fibers as the face plate of a cathode ray tube. The emitting phos¬ 
phor would be deposited at one end of the fibers while a photographic 
film in intimate contact with the exit end of the fiber bundle would 
receive from 70 to 90 per cent of the emitted light without distortion. 
This technique called "fiber optics" is based on the fact that light 
entering the end of a glass rod is unable to escape out through the sides 
because of total internal reflections. There is no substantial change 
until the diameter of the rod or fiber becomes comparable to the wave¬ 
length of light, say five or ten microns. If these glass fibers are 
gathered into an orderly array they will transmit an image by breaking 
it up into separate components. These components are transmitted in¬ 
dependently from one end of the array to the other. However, where 
two glass fibers come- within a half wavelength of light of each other, 
some light will leak from one fiber to the next. By insulating each fiber 
from another by a thin jacket of transparent material whose index of 
refraction is lower than that of the fiber this problem is minimized. 
Further jacketing of the fiber with a thin highly reflecting metallic film 
has also been found valuable. 

Tubes with fiber optic faceplates capable of the 70 - 90% light 
transmission mentioned previously are still in developmental stages, 
but flexible fiber bundles can be used with presently available cathode 
ray tubes to achieve almost comparable results to fiber optic face¬ 
plate tubes. Fibers 50 microns in diameter are most convenient for 
flexible bundles, but larger size fibers can also be made. In small 
fused assemblies, bundles can be made whose individual fibers are 
substantially less than 50 microns, but these are not flexible. By 
means of tapered fibers, tapered bundles can be made to produce mag¬ 
nification or demagnification of an image. By "scrambling" the fibers 
a different pattern from the image can be displayed. With the proper 
"decoding" pattern the original image may be reproduced. 

In multi-element detector arrays time sharing or multiplexing 
is sometimes used in channelling the signals through the electronic cir¬ 
cuitry. If the images as received were displayed as a single line scan 
on a CRT, fiber optics could be used in place of electronic multiplexing 
to unscramble the image at the photographic film surface. The end of the 
bundle at the film would have to be scanned in synchronism with the orig¬ 
inal scanning. One way this might be done is by scanning the bundle 
across the film as the film moved at right angles to the bundle scanning 
motion. 

Figure 37 illustrates some of the methods discussed above. 
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Figure 37 - Examples of Uses of Fiber Optics 
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4. 3 Glow Tubes 

4. 3. 1 Direct Viewing 

i . u h their flat frequency response from dc to 150 000 cos nenn 
glow tubes have become one of the more widely used methods of re 

fflosaitf oiwnultinlp^'l ^ CO"i""CÜ0" “ ™d nosam or multiple element array, has a bank of neon glow tubes which 
an be viewed directly. There is a lamp for each detector element ~ The 
aster type scan produces an image similar to a TV presentation since 
»e lamp s intensity is modulated by the detector it represents in orn 

portion to the radiation received by the detector, toe litMe detector 
in built tor the Navy has an oscillating presentation mirro? phased 

V.U, the radiometer's line of sight. To the observer, the lam™ appear 

nate? TOeme8"1“ P0SiîiOnS corresP“«”g t° the actual target coorii- 
ates Where circumstances prevent direct viewing, the lamps can be 

watched with a television camera or a scanning phototube. 

Infrared 
advantage of the 

gun sights use neon glow tubes in configurations to take 
persistence-of-vision effect of the eye. 

4. 3. 2 Film Methods 

h f 1 !e common use of neon glow tubes is in conjunction with 
p otographic film. Single glow lamps scanned by some mechanical 
mirror system can produce a raster-type image pattern on a photo¬ 
graphic plate. The Thermograph is an infrared camera wherein the 

h,, °T+ errakeS a raSter SCan °ver the field of view- Coupled to the 
back of the arge panning mirror is a small mirror that causes the image 
of the modulated neon lamp to sweep across a Polaroid film in direct & 
correspondence with the radiometer's position. 

One airborne mapper has a line of fixed detectors oriented at 

i)lr llefto H,?0»“16 aÍrftCraílheaíÍng- Duri'« “W » strip of ground 
"nntih1 to aircrafi Path ls viewed by the system which is known as a 
pushbioom scanner. The display uses multiple neon lamps (one for 

each detector) placed at right angles to photographic film that is moving 
at a velocity proportional to the aircraft ground speed. The need for 
individual neon tubes arises because it is not always possible or desirable 
to combine multiple sources into a single channel/ The use of swi cí ng 
devices needed for single channel operation requires each output to be 
s mpled once per dwell time with no signal distortion. The sequential 
/T* S?bfy reqmred may create complexities which overcome the 
savings due to single channel operation. 

Ill 



4- 4- Infrared Film % * 

»der P¡otZZr1eZTTme:Tn f“m are »vered 
while. Visual aerialTapping suffeT fTT7 ° e“8 USe Would be worth 
as do ordinary cameras. Under S or uT f a °f atmosPhere 
aerial reconnaissance could be mrJ? h&hJ-cIoud conditions visual 
01 near infrared pho ograTc Wm f Sf"lly ^»“Plished by use 
optical filters. For gSd i econnaTT 'Íght l0SS aSS0'iated with 
consideration would apply. For s!lld f f tíi|ifSll|IT, lllance’ the same 

With active systems u/ually is „“a c^S^“ s. 

4- 4- 1 igfeHgg Photograph Limitation 

though dyes to make longer wavelength films d ^ near lnfrared 
tion is practical. If the film is toh™ 'T available- The limita- 
slight exposure to infrared radiating sensitive» then only a 
required to form an image. It has beenWa;/elen^h shoald be 
to three microns that storaw nr Q shownj for film sensitive out 

temperature would be sufficient to fcTübef^10” °f t,ÜS ÍÜm at room 
problem is not one of devisé fnl w 'e U C°Uld be used- The 
facturing longer wavelength unexposedgfümaVq1iength fllm’ but °f manu' 
techniques are carried out at room temnerah ce current Photographic 
chance of a simple annroach in iL te,mperature> there seems little 

wavelengths. A new sensitising meafsTsTaîlëd f Ph0t0g5l?phy t0 lmger 
triggered at selected times bv snmfL! talleci for. one that can be 
electric or acoustic fields As vet thi* ^ SUCi1 aS an external magnetic, 

• AS yet thls 18 a open area of research. 
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4. 5 Image Tubes 

An image tube is defined for purposes of this report as an infra¬ 
red sensing device that has simultaneous read-in (compared to sequen- 
ia! or other methods of read-in) and simultaneous read-out. Thus the 

transducer obviously has to be of a size which covers the total field of 
view. The infrared image is converted at all points simultaneously by 
means to be discussed into a visible image for visual observation or 
photographic film preservation. 

4- 5. 1 Photoemissive Image Tubes. (Ref. 37) 

The most familiar image tubes are those that operate on the 
photoemissive principle discussed in previous sections. Thus these 
tubes are limited to the near infrared region. The 1P25A is probably 

e moo familiar of this class as it is the transducer for the Sniper- 
scope and Snooperscope equipments of World War II. 

Basically^ ah infrared tube is an evacuated cylindrical glass tube, 
one end of which is coated with a silver-oxygen-cesium photoemissive 
surface known as S-l while the other is coated with a phosphor screen, 
li ,1®ur^ v ' Radiation incident on the photoemissive surface causes 

e photoelectrons to be emitted in a density pattern equivalent to the 
incident radiation image. These photoelectrons are accelerated toward 

fihfnP?n trv°r iSCr^nfand ?!Ven added energ>7 by applying a high dc voltage, 
6 to 20 KV. In addition, the electrons are focused by either an electro¬ 
static or a magnetic field to form an electron image on the phosphor 
screen. The phosphor converts the electron image to a visual image 
whose brightness distribution is equivalent to the radiance distribution 
in the original infrared image. Since the photoemissive surface responds 
to quanta and not to thermal effects, the resultant infrared and visual 
images are similar to other images formed by reflected light. 

4. 5. 2 Focusing Method 

.,, . itAs indicated, the electron optics used to form the electron image 
within the image tube can be either electrostatic or magnetic. At the 
present time, most image tubes are electrostatically focused a« the 
power and size requirements for this mode are very much less than for 
magnetic focus. Originally, intermediate focusing electrodes were 
required; latests designs are unipotential. 
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The tighter electron beam with resultant improved resolution of 
the magnetic focusing mode is the goal of several military development 
programs. The major bottleneck has been the unavailability of small, 
lightweight permanent magnets, sufficiently strong to create the neces- 
ary field strengths to control the accelerated electrons. «.- 

4. 5. 3 Read-out Phosphor 

The read-out phosphor used in military image tubes is the P-20, 
zinc-cadmium-sulfide, which, although producing a yellow-green picture, 
is the most efficient phosphor in converting the electron energy into 
visible light. This phosphor has short persistence, so that moving ob¬ 
jects may be seen clearly without smearing. If desired, long persistent 
phosphors or phosphors of other compositions may be used to obtain 
different output characteristics. 

4. 5. 4 Overall Sensitivity 

The overall sensitivity or gain of an infrared image tube is 
measured in terms of its "conversion index". The conversion index 
is determined by projecting one-tenth (0. 1) lumen of 2870°K color 
temperature radiation from a tungsten lamp onto the photoemissive 
surface. A long-pass infrared filter with cutoff at 0. 8 microns elim¬ 
inates all visible radiation. The lumen output of the phosphor is then 
measured; the ratio of the output to input flux is the conversion index 
of the tube. The 1P25A had a conversion index of less than 0. 5, but 
improvements in photoemissive surface sensitivity, increased opera¬ 
ting voltages, and increased phosphor sensitivity have resulted in 
tubes with conversion indices as high as 40. 

Examples of the newer tubes are the 6914 and 6929. These are 
compared in Table V with the 1P25. 

Quite a few variations of the basic image converter have been 
proposed and experimentally developed. (Ref. 38). Most a,re concerned 
with image intensification of low level visible radiation, although one 
has been developed for ultraviolet radiation and another for X-ray use. 
The modes of operation would be applicable to infrared radiation since 
the basic principle is photoemission. 

4. 5. 5 Image Intensification Methods 

Methods of intensification include demagnification of images, 
cascading of image tubes, either by using two tubes or one tube using 
elements of two tubes, electron multiplication by secondary emission 
schemes, and image intensification by an optical feedback technique. 



TABLE X 

COMPARISON of 1P25 WITH 6914 AND 6929 

Length 

Diameter 

Operating 
Voltage 

Intermediate 
Focusing 
Electrodes 

Magnification, 
Cathode to 
Phosphor 

1P25_ 6914 6929 

4. 6 inches 2. 75 inches 2.335 

1.7 inches 1.75 inches 1.375 

4000 volts 16, 000 volts 12KV 

3 None None 

0,5 0-8 0.75 

Resolution 

Conversion 
Index 

8 line pairs/ 28 line pairs/ 30 
mm mm 

0.4 30 20 

S-l Photo 
Surface 20-30 ua/lm 30-40 ua/lm . , 30-40.ua/lm 
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All these devices are experimental, and have not reached the 
stage where they can compete with the 6914 as many technical problems 
have yet to be solved. 

The standard television camera tube, the image orthicon has 
been tried as a near infrared device with a near IR photoemitting sur¬ 
face. Manufacturing techniques have not arrived at the point where this 
surface can be applied consistently since processing methods have a 
tendency to damage the IR photo surface. However, several image 
orthicons have been developed with image intensifiers built into the front 
end. These tubes, known as the intensifier image orthicon, were de¬ 
veloped for low-light-level TV and are under study by Engineer Research 
and Development Laboratories at Fort Belvoir. Success of these tubes 
would surely lead to attempt to make near - IR - intensifier image 
orthicon tubes which would solve quite a few problems in night-time 
viewing for battlefield surveillance. 
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4. 6 Absorption Edge Effect 

That part of the spectral response curve of a semiconductor 
wiere the detectivity falls off or "cuts off" is known as the "absorption 
edge" since it represents the edge of the region beyond which the semi¬ 
conductor does not absorb energy. In many semiconducting materials, 
the position of this edge with respect to cut-off wavelengths is a 
function of the temperature of the material. This was borne out in 
previous discussions as a means of extending the spectral response 
region by cooling the semiconducting material. In an optical sense the 
absorption edge may be regarded as a transmission edge. Thus the wave 
length at which the detectivity of a semiconductor falls off is that wave¬ 
length at which it starts to transmit. If radiation of a particular wave¬ 
length w'ere incident on a semiconductor whose absorption edge included 
this wavelength, part of the radiation would be absorbed and the rest 
transmitted. Cooling the semiconductor shifts the absorption edge so 
tnat a greater percentage of the incident radiation is absorbed and less 
transmitted. This characteristic was used by the British to develop a 
thermal imaging tube. 

4- 6. 1 Absorption Edge Image Tube (AEIT) 

The absorption edge image tube was developed by the British 
Services Electronic Research Laboratories (SERL) by using a unique 
property of amorphous selenium. Where other semiconducting materials 
have an absorption edge that shifts into the longer wavelengths with 
cooling, amorphous selenium has an absorption edge that shifts to longer 
wavelengths on heating. Also, its absorption edge is very steep, occur- 
i ing in the visible region. The sodium D lines are just inside the ab¬ 
sorbing region with some small percentage of transmission due to the 
slope and curvature of the edge (Figure 39) depending on the thickness of 
the selenium. If a thermal image were incident on a thin selenium layer, 
the warmer parts of the image would cause localized heating of the 
selenium. These warmed areas would become more opaque to sodium 
light also incident on the selenium and a dark thermal image could be 
made visible to the eye by proper optics. 

Figure 40 shows the arrangement of the absorption edge image 
tube. Sodium light is viewed by transmission through a metallized 
selenium layer. The selenium layer is made very thin. A thermal 
image is impressed on theselenium layer by a reflecting mirror 
through a sodium chloride window. Since the soldium light is 
a ansmitted better by the cool parts of the selenium, the visible thermal 
image is dark. The thin metal film on the sodium light side of the 
selenium layer causes much of the incident infrared radiation to be 
absorbed by the combination layer of proper thicknesses in which the 
radiation meets the selenium first. (Ref. 39). 
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Sodium Lamp 

Figure 40- Absorption - edge Image Tube 



4- 6. 2 Edgegraph Image Tube 

• !Kedf^gT^ph WaS deveioPecJ under Project Michigan as a var¬ 
iation of the AEIT to get better performance and a more psychologically 

is ying image of brighter image areas representing warmer target 
areas. (Ref. 41). ° 

Figure 41 shows the difference between the edgegraph and AEIT. 
The selenium is coated with a gold film to increase the amplitude of 
the back reflected ray to the point where, at ambient temperature 
nearly complete cancellation, due to selected selenium thickness, occurs 
between the rays reflected from the front and rear surfaces. Thus the 
unexposed selenium film appears dark. If exposed to infrared radiation 
the temperature of the selenium layer varies locally causing the shift ’ 
m absorption edge. The areas of increased absorption (warmer areas) 
decrease the amplitude of the back reflected ray and the front reflected 
ray appears as a bright spot coinciding with the warmer areas of the 
' erma There is an added advantage in this mode of operation 

compared to the AEIT as studies have shown that the eye can detect 
smaller brightness differences (lower contrast ratios) where the back¬ 
ground is dark. 
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4, 7 Other Displays 

4. 7. 1 Evaporograph (Ref. 42) (Figure 42) 

The Evaporograph is a direct thermal imaging device using the 
change in rate of evaporation or condensation due to localized heating of 
an oil film by infrared radiation. Figure 42 shows the details of the cell. 
The sequence of operation is as follows. 

The optical system gathers infrared radiation from the field of 
view and forms an image of the field on the membrane. A special coat¬ 
ing on the front surface of the membrane absorbs this radiation and 
changes the temperature from point to point in accordance with the 
amount of radiation received by each portion of the membrane. A heat 
"picture" is thus impressed on the membrane. These point to point 
temperature variations alter the thickness of an oil film being condensed 
on the rear side of the membrane. Thus temperature differences are 
resolved into differences in oil thickness. A white light shining on the 
membrane is caused to be reflected as different colors giving a visible, 
colored thermal image of the entire field of view. The colors have no 
relation to the visible colors of the objects, but are "interference" 
colors and refer only to temperatures. 

The radiant power from an object will remove oil at a certain rate 
from the membrane, as follows: Hat = KXa 

where Ha = radiant power of the image (irradiance), watts/m2 

t = time, seconds 

K = constant 

Xa = oil thickness removed (arbitrary units) 

The irradiance from the background or surroundings will remove 
oil at some other rate: 

Hbt = KXb 

The difference in radiant power will then create an oil film thickness 
difference 

Ant = kAx 
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where H = net irradiance, watt/irr 

X = oil film thickness difference 

The range of temperatures being observed determinesothe method of 
operation employed. Radiation from objects above 80 C will be suf¬ 
ficient to cause evaporation of the oil film at a rate greater than the 
rate of condensation; whereas, below 80°C the rate of condensation is 
merely retarded. In the evaporograph method for temperatures above 
80oC the shutter is kept closed for several seconds to allow an initial 
oil film to deposit. Then radiation from the field of view causes evap¬ 
oration as a function of the image. 

In the condensograph method for temperatures below 80°C, the 
shutter is left open during the entire cycle as the radiation is not great 
enough to evaporate away the oil film; merely great enough to alter the 
rate of condensation. 

In both methods, a clearing light is used to evaporate all the oil 
from the membrane as a means of wiping off an old image before viewing 
a new one. 

Time required to form an image is dependent upon temperature 
differences. The formation of the image of a man at room temperature 
( A T = 30°F)'requires about 15 seconds; a hot soldering iron 
( A T = 600°F) requires a fraction of a second. 

A commercial instrument known as "Eva'' is produced by Baird 
Associates, Inc. Its principal uses are the measurement of temperature 
differences for inspection purposes, insulation studies, and detection of 
hazardous area "hotspots" by remote monitoring. 

4. 7. 2 Expandograph (Ref. 41) 

Another thermal image tube under development by Project Michigan 
utilizes the change in physical dimensions of matter with temperature. 
The local expansion of a single or multiple-layer membrane in the 
neighborhood of an infrared image is used to produce a distortion, which 
appears as a dimple in the surface of the membrane. Since extremely 
small surface distortions can be detected optically, very small tempera¬ 
ture differences (less than 1°C) can be detected in this way. The speed 
of response is comparable with that of the edgegraph, but the resolution 
achieved thus far is inadequate for practical use. It is interesting to 
note that resolution can be traded for sensitivity by the simple expedient 
of changing the tension in the membrane. This is conveniently accomp¬ 
lished by applying a dc heat bias to the membrane. 
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4" 8 Color Translation 

indicate ranges of tempestara mfferenUal”* Th0lS ‘n 3 dÍSplay t0 
near m, red for intermediate ffi ald green for fä" ^ ”ight indicate 

orgStas^fmo“; f ™uaaPPr0nChHhaS bM" by “Sra, 

interpretaUon^requires^thoroug^unde3^^11 a''6 q“ilC ™US“al and their 
physical phenomena M processes "™et ^ 0i ^ 
larly complicated in daylight where bo^h r ^r0C.esses become particu- 
involved. (Ref. 43). } h both reflection and emission are 

126 



4. 9 
Comparison of Resolution and Contrast of m Imaging Devices 

,,ri , . A comparison ol characteristics of infrared sensitive detect™ 

sumeTS8«, rCeS' ,SUCh aS Spectral resP0Ilse and detectivity, ore- 
consideration6 ZTf, bf” defined- ^ the characteristics under 
Part ofihe dime r“'1 a"í.COntrast' the dcn"iHons are quite varied, 
if j.- lcuIty lies in the different applications, and methods of 

tion^TresnW0116011^ ^ ^0ther difficulty ^ that the evalua¬ tion of resolution and contrast of the display is subjective. 

4. 9. 1 Definitions of Resolution 

Resolution can be described for a detector cell in terms of its 
time constant or frequency response. A detector with a time constant 
of 1 millisecond will have a frequency response of: 

ÏÏ r i 
2* X 10-3 - 159 cps 

and will be able to resolve 318 bits of information per second. 

ionf fu Res°lutl0n can also be described in terms of a solid angle oro- 
t6h íí°Ugh,a” 0ptlCal system- A cell combined with an optical system 

may be described as having a resolution of 1/4 degree by 1/4 degree7 
o example; this resolution is dependent upon the size of the cell and 

the optical system characteristics. 

If some means of scanning to provide a raster disolav is Pm_ 
ployed resolution may be given as lines per millimeter (mn/ lines 

Ac u^v’ i/thf “ teleViSi0n P,raCtICe' Per '«me or pt’ture Aclualiy, if the scan rates are taken into consideration, this is just 
otier way of expressing the frequency response of the system. 

As a function of range resolution can be defined as the maximum 
distance at which two points are resolvable as two separate points In * 
this case, the optical system may be the controlling factor as the rircle 
ol confusion due to aberrations may limit the resolution. 

Systems using individual cells or arravs of cells such as 
Photoconductors, bolometers, thermocouples, etc., have resoluüons 

e er mined by cell size and frequency response. This is really resolu- 
lon in terms of bits of information per second. The cell size in con¬ 

junction with the optical system, determines the angular size of îhe bit 
and the frequency response determines the number of these bits the 
system Cctn detect in a second. 
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4. 9. 2 Resolution in Terms of a Common Reference 

Comparison of system resolutions are difficult because of these 
several methods of defining resolution. Conversion to some common 
reference, such as bits per second, is necessary. This conversion re¬ 
quires that much more information be given than is usually supplied. 
For instance, an airborne reconnaissance system whose resolution is 
specified as 1/4 degree would have to provide lowest usable altitude 
maximum aircraft velocity, and total field of view to permit conversion 
to bits per second. 

This is aiso true of raster-type systems where resolution is 
given in terms of elements per picture or elements per mm. Scan rate 
information is needed to convert to bits per second. A TV picture with 
a resolution of 500 elements per line can be said to have a resolution 
of 900 X 500 or 250, 000 elements in one frame time or 1/30 second. 
This is equivalent to 7, 500, 000 bits of information per second. It is 
much greater than anything achievable to date by optical-mechanical 
systems using thermal or photoconductive detector cells. At present 
these systems have resolutions less than 100,000 bits per second. 
(This comparison may explain why there is such great interest in 
developing thermal image tubes which can be electronically scanned to 
provide higher resolutions over wider spectral regions. ) 

4. 9. 3 Resolution of Direct View Image Tubes 

Resolutions of direct view image tubes seem to be as good as 
that of electronically scanned image devices. A comparison in terms 
of bits per second is difficult, as there are no scan rates involved. 
Comparison is best carried out by means of one of the standard resolu¬ 
tion charts in terms of resolvable lines per mm. The 6929 image tube 
(see Section 4.5) has a resolution of 30 lines per mm or better than 750 
llJn.AnPer inCh' The raultiPlier vidicon (see Section 5. 3.1) has a resolution 
of 400 lines per inch. 

The frequency response of the direct view tube such as the 
6929 is considered in relation to moving targets. It determines the 
limiting orthogonal velocity an object can have relative to the optical 
axis of üie image tube and still be seen. This is also true of electronically 
scanne^ image devices. The range of velocities usually encountered are 
well within the imaging capabilities of these devices. 



4. 9. 4 Effect of S/N on Resolution 

In the above discussion, an important factor affecting resolu¬ 
tion has been ignored. This factor is the signal-to-noise ratio (S/N), 
Any comparisons made without taking S/N into consideration is almost 
meaningless. As a rule, low signal-to-noise ratios cause a degradation 
oí resolution. Comparisons of systems should be made under equivalent 
signal-to-noise conditions. A TV system operating at low signal levels 
could conceivably have a poorer resolution than an optical-mechanical 
system operating at optimum. 

This last factor makes any comparisons of systems on the 
basis of relative resolution and contrast very difficult since informa¬ 
tion relating resolution to signal strength is not usually given. 

4. 9. 5 Image Quality 

Actually, resolution and contrast are only two of several factors 
involved in any consideration of an image. The term "image quality" is 
used often to describe a picture; this has been based on seven factors- 
(Ref. 45). 

1. Brightness or overall illumination level. 
2. Size and shape of the images. 
3. Visual noise. 
4. Contrast (Brightness range between small adjacent areas). 
5. Contour formation (Brightness must change sharply for 

contour to appear.) 
6. Sharpness (Depends on both image and eye. Resolution 

functions as a limiting factor for sharpness - it is 
resolved lines which are not sharp. However, reso- 
lustion does not determine sharpness. Barely resol¬ 
vable lines may or may not be sharp. This is im¬ 
portant since it implies that resolution cannot be 
the sole determinant of the value of a system in 
terms of being able to produce images of good quality. ) 

7. Background Complexity. 

Schade (Ref. 46) made one of the first attempts to bring some 
order out of this comusion oy a detailed analysis of the factors deter¬ 
mining image quality. His work and that of others (Ref. 47) are only 
beginnings in a field still requiring a great deal of further study. 
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5. PASSIVE SYSTEM SCANNING TECHNIQUES 

* „Airborne Optical Mechanical Scanning Techniques (Ref. 48) 

,. . S“ce n° direct Paging detector has yet been developed for opera- 
^ “termediate or far infrared regions, high resolution detector 

elements have been used in conjunction witli some kind of mechanical 
scanning process to continuously sample the field of view. The field of 
view is then synthesized on a CRT face or on film by intensity modulating 
an electron beam or a light beam with the sampling signal and deflecting 
the beam synchronously with the motion of the scanner. 

Hat i Byifr ^ greatest number of infrared imaging systems has been 
is trÍnPed f0r reconnaissance activities. The common scan motion 
s transverse to the aircraft's flight, with the aircraft's forward motion 

then supplying an orthogonal scan motion. Permanent film recording 
is generally in the form of a strip map of the terrain below the aircraft 
as illustrated in Figure 43. 

5.1. 1 Scanning with a Plane Reflector 

One popular and successful scanning technique is to rotate a 45° 
plane folding reflector which directs radiant energy to a fixed collector. 
The collector then focusses the energy upon a detector. An optical con¬ 
figuration is shown in Figure 44. A multi-faced pyramidal scanning 
mirror provides several transverse scans, per revolution. The in¬ 
coming bundle of radiation, after being folded 90° by the scanning mirror 
is -ocussed upon the detector by a paraboloidal collection mirror. 

5. 1. 2 Drum Scanner 

Drum scanners can have either reflective optics or refractive 
optics. , They may also produce several scans per revolution through 
the use of multiple optical elements. Figure 45 illustrates a refrac¬ 
tive optical system. 

,., ^ JxamPle of the reflective type of drum scanner is the scanner 
con iguration shown m Figure 46. Here, three mirrors produce three 
600 transverse scails per drum revolution_ A unique characterisfic 

of the reflective drum optical system is that it is constrained to an odd 
number of optical elements. This is so that the active mirror can "look’ 
between the two mirrors on the opposite side of the drum. 
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FIG. 45fa) REPRESENTATION OF OPTICAL SYSTEM 

Scan Generated by Forward Motion of Aircraft 

FIG. 45 (b) REPRESENTATION OF SCAN PATTERN 
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FiG. 46 REPRESENTATION OF OPTICAL SYSTEM 

Scan G«n#raf«d by Forward Moflon of Aircraft 
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ö. 1. 3 _EJ£e^of_Increase_in_Dnim_Speed 

greater to7a7Md"w"ea'Vndeqf“f’ent are greater Elution, 
surveillance this “s tò ne’^îfh e C0Verage 0f field aerial 
surveillance,’ it is t'o permit folÃgfàster 

Hoeweevreer!teermetSa u" t0 
to note that the limit is establish^h drUm speed* K is intei^esting 
rather than of mechanical failur/nr H considerations of optical quality 
drum is stressed to a,a m , dn™g P°*er- Lone bef°™ the 
changed the drum dimensions to*6 ra'bal acceleration have 
longer lies at the focTnoim „Î m deBree “i“ the detector 
of angular resolution. ’ optlcs’ resulting in a degradation 

5- !■ 4 Multielement Arrays 

array ofdeteMoTT n 1° empl°y a m’ll«hlement linear 
every sweep oiTe opîijs acrossThe r m Sr. a nUmber 01 ^ - 
application, the drum speed may be divided The“’ for a siven 
in the array. 7 dlVlded by the ™ker of detectors 

The disadvantages of multielement detectors are twofold: 

2. 

-r^uunu; complexity - Each detector 
needs its own preamplifier channel. Then a 
Gommutator must be employed to time-multi- 

LrCRT et?t0n SÍÇf1S f0r disPlay on a single 
sT^ials he,n ly' the CRT SWeePs and banking signals become more complex and critical. 

Partial degradation of image quality - when there 
is an unbalance among the channels, the display 
appears striated. This disadvantage is eliminated 
i the interchannel balance can be precisely esto 
Wished and maintained. 7 

system ^h^rs^Sstredulr“6“ °f defiMti““ “ optica, 
critical element, “t wlU be recaUed tha7the ‘d- ? r0ta“°n 0f 
upon a rotating body is proportional in ¡t d- fadiai accelerati°u imposed 
rotation, in hne with th77 d“m S d‘StanCe from the ce"‘ar of 
included to redirect the convert D may have a folding mirror 
ner's axis of rotat ™ Ftare 4^1 h0" alm°St parailel t0 ‘he aoan- canon, figure 47 shows cross sections of a drum scanner 
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having the same optical characteristics with and without folding. It can 
be seen that a marked reduction in drum diameter can be achieved. The 
exact amount of reduction is dependent upon the relative aperture of 
the optics. 

5. 1. 5 "Inside-out" Scanner 

A reflective type of drum scanner may have three techniques 
applied to it in order to effect a tremendous reduction in its size. 
Figure 48 shows the results of applying all three techniques. First, 
an "inside-out" configuration is employed; that is the primary optical 
element, instead of being on the outside drum directing the convergent 
radiation toward the center; is placed at near the center of rotation so 
that it directs the convergent radiation outward. In this fashion, the 
heaviest element in the scanner has been placed closest to the center 
or rotation. Of course, it is necessary to employ a folding mirror to 
redirect the convergent radiation to the detector at the center of the 
scanner. Advantage is taken of this necessity by making the folding 
mirror a convex hyperboloid, creating what is called the Cassegrainian 
optical system. The distance between primary and secondary reflectors 
in a properly designed Cassegrainian system can be made a small frac¬ 
tion of that required of a conventional paraboloidal primary and plane 
secondary having the same effective aperture. Employment of a folding 
mirror immediately means that a small, central position of the primary 
is obscured. Once more, advantage is taken of this fact to introduce, 
as shown, two more piano-folding mirrors. The total result is that 
the multiply-folded, Cassegrainian, "inside-out" scanner compresses 
a very long optical path into a relatively small space with the greatest 
mass closest to the center of rotation. 

5. 1. 6 Image Scanner 

The two scanning techniques described so far are similar in that 
the object plane itself is scanned. Another approach is to image the 
full field of view and then scan the image with a system of relay lenses. 
An example of this technique is shown in Figure 49. The primary 
optical element is the spherical reflector. It is necessary to use 
spherical optics in this technique since aspherics would not produce 
a uniform image quality over the entire image plane. This has the 
unfortunate result of limiting angular resolution because of spheri¬ 
cal aberrations. The image plane for a spherical reflector, termed 
the Petzval surface, is itself spherical and concentric with the mirror. 
Therefore, image scanning can be accomplished with relay lenses 
located behind the image plane and rotating about the common center. 
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An added feature is an oscillating folding mirror. This mirror 
has a nodding motion to produce an additional slow back and forth scan. 
The nodding feature provides a frame-by-frame type of scan. 

An image scanner of the type illustrated appears attractive when 
extremely high scan rates are encountered. The bulky primary optical 
elements are held fixed, and the scan motion is given to the far smaller 
relay lenses. The major drawback of this scanner is the poor optical * 
quality of its spherical reflector. This deficiency can be overcome 
through the use of a spherical concentric correcting lens in what is called 
a Maksutov-Bouwers optical system as shown in Figure 50. As an example 
of the improvement achievable, the spherical aberration of 1 milliradian 
inherent in a spherical reflector with a relative aperture of f/2. 0 can be 
reduced to as low as 0. 02 milliradian through the addition of a concentric 
corrector. 

5- 1- 7 Other Scan Configurations 

Other scans have been employed on IR equipments. Prominent 
ones are the cloverleaf, spiral, and conical scans. Although they have 
qualities that make them desirable for certain applications, they do not 
produce a uniform distortion-free display as readily as the linear trans¬ 
verse scan produced by the equipment described. 
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Primary Sphericàl 
Concave Mirror 

Figure 50 - Maksutov-Bouwers, Concentric, Wide Angle System 
with Three Image-Scanning Lenses - Schematic 



5. 2 Ground Based Equipment 

5. 2. 1 Ground Version of Drum Scanner 

A tripod'mounTwith^a servo'-drr^n pitch g'mbaTaddfa f0Iddgr°Und USe- 

of equipment. P ^16 51 shows the fuli complement 

c™ recMdi"ss ^ 

5-2.2 Far Infrared Telescopy 

far infràS:“opïSp?rtuVedewf4lt?af" “î“6“ Vie™S ‘s Figure 53. P W1^ associated components in 

ÄrSSsssr-Ä““ scans a complete frame for each cycle of „scmaüon 6 ^ 

.o ™ssre1’sl— - 
p O o o. o Scanrod T-2 

-2 
A simpier type of battlefield surveillance devirp fho q- ^ m 

reflector opticaf'system^^Instead^fanTrn:^ ^ 
data display is in the form of I w- on thp n" ted dÍSplayj the 
Figure 56 The heiVht nfV n PÍP °n the osclHoscope shown in 
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Figure Si - Ground Based Drum 
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Figure 52 - Recording Taken by Modified Thermar 
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Figure 55 ■ Far Infrared Telescope 
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Figure 54 Recording of Moving Personnel 
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Figure SS - SCANROD T-2 



Figure 56 - Scanrod T-2 Display 
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5. 3 Electronic Scanning 

These systems are built around transducers which can be scanned 
by some electron1' .means in such a manner as topermit a raster display 
on a CRT. The appeal of this technique is the fact that modified or even 
standard television techniques and circuitry may be applied. Satisfactory 
design of such a tube would effectively make for a practical infrared 
television system. 

Scanning by an electron beam can produce images from large area 
detector material and from mosaics of small area detector cells. For 
the visible and near-infrared regions photoemissive types of detectors 
are most suitable, and are the basis for the image orthicon and image- 
intensifier orthicon. Their sensitivities are usually expressed in 
microamperes (/xa) per lumen of illumination on the photosensitive sur¬ 
face. For a near IR sensitive surface this is usually /ua per watt. 

Electronically scanned imaging tubes are being developed for the 
intermediate and far infrared. 

5. 3. 1 Infrared Image Pickup Tube 

In a sense, infrared television is presently available in the vidicon 
type of infrared pickup tube. But the spectral response in only out to 2 
microns and thus depends mostly on reflected radiation from the targets. 
For night viewing, because of the atmosphere, reflectivity of targets, and 
general low level of ambient radiation, target-reflected radiation incident 
on the IR vidicon is so low that effective ranges are limited to the order of 
one hundred feet or less. Objects at 150°C or higher can be imaged by theii 
own radiation and the effective range is thus more than doubled. 

Infrared vidicon tubes mentioned above use room temperature lead 
sulfide (PbS) as the detecting element at one end of the tube. Scanning 
is done by a low velocity electron beam focussed by a longitudinal mag¬ 
netic field and deflected by a system of orthogonial deflecting coils 
producing fields at right angles to the motion of the beam. Figure 57 
shows the basic arrangement of the infrared vidicon and schematic tar¬ 
get operation. 

5. 3. 2 Operation of the Multiplier IR. Image Pick-Up Tube 

The operation of this pick-up tube may be described as follows. 
(Ref. 49). "First, assuming the tube is in complete darkness, any 
small element of area of the photoconductor under the beam receives 
electrons and becomes increasingly negative until it reaches approxi¬ 
mately the potential of the gun cathode. Thereafter, the beam electrons 
can no longer reach this element, but are turned back by the negative 
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Infrared vidicon tubes mentioned above use room temnerature 
lead sulfide (PbS) as the detecting element at one end of the tube 
bcanning is done by a low velocity electron beam focused by a longi¬ 
tudinal magnetic field and deflected by a system of orthogonal deflec- 
ing coils producing fields at right angles to the motion of the beam. 
■igure o7 shows the basic arrangement of the infrared vidicon and 

schematic target operation. 

5- 3- 2 Operation of the Multipler IR Image Pick-up Tube 

/p f /imhe °Peratlon of thls Pick-up tube may be described as follows 
IKei 4yj. First, assuming the tube is in complete darkness, any 
small element of area of the photoconductor under the beam receives 
electrons and becomes increasingly negative until it reaches approxi¬ 
mately he potential of the gun cathode. Thereafter, the beam electrons 
can no longer reach this element, but are turned back by the negative 
c arge on it and are collected by the multiplier. As soon as the beam 
moves away from this element in the course of its scanning cycle the 
ark current flowing between the conducting substrate (which is rnain- 
amed at a positive potential), and the surface, tends to charge the sur- 

iace positive. This charging continues until the beam returns to this 
eiement at the start of the next frame, when it is again returned to 
cathode potential. Now, if radiation falls on the target in the area in 
question, the surface charges positive more rapidly, due to the photo- 
conduction of the material, and reaches a higher positive potential 
urmg the period of one frame. Consequently, when the beam passes 

over this area and returns it to its equilibrium (gun cathode potential) 
more electrons will be extracted from the beam and fewer returned to the 
multiplier. It is evident, then, that if the radiation image is focused 
upon the target, the output current from the multiplier will fluctuate as 
tne beam passes over the illuminated and unilluminated areas of the 
image, the current being larger for the dark areas and smaller for the 
illuminated regions. This is the video signal output-of the pick-up tube. " 

"An important point to notice in connection with this type of opera- 
aon is that every picture element of the target which is illuminated con¬ 
ducts a pnotocurrent during the entire time and stores the accumulated 
information as a positive surface charge for the frame period while the 
beam is elsewhere on the target. This storage operation leads to a gain 
in signal-to-noise ratio proportional to the square root of the number of 
picture elements in the image area, as compared to the same photo¬ 
conductor used in a system where point-by-point scanning is employed. 
Foi a high definition picture, such as the tube under discussion is cap¬ 
able of producing (400 line picture), the gain in signal-to-noise ratio 
is of the order of 500 times. " 





5. 3. 3 Photoconductive Target Material 

The photoconductive material of the target must satisfy two con 
meting requirements, relatively long wavelength IR sensitivity and 
high resistivity for storage operation. Photoconductive semiconductor 
t .eory shows the relationship between radiation wavelength A in 
microns, and photon energy, E, in electron-volts (ev) is: 

1. 234 

A 

If a photoconductor is to be senitive to 2 micron radiation, me Dmaing 
energy of the charge carriers must be 0. 617 ev or less A normal 
semiconductor, with a binding energy as small as this, will have very 
low resistivity at room temperature. Resistivity of normal lead sulfide 
at room temperature is only a few ohm-centimeters. This is about 10 
orders of magnitude lower than required for storage operation; there¬ 
fore the lead sulfide must be greatly modified. This is done by evapo¬ 
rating lead oxide on a suitable substrate, activating with sulfur and a 
heating treatment, followed by a final layer of lead oxide. The resulting 
extremely complex structure has the necessary high resistance 

À two-inch diameter tube is similar to the image orthicon with- 
out an image section and can be operated with image orthicon focusing 
and deflection components. A one inch diameter tube without a mufli- 
pher can be used directly in vidicon TV cameras in place of the visible 
iignt vidicon. 

5. 3. 4 Spectral Response 

The spectral response of this tube is shown in Figure 58 This 
response reflects the contributions of a form of lead oxide response 
avmg its maximum in the middle of the visible spectrum and the 

lead sulfide response, which peaks in the near infrared and extends 
out to about 2. 1 microns. 

5- 3- 3 New Developments in Infrared Pick-up Tubes 

New developments in semiconductive materials have led to the 
construction of infrared pickup tubes using lead telluride or doped 
single crystal silicon targets in place of lead sulfide. These have a 
réponse out to 6 microns or better. Frame speeds of better than 25 
milliseconds are reported, and a minimum temperature difference of 
2 C is reported detectable. Resolutions of 0. 75 minutes of arc (about 

w is65 Pnr mT) arf. Claimedd However, the operating temperature 
f°‘ the characteristics is 90°K (liquid oxygen) (Ref. 40). 
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Figure 58 Spectral response of infrared pickup tube. 
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Figure 59 illustrates the operation of this device. Thermal 
radiation is imaged on the retina which is the bismuth-cesium layer 
evaporated onto an aluminum oxide film. The thermal image causes 
variations in the photoemission characteristics of the bismuth-cesium. 
The light beam from the flying-spot scanning system causes the 
emission of photoelectrons to the multiplier section. The thermally 
induced variation of photoemission characteristics results in a modu¬ 
lated current corresponding to the thermal image. The resulting video 
signal, acted on and amplified by conventional electronics, is eventually 
displayed on a CRT in synchronism v/ith the flying soot tube raster-type 
scan. 

The major problem in manufacture of this device has been one of 
successfully reproducing the bismuth-cesium retina. Another dis¬ 
advantage, of course, is the need for operating at liquid air tem¬ 
perature. 

5- 3. 7 Infrared Image Converter (Ref. 51) 

Investigations at another company have been along the line of 
adapting the simplicity of the visible light vidicon to infrared by use 
of thermistor bolometer material in place of the photoconductor 
material ordinarily employed. (Figure 60). 

The bolometer layer becomes more conductive at those points 
where the thermal image causes a temperature rise. The scanning 
electron beam deposits more electrons at these points. The chromium 
backing electrode conducts the time-sequential changes in current 
produced by the thermally-created changes in conductivity of the bolo¬ 
meter layer and the scanning electron beam to the output lead. 

A very low value of NEP per picture element is theoretically 
achievable. However, experimental values of NEP were higher by 
two orders of magnitude since useful sensitivity was limited by 
spurious, fixed pattern background signals and stray pickup rather 
than random noise. 

154 



Liquid Nitrogen Cooling Coils 

Figure 59 - Far Infrared System 
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Flgiire 60 - Schematic of Electrically Scanned Thermal Image System 
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The bolometer layer used was antimony trisulfide (80283) deposited 
on a chromium backing, electrode; this was all supported on aluminum 
oxide (AI2O3) film. Work is progressing on the use of teñon films as 
a supporting membrane. The referenced report presents a list of ad¬ 
vantages, disadvantages and future possibilities which are reproduced 
below. 

5. 3. 8 Advantageous Properties of the Thermicon 

1. Rapid Response - Continuous viewing of moving objects. 
2. Passive Systems - Undetectable and unjammable by known 

techniques. 
3. Non-Selective Sensitivity - Utilizes all infrared radiation, 

particularly the vital 10 micron region. 
4. Stable detector - Based on a stable, easily reproduced 

bolometer effect. (At present uses Antimony Trisulfide) 
5. Thermal Information Storage - Wastes none of the input 

energy from the viewed scene, will detect short radia¬ 
tion pulses. 

6. Electrical Storage - Utilizes electrical charge storage type 
scan for increased output current. 

7. Daylight Operation - Not overly sensitive to, or saturated 
by sunlight and other short wavelength energy sources. 

8. Standard television circuitry - Uses well-known techniques, 
can be remotely and multiplely viewed, and the scan 
rates are easily varied. 

9. Ambient Temperature Operations - Operates satisfactorily 
at or even above room temperature, but can be cooled 
for added sensitivity. 

10. Long Life - Should have operating lifetimes comparable with 
ordinary vacuum tubes. 

11. Dual Detectability - Can also be operated as a photoconductive 
camera system of the vidicon type in the visible spectral 
region. 

12. Possibility of Improvement - Not yet pushing any basic limits. 
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5- 3. 9 Disadvantages of the Thermicon 

1. Unfinished systems - Not yet ready for field testing or 
incorporation into completo systems. 

2. Low present sensitivity - Not yet capable of detecting objects 
less than about 10 to 20°C above or below ambient. 

o. Technically difficult - Has relatively long history of develop- 

4' ^tube* VieWÍng ~ Is not a direct image-forming converter 

5. Semi-Portability - Would be at least as large as closed 
circuit TV equipment. 

Spurious background signals - At present the observer can 
be easily misled by the fixed pattern background signals 

Fragile - The thin films may be too delicate to meet some 
specifications. 

Harlt0.C001 “ Would squire major design changes for 
efficient cooling. 

Background Cancellations - Will require some type of 
storage system to cancel the fixed pattern back- 
bround signals. 

5- 3< 10 Future Possibilities of the Thermicon 

■ Cancellation System - For storage of the fixed background 
signal and subsequent cancellation. Could use magnetic 
drum delay lme; radechon tube, or other similar device 
Maximum expected gain in sensitivity: 100 times. 

Cooling - Cool the pickup tube to improve sensitivity. 
Maximum expected gain in sensitivity - 30 times. 
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" thinner Films - Find new mounting techniques or use 
a mesh support, or new film material. Maximum 
expected gain in the total number of resolved picutre 
elements: 10 times. Maximum expected decrease 
m the response time: 3 times. 

f,lms a^d Improved Electron Optics - Development 
of better film and tube construction techniques to reduce 
the fixed background signal. Maximum expected improve¬ 
ment in the signal-to-noise ratio - 10 times. 

5-3.11 Mosaic Image Tube (Ref. 52)' 

, ,olnA ^afiatl0nLU0f image pick-up tube is the mosaic image tube 

SÄer h0mPH y' The principle 0Peratlon ‘tat of the 
fhtJd“n where the S1^al is obtained directly from the 

photoconductive detector. The vidicon uses a solid plate of photo- 
conductive material as the detector; the mosaic image tube uses a 

fTmSaiCT0hf y SmaU ph0t0C0nductive cells mounted on a supporting 
1m The vidicon, like the image pick-up tube, uses a specially 

for onereationmPT? mÍXtUr6 t0 ^ the high resistivitie« necessary lor operation. The mosaic image tube accomplishes a similar result 
by using many small-area detector cells, connecting each to a common 
collector ring and obtaining information from each cell by scanning 
an electron beam over the cells. Y g 

Two basic configurations are used. One is a strip mosaic- a 
series of parallel strips of photoconductive material, across which a 
.onstam vokage is applied, forms the face of the tube. On the back 
of Jus mce is a thin dielectric, over which the electron beam scans 
a parallel line pattern, which is perpendicular to the direction of the 
strips. As a result, a two-dimensional raster is obtained from 
the strip-and-scan combination. (Ref. ¡53). 
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When a thermal image is focused on this face, the resistance of 
the warmer photoelements change proportional to the thermal image 
producing corresponding changes in the potential of the dielectric. When 
the scanning beam reaches such a point, the equilibrium potential of the 
dielectric is reestablished, causing a small current to flow through the 
dielectric. As a result, a signal appears at the collector ring output of 
the mosaic. By scanning a CRT in synchronism with the tube scan a 
television raster-type display is created. Of course the resolution is 
limited to the number of parallel strips. 

The other configuration is a mosaic of many very small-area 
cells deposited on a dielectric to form a square or rectangular pattern. 
Ihe scanning and operation are the same as described above. 

Also under development is an image tube consisting of a single- 
line array of bolometer detector cells for use in aerial reconnaissance. 
This would require a single electronic scan line whose output into an 
intensity modulated CRT would generate a strip map of film moving 
perpendicularly to the line scan. 

5. 3.12 Commutator "Scan” 

I- • 1 «n°.um 0f electronic scan is the commutation scheme used to 
pich of ^the signals from a linear array of detector cells such as used 

erial pushbroom" scanning. Commutation is usually done by means 
of electronic switching techniques at the outputs of the amplifier channels 

ed for each detector cell. The complexity of this "scanning" means 
requiring an amplifier channel for each cell as the signal level is too ’ 
small to be switched at the detector, would be greatly reduced if the 
scanned-array image tube development is successful. 
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6. ACTIVE SYSTEMS 

6.1 Steady or Fixed Radiation Systems 

The active IR system uses an infrared source to provide illumina¬ 
tion of the objects or area of interest. The infrared sensor detects the 
reflected energy from targets and background less the atmospheric 
attenuation. Thus the active system provides no real indication as to 
the emissivity of the objects. Because of the power required to provide 
..—uVcx ubauie aistances, these devices are 
usually limited to the near infrared. 

, . Recourse to blackbody theory will show this more clearly. The 
mgher temperature curves exceed the lower temperature ones over the 
entire spectral range. Radiation curves that peak at the longer wave¬ 
lengths provide much less energy at these longer wavelengths than the 
curves that peak at shorter wavelengths. Visible light sources provide 
even more energy at longer wavelengths than would an infrared source. 

The path length for the radiant energy detected by an active system 
is twice as long as radiation emitted by an object and detected. The 
atmospheric attenuation plus the inverse square law require a source 
radiation energy for an active system detector at least four times greater 
than the radiation energy emitted from an object at the same wavelength. 
Thus, to get the greatest range, a high-temperature source must be 

US,e.d- ,U®ually’ thls consists of a high intensity tungsten filament lamp 
with a filter over it so as to cut off the visible region. Development of 
gas discharge lamps for this purpose is being carried out as well as 
the use of carbon-arc searchlights. The hotter the source the greater 
the infrared energy at all wavelengths; the problem then becomes one 
ox finding a filter to withstand the high temperatures. 

Since most of the non-visible energy is in the near-infrared 
practically all active systems operate in this region. Also, atmospheric 
absorptions are not as detrimental here as they are in the intermed¬ 
iate infrared region so that much longer ranges are possible. Thus 
it is usual to combine the active source with an image tube of som» ’ 
kind for detection and identification of targets. 

G- 1- 1 Direct View Image Systems 

The best example of an active infrared imaging system is the 
well-known Snooperscope. This was merely the combination mentioned 
above, an infrared source and an image tube. Variations of this com¬ 
bination are the Sniperscope (searchlight and viewer mounted on a rifle) 
and infrared binoculars which could be either hand held or mounted on 
a helmet. 
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6* I- 3 Infrared Photographic Film Systems 

Although active systems have usually been associated with ground 
surveillance, airborne active systems are no rarity. Usually this has 
been a visible light system with the data presentation being on photo- 
graphic film. However, there has been a good deal of work done towards 
the development of active IR aerial reconnaissance using IR film. One 
major advantage of active IR over active visible reconnaissance systems 
is the detection of camouflage cover. Another advantage is the ability 
ol the IR to pierce light fog and ground haze which tend to blind an active 
visible system. The active sources have been searchlights, scanned 
or fixed and flares. The spectral region is limited to the near infrared 
aue to the limitations of infrared film discussed previously. 

6. 2 Modulated Radiation Techniques 

Modulation, in some manner, of the comparatively continuous 
illumination source supplies another dimension to an active infrared 
system. By appropriate optical and electronic means this added feature 
may be used to provide very accurate ranging information. Another 
variation permits voice communication between selected groups without 
breaking radio silence. 

6- 2- 1 IR Ranging Techniques 

All electromagnetic radiation has the same velocity in a vacuum as 
the well known velocity of light, 2. 9978 x 108m/sec. or 9. 835 x 108 
feet/sec. Using this finite velocity for infrared radiation, a ranging 
device using active IR techniques is possible by employing techniques 
similar to those used in radar. Such a ranging device has been develoned 

using visible light (ref. 54). 

If a very short pulse of high intensity light were transmitted by an 
optical system which collimated the light pulse, it would travel away 
from the transmitter at the rate of 983. 5 feet per microsecond. Any 
objects in its path would cause reflection of this light pulse. Some of 
this reflected energy would be sent back along the path of the light pulse 
collected by the same optical system, acting as receiver and, by means ^ 
of mirrors, imaged at a photomultiplier tube. If the photomultiplier 
tube were turned on (gated on) a short time, say 3 microseconds, after 
the pulse was transmitted, reflections from objects 1475. 4 feet away 
would cause an electrical signal to be generated by the photomultiplier 
tube. The number 491. 8 feet (983. 5/2) per microsecond is known as 

, e range conversion factor, and is constant for air (since velocity of 
light in air is practically the same as it is in a vacuum). It is also 
expressed as 163. 9 yards per microsecond. 
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system would have a very large thermal capacitance and a'low thermal 
conductivity with correspondingly long time constant. 

Gaseous radiation sources do not have the limitations of black 
body or surface radiators. Spectra of gaseous discharges reveal the 
radiation to be in very narrow lines. The position of these lines in the 
electromagnetic spectrum is different for each element, somewhat like 
fingerprints. The time constant of gas discharge or arc lamps is quite 
short. Therefore, a gas whose spectral "fingerprint" lines are in the 
infrared would possibly meet the requirements stated previously. 

6. 2. 3 IR Sources for Active Systems (Ref. 55) 

A great deal of work along this line has been done in connection 
with infrared communications systems. The results achieved to date 
have been limited to the near infrared region. Cesium-vapor arc lamps 
are one useful source due to the resonance spectral lines of cesium 
vapor at 0. 8521 microns (8521 Angstroms) and at 0. 8944 microns 

^ Angstroms) at atmospheric pressure. Mercury-xeonon high 
pressure arc lamps are another source of near infrared radiation 
having several spectral lines between 0. 85 and 1.0 micron. Informa¬ 
tion from Hanovia Chemical and Mfg. Company shows the radiant 
sources in the lamp are the xenon continuum emitted by highly heated 
xenon molecules; xenon ionization-line spectral emission, mostly in 
the infrared; tungsten electrode continuum from incandescent electrodes 
and the heated quartz body. (Figure 61). ’ 

The air lamp used in the visible light ranging systems could con¬ 
ceivably be used in the near infrared with a suitable filter as its radia¬ 
tion contains the spectral lines of all the elements making up the atmos¬ 
phere. The filter material would have to be capable of withstanding 
the tremendous amount of heat generated, however. 

infrared ranging is still in the development stage for applications 
to convoy control, minesweeping formation control, and surveying 
under security conditions. These applications use a cooperative target 
such as a triple mirror to get the maximum range from the relatively 
lower radiant intensity of the infrared source. 

6- 2- 4 Images from Pulsed-Active Systems 

,,. ..^e ^rared detection devices are either infrared photoemissive 
multiplier tubes or lead sulfide cells. A storage image-converter tube 
under development (Ref. 56) was designed for use with a pulsed infrared 
source to minimize breach of security. For test and comparisons to a 
non-pulsed viewer, source pulse lengths of 200 microseconds were used 

165 



O d 

P^Tpea pa^xg^uj 

166 



It is conceivable that such a viewer could be combined with an infrared 

section ^ ^ accuracy to provide an image a selected cross- 
secbon. Backscatter present in continuous viewing situations tends to 
detenora.e die quality of the image as it raises die background noise 
evel. A pulsed-ranging viewing system would eliminate backscatter 
rom all ranges up to the selected one. The requirement of poor accuracy 

is to provide some depth to the image. Thus an accuracy of 50 feet, con- 
sidered poor for precise ranging, would provide an image covering die 
fnntT ^ccee?!ng thue range selected; anything beyond or before this 50 
toot depth would not be imaged. 

ÍRpf ^aSSTKe met]:0ds t0 determine range are also under investigation. 
Ref. 57). The most successful technique so far, has been use of optical 

focussing methods with conversion into video or audio displays. 

6- 2. 5 Infrared Communication Techniques 

Signalling by turning a light source on and off in accordance with 
ome pattern such as the Morse code is probably the most familiar 

optical communication method. This "blinker" system is relatively 

a b^m of ithí er °h 6 t0 10 WOrdS per minute- A method of modulating a beam of light much as a carrier wave is modulated by audio frequencies 
in radio was first suggested by Alexander Graham Bell in 1880. Systems 

Mo'dernintr^"16 ^ " COmpleXÍty aad sophistication. Modern infrared systems under development will be capable of code 
voice, teletype and facsimile transmission. (Rçîf. 58. ) 

Transmitters range from 300.watt to 2500 watt mercury-xenon 
lamps Receivers are lead sulfide cells. Directional characteristics 
of the transmitting systems vary from narrow beam directional to 360° 
omnidirectional depending on the application. For Navy use si-able 
platform for stabilizing against roll and pitch motion of the ship is a 
necessity, as is some means of automatic tracking. 

Foi Army use a simple system has been developed using current 
modulated tungsten filament lamp with a lead sulfide detector in a small 
housing. The entire unit weighs 10. 5 pounds. (Ref. 59. ) 

Optical communications provide a means of delivering messages 
secure from jamming and interception while permitting full utilization 
of the element of surprise. Infrared optical communications provide 
in addition to tins, increased range and secure night-time operation. ' 
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aQhn„0 for training applications, an IR communicator could be setup 
fc> a eacon or for guidance and training control. (Figure 62. ) 

infraredTmfjT,™“011 i™7 be transmitted by UHs means from some 
imrared image-forming device, such as those described previously 

Sue re ÍS ^ 10 kc' ™s is ^ frequency at ’ »hieb the xenon arc response to a modulating signal falls off to 30%. 
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7. TELEVISION TECHNIQUES 

, Tfievision electronic scanning techniques have direct applica- 
aon to infrared technology. Image conversion from infrared to visible 
and infrared information distribution, either before or after conversion 
are examples of this application. As a further aid to night viewing, low 
intensity visible light television techniques have been developed. 

7 1 TnfTp T»p/"? Tyvs o _ " * xiiidge-iorniing 

™s t0Pic has been covered in detail in Section 5. 3 and Section 
o. X. but will be presented here as review. 

S' 

1 Photoemisslve Methods 

Photoemissive image-forming methods are basically of the 
irect view image tube type which by themselves do not use TV scanning 

techniques. A combination pickup tube known as the "intensifier image 
orthicon is under development with IR capabilities out to 2 microns 
lhe rest of the system uses conventional television circuitry. 
This development was undertaken when attempts to produce an image 
orthicon with an infrared sensitive photoemitting surface failed due to 
deterioration of the infrared sensitive surface caused by the required 
manufacturing processes. 4 

7.1. 2 Photoconductive Methods 

Infrared t elevision using photoconductive pickup tubes is also 
under development. Several industrial organizations have produced 
scanned imaging tubes using such varied methods as surface storage 
combined with the gam of a multiplier section, straight photoconduc¬ 
tive effect, and flying spot scanning of a specially sensitized surface. 

Near infrared television systems are furthest along in develop¬ 
ment. Photoconductive and bolometer type pickup tubes for use in 
intermediate and far infrared regions are under investigation. The 
major problem in these investigations is the development of infrared 
sensitive materials that will remain stable over the desired spectral 
range from tube to tube after processing. 

© 
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7. 2 in^^1f^a^D^t^ution and Displav by tv Met.hnds 

TV are still developmental, ZlV^Zt^lT^ broadcast 
are not available at present. ' ‘ änd dlsplay 

'' 2‘ 1 -ÇloggdCÉÇuit^T ele vision as a Training Mprli„n, 

film or topêf fnv 0" ^‘Í taS bee" re“r<ied either on 

can be employed to train large groups o“ men “lldiVT‘ TV SyStems 
motion picture trainin«- filme P r.?1 ? ^though similar to 
a filmed presentation/ (Ref/6// °d haS Several advantages over 

These advantages are as follows: 

The latest equipment can be demonstrated 
Film sequences are more likely to be up to date. 

The student T ^ Cl]anged as circumstances require. 

get prompt1 answers^8 °f may “Sk ^ ^ 
Teaching aids combined with film and live pickups both 

Ssääsää-" 
‘ Sis]?"“"““- 

and underotood * be ^ readily s“" 

V3 apIace « » "’cans of 
objecteras displaVed b“Tfc “ a"d ‘"‘crpretation of 

7. 2. 2 

1. 
2. 

3. 
4. 

5. 

displayed by infrared systems. 

^se^CirantjrV forJJse^with Simulation Techniques 

cult Ctan,betdi8played by ciosed bir- 
ment of the synthetic disnlav Ofhp ” f° / t0 permi{: simulated move 
demonstrate the diffem fe between ?ay be incorP^ated to 
the same scene. ^ dayhght and '^ghttime images of 
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Of development where they can be used £0°68 n0t reached the stage 
tion and distribution. However optical ^ 0rhiglnal lnformation collec- 
have been developed to present a scanned î“'0 SCaMing systems 
truly a television type raster Thp? f mage) althou^ not 
systems or as broadcast systems. ^ USed aS Closed circuit 

7. 3 Jlitensity^^ib]^jLj^ptj£ia^^^ 

system are stfll deveTop-^"^0vie ÍUbeS ^ US6 in an infrared TV 
ditions of low intensiv viclhie ii ^ mÚer Stirne or other con 
visible light TV systems.'^ L lg,K 18 poss:ibie by means of special 

capabilities ^ l0W'inte”siti ^ ^ 
tubes. -dai d and developmental television camera 

__ Tube Type 

Conventional Image Orthicon 5820 
Wide-spaced I. 0. 6849 
Image Intensifier Orthicon- 

Single Stage 
Developmental I. 0. with 

High Resistance Target 
Developmental Wide-spaced I 0 

C73469 (RCA) 

Approximate Minimum 
Scene Illumination 

_ Requirements (ft. -candles) 

1 X IO"3 
1 X 10~4 

2 X IO”5 

1 X IO-5 

5 X 10~5 

* 

7. 3. 1 Image-Intensifier Methods 

A 
n 

orthicon has been d^velopTd mid^bei311^16-?3'^6 intensiiier "image 
Wright Air Development Center ( WA D C f anrf p n I 8 Y 8 È 6 p 8 designed ior 
Development Labs (ERDL). (Ref 61) -ngmeer Research and 

ortMcoJlVcTlLftre'S ^ the image 
into a single unit. " lmage tube sections sealed 

172 



,, ,, Wim fn °Ptical system of f/0. 75 and signal-to-noise ratio of 
' ’ he single stage 110 will operate at approximately 2 x 10"5 font 

candles of ambient lip’ht 7^,,,0 TTrï .,, ^ loot*' 

fCt05h0f 4 “> 1 at scene 
could be imaged with eaual rlaHh ^1611118 thät a given size target 
times, all otfer facLTrem^ T^*~á b* ^ 
thisresDect, Use of varia i iâfi i ., 1,16 n 0 18 "ot limited in 
Zoomar; or a variable sten or t i6,"6 °PtiCal SyStems such as “>« 
angle-low-magnification surveillanc'e w?th cCeto^”“8 Wide^, 
magnification for close-up inspection Tf suspecf area": 

7. 3. 2 Near IR Capability 

sensitivity out to l^mkron^86 The^^T1^!^6 ü0 Wiíh a near IR 
with the near IR sensitivity provide Ihe^oíelp1^1 Capability combined 
following characteristics: television system with the 

a. 
b. 
c. 

dc 

e. 
f. 
g- 

iNi&m seeing capability. 
Sterrable, stable, and variable optics may be used 
Unobstructed view from aircraft by pod or other 
mounting methods. 
Integrated display. 
Non-radiating, non-jammable. 
May be remotely controlled. 
Haze and camouflage penetration. 

although direct vision^hfs^vfsuaf g/a,luab*e for daytin^ operation also, 
information und™™ar wcl hör Pr°vMe more ««• »etter 
be qualified by limiting it to tow ]evil000hr f 1S°’ statement (e) should 
ambient illumination. The relativelv hlghllghtS) as wel1 as low level of 
image orthicon operated ÏÏ lot ambtenTI m , y"amiC ranse of »^ic 
«a P«-! of htghight 
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exceeds the aided eye onlylofnarroJr^f^? ^ ^ TV system 
night. However, some o/the nth flîldS °f vlew and ^611 °nly at 
graphs make up this apparently poo/showing^8 ÜSted ^ previous Para‘ 

astronomical twilighUiJer vaa-iiuïwerth1^^0" generaI]y found after 
night has ambient of 2 x lO'S-font ranHi ÍtÍOnS- The darhest 
of the 110. Statistically, it is obvious tat th ^ Í WÍthÍn üle caPaWtfty 
a rule, will be greater than this InweQi r 1 ambient ^lamination, as 
that much more effective. making the TV system 

view of tttv system ^ümbwSlev6]“60 h C°Ver fielci of 
be very much improved, ft largf ^ llÍty °f System can 
suitably placed around a perimeter or rxr i^l’ sources c°uld be 
most training conditions, the secumitv v,nia-d by heuhcoPtei'- Under 
not a problem, making this kind ofarm l u0n Dy the acüve source is 
training applications of nighttime surveiïfate!11 ParÜCularly Suited to 

7.3. 3 
±™LightLevel Image Orthicon (I. o) 

under low light levels down to its tn full r Chapability of viewing 
10-3 foot-candles of illuminaöonWftp Í moonlight (of the order of 
so that the tube's beam noise is die lit tit f 7 18 careiully designed 
the construction of the tube (tgure 64? Z ?? H°Weve^ dae to 
dose spacing (. 004 to . 008 inches) between^ CauSed by the 
the mesh causes "smearing” of relatt nh ? t glass target and 
target suddenly moves, it seems to disann^0 pmotion- If a stationary 
until it stops, when it will suddenly reappeattt ^ CRT dÍSpÍay 
correct this obviously unsatisfactory ! t f W position. To 
developed (6849). The tarnet tn V ^ondltwn> a modified tube was 
(0.150 inches) so th“ g very m„ch greater 
Other changes in tube constructinn 1 , f*186 'lrnit is detectable, 
level to starlight (10~4 foot-candles?61^ USable Illumination 
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Figure Í5 - Variation of Night Time Illumination with Atmospheric Conditions 
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7.3.3 Low Light Level Image Orthicon (L 0) 

The standard image-orthicon (5820) has the capability of viewing 
wider low light levels down to less than full moonlight (of the order of 
10-3 foot-candles of illumination) if the circuitry is carefully designed 
so that the tube's beam noise is the limiting factor. However, due to 
the construction of the tube (Figure 64, the high capacity, caused by the 
close spacing (. 004 to . 008 inches), between the thin glass target and 
the mesh causes "smearing" of relative object motion. If a stationary 
tareret suddenl V rnnVPC if coo me rl i e*o*■»%■*4-1-.OT»m J- — i „ Y -j —f -.V V.W xj. UJ.il Ll 1C V_/l\ 1 LUbpicty 

until it stops, when it will suddenly reappear in a new position. To 
correct this obviously unsatifactory condition, a modified tube was 
developed (6849). The target-to-mesh spacing is very much greater 
(0.150 inches) so that motion down to the noise limit is detectable. 
Other changes in tube construction lowered the usable illumination 
level to starlight (10-4 foot-candles). 

7. 3.4 "Lumicon" TV System 

This system, developed by Bendix, has the capability of pre¬ 
senting usable pictures under starlight conditions. The amplifier cir¬ 
cuits and the auxiliary sweep and blanking circuits were designed for 
very low noise operation with shielding to reduce pickup to a minimum. 
It was designed as a light amplifier for use with under-exposed X-ray 
images so as to reduce the harmful effects of X-rays. Demonstrations 
of the system showed some near IR capability. Used as an active near 
IR system, excellent pictures of high resolution were presented under 
apparently no light conditions. 

7.3.5 "Nite Owl" TV System 

The beam noise limitation on lowest usable light level has been 
the subject of much investigation. The problem arises from the method 
of operation of the tube. Photons cause emission of electrons from the 
photo cathode to the thin glass target (Figure 64, Section 7. 3. 2). The 
electrons pass through the mesh and strike the target causing secondary 
emission. These secondary emission electrons are collected by the 
mesh, leaving a positive charge on the target. Because of the thinness 
of the glass target (. 002 inches), a similar positive charge pattern 
appears on die opposite or scanned side. This side is scanned by the 
electron beam. At points of positive charge, the beam deposits electrons 
before returning to the multiplier section. The electron beam is modu¬ 
lated in this manner; areas of no signal returning the unmodulated beam 
to the multiplier. 
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toiled, asttTfrSe‘0„itede infnosciíLungty^emí86 t0 

feedback'permítted'the^Farran^ODtiraf rUS^ “ modifled lor'TI oí beam 
low noise TV camera The “fbîfi eh ?°Tny,’ lnC' t0 desi*" a «ry 
candles. Figure 65 shows thiV- f 1 ght 1 Vel ltí less 10"^foot- 
toe dependence of resoiution ^coZZ^afgnmevT^ ^ 

eurfaceïïSmlVeafffi sr.d‘,vat i“«6 cathode 
obtained, it is believed that part oT/hP^1 qua,ntltatlve results were not 
camera is due to this ^ ^ °"V' 

range. If the amSufght level werÍtS laCk 0Í dynamic 
searchlight or othe^- mean- the Q- o+ addenly raised, by flare or 
beam current is readjusted’ The f ^ r becomes saturated until the 
Minute, depending on toe new ulZ ^ aS mUCh as one 
in resetting toe controls. gM 11 d operator reaction time 

In adjusting to the new highlight levels nf ;n • a- 
tion m toe dark spots, previously víftole ! f i inmination, informa- 
illuminated by the new sources. 7 ^ ^ l0St UnleSS they are 

later toe 68490 camerT tubes ^New^fh ^T1" firSt 016 5820 and 
camera tube manSurers Such I rn develoPmeats by the several 
faces and high lateral resistant ^ sensitlve Photocatoode sur- 
liminary work shows uro^i e f ^ being in^Stigated. Pre- 
oantly. With darkest night ambient level "osTx ^ 
(Figure 63) the improved "Mite Owl" !!!> fo°t-candles 
not available at present 0Wl,, Sh°Uld be able to Present detail 
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— TRAINING CONSIDERATIONS 

Illirared instruments and infrared techniques may be used in 
Sr * 0f P^^naeL7 to traf„i^ 
as an^rîriÎp infrared instruments (instrument herein defined 
funcünní hp ener^ ir*the Performance of its 
tho n ’ insirument may be used directly in training, owing to 
^ comparative simplicity of infrared instruments; or simulation 
techniques may be employed. Infrared instruments may also be used 
_s auxiliary training aids in the evaluation of performance 

aay; of battlefield training exercises and troop maneuvers 
i n-K 4- i-A -t» 

11X5ÍXL UI 

8. Í Specific Infrared Applications 

+• ïhe fpPllcatioris oi infrared have been broad in scope and its 
potential is far from exhausted. The many fields where in jured has 
been used will be noted in the following seíüon. The dtocusston of 
training considerations, however, will be confined to: 

a. Imaging systems for surveillance 
b. tiie identification, interpretation, location 

and detection of objects. 

8-1.1 Military Applications 

followingfiek!s-íary appiÍCatÍons of infrared techniques include the 

1. Missile-borne homing devices 
2. IR fire control 

a. Where greater angular accuracy than that 
provided by radar is required. 

b. Where low angle-operation near the ground 
or sea is required. 

3. Passive search for Bomber Defense 
4. Airborne Early Warning 
5. Ballistic Missile Detection 
6. Viewing systems in both near and far infrared. 

(active and passive) 

a. Sniperscope 
b. Metascope (map reading; and signalling) 
c. Infrared periscopes and binoculars 
d. Image tubes 
e. Television 
f. Thermograph 
g. Evaporograph 



7. Infrared Reconnaissance 
a. Ground to Ground 
b. Air to Ground 
c. Space to Ground 

8. Infrared Communications 
a. Invisible Signalling 
b. IR Beacons 

9. Missile Range Instruments 
a. Tracking aids 
b. Infrared tracking systems 
c. Gunnery hit-evaluator 

10. Infrared Navigation Aids 
a. Celestial Tracker (star, sun or moon) 
b. Horizon Locator 
c. Infrared Map Matching 

1L Lifrared Countermeasures 
12. Satellite Tracker 
13. Satellite Weather Observation and Forecasting 
14. Anti-submarine Warfare 

a. Snorkel detector 
- b. Wake detector 

15. Aircraft anti-collision warning 
16. IR Aids to station keeping 

8.1. 2 Non-Military Applications 

Non-military applications involve the use of infrared spectro¬ 
photometers and absorption analyzers for the identification and analysis 
of many substances. Ihese instruments may also be included in the de¬ 
sign of process controllers. Industrial radiometers and pyrometers are 
used to measure temperature remotely and may be used for process 
control, file detection, and detection of overheated journal boxes in 
railroad cars. Infrared imaging devices are used in medicine for the 
location of pathological tissue and isolation of micro-organisms. 

8- 2 Simulation as Training Aid 

In order to promote the proper use of infrared devices ade¬ 
quate training must be provided. In addition to theoretical grounding 
the student before being sent into the field, should receive some 
piactical experience. Direct experience with the device to be used 
would be desirable, but owing to the cost and complexity of many de¬ 
vices, the use of simulation techniques is indicated. 
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Simulation is a valuable tool for the training and evaluation of 
ystem performance. Simulation may be a supplementary procedure 

to analysis and design, carried out prior to manufacture for the syn- 
thesis optimization, or modification of an instrument or system in 
order to meet desired performance criteria. System performance 
may thereby be verified and optimum operating techniques developed. 

Simulation techniques are of two classes: mathematical and 
physical. In the mathematical model, the entire system is represen¬ 
ted in terms of mathematical relations that can be programmed into 
digital or analogue computers. The physical method uses the system 
actual or physically simulated, subjecting it to the same or similar 

bf T'et Under typical aerating conditions. The 
physical method includes techniques for developing synthetic displays 
of imaging systems. ^ y 

8- 2- 1 Application to IR Systems 

The ER systems that would be most applicable for use in train¬ 
ing are 01 the image forming class. Images encountered in infrared 
systems a re frequently similar to photographs taken in the visible 
region of the spectrum, or they may be oscillographs that have similar 
information content as photographs. The representation of intensity 
modulated patterns within known spatial coordinates comprises the 
infrared images of interest. 

, Tilf1 reQuirnients for image quality in infrared instrumentation 
vary broadly with the intended application. A great deal depends on 
whether it is required merely to detect an object or to recognize fine 
details. The resolution, contrast, brightness and other characteris- 
tics of the simulated images will therefore vary in accordance with the 
use of the system and will determine the design of the training simu- 
lator. 

8. 2. 2 Simulated - Display Variations 

_ The scenes that would be simulated for IR system training 
woulu nave a spatial background, including land, water and air masses 
and be capable of presenting targets of military interest within the 
background. The ability to detect personnel, guns, missiles, air- 
crait, and military supply build-up areas would be provided. The 
read-out devices for this type of instrument include photographic 
iiim lor permanent recording and detailed study, or moving image 
displays as seen on a cathode ray tube display (i. e. television) for 
Limely read-out and interpretation. Permanent displays may be used 
direcüy for training m photo-interpretation and simulation equipment 
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may be devised for training in the production of permanent displays. 
The simulator may be made up of the necessary components of the 
system tor photoproduction using models as targets, or electrical 
signals may be simulated electronically. Electronic simulation would 
include both integrated scan and signal generators using conventional 
vacuum tubes and transistors, and magnetic tape-recorded signal and 
scan information. The simulated signals may be used to drive a 
cathode ray tube whose screen would be photographed. Transient dis- 
piays may be generated in a similar manner with the cathode ray tube 
lead directly rather than photographically. 

3 Surveillance as a Training Consideration 8, 

lhe parameters of surveillance systems are determined by the 
system application and may be classified into three groups. The erouns 
are ground-to-ground, air-to-ground and space-to-ground reconnais-P 
sanee and mapping. The purpose of all of these equipments is to ' 
acquire the greatest amount of accurate data concerning the area and 
tie personnel, in order that the data may be analyzed to obtain the 
maximum information for presentation in the most timely and useful 
manner The information may be used for maneuver evaluation and 
would aid in the determination of personnel reaction. 

8. 3. 1 Ground-to-Ground IR Surveillance 

, Ground-to-ground infrared instruments are generally required 
to present data not otherwise available regarding terrain, personnel 
military targets and other items of military interest on a real time 
basis for immediate action. These instruments include the Sniper- 
scope, Metascope, Infrared Periscope and binoculars, image tubes 
and low light level television. Also in development áre the AN/AAR-12 
an airborne infrared scanner modified for ground use, a far infrared " 
telescope designed for ground use, Scanrod T-2, a non-imagine scanner 
and the AN/GAS-KXE-4) Infrared Gunfiash Detector. 'g g ' ‘ ’ 

Instruments for ground-to-ground use are generally small and 
simple enough to operate for direct training in their use, and would 
not require auxiliary training aids. The training problem, mainly 
involves learning to interpret the infrared images as seen by the * 
readout devices of the instruments. Direct photographs of the read- 
outs may serve the purpose in some applications. 
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' _ Infrared reconnaissance instruments may be used during 

ANAr/^anï5 aÍd the .officers in equaling the troops. "The 
W/AAR-12, an air-io-ground surveillance system modified for 

ground use, and far infrared telescope have been used for battlefield 
surveillance and would serve the purpose well. During clear nights 
a c oseri loop television system designed to operate at low light levels 
and responsive in the near infrared, may be used. 

8- 3' 2 Air-tc-Ground IR Surveillance 

Air-to-ground infrared surveillance devices most freouentlv 
use image dissecting systems as described in the Scanning Methods 
s ction of this report. The signals are processed and used to drive 

scann °r pYotn^ ^ ^ & llne basis in synchronism with the 
,, , ' otographic film is drawn along the image plane of the 

cathode ray tube face at a speed proportional to the velocity over 

film dThP h? the aurCraft and a Strip map is thereby generated on 
ground RÍÍ° °gIiaPíS may be processed in the air and read on the 

^ansmittmg video information derived from 
film for bandwidth compression, back to the ground from aircraft 
have been used. Frame-by-frame viewers as with image tubes td ' 

— S"6' t0 Sl0W SPeedS dUe t0 the ima^e ™tion com- 

As a training aid, air-to-ground surveillance would be useful in 
evaluating the performance of large groups of troops or vehicles during 
training maneuvers. Use of optical-mechanical scanning systems with 
intermediate or far IR capability and/or near IR electronic scamdng 

trafnipg problem.0 ^ ^ ^ aCCl,rate eralmti™ 

8. 3. 3 Space-to-Earth Surveillance 

, S^veülance from space, e. g., from a satellite, has several 
/fif' ^be ^rea^ atitudes involved allows coverage of large 

ra pofa oerbitrtl;heSeUtfaCe’ sa™te is properly oïfented 
LpT ; th nbre earth may be scanned in a relatively short1 

time. Information regarding cloud and storm structure, radiant heat 
, L temperature distributions on earth, and many other heat and 
temperature parameters may be observed. Photointerpretation would 
be the primary training need in this field. 
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8. 4 Identification, Interpretation, Location and Detection of Obipptc 
tor framing ï--—-——L:—— 

'i... 

Training in identification, interpretation, location and detection 
of objects sensed by infrared instruments involves analysis of photo¬ 
graphs ana direct reading of imaging devices. Infrared photographs 

tnT hhfhiren°AU,íl0n systeffls °Perating during daylight may be similar 
,. 131 "e photographs. Night photographs and areas of little 

condSnf ^Th/68^^11 ?0t0g/aphs aRd images determined by various conditions The modification of system,outputs by the atmosphere 

nuaiifv 6 0TT y • ?Ud counditions and target distance affect the image 
r y* ^xPenence W1th the particular infrared device under its opera¬ 
ting conditions would provide the basis for training in interpretation 

8. 4., 1 Photographs from IR Systems 

strate IR Systems for training purposes would demon- 
ThP Iff , rietyof sltuations as seen by the infrared system observer. 
Jn H r tS °í¡ ímage qUahty by the atmosphere, the time of day, cloud 
conditions and target distance must be learned. The effects may differ 

» SLirr betwe™ ecTO>Mnts. A library for each equipment 
wouid provide a training aid. Film may be projected for viewing by 
;arge grouPs- Figure 66 snows two typical photographs taken with Y 
IK viewing systems under various conditions. As determined by the 
fermai characteristics of the scene, and spectral response of the 

wPiriiipifT'i SCene may be °f high Photographic Quality 
. . g aí doa1 0l detail for information extraction regarding'targets 

ana background or have only hot bodies visible with their backgrounds 
not available. Both photographs contain information of value within 
their application. 

8. 4. 2 Locally Heated Models 

In another method for training in interpretation of displays from 
systems such as image dissectors, image tubes, and television, models 

to nrnd,^Sf?neS ^ ^ may be built 0bjects heated 
• P f i thermal images may be placed in the model, and the scene 

Tbox thatTns oÍJ “ SyStem‘ The model may be ^closed in a box that has openings for several types of imaging devices. The 
the! mal characteristics of the models may be varied from a control 
panel, and a number of atmospheric conditions may be simulated by 
blowing vapors and aerosol particles of various sizes and composi¬ 
tion over the scene. Atmospheric turbulance may also be simulated 
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; Altitude -- 3000 feet Ground Speed - 180 mph 
V/H - [)°'Sec.. Weather - Clear 

■Figure 66 - Republic Aviation Corporation 
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by the proper application of blowers. The terrain model may be made 
from a master plaster cast of the scene. The thermal characteristics 
would be simulated by local heating; using resistance elements and the 
reflectivity of the various areas being viewed would be simulated by 
the application of properly selected paints. Figure 67 shows a cut¬ 
away view of a typical model and its enclosure with the various control 
devices that may be used either individually or simultaneously for 
viewing. 

In order to make the simulator usable by large groups, a closed 
loop television display of the image read-out may be used with an ade¬ 
quate number of kinescope displays to accommodate the group. 

8. 4. 3 Painted Models 

Simulated infrared trainers for imaging systems may be made 
to operate using visible light. Models that are illuminated by visible 
light but painted to appear like infrared images when viewed would be 
used. The models would be made of pressed material in a suitable 
mold and painted to simulate the thermal scene. In order to simulate 
different conditions, the color and intensity of light could be varied 
by filters and atmospheric conditions could be varied by vapors and 
aerosols. The models would use paints that are best suited to simulate 
background and target characteristics. The viewing devices would be 
visual optical systems, image tubes, and television. The configura¬ 
tion used with locally heated models would also be applicable to painted 
models. The container for the models, the read-out devices, and the 
control devices, may be housed in a trailer for portability, or set up 
in a more permanent facility. 

8. 4. 4 Touched-Up Photographs 

Direct photographs made under visible conditions maybe 
touched-up to appear like infrared images. The photographs would be 
taken under conditions conducive to good photography which is generally 
less costly than direct infrared image generation. Touch-up may be 
performed by hand and the resulting reproduced photograph would have 
all of the characteristics required for training. A method has been 
developed for producing a simulated IR photograph from a visible 
light photograph. Originally intended for briefing of air crews before 
a mission, this method provides a means of creating IR photographs 
for training purposes ( Ref.63). 
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A visible-light photograph of an area is touched-up with several 
different colors of specially compounded paints in accordance with the 
expected thermal radiation. The touched-up photograph is illuminated 
with colored lights. The colored lights serve to simulate various 
ambient conditions and can demonstrate such effects as intensity varia¬ 
tions between target and background, and variations between the several 
components of the background. Photographs are made under the afore¬ 
mentioned conditions in black and white and appear as IR photographs 
that may be presented to air crews as representative of the target's IR 
environment. 

8. 4. 5 Electronically Simulated Oscilloscope Displays 

Electronically simulated oscilloscope displays may be used 
for training in infrared interpretation of objects where complex signals 
do not exist. The displays may be written on the face of a cathode ray 
tube that has a raster or circular sweep pattern. The appearance of 
typical trucks, missiles, aircraft, personnel, and other isolated 
military targets may be simulated by electronic signal generators. 
Background signals are too complex to be generated electronically. 

8. 4. 6 Taped IR 

Video tape with infrared image information may be used to 
generate television pictures of the information. The bandwidth required 
for infrared images is similar to tne bandwidth needed for visible 
pictures obtained with tape and should not present any problems not 
presently existing in the making of video tape. In fact, some IR 
systems have bandwidths narrow enough to permit the use of audio 
frequency tape recorders. 

8. 5 Comparison of Simulation Methods 

Table XI tabulates the advantages and disadvantages of the 
training aids discussed in this section. Photographs, either direct 
IR or touched-up visible, are simple to make, easily reproduced, and 
can provide many training conditions from a compiled library. The 
image quality of photographs is very good, and they may be handled and 
stored easily without deterioration. Photographs do not offer training 
for .the operation of the equipment and their use is limited to photo¬ 
interpretation. 

The use of models, either locally heated or painted, offers a 
versatile means of simulation of infrared instruments and the environ¬ 
ments that they would be expected to operate in. The models may be 



scanned by the entire gamut of infrared viewing devices and their 
associated read-outs in a suitably synthesized simulation configura- 9 
tion. The read-outs would be readily adaptable to group viewing. 
Non-programmed training may be used with this method, making 
available to the instructor a wide assortment of training situations 
that are not anticipated by the student. 

Electronic methods are limited in use owing to the complexity 
in generating the high information content of many infrared instruments 

i eo .ape is the most promising technique for image simulation but 
is comparatively costly and complex if high frequencies are used*. 
Video tape does not allow direct experience with the scanning instru¬ 
ment being simulated but does allow direct experience with all read¬ 
out controls. 
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9. COMPARISON OF IR AND OTHER TRAINING TECHNIQUES 

Surveillance of tactical, strategic, and logistic areas during day 
and night and under all weather conditions is a capability of great mili¬ 
tary importance. A number of techniques have been used to^achieve the 
capability with varying proficiencies. The techniques include the use of 
infrared systems, visible light systems (photographic, optical, tele¬ 
vision, and visible image dissectors), and radar systems. Surveillance 
systems are used also for reconnaissance and mapping. The informa- 
mn erived from these systems may be employed as an aid in making 

military decisions, evaluation of maneuvers, and the establishment 
o an information bank as an aid in decision making and in training. The 
data from these systems are presented in the form of images that con¬ 
tain large quantities of information. The extent of the information avail¬ 
able from the images is determined by the capabilities of the user: either 
human, machine, or a combination of both. 

9- 1 Performance of Surveillance Systems 

The effectiveness of surveillance systems may be based on a 
number of criteria pertinent to their application. In battlefield sur¬ 
veillance, the information requirements are, in general, determined 
by the weapons and typical missions of the unit. The essential informa¬ 
tion pertains to the enemy, the terrain, and the weather. The ability 
oi the system to provide the necessary information with a minimum of 
equipment, ease of interpretation, and timeliness of the information 
are factors in the evaluation of the system. The ability of the adver¬ 
sary to influence the operation of the system must also be considered. 
Table XII is a compilation of representative surveillance systems and 
their performance capabilities. 

The natural tools of military men for acquiring information re¬ 
garding the enemy have become less and less adequate as the com-~ 
plexity of warfare has increased through the years. In order to be 
effective in this complex environment, there is an increasing need for 
lapid and continuous surveillance. The necessity to train military men 
m the use of surveillance instruments appears to have a place in military 
training programs. ' 

The diverse requirements of surveillance systems may be ex¬ 
amined more readily in groups of ground based and airborne systems. 
In both groups, formation of images of ground areas is of primary 
importance. J 
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TABLE XII - Comparison of IR and Other 

Performance Factor 

Passive 

Active 

Day-Night 
Capability 

Weather 
Haze 
Fog- 
Rain 
Snow 

Geometric Accuracy 

Resolution 
Limitation 

Moving object 
Detection 
Capability 

Can it be detected 
by the enemy 

Infrared 

Image Dissector 

Yes 

Limited to 
Near IR 

Vo 

Yes { 
Limited 
Limited 
Limited 

2-dimensional 
display 

Optical system 
Detector Com¬ 
bination 

Yes 

Passive - No 
Active - Yes 

Image Tube 

Yes 

Limited to 
Near IR 

Yes 

Yes 
Limited 
Limited 
Limited 

2-dimensional 
display 

Phospher size 
and Halation 

Yes 

Passive - No 
Active - Yes 

Photographic 

Daylight Only 

Flash and 
Searchlight 

Limited 

No 
No 
No 
No 

Some depth 
capability 

Film Grain 
Size 

Limited to 
Sequential 
Photos 

Passive - No 
Active - Yes 

TV 

Daylight 

Searchli 
and Puls 

Limited 

No 
No 
No 
No 

2-dimens 
display 

Target m 
Transmi 
Bandwidtl 

Yes 

Passive 
Active - 



r 

omparison of IR and Other Training Techniques 

Visible 

holographic 

aylight Only 

ash and 
;archlight 

mited 

TV 

Daylight Only 

Searchlight 
and Pulsed Light 

Image Dissector 

Limited 

Daylight Only 

Searchlight 

Limited 

me depth 
pability 

lm Grain 
fce 

mited to 
quential 
otos 

ssive - No 
tive - Yes 

No 
No 
No 
No 

2-dimensional 
display- 

Target mesh and 
Transmission 
Bandwidth 

Yes 

Passive - No 
Active - Yes 

No 
No 
No 
No 

2-dimensional 
display 

Optical 
System Detector 
Combination 

Yes 

Passive - No 
Active - Yes 

Image Tube 

Daylight Only 

Searchlight 
and Pulsed 
Light 

Limited 

Radar 

No 
No 
No 
No 

2-dimensiona 
display 

Phospher 
Size and 
Halation 

Yes 

Passive - No 
Active - Yes 

No 

vr _ íes 

Ye, 

Yes 
Limited at 
upper end of 
spectrum 

2-dimensional 
display 

CRT spot 
size 

Yes 

Yes 
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TABLE XI! - Comparison of IR and Ot 

Infrared 

Performance Factor 

Can it be jammed 

Can it be deceived 

Can it see through 
camouflage 

Acoustic Noise 

Size 

Weight 

Power 

Information 
Capacity 

Image Dissector 

Very low 
probability 

Image Tube Photographic 

Information 
Timeliness 

Communications 
Capability 

Yes 

Yes 

Slight 

Moderate 

Moderate 

Moderate 

Very low 
probability 

Yes 

Yes 

High 

Low 

Small 

Low 

Low 

Very low 
probability 

Yes 

No 

High 

Immediate 

Yes 

Immediate 

Require 
Auxiliary 
Equipment 

Low 

Small 

Low 

Very Low 

High 

Slight delay 

Require 
Auxiliary 
Equipment 

Very 
prob 

Vûo 
J. ^ Õ 

No 

Sligh 

Mode 

Mode 

Mode 

High 

Imme 

Yes 



larison of IR and Other Training Techniques (continued) 

;ographic 

low 
»ability 

7 Low 

Visible 

ht delay 

TV 

Very low 
probability 

Yes 

No 

Slight 

Moderate 

Moderate 

Moderate 

High 

Immediate 

Image Dissector 

Very low 
probability 

Yes 

No 

Slight 

Moderate 

Moderate 

Moderate 

High 

Immediate 

Image Tube 

Very low 
probability 

Yes 

No 

Low 

Small 

Low 

Low 

High 

Immediate 

Radar 

Yes 

Yes 

No 

Moderate 

Large 

High 

High 

High 

Immediate 

uire Yes Yes 
iliary 
iipment 

Require 
Auxiliary 

Yes 
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All of the systems being compared are effectively confined to 
fine of sight situations. Ground surveillance is, therefore, limited by 
external conditions. When targets to be observed are shadowed it In¬ 
comes necessary to carry the system within sensing range of the target 
n modern warfare the operational field is extensive, and further require- 

ir" communication of data, navigation, and position finding are 
imposed on the system. Distant targets are, in general, observed by 
an borne surveillance systems. 

H £ T1le selectl0n of a system for use in a given surveillance situa- 
liOu i Or Learning would involve consideration of the performance factors 
peculiar to the system. 

^^ Advantages and Disadvantages of Performance 

The p erformance of surveillance systems may be evaluated from 
amumber of factors. The weighting values of these factors varies with 
the use of the system and would, therefore, be considered only for a 
given application. The ability to operate without radiating energy that 
may be detected by the enemy is very desirable. Passive operation 
would forestall enemy countermeasures, direct attack, or a change 
m his plans if he were aware that he was being observed. In the case of 
ground systems where the enemy is close, acoustical noise is also a 
factor. Infrared systems can be designed to operate day and night 
passively while visible systems are confined to daylight conditions for 
passive operation. Radar performs during day and night, but does not 
have the capability to operate without radiating and is susceptible to 
enemy detection and countermeasures. For training however active 
systems do have definite value as security requirements are not as 

9. 1. 2 Weather Capability 

. . f v_/ J. 11 u w 
The ability to operate all weather is effectively a measure oi 

far into adverse weather one may operate. The factors of adverse 
weather are haze, fog,, rain, and snow. The variations within these 
factors are broad Visible light systems cannot see through compara- 
ively light haze, fog, rain, and snow conditions and are the first to 
ecome ineffective due to weather. Infrared systems can penetrate 

naze, log ram, and snow of greater density and particle size with the 
longer infrared wavelengths more effective as the particle size and 
density increases. Radar shows better weather capability than infrared 
High resolution. V-band radar, however, cannot penetrate clouds and 
fog o>. significantly greater particle size and density than far infrared. 
Pulsed-IR viewing systems might have value under adverse weather 
conditions as a surveillance training aid. 
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^ Image Comparisons 

=:.-iS=œ“?“=“ 
image tube, and radar dTsplayf^deteímin^T^ television, 

would not be considered as limiting any of these systems6’ ^ therefore’ 

film f PhotograPIlic images are limited by the film grain size The 

"evV stT:aZTd » Sel6CM Wi,h “-MeratL;; to the t^ht ' 
, ystem light gathering capability, and the resolution required. 

«o» rer. 

camera tub¿' “a‘SÄ^t„n 

wMÄÄÄÄÄÄerr“0”’ 
Owing to tiie longer ranges encountered in radar systems fhP 

cathode ray tube, spot size is the limiting factor in resolution. ’ 

9- 1. 4 Communication Capability 

«m, r • 
o" lIlZlTãeaToduc1'or is capaWe 
modulated glow tube to generate video dim w f U)™« Spo1 scanner 
hnk. Present rapid film processors are capablerfTevdoptaTand1 ^ 

and Í^'LSno7slTf“a",?tS ST* ^ ^ be‘»«n surveiliance 

— - - — — ““Session 
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capability of the radio link. The other systems, producing images by 
. ®ctronic means, have an inherent capability for transmitting this 
information over radio link. 

S. 2 Economic Consideration 

&• 2. 1 Surveillance Training Aids 

A suitable surveillance system to aid in the evaluation of training 
maneuvers during day and night conditions would be confined to infrared 
- raoar. Radar systems are significantly costlier than comparable 
in rared systems. The additional requirements of an antenna, a trans¬ 
mitter and the larger transportation facilities make up the difference 

cos . n general, infrared circuitry is less complex than radar and 
would be less costly to develop. 

9. 2. 2 Simulation Training Aids 

Tiaining aids in the operation of radar and infrared using simu¬ 
lation are comparable in cost. The simulation techniques of terrain 
and target for both systems involve the use of models. Infrared models 
may either be painted or heated and would provide greater flexibility in 
use. Non-programmed training sessions may be employed. Direct 
infrared viewing may be employed with heated models, offering realism 
in training not available with radar simulators. Due to the different 
in ormation content, IR simulators would not generally be interchange¬ 
able with radar trainers. 

9. 3 Physical Considerations 

9. 3. 1 Mobility 

Mobility of infrared, visible, and radar systems is a function 
o their size and weight. All of the systems being considered.are 
mobile. In order of ease of mobility, they are: photographic, image 
ube, television, infrared and visible image dissectors, and radar. 

Operation of all of the systems in motion requires that they be vibra¬ 
tion free and the effects of image motion removed. A gyroscopic ref¬ 
erence system may be used for stabilization and a velocity over altitude 
coiiec ion applied to both frame and line scanning systems. Mobility 

training aids06 trainÍng aÍdS ÍS rnore necessary than for simulation 
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3* 2 Relative Complexity 

S^B¿S¡~BvSr 
tzon are so diverse: tlie systems wilLbe compared in a broad sense 
'^er îfü ln a Speciflc application. Radar is the most complex in ’ 
Radar m f6 n°f comPonents> stabilization, and maintenance 
ï c relator 1V?yStem and requireS a source of radiant energy 
ImL systernrelSbmtv? ,enC0Unte,red in radar systems results L J eiiabihty and a greater maintenance orobVm ^_ 

S’C*fn those ^ components thal ale 

aMS' SimUlat0rS l0r rad- - - 

9. 3. 3 Size, Weight and Power Compar uson 

ant energy are the salient differences Presently 7êf) mi f , d 

zzisVi^r ï” °' ~oe,scles imposes the limit on antenna size reduction. These factors make radar 

«SÃ" Si“' Wei8ht- comparaMe 

s. 3. 4 Mechanical vs. Electronic Scanning 

Mechanical scanning requires the use of high-speed movintr 
and an accurately aligned integral optical system The scanner must be 
s atically and dynamically balanced and operated in a suitably clean 
environment. Electronic scanning does not involve moving parts Th^ 
scanning process may be carried out in much shorter pellds of'tj. 
and can be used as either line or frame scanners. Electronic scannTrs 
ai e compact and do not require large amounts of power. The electronic 
lewmg devices such as the image orthicon and other image tubes 

aCd mCChaare rlaÙVely complex- Direct comparison between electronic 

pucatatl1 SCam’mg ShmId be 1Mde «i > specifier 
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10. 
CONCLUIONS AND RECOMMENDATIONS 

10. 1 Conclusions 

conclui^"10™"1“" PreSe,,ted ln «port leads to the iollowinf, 

bv'nrm techniques have definite value fr -- -rf 
uy Providing information available bv'nn mt ^^'^^uitary services 
training in all phases of infrared mm i methods- Therefore, 
military training programs techimlogy appears to have a place in 

application is^SÍsibie^rthf nef^fníra^d SUrveillance as a training 
passive and active systems usinntPP rfgi0n out to 2 microns with 
viewing conditions. The imatres Í°n techllic3ues under night 

similar to visible light image sysSmlsplays!" ^686 COndÍtÍ°nS are 

forming 

for surveillance as a training a?nlic-¡fer t microns are feasible 

Âa^~“obÆ 

■ Of suitable ffl soiree^“ 

for training in idenaflcatton^Lwpr^tatio^ioft'™1-0^1''68 1 °eecl 
of oblects as dispiayed by the longe* waveTen^tSrrd'i^S0'’ 

äst power on or off. ) These vaHmm 5 ! , operational status (i. e. 

duce a need for an infrared simulator í¡addltl°n Í0 SeC‘ 10' h 5’ intvo~ 

all conditions, and from instrument, n ^ simulate images under 
regions. Stl Uments °Perating in different infrared 

JQ - r 

television techniques are foasiH1*^8 that l0W inte”sity visible light 
for training apphealons The i Practical of surveillance 
to take advLC of Clirnfted neanrlqUfS 0Íi°W Ught lerel TV Wear 
sensor for viewing under hase or light fog^idTtiMs"17 *” ^ 
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10. 2 Recommendations 

Based on the above listed conclusions, the following recommen¬ 
dations are made; 

10 2. 1 The techniques and components of low light level and infrared 
television should be further explored with the view of developing passive 
and/or active infrared equipment for each training application; for 

operations ^ ^ °bservation of Lr°0P maneuvers or amphibious 

10. 2. 2 The techniques and components of passive infrared image- 
forming systems operating in the longer wavelengths should be further 
-xplored with the view of developing an instrument for training personnel 
m the identification, interpretation, location, and detection of objects 
as well as tor the uses listed under 10. 2. 1. J 

10. 2. 3 A study program to investigate, compile, and catalog-infrared 
images of military targets, personnel, vehicles, ships, aircraft 
mid places) along with comparable visual images is highly recommended 
It is considered that this information is necessary if any comprehensive 
simulation program for training purposes is to be effective. 
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11- CONCLUDING SUMMARY 

lmdertÏÏe,“Leerdf0hÎT°rU ^ “ exte"sive Pr0Sr™ »» been unaeitaJte,! under the cognizance of the various defense organization^, 

r compo,œ"ts 

effect Äf “? i)alter"s> ânTâteonSânVL'ïïfion“11" 

have been i^bSt f “t “'“P1“35““ “d ^sorption regions 
detectors' properties tiVrestih “í amm to » review <* dermal 

SSS-ssESSsr 
television ' Vn ,1 the techniques and components of low light level 

been presented w^Te^?0^ oi,display of infrared information have 
surveillance f, I emphaS1S placed on iraagc displays useful for 

iden.ifi^^SrSS^traif’ginint“Pr‘ati0"' 
methods, optical-mechanical and electronff as wellTsT“7 Sf'm1'« 
system techniques and components have beet made * °f aCtiV8 

fromme rtewpotat1?^/”'0™31“” *“ acldltion' been covered 
nf VÎm f h P 1 f h training considerations of surveillance and 
of identification and interpretation of obiects a^ 1:5 
of training considpniinnU - i oojectb. Also, from (lie viewpoint 

Based on the information presented in lho pc- 

p“=S3r=lF:; 
eluded that the television electronic scanning process is feasibie:° ^ 

7500!to ^ tmaia* “ 08 ^ « 

b. 
As a means ot infrared information distribution and display. 

applications 7¾ ^ “ ««». 
visible light are a factor 8 P‘ emS «*•« low lnte'>s«y levels of 

furtlier investigatloiítowartíto^clevelopnient^of'trto*0113 f°r 
each of the training applications considere“ 6 equtpment for 
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For the convenience of the reader, the following bibliography 
is offered as additional sources of information on iVrared Technology, 

Brown, C. R. et al, "Infrared: A Bibliography". Library of Congress, 
Washington, D. C. ; 1954 

Strong, J., "Concepts of Classical Optics", San Francisco: W. H. 
Freeman and Company, 1958 

Moss, T. S., "Optical Properties of Semiconductors", New York: 
Academic Press, Inc., 1.959 

Sanderson, J. A., "Emission and Detection of the Infrared" from 
"Guidance" Chap. 5, Locke, A. S., ed., D. Van Nostrand 
and Company, New York, 1955 

Wolfe, H. C., ed. "Temperature - Its Measurement and Control in 
Science and Industry" II, New York: Reinhold Publishing 
Co., 1955 

Yates, H., Atmospheric transmission curves, presented in a paper at 
a joint IRIS-IRMP, 1958 meeting. To be published. 

White, C.S., "Physics and Medicine of the Upper Atmosphere", 
Albuquerque, N. M. : University of New Mexico Press, 1952 

Cussen, A. J., ed. Series of papers on the Properties of Photoconductive 
Detectors; Naval Ordnance Laboratory, Corona, Calif. 

In addition to the books and articles mentioned above, a number 
of different agencies have been charged with the responsibility of dis¬ 
seminating information about the infrared technology. These include ASTIA, 
the Armed Services Technical Information Agency; IRIS, the Infrared In¬ 
formation Symposia; and IRIA, the Infrared Information and Analysis 
Center. All of these agencies must conform to the security regulations 
of the Military Services in providing service to users. 
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Il 

Radiadon Equations and Constants 

w, = £l_ X AT „ , . u 
A 5 ~c-Rayleigh - Jean's Law 

A 2 

W. = Y 1 
À ^5 ^Tc^Xfr Wien’s Law 

W. =: --1 Y 1 
À exp(C2/AT7-l Planck's Law 

A 

A = s897- 9 
m rp microns 

W - (TT4 watts/cm2 

WÀ = £ WA (blackb°dy) Kirchoff s Law 

“ 3,, 7403 x 104 watts/cm^/micron 

C2 = 1. 438 micron-degree 

(7 = 5. 668 X 10 ^-2 watt/cm2/deg. k4 

e = Emissivity 

01 ~ Absorptivity 

R 
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Ill 

Liquid Nitrogen 

Liquid Oxygen 

Liquid Helium 

Liquid Hydrogen 

Liquid Air 

Absolute Zero 

Dry Ice 
(Solid CO2) 

_CO O LJN_G J]^E MP ERATURES 

(at 14. 7 psi) 

-195. 8°C 

-182. 86°C 

-268. 9°C 

-252,. 8°C 

-192°C 

-273.I8OC 

-78. 50°C 

77. 38°K 

90. 32°K 

4. 28°K 

20. 380k 

81. 18°K 

0°K 

194. 68°K 
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