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In this book are presented basic physical
phencmena assumed as a tasis for military appli-
cation of instruments of infrared technology;
there are considered certain elements of these
instruments, and also there are expounded questions
of military application of infrared rays for the
solution of separate tactical problems.

Construction and tacticaliy technical data
of some instruments of infrared technology are
torrowed from the foreign preas based on thelr
status in 1960.

This book 18 calculated basically for the
military reader, however it may be useful for a
wider circle of readers interested in the de-
veloment of a means of tschnolegy of infrared

rays.
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Infrared Technology in Military Ma ters.
Moscow, Tzd. "Scvetskoye Radieo,” 1963,

la es: Uc-er - 259

PREFACE

The technology of infrared rays is a divisior of contemporary physics and
eiectronics, embracing questions ¢ ° radiation, propagation, and registration of
infrared rays, and also their practical use in research laboratories, inaustry,
and military matters.

In this boock are considered physical phenomena connected with radiation,
propagation, and registration of infrared rays; it presents generalized material
of works in the rer on of military application of infrared rays and makes an attempt
at analysis of the promising developments in this comparatively young regicn of
military technology.

The book consists of two parte. In the first part, including six chapters,
are considered questions of physics and technology of radiation, rpropagation, and
registration of infrared rays, and also certain elements of military instruments
founded on the use of infrared rays. In this reapect _he first part is introdu.tory
for the s:~ond, including six chapters, where an analysis is made of the development
and contemporary state of instruments of infrared technolcgy applied by foreign
armies,

In the second part the greatest attenti.n is given to queations of intelligence,
detection, and aiming with help of instruments of infrared t2:chnology, which i . not

5
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conce ning principles of construcztion of instruments of infrarec technclogy,
iluminescence, electron: : and gsometric optics, the arror of these systems iuring
construction of thr image, and sev ral other questions. With respect to *l=8e
questions the authors refer the readers to correspconding courses of optics and
rhysics,

In this book .il concrete examples, con erning constru-tive zclutions,
technical and tactical appraisals and characteristics, and 2lso prospects of de-
velomnent, are based on material of foreign technical literature, The 1iist of
literature used is given at the end cf t e book,

The author: thank Engineer-lieutenant Colonel I. F. Usol'tsev for a number
of valuable indicatione during the editing of the book, Doctor of Technica! Sciences
i. Z, Kriksunov, and Candidate of the Technical Sciences M. A. B-amson, for taking
on the labor of reviewing the book, and also Fngineer S. V. Yudkevich for atten-
tively examiring certain chapt.rs of the manuscript. Their advic~ w»as considered
Juring final editing of the manuscript.

During work on the book Chapter IX (Sections 1 - 3) and Chapter X (Secti. . .

1 - 2) were written by B. V. Tyapkin; the remaining chapters by Yu. A. Ivaaov




INTRODUCTION

In the period of the Second World War in the arming of armiss of the fighting
states there begsn to appear various instruments facilitating the conduct of combat
actionas at night. Among them, in the first place, one should include radar and
heat—direction finding equipment and instruments of night vision. Already the first
application of infrared instruments shrwea promise for the solution of a majc ity
of “actical problems on land, in the air, and on the sea during favorable mete-
orological conditions, Therefor:, in the postwar period the volume of works in
the region of military applization of infrared instruments has sharply increased.
Simultaneously they began to develop tactics of their application in troops and
intensely tc equip, with infrared equipment, the Army, the Air Force, antiaircraft
defense, and the Navy,

Large works in the region of military application of infrared rays are con-
ducted in the United States, *ngland, France, Italy, the Federal Republic or
GCarmany, Sweden, Japan, Switzerland, and in certain other countries,

The signifizant interest toward infrared instruments is caused by the advantages
which infrared radiation possesses as compared to the slectromagnetic oscillaticns
of radar and light ranges of wave lengths.

1. Infrarsd beams are raclated by practically all bodis= havinz a te. rera: .. :

other than a solute zero. Consequetly, wnfrared lnstruments can be a paasive




principie of action and doc not reguire, for detection o target, its irradiation
by electromugnetic energy.

=. Infrared reys are not detscted by the eye, tharsfore, both passive and
a~tive instruments of infrared technology rannot be detected by ar enemy not armed
with corraespondiig ec iipment.

3. Since the transparency of the atmosphere is better for infrired rays than
for visible ones, it allowe us to increase the range of infrared instruments as
conipared to optical and, what is most important, allows us to carry out observation
of tergets at night in the absence of their visugl visibilit..

4. With correct selection of range ofsoectral sensitivity of passive infrared
instruments, losses of radiation energy in the atmosphere are proportional to the
square of distance, while loases of ern:-gy of elsctromagnetic osciliations cf radar
inst.ruments a.e propertional to the fourth degree ¢f distance, This allows us tn
create infrared instruments which are simpler, with less weight and smallier
dimensions than radar of the same purpose and with the same rang:.

5. Simplicity of construction, naturally, determines higher reliability of
infrared instruments as compared to radar equipmen:

6. The passive principle of action and the presence of the possibility, by
simple means, to free themselves from the hindering effect of the background
(selection of target) make infrared instruments less subject to interferences on
the part of the enemy as compared with radar stations.

7. Using for their work electromagmetic oscillations of a rang~ of waves
between visible light and millimeter waves, infrared instruments, while yielding
in resolving power to optical systems, significantly exceed radars in this respect.
Thus, for instance, although radar stations with an S-mm range of waves and with
an antenaa diameter of 3V cm allow us to resol ' from a range of 8,000 m two targets
at a distance of 40500 m, & heat-direction finder with mirror 7.5 cm in diameter
and a photoresistor of PbS allows us tc observe from th: same range separate motors

of an a‘reraft located at a distancs of 8 m from sach other.
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Still higher resolving power have electrnic optical sye*ems, ensuring the

cbservatior of oblects in infrared rays almost with photographic clearness.

However, such fundamental deficiencies of inrrared methods of srming as the

practical impossibility of their work in unfavorable meteorclogical conditions {fog,

overcast), and also the difficulty of target range measurement force us to apply

them in combination with radar technology.

Nevertheless, in spite of these deficiencies, in the armirg - £ capitalist

countries there have appeared. in ever increasing quantities, infrared instruments

for solving, in combination with other means, the following problems:

1)
2)
3)
L)
5)
5)
7)

country.

Tactic :1 and strategic intelligence,

The guiding of rockets and missiles to heat-radiat ng targets,
Noncontact blowing up >{f ammunition near target,

Detection of heat-radiaiing targets at night and aiming by them,
Navigation,

Communications and signalling between units,

Protection of military objects and the blocking of narrow sections or

Along with the solution of these problems there in conducted also intense re-

search in the region of the use of infrared instruments for the neceds of antimissile

defense, intelligsnce from space, and communi-:ations in space.




PART I

PHYSICA. BASES AND ELEMENTS OF INSTRUMENTS
OF INFEARED TECHNOLOGY




CHAFTER 1

BASIC IDEAS ABOUT RADIATION

1. Nature of Radiation

Radiation we understand as the transfer in spece from one body to other of
energy either with the help of particles ¢f matter ( § and a -radiation during
radioactive decay), or with the help of an alternating electromagnetic field
(¥ -radiation, x-radiation, light, infrared rays and radio waves).

From all the varisty of forms of radiation there will subsequent.y be con~
sidered only the so-called optical radiation, and in it, in turn, - the stiil
narrower region of infrared rays.

As any electromagnetic osciilation, infrared radiation is possible to character-
ize by frequency v , wave length A and speed of propagation wv.

Sometimes electromagnetic oacillaiions are characterized by wave number A,
under which we understand a number of wave lengths, p-cked in a section, equal to
one centimeter.

Connection between basic magnitudes of radiation is determined, as is known,

by ratios:
[ 4
A=~ (1.1)
A
U::T-' (1.2)

where ¢ = 2.998 - 1010 cm/sec ia the apsed of 1ight in & vacuum;

T i3 "he period of osciliations.

1
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In a medium, whese index of refraction is not equal to unity {(n 5 1), the
speed of propagation ¢ [ electromagnetic oscillati. ns differs from the speed of light
in a vacuum

({'=—:—. (1.3)

By comparing (1.2) and (I.3), it is possible o ncte that for one and the
same radiation the wave length will change depen: ing upon the medium, where prop-
agation of electromagnetic oscillations occurs, whereas their frequency remains

constant.

The range of waves of electromagnetic cscillations is very great — from 10711
1G
to 3 - 1077 cm. Therefore, for the measurement of wave length of electromagnetic
oscillations, along with well-known units of length, we use the smaller ones:

-]
micron (# ), millimicron (mu ), angstron (A) and ex (X) (Table I.1).

Table I.1. Connection Between Units of Measurement of the Wave
Length of Electrowagnetic Oscillations

Units m cm mm m o i ; X
1 Meter...... ! 10° 1100 | 10% | 109 | 1010] 1013
1 Centimeter...| 102 | 1 10 10* | 107 108 | 1011
1 Millimeter...| 12073 | 1071 | 1 103 | 10® 107 | 1010
1 Micron.......| 1076 | 107 | 1073 | 1 103 104 | 17
1 Millimicron..| 1079 | 107 | 1076 | 10-3| 1 10 104
1 Angstron,.... 10019 108 | 1077 | 1074| 0~} 1 10°
D Xeernnn. oo | 10713 10711 10719 1077 1074 | 1073 1

A wide range of waves of electromag. etic rad ation is conveniently presented
in the form of a acale broken down into separate regions, including oscillations
simi” .r 1in their precperties, mesthods of obtaining, ard methods of registration

‘Fig. 1.1).



As can be seen from scale of electromagnetic oscillations, the region of
optical radiavion includes oscillation of wav.s appreximately from 10 mu to 3404 |
and the range of infrared ray: lies within limits of O.75~3L0 »x *.

Electromagnetic cscillation have dual character, i.e., possess both wave

proverties and corpuscular.

foycles per
,oueend

electirumagnetic oscillations,

*Based un contemporary d: ta, this range can be expanded to 720-750 & , i.e.,
up to submillim~ter radio waves.-—Fditors Note.



Wave electromagnetic thecry of radiation explains well & series of optical
pheromena: interference, diffraction, olarization, reflection, and refraction
cf light rays. iowever it is contradicted by experimental cata during explanation
of phenomena, connected with interaction of radiation with subatance; —- distributic

of energy in spectrum of radiation of heated bodies, rhotoelectric affect, light

scattering, etc.

A way out was found after publicatior
Tat «~ 1.2. Fnergy of Photons of

Electromagnetic Oscillations in 1900 by Planck of the quantum thecry
of Different Wave Length

( 12 ) of radiation. Thie theory carries the
1l ev=1.59 - 107*“erg

idea of iscretion (discontinuity, of the
Wave Energy of Photon

Length, structure of matter to electromagnetic
M er ! ev

processes of radiation. According to this
( 6.22-10712 | 3.9

12 theory the energy of elementary radiators
J.55 3.4 -10 2.14

-12 (atoms and molecules) can change only by
0.76 2.46-10 1.53

_12 jumps, multiples of a certain value con-
1 1.87-10 1.17

. stant for a given frequericy. Such a

1.3 1.44+10712 | 0.91

minimmm (for a given frequency of radi-
0.62-102 | 0.39

APV

ation) portion f energy Planck called a
5 0.37-10712 | 0.23

quantum of energy,

12 0.16-10712 | 0.10
o= hv, (I.4)

where h = 6.6238-10"°7erg-sec is the
unive ~sal Planck's constant.
Later, in 1905, Einstein developed FPlanck's theory further and carriel the
idea of discretion of radiation to propagation and absorption of electromagnetic
to be considered an fiux of particies of matter -~ photons -
with energy 4y and mass

my=— " (1.5)*

#The Russian sutscript " " indicate- "photon®. -Fd.

10




. 3« e 1o g
Ch I censiaerdid

“onsequently, in accoerdapce with the pnoptom Cneconr radial
not ¢nly as a process of transformation of ope form ~f <2ergy into another, but
as a transition of matter from a form of swl2tance in'n a form of electrumagnetic
field, and conversely,

In Table 1.2 are presented values «f cner of photons with different wave
F oy ¢

lengths.

2. Fnergy Characteristics of Radlation

Application of instruments of infrared technolofy is based on registration or
quantitative measurement of energy, ‘ransferable by electromagnetic wave from the
source of radiation to the receiver.

Depending upen receiving devices and spectral composition of the radiation
subject to measurement, two systems of units are established - snergy ard light
technology (Table I.3).

First system of units is universal and may be applied to the whole range of
spactrum of optical radiation; the second - light technology - may be used only in
the region of viaible radiation and loses meaning in the region of ultraviolet
and infrured rays. Therefore, subsequently there will be considered only magni-
tudes taken in the energy system of units. 0Designation of magnitudes is given in
the new terminology recommended bty tie Committesr of Technical Terminology of the
Academy of Gciences of the USSR,

Radiant flux (v characterizes power of opt (1 radiation ard allows us to

Judge energy content of radiation hi*ting cpti-al ins!* mments,

AW

Py :
v (1.6)
whers ¥ 15 energy of radiation.
In *he case of mono~hronat i ratiat lorn rad ant Iux 13 estimatec by the
spectral power of the enerpgy of radiatior. Fer sources of optical radiation having

continuous spectrua, the total radiant firx to deternined by the area T atween the




spectral curve of radiation and *he axis of abscissas.
),
°=S?ldl. (167)
A

Table I.3. Light Technology and Energy Systems of Units of Measurement
of Radiation Energy

Systems of Units

Designatior. of Light Techm-logy Energy
Magnitude
<signation Unit Designation Unit
Total energy Light energy | lu-sec Energy of w.Sac
Radiation
Energy per unit of Luninous 1u Radiant W
time flux flux
I::nex-gy per unit of Luminous cp Radiation w
time and on a unit intensity intensity sterad
d of solid angle
|
o| Energy per wnit of Lightness lu Density of
4] time from a unit of 12 e Radiat{on =
ol surface cm
b
g Energy per unit of Brightness stilbh Radiance w
time on a unit of
cmest
solid angle from a erad
unit of surface
Energy on a8 unit of | Luminous lu/w Radiation —
supplied power efficiency yield
Energy on & wnit of | Quantity of |lux‘sec | Quantity of | _w-sec
area illumination Irradiation cm?
é Energy on a unit of | Illuminance |lux Irradiance w
3 E area per unit of _Tcm
o o} time
R

Radiant flux is measured in units of power, and in some cases its power is
compared with the power of particle flux, expressed in ev/sec. In this case
transition to tte usual units of power can tas carried oul, using the following

R0 ev/sec.

relationship, 1 w = 6.29-10




Tatle I.4. Cornection Between Basic Units of Measurement
of Power of Radiant Flux

Designati

of ug?: on erg/sec W cal/sec cal/min

1 erg/sec 1 ¢,9997-10"7 {2,389-1078 | 1,434-20-¢
1w 1,003+107 | 1 0,239 1,34

1 cal/sec a,185-107 4,185 1 60

1 cal/min 6,976-1¢° | 0,06976 0,01667 1

Snece ~hapacLer of distribution of radiant flux is determined by radiation
intensity J . under which we understand the ratic of radiar® flux to magnitude of
solid angle, in which radiation is evenly distributed. Therefore, sometimes the
idea "radiation intensity" is defined as angular density of radiant flux in a given
direction

A0
da ° (1.8)

This idea is valid only in a case of radiation of a point source. However,
in practice, with sufficient accuracy, this idea can be used also in a case of
sources whose linear dimensions are significantly less than t“e distances at which
their radiation is taken.

Magnitude of solid angl:  may be defineu as the ratio of a surface, cut by
a cone with a summit in center of sphere, to the square of its radius

“-—. (1.9)

For a unit of solid angle is taken steradian - a solid angle, to which on the
sphere of the unit radius there corresponds a surface with an area equal to unity.
A solid angle, embracing all space around a point source of radiation, is equal to
4 n. Therefore, with equal distribution of radiant tlux in all directions, radi-
ation intensity in a given direction may be calculated by the formula

J=2. (1.10)
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In the case of nonmiform distribution of rediant flux in spece it is aecessary
to introduce the idea of average-spherical (average-hemispherical) radiation inten-
sity, under which we understand radiution intensity of a source with equal distri-
bution of radiant flux, whoss magnitude is equal to the rediant flux of a source
with nonuniform distribution.

From the resulting expressions can be made one wvery important conciusion in
order to understand the essence of the work of eources of radiant fiux: the magni-
tude of full radiant flux of a given source of radiation camnot be increased by
optical systems. Application of optical systems allows us only to redistribute
radiant flux from one direc.ion to another.

When determining radiation of rsal bodies of different configuration, the
celculation of radiant flux and radiation intensity presents well-known difficulties.
Therefore, in Table 1.5 are given characieristics of radiation of sources of the
simplest form, which in a number of cases, by m3ans of combining, can simplify the

calculation of radiation of sources even of a more complicated form.

Table I.5. Characteristics of Radiation of Bodies of Simple Form

Porm c¢f Source Radiation Radiant | Average-Spherical
of Radiation Intensity Flux Radiation Intensity
L
iuminescent Disk J =, cose @==Js < Vo
Luminescent Sphere J =] == const O=t= Je Je
1
Lumineacent Hemisphers | 7 __‘Za_g (14<os a) o=12xJs ’ 7
S =J
Luminescent Cylinder J =Ju sas & =x"Ju Rl
J 3 Lo+
Luminescent Cylinder -3 (I+ D=3t 3
with spherical end -
+cose) +J wtln e +5°J + 5w

NOTE: Je is radiation intensity in a direction normal to the radiating surface,

Je is radistion intensity at an angle of 90° to the axis of a cylinder,

J is radiation intensity at angle e to mormal.




Density of radiation 4 characterizes surface density of radiant flux emitted
by the surface of a given source. Quantitatively it is equal to the ratio of total
radiant flux inside solid angle 2% to the area of the radiating surface:

#=4T (1.11)

Radiance # characterizes surface density of radiation intensity in a given
direction or, in other words, this is the ratio of radiation intensity to the area
of projection of the rediaiing surface to a plane (Fig. I.2), perpendicular ‘o a
glven direction:

‘P==7ﬁ£%Er' (1.12)

For surfaces whose radiation obeys the law of Lambert and, consequently, does
not depend on direction, the magnitude of radiance also does not depend nn direction.
For such bodies, dependency between radiation density and radiance takes the form:

R-=xF. (1.13)

Irradiance # characterizes surface density of radiant flux incident on a
given surface, Numerically it is equal to the ratio of radiant flux to the area of
irradiated surface, on which it 1is evenly distributed

8 .____%i:; . (I.14)

Expressing radiant flux through radiation intensity, we obtain

(1.15)

g=Jsee

The last equality shows that
al

irradiance of a surface, created by a

point source, is reciprocal to the square

of the distance between irradiated surface
Fig. 1.2. Determination
of radiance. and source and depends on the angle be-

P o

e WS

tween direction of radiant flux

normal to a given surface (Fig, I.3).

For surfaces whose radiation obeys the law of Lambert, irradiance is connscted

with radiation density and raalance by the following relationships,
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R (1.16)

=1 (1.17)

Quantity of irradiation J¢ determines energy content of radiation falling on

an irradiated body for a definite time,
o= [8d!. (1.18)

This idea finds wide application in different photochemical processes, and,
in particular, in photography, where quantity of reacted substance is proportional
to the power of incident radiation (irradiance) and the time of action.

s er Radiation yield 7> determines

sw " effectiveness of one or another source
of radiation, in which there occurs
a§ transformation of some form of energy
: into energy of radiation. Quantitatively
Fig. I.3. Determination
of irradiance of a surface. radiation yield is determined by the ratio
of radiant flux radiated by a source to
the power supplied to it.
=3 1000/, (1.19)

If one were to determine the effectiveness of a source of radiation with
respect to some definite receiver of radiant flux, determmining the effectiveness
of the use of spectral energy of radiation of a given source, then, considering
(I.7) and (I.11), we obtain

Si‘slqdl

e (1.20)

where 1, and 2, are boundaries of sensitivity of the receiver of radiation,
f, is spectral intensity of radiation density of a source in the range
of sensitivity of the receiver,

S, is spectral sensitivity of the receiver.
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3. Spectrum of Optical Radiation and i:3 Image

Undar spectrum of optical radiation we understand the ordered location of
separate monochromatic radiations by wave lengths. Such location can have the
form of a continuous curve and separate lines or bands between which radiation is
absent (Fig. I.4).

In the first case they have something to do with a solid (continuous) spectrum
of optical radiation, consisting of an infinite number of lines continuously
following one after another. This form of spectrum is characteristic for radiation
of heated solid and liquid bodies. In certain cases, for instance at very large
pressures, a continuous spectrum is created by the radiation of gasiform atoms and
molecules.

In the second case the spectrum of radiation wil! be called either line or
band.

Line apectra consist c¢f separate thin lines distinctly divided from each
other. Such spectra are radiated by excited atoms or ions, at such a diastance from
each other that their radiation can be considered independent. Therefore, heated
gases or vapor at normal pressure always give line spectra.

Bund spectra consist of a large number of closely located lines, forming
separate, clearly differentiated bands. These spectra appear during the study of
molecules of gases consisiing of two or more atoms, with such a distance between
molecules that their radiation can be considered independent. Therefore, band
spectra are radiated by polyatomic molecules of heated gases, whoae temperature still
is insufficient for dissociation of their molecules into atoms or ionms.

If radiation is formed am » result cf several different proceases, then mixed
spe~ira can be formed. An example of such a form of spectra is the apectrum of
radiation of an electrical arc, gas-discharge tubes of high and super-high pressure,

etc.
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Besides such division, a spectrum of optical radiation is sometimes conveniently
subdivided by the nature of appearance and methods of its registration. Such a
classification is shown in Pig. I.5, where, besides the nature of radiation and the
receivers for its registration, there are indicated sources of radiation, and also

wave lengths, frequency and wave numbers, corresponding to some spectrum of radiation

L] ) & L) G |
ll.l ll 2 '.I.ﬂ?ﬂﬂq l/,\,a M‘

’

Fig. I.4. Types of radiation spectra.
l—Line; 2--Band; 3~-Continuous; L—
Mixed.

In practical application of infrared instruments there is always actually
measured the irradiance of the receiving device, created by the measured radiation.
Therefors, it is more correct to talk, not about the spectrum of radiation, but
about the distribution of irradiance created by a spectrum of given radiation in
the plane of the receiving device. In this case, automatically considered are
losses of radiation in the thickness of the mediwm where measured radiation spreads.
If it is necessary to obtain data about the real spectrum of radiation it is neces-
sary to obtain data about the real spectrum of radiation it is necessary to de-
termine losses in a medium at & given distance and to introduce correction in the
obtained relulta_ of measurement of irradiance.

There can be practically recommended three methods of plotting spectral curves
of irradiance.

It is possible to present a continuous spectrum (Fig. 1.6) consisting of
separate spectral lines located at equal and minute spectral interwvals "a". For
every such line one can determine irradismce in w/c=? and plot it on the graph in
the form of an ordinate. The width of spectral intervals depends upon the structure l
of the spectrum: the thimner the spectrum, the narrower must be the spectral
intervals. The sum of all ordinates gives in this case the general irrediance of
the receiver, created by all the spectrum of radiation.

18
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Fig. I.6. Methods of plotting spectral curves of irradiance.

Another method of plotting a spectrum of irradiance consists of plotting
irradiance of separate spectral intervals in the form of rectangular plateaus "b".
Wave length in this case is taken in linear scale. The area of a rectangle equal
to the product of ¢,A2, is the msasure of irradiance created by radiation at a
given wavelength interval. Since magnitude AA has & dimension of length, then
for the product of ¢£,A1 to have dimension of irradiance (w/cm®), spectral inten-
sity of irradiance ¢, should have dimension of w/cm>. Its numerical value depends
on the selection of a unit of measurement of length of spectral interval. Thus,
it AL is expressed in millimicrons, then in order to recalculate irradiance in
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w/cn2 for a wave langth interval expressed in om, to a magnitude of irradiance in
w/clz for awvave _ength interval in mu., it is necessary that all ordinates be de-
creased in 107 times. For instance, if & = 10 w/ew’, this corresponds to irradiance
1 microwatt/ce? for 1 m# .

A spectrum, depicted thus, presents rectangles continuously following one
after the other. Their sum is the measure of irradiance created by the entire
spectrum of radiation. Decrearing the width of spectral intervals, there can be
obtained at ths end an envelope repeating all the details of the structure of the
spectrum. In this case, the measure of irradiance is the area between the circle
and the axlis of abscissas.

If along the axis of abscissas nonlinear acale jis applied, then, for the
purpose of preserving elementary rectangles as the measure of irradiance for the
corresponding wavelength intervals, it is necessary to change simultaneously in
inverse ratio the scale along the axis of the ordimates.

The third, the intergal mathod of plotting the spsctrum of irradiance (Pig.
1.6 ¢) is characterised by the fact that to every wave length will be added the
integral value of measured irrediance. Summation is produced from the shortwave
boundary to the considered wave length. With such construction a continuwous
spectrum of irradiance will be depicted in the form o” a monotonically increasing
curve. This curve allows us to determine the value of irradiance for any spectral
interval, but does not allow us to clarify the structure of the spectrua. Limitation
in selection of ecale with such a method of comstruction of irradiance spectrum are
dropped.

By the above-~considered methods it is possible also to depict line, band, and
mixed specira. With an integral method of plotting line spectrum, the latter will
bs in the form of a broken line.

Mixed spectra are very convenlently depicted by the method of rectangles, since

it allows us to estimate enmergy of continuous and )ine spectra by means of the

compariscn of their aress.




CHAPTER II

SQURCES OF RADIATION

1. Clgssification of Sources of Radiation

From the physical point of view a source of radiation energy may be any system
of matter, in which there occurs transformation of the energy supplisd to it into
energy of radiation. In accordance with this, all sources of radiation energy it
is possible to break down into three basic groups -~ thermal, luminescent and mixed¥.

To the first group belong sources for which radiation energy is the result
of conversion of thermal energy. It does not matter by what means thermal energy
appears: as a result of passage of a current in a medium, by means of chemical
reaction, or as a result of the conversion of mechanical energy.

The second group includes sources for which radiation energy appears =»s a
result of excitation of atoms and mpleculses of a substance by some kind of external
exciter. Under luminescent radiation we understand optical radiation of a body
above its thermal radiation at that same temperature, lasting more than 10'10 gec,

In the third group are sources in which both thermal and luminescent radiation
simultanecusly assist.

The =ost widsspread group of radiation sources in nature are thermal sources.
The power of their radiation depends on temperature, dimension, and surface proper-
ties of the radiating body. At a given temperaturc and surface magnitude the

¥#Considered are sources of incoherent radiation of the optical range of waves.—-—
Editor's note.
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propertiea of a body from the point of view of radiation can be simply determinad
by absorbing ability g,, . Depending upon the character of the change in magni-
tude of the absorbing ability during a change in temperature of a body and the
wave length of radiation incident on its surfacs, thermal sources of the radiation
can be of three forms:

1. An ideal black body, for which absorbing ability does not depend on wave
length of radiation incident on it or on temperature of its surface and remains
alway=s equal to unity. Such a body, as compared to other bodies, has the biggest
emissive power of radiation at a given tempecature for all wave lengths.

2. A gray body, for which absorbing ability, while remaining leas than unity,
depends on temperature, but does not depsend on wave length of incident radiation.

3. A selective-absorbing body, for which absorbing ability, while remaining
less than unity, dependa on wave length of incident radiation and on temperature
of body.

2. Radiation of Id ck

An ideal black body (AChT), although it does not exist actually in nature, is
of interest for two reasons: first, it, at a given temperature, radiates maximm
energy content and, secondly, its radiation may be calculated theoretically.

Furthersore ) radiation of an ideal black body possesses properties which are
absent in many cases in radiation of real bodies, but are namely;

a) Radiation of an ideal black body is nonpolarized,

b) It will obey the la: of Lambert, and, consequently, the magnitude of
emissivity of an ideal black body in all directions 1s identical,

c) HBmissivity of an ideal black body is proportional to the square of the
refractive index of the medium in which radiant flux spreads,

d) Radiation of an ideal black body dapends only on wave length and temperature,

for which form of basic functions of rediation 7, =f(T) and r,=f (iT) has universal

character.




A model of an ideal black body with a very high degree of approximation can
be made in the form of a closed box with & small hole, walls of which are evenly
heated to the necessary temperature (Pig. II.1).

GCetting into the hole of the box, the radiant flux, after multiple reflection
on internal surfaces of the box is practically completely absorbed and only
accidentally, with vanishingly minute energy, can emerge from the hole.

If, however, we heat the walls of
- the box, then its hole will behave as an
m ideal black body with an area equal to

the area of the hole. Besides, in spite

of the fact that the internal surface of

’

% the walls of the box will radiate in

.,
v
7

i \~
Y
\‘

Fig. I1.1. Diagram of models sccordance with the properties of the
of an ideal black body.

material, full radiation of the box
through the hole will not depend on the material and properties of the walls, if
the temperature of its separate parts is identical.
Radiation of an ideal black body may be calculated in accordance with the
following laws.

Kirchhoff's Law

Kirchhoff's law indicates that the ratio of radiation and absorbing abilities
of the same point of a body, for the same wave length of radiation, the same

direction, and at a given temperature for all bodies is constant magnitude

:-‘l-ﬁ,‘l'— ... == const. (11.1)
T Oy

In the case of an ideal black body ( i = 1) equality (II.1) will take the form

(11.2)

L4
2 =F
.lr
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Fquality (71.2) mathematically connects radiation of an ideal black body with
the radiation of real bodies. As can be seen, emissivity of any body is equal to
the product of emissivity of an ideal black body and the absorbing ability of a
given body.

Kirchhoff's law is valid for any bodies, including gases, if they create a
purely thermal radiation, however, i rll not apply, if onto thermal radiation

is added luminsscent.

The Stefan - Bolt¥mann lLaw

Integral density of radiation of an ideal black body is proportional to the
rourth degree of its temperature
R=qT", (11.3)
where ¢ = 5,672 - 10'12;2_1:_;?‘ is the radiation constant (Boltzmann constant).
T = tC + 273 is absolute temperature of the body.

For a body with arsa S (in cm?) density of radiation will be determined by

reletionship
Fe==oST*, (11.2)

Frvm formula (II.3) it is clear that the temperature of a body renders a
decizive influence on the magnitude of radiation density of an ldeal black bodys
thus, for example, an increase of absolute temperature of a body 2 times leads to
growth of its radiation 16 times.

Fxgression (I1.3) determines radiation density of an ideal blsck body with
suriace S = 1 cm2 within limits of & hemispheres. For determining radiance of ideal
blacx body # within limits of solid angle w, the axie of which coastitutes angle

a with normal to heat-radiating surface S, it is necessary to u,e expression

(11.5)
.'=-i—S¢T‘cosa.
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Planck's law

Distribution of energy in tne readiation spectrum of an ideal tlack body is

described by Planck's law, whose mathcmatical expression has the form
_!._ -1
ir
'xrzcll-.(e — 1) ’ (11.6)
where 1 is wave length,
Tis absolute temperature,
12 2
¢y =3.740 - 107 w - cm,

¢y = 1.438 cm + degree.
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Fig. I1.2. Spectral intensity of radiation
density of an AChT (Ideal Black Body) at
various tempergtures.
KEY: (a) weem™  u ;3 (b) Wave length # .
The cuurse of curves of spectral density of radiation of an ideal black body

(AChT), calculated by tlhe formula of Planck, for certain temperatures is shown in
Fig. II.2.

Wien's Law

The position of maximum of a curve of radiation at different temperaturss of

an ideal black body is determined by Wien's law (law of diasplacement).

1-“‘1.:2896 Moy dego (II.?')

where Auaxc 18 expressed in x4 .

*The Russian subscript "makc" indicates "maximum".--Fd.
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Pinding from (I1.7) value Auaxc in cm and substituting it in (II.6) the value
can be obtained of spectral density of radiation at a point, corresponcing t0 Auaxe

Tuaxe = 1,301 10-¥T* é—- (11.8)

3. Radiation of Reql Bodjies

Radiation of real bodies differs from the radiation of an ideal black body.
Therefore, they are called "nonblack", implying with this term both bodies with
selective radiation and gray bodies.

As already was noted, radiation of these bodies, in the first place, is de-
termined by the behavior of the absorbing ability with a change of temperature of
the body and the wave length of incident radiation. PFurthermore, when calculating
radiation of real bodies it is necessary to consider that they are not isolated
from each other and that, due to this, fluxes of their radiation energy consist of
proper temperature radiation and reflected fluxes of energy radiated by neighboring
bodies,

How closely radiation of a real body with a given wave length and at a given
temperature coincides with radiation of an ideal black body can be judged if one
were to introduce the concept of coefficient of emissivity s,,:

' =_'§r+':r ,
\7) AChT (17.9)

whe=e Iy is spectral density of proper emission of body,
iy 1s spe:ztral density of radiation reflscted by body,
(ry\y)AChT is spectral density of radiation of an ideal black body.
From the resulting expression it is clear that in a case of cnly proper

emission of body (r,, = 0) the coefficient of em ssivity is equal to the absorbing

=2, (11.10)
In the presznce of proper and reflected radiation it is possible to introduce

the concept of a coefficient of blackness -, , under which we understand the ratio
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of full radiation of a given body to its temperature radiation

"r ";
1,,'..::-;—::]—}‘—'};'.

5 (11.11)

Comparing the resulting expressions, we will obtain
s, = Yrlr. (11.12)

From expression (II.12) it follows that for exposed bodies with high surface
temperature (yr=l) the coefficient of emissivity is equal to the absorbing ability
of a body, however, in the case of exposed bodies with low temperature or radiation
of internal cavities, the coefficient of emissivity and the absorbing ability of a
body can significantly differ,

For gray bodies, whose absorbing ability depends only on temperature and does
not depend on wave length of radiation, the law of integral radiation may be
recorded, taking into account the coefficient of emissivity % , values of which,
for different materials at definite temperatures, are presented in heat technology
reference bocks.

Although with the calculation of the radiation of gray bodies, the matter is
comparatively safe, since in this case it is necessary only to determine dependency
e,=f(T), nevertheless, when estimating the radiation of selective radiating bodies,
it is necessary additionally to consider dependency s,,=F[(2).

A widespread material in infrared technology with selective radiation is
tungsten, whose properties are sufficiently well studied and are presented in
special literature [1, 2], We will note only that very frequently it is required
to know the integral value of emissivity at a given temperature. These values can
be calculafted by empirical formulas,

a) for low temperatures (bslow 1,000° K)

& =0,671 ‘y’ pels (11.13)
b) for high temperatures (higher than 1,000°K)
¢y =05737/ p,T — 0,1763,T, (11.14)

where ¢, is specific resistance of tungsten in ohm : cm at temperature T°K,
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Since radiation of real bodies differs from radiscion of ideal black bodies,
in order tc be able to compare their radiation we use the concept of apparent
temperatures (pseudotemperatures). Under apparent temperature we understand the
temperature of an ideal black body whose radiation in a given spectral range gives
the same effect as radiation of a given body at its true temperature.

There are three such temperatures: energy 7, , luminance 7, and color Ty

Under snsrgy temperature we understand the temperature of an ideal black bedy,
at which it has a radiation identical with & given body having trve temperature T,

Te=—0w. (1I1.15)

*r

Luminance temperature corresponds to the temperature of an ideal bl- "k body,
at which its brightness for radiation with a wave length of 0.665 u is equal to

the brightness of a radiating body with temperature T with that same wave length
€ 1 i
ln(wjﬁ) (11.16)

From formula (I1.16) it is clear that lumirance temperature may be determined
for radiation with any wave length if the value of the spsctral coefficient of
blackness is known for it; however, in photometric practice its value is taken to
refer to wave length 0,665 4 .,

Under color temperature we understand the temperature of an ideal black body,
at which colorfulness of its radiation is identical with colorfulness of the
radiation of a real body with temperature T,

u:‘l"‘—,‘_.ij;:—,’:—. (11.17)

The difference between color and true temperatures is the result of selectivity
of radiation of different bodies. For gray bodies, for which the course of the
curve of spectral density of rediation is like the course of the curve of radiation
of an ideal black bedy, there will bs no such difference,

Knowledge of color temperature of real bodies has a large value during
appraisal of integral sensitivity of receivers of radiation with selective reaction

since it characterises the qualitative side of radiant flux.
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L. Flectrical Sources of Radistion

Application of these or other sources of radiation energy as irradiating
devices in infrarsd instruments of active effect (with preliminary irradiation)
bezomes expedient, if they satisfy definite requirements, the chief of which are:

high efficiency in infrared region «f spectrum,

duration of action and stability of radiation,

possibility of using jointly with optical systems,

convenience of adjustment of radiation conditions,

minimun weight and dimensions with sufficient emissive power of radiation.

These requirements are satisfied most fully Ly electrical incandescent lamps
(Table 11.1)

Table 11.1., Characteristics of Radiation of Certain Radiators
in the Infrared Region of Spectrum

Distribution of FEnergy

General |Density in Percents in Region
Source of Radiation Density, | in Region of Spectprum, 4
w/cme 0.:;32 n - -
w — o~ N
d 1L
o - o~
Gas-filled Tungsten Tube,. | 0.0125 0.007 3.2 20.5 51.6
Electrical Arc........ eese | 0,034 0.024 12.8 5l 26
MQPC“I" v&mr mbeo cesmenvee 0l026 0-01 39 21 —
Helim 'l\lfbe---.o-o-oco--lc 00021 -— lm —t— ——
Pm 'rubeonow-v-ooo.ao-.c-. 0.@7 O.(m5 w 20 -

Electrical Incandeacent Lamps

In electrical incandescent lamps the energy supplied to the body of incan-

descence is expended on light and invisible radiation and losses on the bulb, gas,
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= and holders. Numerical values of these magnitudes for contemporary tubes cof
*different power are presented in Takle I1.2 and show that electrical incandescent

lamps are economical and sufficiently powerful sources of radiation.

Table 11.2. Energy Balance of Electrical Incandescent Lamps

f Energy
: P, Wati| T, °K " Tappad Losses ( losses | Radiation | Visible
lu/w by Holders,| in on Outside Radiation,
Gas, £| Bulo, §| Bulb, ¥ ;4
25 | 2535 10.2 1.8 - 7.0 91.2 7
40 | 2710 1.1 1.6 2.5 7.1 66.8 6.8
60 2767 12.8 1.6 22'2 701 69.1 7-6
100 | 2837 15.4 1.7 18.5 7.0 72.8 9.3
200 | 2878 17.0 1.7 13.7 7.2 7.4 10,2
500 2340 19.6 1.8 9.2 6.7 82.3 1.4
1000 | 2395 20.5 L.8 6 7.1 82.1 12.0

Spectral characteristics of the radiation of certain types of tubes are shown
in Pig. II.3 and II.4.

At present, industry is releasing a great assortment of elsctrical incandescent
lamps, data on which can be found in corresponding catalogs and light technology
reference books. When selecting them as sources of radiation energy in infrared
instruments, it is necessary to consider the character of operation of the instru-
ments, the necessary force of radiation, the time of operation, the possibility of
supplying electric power by avallable sources, etc. One should give special
attention Lo the selection of electrical incandescent lampes if they are intended
for joint work with optical systems, since in this case an important, and sometimes
decisive factor, is the alse of the tube and its thermal conditions. This, first,

is connected with 1he placement of the body of incandescsnce in focus of the optical
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system and, secondly, with the cooling of the bulb of the tube inside a comparatively

snall volume of air in the fittings, closed, as a rule, by the infrared filter.

Furvhermore, such tubes are required to have high dimensional brightness, i.e.,

ratio of luminous inten3ity of tube to area of incandescence.

Fig. 11.3. Spectral intensity
of radiation of illuminating and
movie projection tubes 110 v,
500 w.

KEY: (a) Emissive power of

(-]
radiation ——‘;;g—-—per 50 A; (b)

Movie projection t.ube; {c) I1lu-
ninatlng tube; (d) Wave length,
Volt; (f) Watt.
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Pig. IX.4. Spectral intensity of
radiation of headlight and search-
light tubes.

KEY: (a) Emissive power of

s ow
radiation ——=— per 50 A (b)
=2 P 3

Searchlight; sc) Headlight; (d)
d2ve length,u;(s) Volt; (f) Watt.

Electrical Arcs

In irradiation instal“ations where it is required to obtain high radiation

intensity, simple and high-intensity electrical arcs are used (Fig. II1.5).

A simple arc will be formed between two graphite elsctrodes, whose cathode is

source of electrons, and on whose anode, as a reeult of bombardment of electrons,

there will be rformed a heated crater with temperature of an order of L. 000°K.

Radiation of such an arc is determined mainly by temperature of the crater, which

radiates nearly 85% of the energy, while the cathode radiates nearly 10%, and the

flame ~ 5% of the energy.
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Brightness of simple arcs attains 18,000-20,000 stilb when fed by direct

current and 12,000 stilb when fed by altermating current. Luminous efficiency is

12-14 lu/w.
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Fig. I1.5. Spectral radiation Piz. 11,6, Spectral radiation flux
flux level of simple arc. level of high-intensity arc.
KEY: (a) Radiant flux, %3 (b) KEY: (a) Radiant flux, %5 (b) Wave
Wave length, u . length, » § (c) Ideal black body at
T = 5000°K.

For improvement of light characteristics of arc it is necessary to increase
density of current between its slectrodes. In such arcs, having the name high-
intensity, electrodes have a soft wick, i.e., core, consisting of 30-60% mixture
of fluoride salts of rarv-earth metals, zoot or graphite and up to 4% boric acid
(Fig. I1.6).

Brightness of high tensity arcs attains 80,000 stilb due to adding the
radiation of a crater with a temperature of nearly 5,000°K to the pure temperature
of the luminescent radiation of heated vapors of rare-earth metals,

In connection with the higher temperature of a crater of such an arc, the
spectrum of its radiation will shift as compared to the spectrum of radiation of a
simple arc in the direction of shorter waves (Auuw.~06 4 ) . This also explains
the almost identical effectiveness of both types of arcs in the infrared region

of the apectrum.
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5. Radiation of Industrial and Military Objects

The activity of “he overwhelming majority of industrial and military objects
is connected with the application of energy installations, as a result of whose
operi.ion a large quantity of thermal energy and, consequently, radiation energy
is released. These objects have a definite thermal con.rast relative to the
surrounding background, due to which they can be revealed by instruments of infrared
technology.

In their properties &nd characteristics industrial and military objects can
pertain both to extended and to point sources of radiation. But in both the first
and second case the radiation of these objects depends on temperature, configuretion,
and area of radiating surrfaces, their mutual location and degree of blackness.

This causes a large variety in the radiations of effective objects both in power
and in spectral composition and space distribution of radiation energy.

It is natural that with such a variety of heat-radis ng objects a general
criterion for appraising their radiation cannot be formulated. It is expedient
to estimate in each specific case the radiation of objects which occupy a large
area and have a& very large quantity of sources of thermal radiation differing in
characteristics. Moreover the relative location of sources of radiation on an
industrizl site can essentially change tentative calculations. Calculation of
thermal radiation should be made by analogy with calculation of radiation of non-
black bodies, considering t‘hese objects, with sufficient accuracy for practice, to
be gray and diffusely radiating bodies. Such simplification allows the comparatively
simple estimation not only of integral radiation of an object, but also distribution
of radiation energy by spectrum.

Sometimes it is oxpedient to separate from a group of heat-radiating o' ects
in a considered territory one or two of the most powerful sources of radistion and

take their radiation as the radiation of an object on the whole. Error in




appraising radiation will be, in this case, less the more the difference bestwesen
temperatures of surfaces of selected objects and the remaining sections, and also
the smaller the area and the coefficient of emissivity of the latter. Such a method
of appraisal gives comparatively good results when dstermining radiation of
industrial objects of the metallurgical and metal-working industry, coke-chemical,
etc. factories, thermal electric power stations, and railroad junctions. On these
objects; as a rule, it is possible to separate separate objects: blast furnaces,
hot-blast stoves, coke batteries, furnaces for firing ore, cupola furnaces, open-
hearth furnaces, dumps of hot slag, pipe, basins for discharging water, open boiler
units, locomotives, etc., whose radiation sometimes exceeds radiation of surrounding
objects many times.

If it is not possible to separate separate heat-radiating objects on an

industrial site, then it is necessary to apply the "zone method".

The essence of this more tedious
method of calculation consists in the fact

. that the entire industrial site is broken

BY;
! down into separate sectiona (zones) with

obtjects having approximately identical

v temperatures and blackness coefficients

0 A -

Fig. II1.7. To calculate radiation
of objects in a vertical plane. For these objects is determined the

of their surfaces.

density of radiation in horizontal and
vertical planes (sometimes this is necessary to produce also from different
directions). Having arranged in a definite scale radiation densitiss of a given
zone in two mutually perpendicular planes, we connect their enas by a straight
line, on which, as on diame“er, we construct a semi-circle (Pig. I1.7). Then any
straight line conducted at angle ¢ from point O to intersection with semicircle

will determine in that same scale the radiation density in the vertical plane at an
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angle, Density c¢*® radiation of all of the industrial cbjective on the whole, to
whatever interesting direction, may be determined by means of geometric suematisn
of vectors of radiation densities of separate hsat-radiating objects in a given

direction,

$'$V$f’+.99:'+ ot Ay (11.18)

It is possible similarly to estimate radiation armd objects of military
technology. Calculation in this case is significantly simplified by the fact that
heat-radiating surfaces of military objects are concentrated in a small area and
are, as it were, local sources of radiation.

Actually, on ships basic sources of radiation are pipes and gas torches,
radiating radiant flux in the direction of the upper hemisphere; on tanks - the rear
armor plating under which is located the motor and exhaust branch pipe, for cannons
- the barrel heated during firing; for aircraft - motors and exhaust gases § and
for objects flying with supersonic speed (aircraft and rockets) there is the skin,
heated up to high temperatures as will be shown below, due to aerodynamic drag.

As an example we will ccnsider the peculiarity of radiation of aircraft
(aircraft and rockets), which are in this respect the most characteristic military
objects since in them are concentrated high energy capacity in a comparatively
amall volume and there occurs radiation of both the motors and exhaust gases and
the sheathing of the apparatus.

For aircraft with piston motors basic sources of infrared radiation are exhaust
branch pipes, ;1ses outgoing from branch pipes, and hoods of motors. Their
radiation intensity is determined, as in earlier considered examples, by temperature,
also fullness of comburiion
of fuel. Distribution of radiation energy in space is determined also by the degree
of shielding of heat-radiating surfaces by other parts of the aircraft.

Hoods of motors have comparatively low temperature (80 - 100°C) and . esmall

coefficient of blackness (0.2 - 0.45) which causes the low intensity of their
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radiation. However, depending upon type of aircraft, or more correctly on the
structural distribution of units of the power plant, radiation of hoods can spread
both to the front and to the rear of the hemisphere upward and downward.

Exhaust zases of piston motors include a large quantity of fine hard particles
of carbon heated to a temperature of 1,000-1,100°C. Their appearance in gas flow
is the result of incomplete combustion working, as a rule, witk a mixture insuf-
ficiently enriched with air. The presence of such particlec in gas flow signi-
cantly increases its emissivity and ensures a practically continuous spo::t.nm of
radiation of exhaust gases of a piston motor. The indicatrix »f the radiation of
exhaust gases, &8 a rule, is extruded in the direction of the rear hemisphere and
al.ng the tramaverse axis of the aircraft.

In the total balance of radiation of an aircraft with piston motors the
fraction of radiation of exhaust gases and hoods of motors oscillaies froi 35 to
45%. The remaining part (65-55%) is spportioned to radiation of exhaust branch
pipes.

Exhaust branch pires of motors ars disposed either under the center section
of ail ajrecrait or above it, along the longitudinal axis of an aircraft. Therefore,
propagation of radiation energy fru. the heated branch pipes can occur either in
the direction sf upper or lower hemispheres with : maxisum of radiation along the
vesnsverse axis of the aircraft. Propagation of radiation in the direction of
.ront and rear hemispheres, will depend on the degree of change of visible dimensions
of surface of Lranch pipes and dimensions of surfaces of elbow and branch pipes exit.

Temperature of branch pipes attains values of an order of B00-700°C near
collector, being lowerea, by measure of approach to cut off to 250-350°C. Material,
from which a braach pipe is prepared is heat-resisting steel oxidized in the procces
0 operating the aircraft. Therefore. th~ bliciness coefficient of the surfacaa of
Lranch pipes is sufficiently great, attaining values of 0.8-0.9.

The pres:ntec data aliow us in the example cf a Z-47, to estimate radiation

of an &ircraft with a comperatively low capacity power installation.
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On the C-47 two exhaust branch pipes with a diameter of 15 cm and a length of
nearly 100 cm are placed under the center section from the external side of each
of the two motors. Radiation of one branch pipe along the tranaverse axis of the
aircraft will be equal to 1.94 - 103 w, and it spreads in horizontal or wvertical
planes only to one side. The radiation intensity in a direction perpendicular to
the surface of the branch pipe will constitute a magnitude of the order of 620

w/sterad.

During appraisal »f total radiation
capacity of an aircraft it is necessary
to consider radiation of the two branch
pipes to all sides. Then the total

radiant flux due to radiation of only the

eylindrical part of two branch pipes will

Fig. 11.8. Indicatrix of the
radiation of a C~47 in the constitute
horigzontal plane.

& =2xDissT*=13-10" w

Consequently, the radiation cf all the C~47 wiil be equivalent to the radiation
of a point source with a power of

S=g=22100 ¥

Approximate distribution of radiation intensity of a C-47 in a horisontal
plane due to the radiation of branch pipes, exhaust gases, and hoods of motors is
shown in Pig. II.8.

For jet aircraft at subsonic speeds of flight a basic source of radiation is
the jet engine together with the extensfon pipe and exhaust cone (if there is one),
and also the jet of gases outgoing from the noszle. In distinction from a piston
m>tor the specific gravity of the radistion of gases here is significantly less due

to a fuller coz-ustion of fusl al a surpilus of oxygen and the absence, due to this,

4
-3

in the gas strear of ha eated particles of carb 1. Radiation of the gas fraction,
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in the form of two-taree atomic molecules, has a band spectrum coinciding with the
absorption spectrum of analogous molecules in tne air. Therefore, radiation of
heated vapors of water and carbon dioxide, separated in the biggest quantity during
full combustion of carbohydrates, does not play any noticeable role in the total
balance of radiation ol the gas stream at low altitudes. However, it can render

noticeable influence at great heights where contents of CO; and H,0 are small

(Fig. I11.9).
( )gi a In literature [3, 4] is indicated
a) B} \
o 4
?}% 01 that radiation of a gas stream of a Jet
x ——
§§ a engine with a temperature of 1,200°K hae
Sq Wf
§§ :; a maximm near 2 ¥ . During emissivit -
- -
%E a2 \ e =(0,] total radiation intensity of gas
s S0 AV
'"'i- et ,“’ t 7 g Siream constitutes 6.8:10715 yom~2.4egb,
(%) Loume Fosns:, on
Form of the jet of gas stream and
Fig. I1.9. Spectral intensity of
radiance of a jet of gases du~ing distribution of temperature in it are
combustion c¢f kerosene fuel.
KEY: (a) Spectral intensity of shown in Pig., II.10 [5].
radiance, w/cm? - sterad * 4 ;
(b) Wave length. In comnecticn with this, radiation

of jet aircraft basically is conditioned
by radiation of the internal cavity of the extension pipe, the walls of which have

a temperature of the order of several hundreds of degrees, and open parts of the

motor (blades of the turbines, the exhaust cone).

Blades of the turbines are washed by the gas {low with a temperature of

700-750°C at a exhaust velocity of 300-400 m/sec. Therefore, if one were to con-
sider aerodynamic heating, temperature of the oclades of a gas turbine can exceed

800°C, since with such a speed increase of temperature ir. places of full braking of
gas constitutes a magnitude of an order of 45-80°C [6].

In Fig. I1.11 are given experimental data [7) on temperature increase of air
in the compressor at altitudes of 11,000 - 25,000 m, which show that blades of
- "/_
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turbines, on the end of it and examined through the exhaust nozzle exit of the

extension pipe of the motor, can have a significant temperature.
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Fig. 11.10. Form of jet a) and
distribution of temperature in
the gas stream of a jet ine
with traction of 300 kg ,gﬁ

Fig. I1.11. Temperature increase
of air along the axis of the
compressor at heights of 11,000-
=25,00C m,

XEY: (a) Temperature; (b) Distance Transition from Fahrenheit tem-
from axis, m; (c) Axis of stream; perature scale to centigrate scale
(d) Distance from noszzle exit, m. is carried out by the formula
pec—g P
KEY: (a) Temperature,’F; (b)
Inlet; (c) Length of compressor.

In comnection with this the indicatrix of the radiation of a jet engine, and
also the jet aircraft on the whole, in distinction from the indicatrix of radiaticn
of an aircraft with piston motors, has a sharply directed character. Basic radi-
ation must be in the direction of the rear hemisphere. The character of the radi-
ation indicatrix for each type of jet aircraft will be determined by thermal con-
ditions of thas motors, their number, and also the geometric relationships between
length and diameter of the extension pipe, the base between motors and the length
of the fuselage.

With transition to supersonic speeds of flight a source of thermal radiation
of an aircraft is the sheathing of the airframe where specific gravity of rediation
of sheathing in the total balance of radiation intensity of the aircraft con.in-

wously increases with growth in speed of flight. Besides, increase of spsed of
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fiight requires application of higher energy propellants and, consequently, radi-
ation of the pro, .3'on system also will be increased.

Now much work is conducted on the creation of new, more chemically active
fuels, In particular, fuels are being developed with inclusion of powdery metal
which during combustion would separate a large quantity of heat (for instance,
aluminum, beryllium, lithium and others). In this case radiation of the gas stream
will be sharply increased due to radiation of heated particles of metal oxides and
increase of the radiation factor of the stream. Another direction in the creation
of highly active particles of metal oxides and increase of radiation factor cunsists
of the development of synthetic compounds of hydrogen with certain elements (boron,
lithiun, and others). Obtained thus, the fuel pentaborane (a compound of boron
with hydrogen) at combustion separates 1.5 times more heat than the usual fuels,
This undoubtedly will lead to an increase of emissive power of radiation both of
the motor and the gas streanm.

During supersonic flight sheathing of aircraft brakes the encountered air
flow, its kinetic energy passes into heat, causing heating of the boundary layer

and the sheathing to a temperature of Ty, the magnitude of which may be calculated
by the formula

(11.19)
where To is temperature of tha braked layer of air, °K;

T+ is temperature of the air flowing around the body, °K;

o is speed, m/sec;

M is Mach number.

The relationship of the sbsolute temperature of the undisturbed air flow and
the temperature of the flow braked to sero spsed at different Mach numbers is given
in Table II.3.
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Table II.3. The Ratio of the Tempersture of Undisturbsd Air
Flow to the Tamperature of Air Sraked to Zerc Speed at Various

Mach Numbers.
M 0 1 | 2 2.5 '3 4 5 10
I/T, i 0.883' 0.556 | 0.444 | 0,357 |0,238]0.167 | 0.048

In FPig. 11.12 are given computed heriing curves of the surface of an aircraft
due to braking of air flow, with supersonic speed of flow at altitudes u; to 1 km,
withouvt calculation of losses in radiation. For higher speeds of flight at heights
from 11 10 <5 km the heating curve of the shenthing of an aircraft at places of

full braking is presemted in Fig. II.13 [7]. 50
o /]
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Fig. II.12. Teaperature of the ”
surface of an aircraft at point Fig. 1I.13. Temperature o braking

of brak dependi upon speed depending upon Mach number at
ok “ne upon epe }aights of flight 11,000 - 25,000 m.

of flight. _
KEY: (a) Temperature of surface, KEY: (a) Temperature of braking,
°C; (b) Speed of flight, lm/hr. °F; (b) Mach number.

Ths given curves, ottained by means of calculation by the formula (II.19),
give satisfactory agreement ,ith expsrimental dcta, although losses of thermal
ene; ;y due to radiation were not considered. These losses will be higher the

higzher the temperature of the surface and the wore ite emissivity coefficient e This

dependency [8] is shown in Tig. II.l4.
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¢ '&7 / Besides heating of the aircraft's

- ”'-’”"‘”" /,; i | sheathing due to aerodynamic braking of
';‘ _/{ the air, its heating occurs also due to
3 882
§m // friction in the boundary layer. The
S o // N+20000n] magnitude of aerodynamic increase of
3 200 / ' temperature in this case may be calculated

P ,4/: Ll from relationship (II1.9), taking into

(o) wuces m account Prandtl number (Pr)

Fig. I1.14. Equilibrium temperature

of a body during serodynamic heating,
taking into account radiation.

KEY: T t oy (b) Mach —=AD VPr=085-" . 11.20
numberf‘) smperature, °Cj (b) Mac aT Aﬁ,—,l’ﬁ 0.85 7060 ( )

Temperature of heating of sheathing of certain contemporary aircraft in
flight (ti.e United States) is presented in Table II.J.

Table II.4. Fxperimental Data on Hea.ing of Sheathing of Certain

Arcraft [9])
Type of Atreraft ¥ ‘ Temmutgﬁg of Sheathing

oC oK
Convair F-106........ e 1.5 60 333
MacDonald F-101........ . 1.6 62 335
Lockheed F-104A......... 2.0 122 395
Martin XB=68......00000. 2.5 214 487
Bell X-2.....c00uu ceeees 3 333 606

Establishad or, az it ia otherwise callsd, squilibriuvm temperature of sircrait
sheathing sets in not at oncr, For that a definites time is required, depending on
thermal conduction of the sheathing material, its emissivity, and height of flight

of the aircraft. As an example in Fig. I1.15 are presented curves of skin heating
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of aircraft during supersonic flight with speed corresponding to Mach 4, at heights
of 6,100 ard 36,600 m [10].

As can be seen from Fig. II.15, at a height of 6,100 m an equilibrium temper-
ature of aircraft sheathing, squal to 630°C, is established in less than 1.5 min
of flight with a speed of Mach 4, whercas at height 36,600 nn it is established only

after 20 minutes.

ne ( A=blior | Heating of aircraft sheathing during

§90
o supersonic flight permits the aircreft
&, 500
5‘” t. become a source of intense radiation
& 346
gm /iﬁ%— of infrared rays, the flux of which
ol ‘ practically spreads to all sides within
)
ekl limits of solid angle & x. This csmi~

0

(v) ,,':,, ,,M,,,,,fw,, » directional redistion, the magritude of

Fig. II.15. Growth of surface which in a given direction will depend
temperature of aircraft in time
during flight speed of Mach 4. on dimenesions of projection of the surface
KEY: (a) Temperaturs, °C; (b)
Time of flight, minutes. of the aircraft, its emissivity and

temperature, will be added to the sver-
increasing, sharply directed radiation of jJet engines and will amake aircraft zore
vulnerable to detection and destruction (target-seeking guidance and exploding of
rockets) by means of infrarsd technology.

To lower thermal radiation of the airframe of supsrsonic aircraft is virtuwally
possible only by the application of materiais fcr sheathing with very low emissivity,
Howsver, this requiresent is in cont=adiction with the requiremeont of high emiesivity
of sheathing material for its interse cooling in ordar to increase the durabilite
of aircraft during supsrsonic flight (the problem of the thermal barrier).

Still more powerful sources of thermal radiation are rockets, whose spsed of
flight significantly exceeds sonic. For rockets, the basic causes of appsarance
of thermal radiation are the heating of the body during oparation of the motor,
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aerodynamic heating during flight in dense layers of atmosphere, and heating of
the body of the rocket due to solar radiation during its flight in space. PFurther-
more, in the initial stage of flight, a powerful, although brief, source of radi-
ation is the jet of heated gases ejected by the motnr.

Due to the operation of the motor, the body of a rocket and especially its
tail part can be heated to significant temperatuvres, since temper ‘ure in the
combustion chamber attains 2,000~3,000°C; however, the most int 3 nse heating of the
body occurs due to the flight of a rocket in dense layers of atmosphere.

Thus, for instance, it is kaown that the Cerman rocket the FAU-2 (A-4), due
to friction against air at a flight speed near 5,600 km/hr, was heated to red
incandescence. Calculation of the body temperature of the FAU-2 rocket by the
formula (I1.20) shows that its temperature constituted a magnituds ot ‘he order of
950¢°C.

If one were to consider dimensions of a rocket (length near 14 m, maximum
diameter 1,65 m) and its form, then it is possible to estimate its radiation as a
magnitude of the order of 4,000-5,000 kilowatt.

Space rockets additionally are heated by solar rays during flight in space
f11].

The heat balance of space rockets (burning of fuel, asrodynamic heating and
heating by solar rays), in the final result, determines {.e resultant temperature.
F2ating of the body of a rocket due to its irradiation by solar rays should be con-
sidered only during its flight in space, w!.tere heating due to friction is practically
absent, and the motor of the rocket has ceased its work. Appraisal of this radi-
ation can be conducted in an exampla of a hypothetical space body of apherical
form, having a shell from material with emissivity e= 1 (ideal conductor of heat).
Solar constant is 1,200 w/uz. Under the action of this irradiation the surface of
a sphere turned to the Sun will be evenly heated proportionally to the product of

the solar constant by the area cf projection of the sphere (area of grmsat circle)



and inertialesuly will tranmmit heat to that part of the sphere which is turned
from the Sun. Such a state of heating of sphere will continue as long as radiation
from all of the surface is not balanced by radiation incident from the Sun. PFor

a sphere, tlLe total surface and area of projections are connected by ratio 4 : 1.
Consequently, a heated sphere will radiate 290 w/a? only due to solar irrsdiation,
which corresponds to radiation of a shell with a temperature of 290-300°K,
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CHAPTER III
PROPAGATION OF RADIATION ENERGY IN THE ATMOSPHERE

The air envelope of Earth - the atmosphere - is that medium, in which there

.. occurs transfer of radiation energy from source to receiver. Composition and

property of the atmosphere, in many respects, predetermine effectiveness of appli-

= cation of infrzred instruments.

l. Composition of the Atmosphere

Atmosphere of Farth constitutes a mechranical mixture of gases and fine solid

particles in it in suspension. Such a mixture is called aerosol.

Table IJI.1. Basic Solid, liquid, and Gasiform Impurities
in the Atmosphere

Impurity Dimension, am Nugzgr in Z::; of
2
1 cm/sec
Molecuies of Gases.... 10"8 2, 8-1019 -
Ions: light........ - 2. 5*.10‘8 5-10"2 —
AVerage.... ... . 10-7 103 -
ho&Vy......---.. 10-6 103 —
Dust: cosmlic...ccvvece 10‘5-.10“* -— ' -
terrestrial..... 10~4—10-2 10R—10% 10~3
Condensation nuclei... 10‘6—-10'5 102105 10"7
Dmpa: h&ze remseas s s e 10‘5—10-1‘ 102"-103 10-3."'10_2
fos R N R I A B Y W 10“""‘10‘3 10— '103 10-3_?)'50-2
driZZlQ. es se s lo-i l—lo 1
I‘ain...--.--..- 10- ]‘—L 5 102
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tresene  f Coro er miying, T* Alrs ors‘ar ¢ -eighte if "he corjer -7 [H-¥ R,
Howsvrr, {n rea. a'gonphere -or'aining wa'e- vapor, Lhe percenage of gases clhainges
depending upon the quantity of ateam.

In the atmosphere, in variable quantity, are water vapor ari polid and ilquid
impurities (Table 1II.1). Their quantity in the atmosphere changes, depending upon
the geographic medium, the activity of man, anda nature. In this group one should
include carbon dioxide and ozone, which, along with water vapor, solid, and liquid

impurities, affect optical properties of the atmosphere.
Water Vapor

Depending upon temperature and humidity, the atmosphere can contain from O to
4% water vapor fin volume). Dimensions of its molecules vary from 11-107° io
14-10° ¥ , With » lowering of temperature quantity of water vapor drops (Table
I11X.2). Differing alsc are average contents of water vapor, depending upon

geographic latitude {Table III.3).

Table III.2. Change of Pressure of Saturated Water Vapor

E and Absolute Atmospharic Humidity A for Earth,
Depending Upon Temperature

t, °C =20| -15(-10 | -5 | O | +5 |+10 +20 +30 | +4,0| +50

%, mm Hg om [0.9511.43|2.14]3.16/6.58}6.54]9.21 [17.54131.82]55.3192.5
e, mb 1.2711.01]2.8506.22/6.1 [8.64|12.26]23.2842.42|73.7|123
A, p/r’ 1.08[1.6 |2.35/3.41/.86)6.32]9.41 |17-32]30.38|51.1{82.8

With increase of height, quantity of water vapor sharply decreases, since
affecting its distribution are the low temperatures and processes of condensation

and also ine distance from the surface on which cccurs the process of evaporation.
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For average conditions, decrease of absolute humidity with height (water vapor

pressure) may be approximately expressed by barometric formula

a,—a, 10 (111.1)
where B = 5,000 for lower layers of the atmosphere if height is expressed in met.rs.

Proceeding from expression (IIT.1), one should expect that water vapor pressure
or a2bsolute atmospheric humidity at 2,000 m will be half as much, at 5,000 m will
be ten times less, at 10,000 m one hundred times less than at the surface of earth.
Research confiims this position and shows that the basic quantity of vapor is
concentrated in the lower 5-kilometer layer. The presence of moisture at great
heights is connecten, as a rule, with vertical displacements of air masses, however,
in spite of this, vapor pressure at the boundary of the troposphere (11,000 m) drops
to ey = 0,0137 mb.

A number of authers, characterizing the humidity of the atmosphere, operate
with an idea of water content under which they understand the quantity of water
precipitated 1.1 a layer of a single section with extent L

W=a,l, (111.2)
where a, 1is absolute atmospheric humidity at height H.
Water content of a layer may be defined both in mass units (g) and in units

of length (mm).
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acber (1 ¥l ie 8 rreger’ (¢ atmrerhers aF A regu.t nf vital a-tivity o7
rrganic nature ant emanation from the arth's ~rust, however, {*e ~rnteancs in the
surface layer are nonuniform. Thus, its average content in pure rural air is taken
to be 0.03% ty volume, whereas above cities its content can reach 0.05%,

Due to the vertical mixing of the atmosphere such concentration of carbon

dinxide is kept constant to heights of the order of 20-25 km.
Ozcne

Ozone (03) in the atmosphere is contained up to 0.00004%. Distribution of
ozone in the atmosphere is nonuniform. In lower layers of the atmosphere ozone is
contained from 0.000001 to 0.00001%, and at a height of /3-70 km only traces of it

are observed.
Solid and Liquid Impurities

Besides water vapor, ozone, and carbon dioxide, in the atmosphere, constantly
present, are duet, smoke, particles of salt, pollen of plants, bacteria and microbes,
drops of water, and small crystals of ice. The majority of these impurities not
only will directly dim atmosphere, but also have a large value in cloud formstion
and fog, coming forward in the role of condensation nuclei of water vapor.

Distribution of soiid and liquid particles by height i1s intimately connected
with their rate of drop, which may be calculated by Stokes' formula

9=1,26-10°-r* cm/sec (111.3)
where r is radius of particle, cm.

This formula agrees well with expsrimental data for particles having & radius
not more than 10‘3cm, and shows that particles by dimension less than 1 4 drop
with such insignificant speed (v < 10~<cm/sec) that they turn out to be in suspension

and are easily carried by ascending flcws upward.
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where ¥ is coefficien® of turbuiencs,

n, is number of particles in 1 ce’ of air near earth.

Ratio 2. can lie from 405 (by Vigrand) to 750 (by Zaytsev and Gayvoronskiy).

Atmospheric dust can have cosmic, volcaniec, and ground origin.

In the surface layer of the atmosphere the main cause of its turbidity is
ground dust, smoke, bacteria, sait, and hydrometecrs.

Weight measurements show that in relatively transparent rural air there is
contained up to 0.00025 g of dust in 1 cm3, being increased almost three times in
a period of drought and arid winds. 1n dry clear weather in 1 r:m3 of air there is
contained up to 130,000 dust mctes, decreasing after rain to 32,000-30,000. Above

water surface quantity of dust significantly decreases (Table ITI.4).

N Distribution of dust in atmosphere is
' \X determined not only by the state of the
1, weather and the geographic medium, but also
g 3 \ by the activity of man, especially in industrial
%z &\\ regions. City dust and smoke of industrial
T I enterprises, as a rule, are disposed at heights
am [7] Nos 10000 100000

(D) vucra nevnuron 8 1cabosiyza not higher then 700-500 m, however, i case

Fig. IIT.1. Distribution of dust of intense vertical displacements of air they
motes by heights.
KEY: (a) Height, lam;_ (b) Number can be carrisd to great heights.
of dust motes in 1 cm’ of air.
The presence of a sign’ficant quantity of
dust in the surface layer of atmosphere sharply decreases its transparency (Fig,
177.2), and the presence in it, additionally, of hydrometeors and waler vapor to an

even larger degree worsens the transparency of the surface layer.

”



T e T Tr -
f RS l ) i
I 19 o< { 26

Mumber cf dus' motes in 1 cnﬂjs,ooo 2,756 l 1,250 l8oc Irmo

| |

Hydrometeors are formed in air uporn achievement of a saturating concentration

Cisvance froe shore, km |

of water vapor (at a given temperature), when vapor pressure attains maximum value,
Formation of hydrometeors promotes presence in air of hygroscopic impurities - con-

densation nuclei.

Appearance of hydrometeors causes

="00 \
)
g 80 \ & sharp turbidity of atmosphere.
3
S " Depending upon the degree of turbidity
£
$ v \\ of the atmosphere, they demonstrate:
Sw
S Sl Haze with visibility 1-10 km;
a0
= 400 600 853 1000 1200 100 1600
({)'fduua mmuuo:lwu’h.riy.u Fog with visibility less than
Fig., III.2. Dependency of 1 km.
meteorological visual range
on dustiness of atmosphere. Observations show that in water fogs
KEY: (a) Visual range, lan;
(b) Number of dust motes in drops are encountered with dimensions from
1 cm3 of air.

0.1 to 50-60 ¥ . In this case these drops
become visible to the eye and settle on earth in the form of drizzle. The over-
whelming majority of drops have a dimensior of 7-i5 s during positive temperatures
and 2-5 # during negative, Quantity of drops in 1 cm® of air constitutes 50-100
for weak fog and 50-600 for strong.

In haze, which is the initial stage of developmment of fog, the dimension of
drops is less than 1 4 , and their quantity in 1 cm’ of air does not exceed 10-40.,

For the convenience of comparing fogs we characterise them by water content,
i.e., quantity of concentrated moisture ir a unit of vclume. Magnitude of waver
content of fog depends on quantity and dimension of drops and on temperature of air

(Table III.5),

“



W, p/m | ©.050.18 | 0.16-0.25 | 0.18-0.65 | 0.180.7

€.3-1.2 i .5 1.5

Ortical properties of fogs in many respects are similar to properties of
clouds: they reflect the sunlight well (p=~ 0.8) and they have selective absorption
of radiant flux. Scattering of radiant flux is proportional to the number of drops
in a unit of volume and their dimension, i.=., water content of fog.

Theirefore, it is comparatively simple to calculate visual range in fog by the

formula

rs
L=c-g. (111.5)

where Tep is average dimension of drops of fog,
W 1is water content of fog,

c=2,5,ifr _is in 4, and W is in g/h3 (usually in practice we consider

cp
r =15 u ).
cp

2. Weakening of Radiant Flux in Atmosphere

From the point of view of visibility, basic optical phenomena occurring in
the atmosphere, lead to a weakening of radiant flux spreading from the observed
object to the observer, and a lowering of the brightness contrast of an object
relative to the surrounding background.

Weakening of radiant flux in etmosphere can occur in general both due to
scattering and absorption of radiation energy. The first shows in the most con-
siderable manrer in the visible region of the apectrum; the second shows in the
ultraviolet and especially in the infrared region.

It is possible to Judge the character ol weakening of radiant flux of the
atmosphere by Fig. III,3, where there is graphically shown spectral irradiance of

the upper layers of atmosphere 1 and the surface of Earth 2 by solar rays at noon.

*
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(T11.%)
where @ is radiant flux entering the medium,
® is radiant flux outgoing from the medium,
t—e~? 15 coefficient of transparency of a medium with an extent of 1 km;
p=1ln-1. (111.7)
The given formulas are just for nomachromatic radiant flux, spreading horizon-
tally in the atmosphere with a constant attenuation factor on all of the section.
During propagation of radiant flux vertically or at an angle vy to the horizon,
the attenuation factor p can endure sharp changes, connected with heterogeneity

of the atmosphere at various heights,

{ ' In this case one should bresk down

[

s 3

by height the thickness of the atmosphere

4”

-
o

/
/ .
f \ in n equal layers, within 1imits of which

the value of the attenuation factor re-

4
/ N

f/ \’ N mains constant, and should determine for

N

,4// \'}-:..\e“\ each layer the coefficient of trans-

o

(a) Odwgvewrocme,omn.ed.
S
P

a ﬂ)) a3 qias5 ! 4 J

Aruma Bonnot, wn parency. Then total transparency of a
Fig. I11.3. Spectral intensity
of irradiance of upper layers of layer of atmosphere by height H will be
the atmosphere (1) and the asurface
of Farth (2). defined as the product of the cnefficients
KEY: (a) Irradiance, relative
units; (b) Wave length, « . of tranaparency of separate layers:

T S0 a2 S —H A (111.9)

If, however, radiant flux sprecds slanted at an angla ¥ to horizon, then

an3 (111.9)
‘\]z'}ﬂ hd

During propagation in the atmosphere of complex polychromatic radiant flux,
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it is necessary to determine transmicsivity fcr separate monochromatic fluxes, and

then total transmissivity from ratio

icmsla

§ = —

}'xsx‘ﬂ (111.10)

where r, is spectral density of intensity of radiation,
S, is apectral sensitivity of receiver of radiation.
In simpler cases for approximate calculation we use averaged value of
attenuation factor 8. for monochromatic radiant flux within limits of the entire

layer of atmosphers, where there occurs a transfer of radiation energy,

°=f°oxe’°°“dl- (111.11)
Transparency of the atmosphere is a function of scattering and selective
absorption of radiation ererg in the atmosphere. Tharefore, it is possible te
present total transparency of atmosphere as the product of the coefficient of
transparency caused by the scattering of radlant energy 1, and the coefficient
of transparency caused by the selective absorption in it tux:
(111.12)

€= %p%tu.y

3. Scattering of Radiation Fnergy in the_ Atmosphere

Under energy dissipation of radiation in some medium, including the atmosphere, |
we understand the process of deflection of radiant flux from its initial direction.
In the atmosphere the cause of acattering is its ortical heterogeneity and, occurring ;
oecause of this, the refraction, reflection, and diffraction of radiant flux in

these heterogeneities.

WPhr SRR

Depend'ng upon the relationship between the dimensions of particles of the

Lk

dispersed phase and the wave length of radiant flux, scattering may be molecular

aRE o

(in particles of minute dimension), diffractional (in particles commensurable with

54

I



wave length), and geometric (in particles of large dimensions). In real atmcsphere,
where there are particles of practically any dimensions, all three forms of
scattering exist simultaneously.

For visible light the attenuation factor of radiant flux due to scattering
may be determined, if the meteorologica’ visual range is krown:

L-__l;,?, (111.13)

where B 1is the attenuation factor for A = 0,55 & (mile~1].

Based on this expression, Zhil'bert [1] obtained attenuation factors of
visibie radiation due to scattering depending upon tne state of the weather, and
also compared them with scattering coefficient in pure dry atmosphere f, calculated
by the formula of Rayleigh (see Table III.6).

Table TII1.6, Weakening of Visible Radiation ( * = 0.55% ) During
Various Degrees of Turbidity of Atmosphere

L, km State of Atmosphere 5. Mile™l Pi%
< 0.02 Very strong fog > 85.6 > 6,060
0.05 Strong fog 85.6 6,060
0.2 Moderate fog 21.4 1,515
0.5 Weak fog 8.54 606
1 Strong haze 2.14 151
4 Weak haze 1.07 75.6
10 Cleay 0.427 30.2
20 Very clear 0.214 15.1
) S0 Excellent visibility 0.0713 5.06
. For radiation with a wave length other than 0.55 4 , the attenuvation factor

without calculation of selective absorption may be determirsd from ratio
h =(o.55>‘ .
TN (1T1.14)
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This formula ccincides well with practical results when appraising the
weakening of infrared rays by atmosphere with a meteorological visual range of
more than 10 im.

Jebby and other authors (2] determined the transmission of radiant flux in
separate windows of transperency of the atmosphere on a route extendinz 4,200 m,
depending upon metecrological visual range. Interpolation of the obtained data
allowed them to construct convenient curves for calculation of transparency of
atmosphere in the infrarecd region of the spectrm under different atmosphsric
conditions due to scattering of radiant flux in it (Fig. III.4). In all cases

the equivalent layer of precipitated water was taken as constant (17 mm), and the

meteorological visual range was calculated by relationship (III.13).

Scattering of radiant flux of dry

f 'é-”ﬂ' ;' —/,——-‘ﬁ )
| J‘_ﬂ );_;_._:__",__.j and pure atmosphere, with which we
ToEE—L — deal at t heights, with
' :/g// //, usually deal at great heights, a
X i / / ! sufficient degree of accuracy, coincides
8 _L/ / - ! with the laws of molecular scattering,
Sa——8 f studied in detail by Rayleigh.
]
h ! 1 3 4 . Considering the scattering of
('b) druna Soans:, mx
radiant flux by gas ions and separate
Fig. III.4. Transparency of the
atmosphere due to scattering at bunches of molecules appearing as a
different distances of meteor-
lJogical visibllity on a base of result of continuous chaotic motion of
1.85 km.
KEY: (a) Transmission; (b) Wave the latter, Rayleigh introduced the law,
length, u .

"When light ls dispersed by particles,
minute as compared to any of the wave lengths, the relation of amplitudes of
oscillations in scattered and incident light is reciprocal to the square of the
wave length, and the relation of intensities - to their fourth degree".

Mathematically this law may be expressed by the following dependency,
o - (at—1p

\ =g {1+ cos'9), (111.15)
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where ¢' is the coefficient cf scattering in a given direction; angle ¥ with

A
direction of incident monochromatic radiant flux is a component:

n is index of refraction of air;

N is number of molecuies in 1 emd of volume;

r is distance from dispersing medium.

Rayleigh’s law is vali-l as long as the ratio of diameters of particles and

vave length remains significantly less than unity. As azhown by the work of M. V.
Shuleykin, Rayleigh's law is vzlid for drops with a diameter of not more than 0.42 &4 ,
With increase in diameter of particles exponent with w: 2 length decreases (Table

III1.7), changed also is coefiicient A:

o = Ar-h, (III.16)

Table I1I.7. Change of Coefficient k in Expression (III.16) with
Change of Diameter of Dispersing Particles

d, %
&

0,42
4

0,52 0.59
3,5 X

0.64 0,68
3 2

6
5 2

g

In accordance with this, if, for a case of ideal molecular scattering, formula
(T11.16) takes the form & = 0.0082 .i-% then in high-altitude conditions for dry
atmosphere ¢ = 0.012 .1-** and in the case of moisture content in a quantity of
10 mm of condensed water

¢,==0,0008 X 1-1."%,

Diffractional Scattering

In real atmosphere always present in suspension are solid and liquid particles,
the dimensions of which are commensurable or exceed the wave length of the spreading
radiation. Fnergy dissipation of radiation in them is more complex and may be

described by the following mathematical dependency:

R= 1 [(ad),
(111.17

2wp n
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where #® 1is intansity of scattered radiation energy;
? is radius of dispersing particles;
n, n, are indices of refraction of . particle and air.

In distinction from molecular scattering where the polar diagram is symmetrical
relative to the primary beam and in & direction perpendicular to it, during dif-
fractional scattering there is observed symmetricaliness only relative to the primary
beam, and the indicatrix may be expressed by equation

R,=1+ pcosp+ gcos'p. (111.18)

Coefficients p and q depend on substance of particles and their dimensions.
For fog with average water content p = 2,7 and q = 3.

With increase in gq, i.e., ratio of pto A, the diagram of scattering is
extruded forward. Energy thrown back and to the sides decreases, approaching in
limit to 16.8% of all decreased energy (geometric scattering).

Hutton and Stratton found that in the case of diffractional scattering the

coefficient of scattering 8, is function
Pa= 2*9%}
k= f(a).

Since k depends on dimension of particles and wave length, then at A = const

(111.19)

the curve in Fig. III1.5 gives dependency of scattering coefficient on dimension of
particles, but at P = const - on the wave length of the spreading radisnt flux.

A particular case of diffractional scattering is the case of the scattering of
radiant flux on limiting large particles - geometric scattering. It is characterized
by two basic positions:

a) magnitude of scattered energy does not depend on wave length of radiant
flux falling on the particle:

b) energy of radiation thrown in the direction of the primary beam is 24 times

more than the energy thrown to the opposite side.

.
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Fig. I1T.6. Distribution of drops
in fog by dimensions.

KEY: (J Number of drops in 1 om’;
(b) Radins of drops, u .

In spite of this, in practice is observed the best passage of long-wave
infrared radiation in a turbid atmosphere, where geometric scattering is basic.
This is possible to axplain, first, by the dependency of refractive index of the
reflecting particle on wave length and, secondly, by the presence in atmosphere,
along with big particles, of a very large quantity of small particles (Fig. III.6),
which on the whole :nakes atmosphere more transparent for long-wave radiation.

Best passage of turbid atmosphere, including fogs, by long-wave radiation is
confirmed by a munber of works, in spite of the presence, in this region of the

spectrum, of selective absorption.

L. Selective Absorption of Radiant Fnergzy

During absorption of radiant flux in the atmosphere there occurs its weakening
due to transition of part of the radiation energy into other forms of snergy:
thermal, mechanical, and chemical. Characteristic for such weakening is the fact
that absorption of radiant flux in the atmosphere is selective and exists only for

those waves whose frequency is resonance for moleculess of gases composing the

atmosphere. As a rule, in such selective absorption of radiant flux participate
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rolyatomic molecules of gases and in the first place water vapor (Hzo), carbon
dioxide (CO,), and ozone (03).

Ozone has the moet important absorption bands in the far ultraviclet part of
the spectrum between 0.2 and 0.32 4 with Auaxc = 0.255 4« ; in the visible region

— with Awaxe = 0.6 4 , where the coefficient of absorption is p = 0.068 cm™t

; in
the infrared ragion of the spectrum in a range of wave lengths 4.53-4.95 u ;
8.3-10.6 # (B = 0.255 ca™l) and 12.1-16.4 & .

Carbon dioxide has a series of absorption bands in the infrared region of the
spectrum, from which the strongest are the narrow band 4-4.8 , and the wide in a
range of 12.9-17.1 ¥ with Awsx'= 14.3 4 .

Water vapor contained in atmosphere in relatively large quantities, has a
large number of wide absorptior bands in visible and infrared regicns of the
spectrum. In the visible region of the spectrum are five relatively weak absorption
bands by water vapor, namely: 730.4~682 mu , 606~586 mu. , 578-567 mu , 547.8-542 my
and 511.1-498 mu . However, even near the infrared region of the spectrum there

are strong and wide absorption bands: 0.926-0.97¢ & , 1.095-1.165 # , 1,319~
-1.498 u., 1.762-1.977 u and 2.52-2.845 & ..

':: In Fig. IIT.7 is depicted trans-
et i : parency of atmosphere with a thicimess
10 f" T
) 1Tum Hz0
§§:: I 7 L U of 1,830 m, according to Jebby, for wave
”l
2“3«) lengths to 14 u .
Biw
iéu - 17 : The fullest and most detziled re=-
< 10
—~ 8 search of spectral transmittance of the
N 1 2 ¢ 5 67 8 9118 11121311

(b) Lsuwa Boanm, n=
Fig. III.7. Transparency of

atmosphere in the infrared range of the

atmosphere by Jebby. spectmm was conducted by Taylor and
KEY: (a) Transmission of

atmosphere with a thickness Vayts [Whites, Waites] in 1956 [3]. 1In
of 1830 m7%; (b) Wave length,

“. this research they studied transparency

of a horizontal layer of atmosphere above

#The Russian subscript "make” indicates "maximum",--Ed.
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a water surface, length of sections correcponded to 305 m; 5.47 and 15.2 km.

As a result of research there was obtained a fine structure ¢f spectrum of
transmission of the atmosphere in a wave range of 0.6~15 « .

The works of Jebby, Tsylor, and Uayts [Whites, Waites] allow us, with
sufficient accuracy, to de¢ ermine those sections of spectrum, within the limits of
which the atmosphere is more or less transparent for infrared rays. Thus, for air
at sea level with a content in the layer of precipitated water 13.7-17 mm there
are "windows", i.e., sections transparent for infrared radiation, with the

following wave lengths,

0,95-1.05 & 3.3~4.2 u
1,15-1.35 « 4.5-5.1 u
1.5=1.8 4 8-13 &
2.1-2.L u

With increase of height above sea level the peasband width of the "windows"
of atmosphere is increased (Pig. 1II.%) due to decrease of air demsity and quantit:

of water vapor in it.

e

A sufficiently simpie method of

calculating transparency of the
Oum

atmosthere inside a wide spectral

(a) Messsmrenve, %
=
tr

fiam band was offered by Flder and Strong
3
' S TP W .4 | [5]. Their method of calculation
mwu(guiinmn
Aauna basws, un is based on the experimentally fixed
Fig. I11.8. Spectral coefficient
of absorrtion of the atmosphere fact that the more equivalent the
at various heights.
kK=Y: (a) Absorpticn, 7; (b) Vave layer of absorber W, the less the
lenpth, 4 .

additional increase of absorption
caused an increase in equivalent layer of absorber to magnituce dW. Mathemat..

ically this position may be described by approximate empirical equation

ta—{,— ¥k log W, (1171.20)
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Fquation II1,20 is based on the assumption that spreading radiation occupies
a sufficieqtly wide spectral range, in order to include some absorption bands.
Therefore, Elder and Strong broke the spectrum of infrared radiation 0.72-14 &
down into 8 sections, for which values of coefficisnts to and k were determined
(Table III.B8).

Table 11I.8. Sections of Infrared Spectrum and the Value
of Constants in Equatior (III.20)

No. of section Boundary zf k to
I 0.72-0.92 15.1 106.3
II 0.92-1.1 16.5 106.3
II1 1.1-1.4 17.1 96.3
Iv 1.4-1.9 13.1 81.0
v 1.9-2.7 13.1 72.5
VI 2.7=4.3 12.5 72.3
VII L4.3-5.9 21.5 51.2
VIII 5.9-14 — -—

For the case of atmosphere free from solid and liquid impurities (based on
Elder and Strong, over 2-3 km), but containing water vapor, the solution to
equation (I1I.20), depending upon the concentration of water vapor, is shown in
Fig. I11.9, where, to determine water content of the atmosphere at heights over

3,000 r, Elder and Strong applied expression

%)
V=a.;§0 L,
where a, is absolute mmidity for earth, g/em’,

(111.22)

H is height, lm,

L is distance, m.




The graph in Fig. I11.9 allowr us,

'
L h § N \ with respect to definite water content,
§_ ) \ \ \\ - to determine transparency of the atmosphere
§” S\\- - % due to selective absorpcion of water
;‘E“ ’ &\ vapor inside any section of the spectrum
Su \- &\\\ at heights over 3 km. However, the

&

. ] squation of Flder and Strong does not

w o
(D) mbubesenmmi coui Boin, aw
consider weakening of radiant flux by
Fig. II1.9. Graphic interpretation

of equation ve.=t—% .0g J. haze. Using data of many observations
KfY: (a) Transmission, relative
units; (b) Equivalent layer of for heights over 2-3 km (pure atmosrhere),

water, mm,
Flder and Strong (approximating dependency

tp=f(A) . for equivalent layer of water 1 mm) give a formula of transparency of
atmosphere due to scattering in water vapor:
v, =(0,998)", (111.22)
where W is water content in atmosphere on every kilometer of beam path.
Consequently, in accordance with expression (117.12) total transmissivity of
pure atmosphere may be calculated as

t=ta %=, —k log W) -0,998". (111.23)
Literature

1. JOSA, 1941, No. 7.

2. Iroc. Roy. Soc. Am., 1951, No. 1084, p. 206.
3. JC3A, 1957, Vol. 47, No. 3.

L. JOSA, 1956, Mar., Vol. 4%, No. 3, Apr., No. 4.

5, J. Franklin Inst., 1953, Vol. 255, No. 3, p. 189.

63




e s SNV

CHAPTER IV
OPTICAT. MATERIALS AND OPTICAL SYSTEMS
I. Materials
1. Infrared Filters

The filter is an optical device, with the help of which a change of spectral
composition and magnitude of radiant flux falling on a sensitive element is possible.

The action of filters may be based on difierent optical phenomena: absorption,
interference, selective reflection, polarization, and so forth. Filters can be
solid, liquid and gasiform. In technology the most wide-spread are solid filters,
founded on the absorption of radiant flux in glass, plastic, special films and
artificial or natural crystals.

For absorption of visible radiation and transmission of near-wave infrared
radiation (0.8-3 4 ) the most widely used are glass filters, colored in their mass
by manganese oxide or sulpho-selenide of antimony, and also film and filters on a
base of acetyi-celiulose or gelatin (Fig. IV.1 and 1V.2).

From filters is required maximum integral tranamission in the infrared region
of the spectrum and minismum - in the visible., Furthermore, it is desirable that
the front edge of the spectrai curve of transmission would be, as far as possible,
steeper., In this respect film filters are somewhat better than glass, however, the
latter are stabler in time, more durable and more heat- and moisture-proof. They

are also more technical in production.
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Fig. IV.1. Transmission of infrared
Citters. | nSIESRION © For filtration of visible radiation

1-<-KC=13 d = 2 mm; 2~-KC-12 d=2mm;
3._p11m3d =3 ,:zh L—Film d = A.ué. with success gelatin glass filters can

KfY: (a) Transmission, %; (b) Wave

length, u . be applied (Fig. IV.3). They consist of

a layer of colored gelatin placed between
two pileces of glass. These filters have a steep front edge of spectral character-
istic and a high transparency in the infrared region of the spectrum. However,
they are sensitive to change of temperziure and possess bad moisture proof character-
istics, sirce they consist of three elements glued together.

In the considered filters visible radiation 1s absorbed by dye, but absorption
of long-wave radiation is determined by the sort glass. Therefore, for filtration
of long-wave infrared radiation can be used unpainted glass (Fig. IV.lL) which
conducts well visible and infrared radiation up to 2.5 » , and opaque for waves of
more than L.5 4 .

To exclude visible and near-wave infrared radiation powder filters have been
used, constituting a base which is transparent in the necessary region of the spectrum
(a plate of sylvite or rock salt), on which, by means of evaporation in a vacuum,
there is precipitated a layer of metallic or semiconductor powders.

Principle of action of such filters is based on dispersion of visible and
near~wave infrared radiation by particles whose dimensions are commensurable with

wave length. Such filters will be opaque for radiation with wave length smaller

R



than dimensior: of particles of the powdery layer, and transparent for wave lengthe
larger than dimension of particles. It was determined that for transmission of
radiation energy in range of waves 2-7.5 x particles of a powder filter have to

have dimensions from 0,22 to 2.5 u [2].
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Fig. IV.3. Transmission of gelatin : \ N
glass filters of the firm of "Worten- ’ N 7 ] 4 5 ]
Kodak" (1 ) and State Opticll Institute (b ) Aauna Jo’”‘,’”ﬁ
(GOI) No. 2128/6680 d = L mm (2).
KEY: (a) Transmisaion, ¥; (b) Wave Pig. IV.4. Transmission of glasses,
length, u . mirror (1), quartz (2), window (3)

and single crystal of quartz (4).
KEY: (a) Transmission, ¥; (b) Wave

length, & .
As a rule, dispersing powder should be transparent to infrared rays, however,

as in seen from Fig. IV.5, metallic niello can appear transparent to infrared rays.

v ” T To powder filters one should relate
”
" 7 7/‘ J U filters of silver chloride with a black
ve 1 (
Yo layer of silver bromide. They are abso-
-«
< 50
§. " A\ 3 1rtely opaque for visible rays, but
S
,‘;:: Pdl conduct radiation well in the wave range
2 7
7
" 1-3 » (3],
LR 3 N A I B B )
(b) geawe Soami.ma As a base for many powder fil*ers
Fig, IV.5. Transmission of powder is applied mica, if it is desirable to
filters:

1—pold nielle on sylvite; 2—selenium separate radiation with a wave length of
on sylvite; 3——telluric niello on

sylvite; L--magnesium oxide on micaj 2-8 u . Spectral transmission of two
5—bismuth niello on sylvite; 6—

magnesium oxide on glass (d = 0.1 mm).
XKEY: (a) Transmissior, %; (b) Wave sorts of mica is shown in Pig. IV.6.
length, u
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Table IV.1.

Basic Properties of Certain Crystals

al. 1)

Re-
frac-
tive
Index
"n

Solubil
ity in
Waterrf

/100 cm

b

Properties

NaCl

IiF

CaF,
(Fluorite)

KC1
(Sylvite)

CsBr

CsI

27

85

31

40

50

1.55

1.54

1-39

1.43

1.49

1.67

l.?

53.48

35.7

0.27

0.002

34.7

(20°c¢)

127.5

124.3
(25°C)

Colorless cubic crystals. Hygroscopic,
soft, easily scratch. Dissolved in alcohol
and glycerins. Prepared in diameter up to
190 mm. V:lue average

Colorless cubic crystals. Hygroscopic.
Cracked, easily scratch. Dissolved in
glycerine. Prepared in diameter up to 190 mm.
Value low

Colorleas cubic cryatals. Cracked,
easily scratch. During polishing can be scaled
off on surface. Dissolved in acids. Prepared
in diameter up to 185 mm and larger. Raw
material for artificial preparation is defi-
cient. Value average.

Colorless cubic crystals. Cracked,
easily scratch. Start to conduct from 0.324 u .
Dissolved in solutions of salts NHA. Prepared
in dimension up to 150 mn. Value average.

Colorless cubic crystals. Hygroscopic.
Fasily scratch. Dissolved in alkalis, esters,
glycerine. Have absorption band near 3 and
7 4 ., Good crystals are rarely encountered.
Value average.

Colorless cubic crystals. Are very
hygroscopic. Polished with difficulty. Very
soft, easily scratch. Dissolved in alcohol
and ammonia. Prepared in diameter ufp to
19C mm. Value average.

Colorless cubic crystals. Hygroscopic.
Seft, easily scratch. Dissolved in alcohol.
Prepared in diameter up to 45 mm. Value
average.

Colorless cubic crystals. Very hygro-
scopic.
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The above considered filters allow the separation of comparatively narrcw sec-
tions of the infrared spectrum. If it is necessary to work with long-wave infra-ed
radiation, then it is expedient to apply materials for which the normal frequencies
of oscillations of molecules lic in the far infrared region of the spectrum. Such
materials are, mainly, crystals: potassium bromide, potassium iodide, rock salt,
lithium fluoride, calcium fluoride, potassium chloride, cesium bromide, and others.
Their basic properties and spectral curves of tranamission are given in Table IV.1l

and in Fig. IV.7.
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— " B Nz Fig. IV.7. Transmission of
A NN N RN LKL certain crystals.

() Lsuna Beanes, mn KEY: (a) Transmission, ¥;

(b) Wave length, u« .
Fig. IV.6., Transmission of black mica
d = 0.4 mm (1) and muscovite d = 0.2 mm

(2).
KEY: fa) Transmission, ¥; (b) Wave
length, u .
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Fig. IV.8. Transmission ol Fig. IV.9, Transmission of tefion.
protective films. l--thickness 0.7 mm; 2--thickness
l--polyethylene d = 0.025 mm; 4 mm; and 3--vinyl varnish d = 20« .
2-~hydrochloride of rubber KEY: (a) Tranamission, ¥; (b) Wave
= 0,045 mm; 3--nitrocellulose length, & .
d =0,5mm,

KEY: (a) Tranamission,%; (b)
Wave length, 4 .




The characteristic peculiarity of :he enumerated crystals is high hygroscopicity,
for which it is necessary to cover them by protective films, introducing noticeable
absorption of Infrared radiation and worsening the optical properties of parts of
the instruments. As protective films, the most frequently used are films of hydro-
chloride, rubber, polyethylene, teflon, vinyl varnish, and other materials [5]

whose spectral transmitt nce is shown in Fig. IV.8 and IV.9.

2. Materials for Protective Glasses and Cowls

Materials, from which are prepared protective glass and cowls of infrared
instruments, besides a high coefficient of transparency in the needed range of
wave lengths, must satisfy the requirements of high durability, heat and moisture
proof characteristics, and stability of properties in time, and must allow the
manufacture of models of different configuration. ‘

Therefore, considered in Section 1, the materials with the exception of glass,
even if they can be applied as entrance windows of radiant flux receivers, as a
rule, are unfit for protective pglasses and cowls of infrared instruments.

Recently wide research has been conducted, which makes it possible to obtain
new artificial materials coabining good transparency in a wide range of wave lengths
of the infrared region of the spectrum with good operational qualities.

Characteristics of such materials are given in Table IV.2 [4] and Fig. 1V.10.

The glass "Servofrax", developed in the United States, is used for the manu-
facture of lenses and objects having minimum spherical aberration in a wave range
of 2-5 4 . In order to decrease losses on reflection, surface of lenses is cleared
(9].

S5ilver chloride in the form of rolled sheets [16] and articles of it are widely
ugsed where nonhygroscopicity and inse ubility in wvarer ars requirsd. The coeificient
of transparency of silver chloride up to 18 4 1is 80%. Increase of transparency
may be attained by brightening surface; indeed, this introduces additional absorption
bands caused by absorption of the film of polystyrene [17]. A deficiency of silver
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Table IV.,2.

Basic Properties of Cortain Materials Applied During the Manufacture
of Cowls of Infrared Instruments

Solubilit;l
Material )‘o nn in water Properties
M T
2/100 cm3
Glass 3 1.5=1.9 0 Homogeneous, Colorless. Easily cut,
und «nd polished. Nontoxic. Dimensions are
ted. Value low.
%lasa 12 2,59 0 Homogeneous red glass. Nontoxic. Softened
Servo- t +195 C. Is dissolved in alkalis. Dimension
frax" 8 limited by structural considerations. Cen be
Al554 [9] pplied for all types of optical systems.
AgCl 23 2.07 0 Colorless cubic crystals. Isotropic. Will
t crack. Soft. Are subject to fluidity at low
temperatures. Darken in sunlight. Cause corro-
sion of metals. Are dissolved in NH,OH, NaS503
XCN. Are prepared in dimension up toc 100 mm.
Value high.
Fused 4 1.43 0 Isotropic. Has good technical and themmal
Quartz properties. Is dissolved in HF. Dimension is
Glass limited only by optical homogeneity. Value
510, laverage.
Sapphire | 5.5 1.77 0 Artificial hexahedral crystals, Will not
A1,04 (10] crack; scratch with difficulty. Mechanical
urability excellent. Thermal properties good.
dimensions up to 125 mm. Value high,
Periclase | 10 -— 0 Artificial isotropic mineral. Mechanically
MgO [8] very sturdy. With passage of time its surface
ims due to formation of Mg(OH),. Value average.
Siliecon 20 3.5 0 Cubic crystals of grayish-steel color. High
(12,13,14] jmelting point. Are dissolved in HF and HNO5. Are
prepared in dimension up to 4O mm. Value high.
Germanium { 4O — 0 Crystals of grayish-steel color with dark
(14,15] lue nuance. Are well processed. Mechanically
stable. In the region of 1.5-15 & transparency
is not less than 40%¥. Value high.
KRS=5 38 2.63 0.02 Red cubic crystals. Will not crack, easily
TaBr+TaJ acratch, are difficuit to polish. High coeffi-
cient of expansion. Are toxic. Are dissolved in
HNO3 and in aqua regia. Are prepared in dimen-
slon up to 125 mm. Value high.
KRS-6 — — — Optical properties better than for KRS-5.
T1Br+T1C1l Toxic. Value very high.
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chloride is the fact that it is impossible to apply in daylight. To prevent
blackening of silver chloride its surface is covered by antimony «r seleniwm, which
leads to a certain increase in reflsction of radiant flux due to the larger value
of refractive index for antimony and selenium than for silver chloride.

Artificial sapphire finds application for cowls of rocket missiles with infra-
red homing devices [10]. At present production of nose cones with diameter of
140-175 mm has become familiar. Synthetic sapphire passes 907 of the radiation
with wave lengths up to 4 x4 and 502 on 6 ¥ wave. In hardness artificial sapphire

stands next to diamond and preserves it up to a temperature of 1,800°C (Fig. IV.11).

e \ar
b~ tz,o, Soa| ) . "
N: - fb;;l'.!nt o »5‘_!&52” \q/
L l” SF 2odud R_” ) - 1750 e (d)
s : L ¢t 2om § nl o
[ - 0 [~
53 VAT e — g % p/wmn \ A /
Sy ( Asin Jam ~ E” d-s00nm h 3/
Chy ~W L
—
~ 0 3 6,9 17 6 o uwz7n I ,
[ F & § 6§78 90 12311
(b) druna boanas, e () Lruna beans:, mn
Fig. IV.10., Transmission of Fig. IV.11, Transmission of silicon.
certain materials for cowls KEY: (a) Transmission, %; (b) Wave
of infrared systems. length, # ; (c) Type; (d) omm.cm.

KEY: (a) Transmission, ¥;
(b) Wave length, u« .

Germanium and silicon have become seriocus competitors to quartz, sapphire, and
silver chloride as optical materials for infrared instruments, in spite of the
comparatively high cost of obtaining them. These elements very similar in optical
respects, possess good transparency in a wide range of the spectrum, allow the
clearing of their surfaces and have good thermal and mechanical properties (12, 13,
1, 15]. )

Alorg with crystal materiale zlass like materials have come into wide use.

Tellurite black glass [16], containing from 20 to 81.5% TeO,, and as impurities
~ Ca0, MnO; and V205, passes, in a wave range of 0.8-5.0 # , up to 70% of radiation

energy. Having similar properties are: Tellurite glass TeO; - PbO-ZnF, (17},
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lead-lanthanum germanium glass type G-135, calcium-aluminum - silicate glass type

C-1458, and, equivalent to them, germanate glass C-1434 (18) (Fig. IV.12).

L Analogcus curves of transmission
.:: = have glass like materials on a base of
§ o —F calcium aluminate [19], which in a wvave
i § Y " range of 2-5 4 have a coefficient of
’ §i: transparency up to 90% and a refractive
.§W index for a 4.26 u wave of 1.592 — 1.753.
;’:: n? Glass-like materials with a wider
f 0 range of spectral tranamissivity have been

1. 2 3 & § 6 7
(b) Lsuwa basws, ux

created on a base of selenium, arsenic
Fig. IV.12. Transmission of glass:

1--G-135, thickness 2mm; 2--C-1434, anu sulfur [17, 20].
thickness 2 mm.
KEY: (a) Transmission, ¥; (b) Wave Sulfur-arsenic glasses (Fig. IV.13)
) length, u .
; are transparent up to 14 « and in a
L case of 20% sulfur content they will pass up to 50% of the radiant flux (curve 1, a),

and with 60% sulfur content the coefficient of transparency of radiant flux is in-
creased to 65% (curve 1,b). Glass-like selenium (curve 2) has an almost uniform

transparency in a wave range of 1-21 « , equal to 60-65%.

" T The most successful was glass from
o" g L l
g‘:: NT-3200 pentaselenide and pentasulfide of arsenic,
= a-1um {
.2
Q;:L . whose spectral curves of transmission are
20
—~10 ™ shown in Fig. IV.14.
N 01 2T 65 6718 9001 12131615/617181920
(b) geuna Boswsr, mn Trisulfide of arsenic, obtained
Fig. IV.13., Transmission of glass Freric, constitutes a glass-like substance
of sulfw -arsenic 1 and selenium 2,
XEY: {a) Transmissionm, %; (b) Wave of a dark red color. At normal temperature
length, x .

coefficient of expansion is 26-10'6, point

of softening +195°C, solubility in water at normal temperature 5.10~° g/100 cw’,
density 3.2 g/cn3 Tranamissivity in the 1-12 4 region is 70£. The glass is hard
but easily ylelds to grindir-.
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Pentaselenide and pentasulfide glass,

80 A W5
b/ W,
e 6: y o Y- 17 black in appearance with a brilliant
~ - .
XU ~ surface, is insoluble in water at normal
x 40
v ]
Eu 1 temperature (at 100°C their solubility
= W
0 _ £ constitutes 0.0017 g/100 cm3), and has
VT S 6718 90NN
Rauna boansi, mx a density of the order of 4.4 g/cm’ and
Fig. IV.4. Transmission of a softening point of 200°C. In a wave
pentasulfide (1), pentaselenide
2 trisulfid r ic. £ 0.6<13 4 ¢t ft
}((E%:’ &?Sl T;ar?:missforg?)%? (gyaen c range o 3 ransparency of the
Wave length, 4 : glass constitutes 60-65%,

3. Reflecting Coverings

In instruments of infrared technology relecting optical systems are frecuently
applied. Their basic advantage, as compared to lens optics, is the absence of
chromatic aberration, which allows us to use the same objective in a very wide
spectral range. Furthermore, the value of mirror objectives is lower than the
value of lens.

To mirrors are presented two basic requirements: high reflectivity in the
needed spectral range and good quality of image. The first is attained by corre-
sponding selection of reflecting covering; tha second - by the quality of manufacture
of the sublayer (glass or metsllic) of a definite form: paraboloid, hyperboloid,
ellipsoid, part of a sphere or, finally, a plane. The sublayer material most widely
used is glase, which processes well and allows us to obtain reflecting surfaces of

high quality.

infrzred rays

of metal by meane of its svaperaticn in & vacumm, since reflectance

of coverings precipitated in a vacuum is always higher than
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of metal.

In the infrared region of the spectrum high reflectance is possessed by silver,




gold, copper, rhodium, and alwmimm (Fig. 7V.15). Por wave lengths, more than 4 « ,
reflectivity of these coverings may be defined by the formula

r=1-0365Y L, (1v.1)
where r is the specific resistance of metal, ohm/mn/m;

A 1s wave length, u .

Silver in the infrared region of the spectrum has a reflsctivity of 99%, how-
ever, only in the freshly prepsred layer. With passage of time the layer darkens,
and rellectance strongly drops. Moreover, because of comparatively bad cohesion
with glass, the physical durability of the layer is insignificant.

Alloy of aluminum and magnesium (69% Al + 31% Mg) is more stable than silver,
but reflectivity in the infrared part of the spectrum attains 92%.

Gold and platinum have the same reflsctivity in the infrared part of the
spectrum, as silver, and in their chemical and physical stability do not differ
except in rhodium coverings. A layer of gold is very convenient if it is recessary
to lower reflection of visible radiation.

{c)

':: I - s e b Aluminum has high reflectivity in
.\":: 4.; u" = el all the optical part of the spectrum of
S f
$ 5o ™ electromagnetic oscillations -~ from vacuum

0
E-;g F ultraviolet to the far infrared region.
f\” 1
)
iy .1 "‘ 0 R Possessing good cohesion with glass and

b) Asung beanet,mn
protective oxide film, the reflecting

Fig. IV.15. Spectral refle:tivity
of certain coverings. aluminum layer has good mechanical dura-
KEY: (a) Reflection, ¥; (b) Wave
length, 4 ;3 (c) Alzak. bility (covering can be washed by water

with soap) and does not dim in air. The
thickness of the protective oxide film attains 100 ; To increase its durability
a spray of a thin film of S10 is applied, which, even under conditions of heating
up to 450°C for 4O hours and the effect of a 20% solution of NaOH for an hour,

ensures preserva.ion of reflectance of the layer.
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Frequently it 1s desirable to use the reflective element as a filter for
cutting out an unnicessarv section of wave lengths or isolation of a desirable
band of radiation. With this goal, in recent ysars there have been devsloped
different combinations of selective reflecting films [21].

In the simplest form, such reflective filters consist of opaque, well-reflecting
metal (for instance, aluminum), dielectric lining and a semitransparent layer of
metal. Maximum reflection is for those wave lengths, for which the thickness of
the lining i: equal to an even mumber of quarters of wave lengths; minimm -~ for
those wave lengths, for which thickness ¢ * lining is equal to an odd number of
quarters of wave lengths. Reflectivity for maximm is equal to the reflectivity
of opaque metal, but reflection for minimm may be brought to zero by means of
corresponding melection of thickness of semitransparent metallic film (Pig. IV.16).

Filters of such type are prepared

" T 1]
’}“f"’”""”"(b for all the optical region of electro-

MCMAARUYECNAR
RASHNG

&
—

magnetic oscillations and micro-waves.

(-
Q

) It was determined that, applying several

film pairs, it is possible to prepare

(a) Ompaxcenue, 7
<

el /]

1 very narrow-bana reflecting filter.
42 (N @ o o 47 [T 1)

£) doume s, Very frequently it is necessary to
Fig. IV.16. Construction and :
spectral reflectivity of cut out the visible and ultraviolet part !
selectively reflecting filter.
KEY: (a) Reflection, %; (b) of the spesctrum for the purpose of de-
Semitransparent metallic film;
(c) Dielectric lini.ns; (d) creasing the effect of scattered light
Opaque aluminum; Glass;
(f) wave length, u . in the instrument. With this goal, two

fila combinations of such "dark™ mirrors
were developad (Pig. IV.17).

In first type aluminum is covered by germanium film and SiO, where each of
the films has a thickness approximately a quarter of the wave length. Germanium
is used because of its good absorption in the visible part of the spsctrivmu and
good transmission in the iifrared.
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Fig. IV.17. Construction and spectral reflectivity
of "dark" mirrors.
KEY: (a) Reflection, %3 (b) Up to; (c) Minutes;
(d) Opaque; (e) Glass; (f) Wave length, « .
In the 3sec 1 type two coverings of SiO are used (divided by semitransparent

aluminum film applied on an opaque layer of aluminum.

II. Optical Systems

4. Assigmment and Classification

Optical systems are designed for reception (tranmmission) and red:stribution
of radiant flux with the purpose of its more effective use.

They can be a component part of a source of radiation energy. In this case
optical systems serve either for concentration or radiant flux in a small solid
angle to obtuin great luminuous intensity in a definite direction, or for obtaining
a definite form of rays of radiant flux.

If optical systems are applied jointly with a receiver (indicator) of radiation
energy, then they are designed for focusing radiant flux .icident on the optical
system and the direction of it to the sensitive element of the receiver. Thanks to
this, irradiance of the sensitive element can significantly exceed irradiance of
the surface of the optical system.

There are three groups of optical systems:
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a) lens or dioptric, in which radiant flux is redistributed as a result of

passage of it through re racting medis,

b) reflective or catoptric, in which radiant flux is redistributed in space

as a result of reflection from one or several mirrors of different form,

¢) mixed, combining lens and reflective systems.

These three groups of optical systems have found wide application in instruments
of infrared technology.

Quality of optical svstems in infrared instruments in many respects is de-
termined by their resolving power, which in many cases should be very high. Thus,
in visible and near-wave infrared regions of the spectrum where as sensitive elements
are used the eye, a photographic plate or an image convertcr, having a resolving
power sometimes less than 10 4 , from optical systems there is required a resolving
power not less than 40-50 lines per 1 mm. Starting from 2 # and above the re-
solving power of contemporary sensitive elements constitutes a magnitude of the
order of 100 4 and more, which somewhat lowers the requirement for resolving power
of optics. This circumstance makes it possible to apply, in certain types of
infrared instruments, simpler optical systems.

Resolving power of the ideal optical system is limited by the diffraction
pattern around the image of the observed pvint, Diameter of the image of a point
source, in this case, may be determined from relationship

Ll (Iv.2)
where d is the diameter of the central maximumm of point image in the same units as
2.
f is focal length of objective, effective for a given:,
D is diameter of inlet.

This expression shows that with increase in ), and f, resolving power of

optical systems worsens.

In real optical systems, resolving power additionally worsens due to distor-

tions inherent in them (aberrations).
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n= Optical Systems

Any lens optical constitutes & definite combination of lenses, therefore,
basic operational prirciples of such systems can be explained by the example of the
work of a single lens. The lens is that component made out of some kind of trans-
parent material, limited by one or two spherical surfaces whose centers are dis-
posed on one line called the main optical axis of the lens (Fig. IV.18a).

For deacription of geometric forms
and properties of a lens it is sufficient
to know the radii of curvature of surfaces

r and r,, axial thickness d, diameter D

and index (refractive index of material

Fig. IV.18a. Parzmeters of
a lens,

n. from which lens is prepared.

In the case of collecting systems (obje:tives) the basic problem of optics is
obtaining ar. image of luminescent points or extended objects.

An image of luminescent points, obtained with the help of lenses, differs
from real sources by the fact that although from the real source radiant flux spreads
to all sides and may be revealed from all sides, from its image, obtained with the
help of a lens, radiant flux spreads in a limited c0lid angle «. The magnitude
of this solid angle is determined by the relative opening of the lens. Thus, if
cne decreases the diameter of the lens by the diaphragm, then the solid angle will
be narrowed and, within limits, an image will be observed only in one definite
direction (Fig. IV.18b).
1sidered sxample source of radiation S is on the main optical axis
of the lens. Its image S' is obtained alsc or the main optical axis at a point
called conjugate. If one moves the source of radiation from the lens to such a
distance that it is possible to consider the rays falling o2 the lens parallel, then

the image will be at a point called main focus F.
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"he distance from tle main plane of
lens HH t¢ the main focus is called main

focal lengta [ . Main focal length [

depends on magnitude and direction of

radii of curvature, refraction index of

material and thickness of lens

Fig. 1V.18b, Observation of an

image of a luminescent point

through a lens. _ nr,ry

KEY: (a) Unseen. F= (n—Nars—r)+@—0d] * (IV.3)

In diagrams of objectives there are usually indicated magnitudes ) and v’
(sumit focal length). This allown us to find the main back focus F' and, deferring
to the left o" it, the main fccal length f', to obtain the positions of the main

plane H'H' (Fig. IV.19).

:' L s Introduction of the idea of main
:: plane H'H' allows us to replace the
';L actual refraction of the ray on all
; l:" I-( surfaces of the lenses of the objective
" ! by a fictitious one, and thereby carry
Fig. IV.19. Lefinition of the out more simply, a geometric construction

main plane of objective,

of the image,
I1luminance of the image created by the objective is proportional to the
candle~power, i.e., the illuminance of the image is increased with an increase of

diameter and a decrease of focal length of objective

—ofly .
E"C( T)° (Iv.4)

In this connection one should consider the question concerning brightness of
the image of the observed object obtained with help of the objective. Here two

cases are characteristic: observation of an extended object and observation of

a point source of radiation (Fig. IV.20).
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In the first case at distance 1 from the objective with an area of inlet 5
there is a body with surface ¢. The image of this body with area o1 is constructed
by objective at distance 1,:

= (1v.5)

Radiant flux, directed from the trdy to the objective may be defined by
formula © = Bos,
where B is brightness of surface s;

-:—-:—;?;- is solid angle, in which flux ®, spreads, consequently,
=—&£— . (Iv-é)

Fmerging from the objective, radiant

$  flux will decrease its magnitude due to

losses in the objective

P, =+0.

Fig. IV.20, To calculate brightness
of image. This flur creates an observable

image by area o1 and brightness B,,

B,e,S t8sS
0 — 1¥1 .
} 'f It

whence
B, =«<8. (1Iv.7)
Consequently, brightness of the image built by the objective is always less
than the brightness of the observed object ( v<1).
Illuminance of the image created in this case by the objective may be calculated
by the formula
=T,’=Tf"='_,2_“‘ (1v.8)
If cne considers, with optica. instruments, point sources of radiation, then
one can obtain also amplification of brightness of the image. However, in this
case a decisive role is played by a characteristic of the work of the eye during

observation of extended and point o3jects.
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During observation of a point source all of its image falls on one light sensi-
tive element of the retina of the eye regardless of whether it was considered by
the naked eye or through an coptical instriument. During observation of & source by
the naked eye the luminous flux falling on an element of the retina is proportional
to the area of the pupil of the eye. If, however, a source is observed in an
optical instrument, then on the eye falls a luminous flux proportional to the area
of the objective. Thanks to this the brightness of the image increases proportion-
ally to the ratios of the squares of the diameters of the objectiv:c and the pupil
of the eye. And since the brightness of background, as an extended object, remains
constant, contrast of image simultaneously increases.

Very frequently optical systems are
characterized, along with the ides
"relative opening" or "candle-power,"
by the idea "aperture of optical system"
(Pig. 1v.21).

Fig. IV.21., Aperture of an
optical system, Angular and numerical apertures

differ. Under angular aperture we under-
stand maximm angle a between extreme effective rays of a conlcal light ray passing
into the optical system. Numerical aperture is n sin —;—, where n is the refraction
index of a medium in which the object is observed. With the help of the aperture
one can determine the quantity of effective radiant flux and resolving power of the
optical system. Thus, the brightness of the image is proportional to the square
of the numerical aperture, and the resolving power is proportional to the angular
aperture,
In instruments intended for visual observation in infrared rays, along with
objectives, ocular systems are also used. In its simplest form the eyepiece is a

magnifying glass (magnifier) allowing the eye to observe an object under an in-

creased angle (Fig. 1V.22),
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The magnifier is placed before the eye, and the considered object ~ at a
distance equal to, or somewhat smaller than the focal length of the magnifier. In

this case there is obtained an imaginary straight line and an increased image of

the observable object.

i\\\ The magnifying power of the ocular
Sl
S system is characterised by the ratic of
el ~
T~ the tangent of the angle at which the
o=
’,,’—"’ object is seen through the magnifier to
/ the tangent of the angle at which the
Fig. IV.22. Construction of an object iz seen without the magnifier from

image by a magnifier.
a distance for best eye sight, 250 mm:

Fox= :—:nn——%' (1v.9)*

If the object is in the focal plane of the eyepiece, then from every point of
the object from the eyepiece emerges a parallel pencil of rays which leads by eye
to the point, and on the retina is obtained a sharp image of the observed object.
This caée is the most frequently encountered in practice, since the eye of the
observer is in a state of rest and. consequently, does not cause fatigue. In this
case the magnifying power of the eyeplece may be determined from relationship

r._=§",2. (1v.10)

From formula (IV.10) it is clear that the magnification of the ocular system
can be very large if one decreases its focal length. However, the practical limit
of the magnifying power of Lhe eyepiece is determined by the minimum permissible
focal length from the point of view of observation convenience. Therefore, in
optical instruments, including infrared instruments, eyepieces with a magnification
of more than 15-20 tiwes do not find application. Total magnification of such

instruments is determined by the ratio of the focal length of the objective to the

#The Russian subscript "OK" indicates "ocular".-—Ed.
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focal length of the eyepiece, but in a case of the presence of an intermediate
element (for instance, an image converter) also by its magnification.

P=1" Ty om (Iv.11)»
where Teon 1is the electronic optical magnification of the converter.

The useful range of focal lengths of ocular systems, applied with a given
objective, is limited, on the one hand, by weakening of light distributed on too
magnified an image (lower 1imit), and on the other - by the magnitude of the output
pupil (upper 1limit).

The diameter of the pupil of a man can change from 2 to 8 mm. Since the
purpose of the eyepiece is to gather all the light from the observed object and
to directits parallel beam to the eye, it is necessary that all the light enter
the eye opening. This is especially important for instruments working in conditions
of low illuminance. Therefore, in eyepieces, as a rule, we try to get an image

picked up near the eye to a circle in diameter less than 8 mm.

6. Reflective Optical Systems

Reflective optical systems [spherical or parabolic concave (convex) mirrors)
find application as optics of irradiated systems of instruments of night vision,
in heat direction finding instruments, and in homing devices for focusing radiant
flux from a target to a sensitive element and in other devices where it is not
necessa-y to obtain simultaneously all the image of the field of survey (Fig. IV.23).

A real reflector has two surfaces - the face and the back. The facing surface
is turned toward the source of radiation or the sensitive element. It determines
the aperture of the reflector (a circle limited by the edges of a mirror) or its
iight opening. The distance from the shear plane of the reflector t.o its summit

is called depth (H). The point at which the rays gather, which fall on the

#The Russian subscript "o6 " indicates "object."—Ed.
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reflector of the optical axis in parallel is called the focus of reflector P, and

L

the distance from summit O to focus is focal l.ngth f.
Angle of scope w of the reflector is called a solid angle with sumit in

focus, resting on the light opening. Its value may be expressed through plane
angle Pusxc * in the form of Nhtiﬂﬂlhip

@ =2x(1 —cospuane). (IV.12)

BRL R L T

Depending upon construction (Fig.
IV.24) reflectors are subdivided into
amall (Puaxc< 180°), deep (Pmaxe= 180°),
and with a blind spot. The latter have
an opening in the central part, against
which something is attached which shields

this part.
Since the source of radiation or the

sensitive alement has finite dimensions,
Fig. IV.23. Basic parameters
of a reflector. reflectors have a certain angle of
. KEY: (a) Maximum.
divergence (2a ), the magnitude of which
is determined by the ratio of dimensions of the radiator (sensitive element) to the
focal length of the reflector. In certain cases angle 2a is assumed to be the
instantaneous field of sight of the optical system.

Because of the presence of an angle

' of divergence in reflectors of irradiated
devices the axial luminous intensity
1

remains constant only from a certain

Fig. IV.2,. Types of reflectors.

le—smally 2-—deep; 3—with blind distance Lo s called the distance of beam
spot.
KEY: (a) Maximm. shaping. Starting from this distance,

#The Russian subscript "makc" indicates "maximum."-—-Ed.
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which exceeds by tens and hundreds of times the focal length, it is possible to
apply the inverse square law, determining irradiance at distance L:

&=T;il. (IV.]J)

At present in infrared instruments
both glass and metallic reflectors find
, '—( 1 aprlication.

! As an example of the application of

-

glass reflectors in heat direction

finding systems, in Fig. IV.25a there is
Fig. IV.25a. Diagram of the optics given a diagram of the optics of &n
of an infrared homing device "Krebs".
infrared homing device "Krebs" (Germany),
intended for guiding fire ships to ships of an enemy.

The optical system consists of convex mirror 1 with a diameter of 35 mm, on
which radiant flux falls from target 2 through blind opening of concave mirror 3
with a diameter of 250 mm and with focal length 55 am. Reflected froa mirrors the
radiant flux proceeds to mirror condenser ("light trap") 4 and from there to re-
ceiver 5. In the focal plane of mirror 3 there is screen disk 6, allowing de-
termination of direction to target - "to the right - to the left”, Field of sight
of optical system is 45°, however on its edges sensitivity sharply drops which
permits, virtually, the use of only the central part of the field, i.e., 20°,

In Fig. IV.25b is shown a diagram of & two-mirror objective, in which the blind
opening serves for transmission of flux to receiver.

Along with the glass reflectors in infrared instruments, metallic also find
wide application. The latter are simpler in manufacture, cheaper, and have less
weight as compared to glass.

Coarse metallic reflectors, obtained by electroplating or electrochemical
method, are used in irradiated installations and any kind of signaled devices.

Accurate metallic reflectors for mirror objectives and heat direction finding
instruments are obtained by electrolytic method.
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Fig. IV.25b. Diagram of mirror objective,

7. Combined Optical Systems

Mirror and mirror-lena objectives, coming into use relatively recently, allow
us significantly to decrease dimensions of optics (length) with great focal length
and to avoid chromatic distortions connected with the passage of radiant flux
through the great thickness of glass.

In spite of the fact that construction of mirror objectives was known as
early as Newton, the obstacle to their manufacture for a long time was the difficulty
cf manufacturing undimming mirrors. Only after adjustment of the technology of
manufacturing aluminized mirrors did it become possible to prepare mirror-lens
systems with high reflectivities (Fig. IV.26).

:;\ From examining the optical diagram
".': ; of a mirror-lens objective the distinctive
—': ) peculiarity of such system is conspicuous
__: 77 that the presence of an annuluar form of
Fig. IV.26. Diagram of a mirror-lens entrance pupil decreases its area. Due
objective.

to this, the area of the entrance pupil of
mirror and mirror-lens objectives is less than a lens of the same diameter.

In Fig. IV.27 is given the diagram of the objective of a German homing device,
the "Vasserfal" ("Waterfall"), consisting of concave positive mirror 1 with a

diameter of 250 mm and a focal length of 450 mm, convex negative mirror 2, co recting

T




lens ne r focus 3 for correction of aberration comae, screen 4, condenser 5 and
rhotocell 6. Field of sight of optical system 28 = 6°.
In certain constructions of mirror-

lens objectives, on a lens serving for

the protection of the concave mirror
from dust, sweating, and mechanical damages,

is placed also the corraction of spherical

aberration, comae, and astigmatism.

Fig. IV.27. Diagram of mirror-lens Furthermore, on this lens is glued a

objective of thermal head '"Vasserfal'.

second - negative, reflecting surface.

Such objectives have obtained the name of meniscus. There can also be established
simultaneously two lenses ~ for entrance to the objective and after output of <.e
beam from the blind opening (near focus). In Fig. IV.28 is given a diagram of a
meniscus objective with two correcting lens systems and two reflecting mirrors.

A blind for the concave mirror is introduced in order to protect the image from

rays which can penetrate into the bypass of the negative mirror.

' At present sufficiently simple
P (]
A diagrams can be made of mirror-lens
Ay
Y systems for infrared homing devices
g
f‘: - (Fig. IV.29), working Jjointly with cowls
# =
P 4 2 and having a sufficient field of sight
N
s o | L and good resolving power.
Fig. IV.28. Meniscus objective of These diagrams include primary
[5)' 2) Maksutov (f = 260 mm, A = 1, concave mirror 1, secondary mirror with
’ L]

external or internal reflecting layer 2,
cowl 3, and correcting lenses 4. The cowl in these diagrams plays an active role,

lowering the spherical aberration of the optical system.
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The best of these diagrams d , does

>3 ‘ ’ not have sphericel and chromatic aberra-
2

» a) c) tions and ensures the size of the circle
S | of confusion ~ 2 mrdn when angles of

incidence of radiant flux are 6°, and

near 2.5 mrdn when angles of incidence

aere 12°. Such a quality of obtained
Fig. IV.29, Diagram of contemporary  images makes the diagram promising for
mirror-lens objectives for infrared
homing devices. infrared homing devices and heat-direction
finding instruments with a large field
of sight.
For systems with a small field of sight diagram ¢ is very convenient, which,

when the cowl is made from fused quartz and the secondary mirror-lens and correcting

lens from trisulfide of arsenic, allows us to obtain a circle of confusion near
1 mrdn for beams at an angle of 2° and less than 4 mrdn for beams at an angle of 4°.

However, in this diagram chromatic aberration increases the image of the circle

of confusion all over the field of sight to 0.5 mrdn.

8. losses of Radiation Energy in Optical Systems

During passage of radiant flux through optical systems its weakening occurs

due teo:

absorption by materials of the systems,

reflection from surfaces of lenses and other optical parts, and

scattering of radiant flux in the thickness of the material.

Absorption of radiant flux even in the most transparent optical glass is caused
by the presence in them of impurities of oxide of iron and chromium, proceeding into
the glass during cooking. It 1is characterized by a coefficient of absorption on

the way, equal to 1 cm. For the visible part of the spectrum, depending upon the
sort of glass, the coefficient of absorption varies within limits of 0.01-0.03,

8




dropping in the near-wave infrared region of the spectrum. Therefore, with thick-
ness of glass m cm, tranamissivity of the optical system only due toc absorpt
radiation energy may be determined from relatlonship
,=(l—a)m (Iv.4)

Losses on reflection of radiant flux take place both in lens and in mirror
elaments of optical systems. These losses depend on the refractive index of the
medium in which radiant flux spreads and the angle of its incidence to the boundary
of the two media.

In a case of reflection of radiant flux from interface "air-glass" or "glass~
air" with angles of incidence up to 45-50° to the normal, reflectivity may be

calculated by the formula

— 1\2
e=(i71) - (1v.15)
where n is the refractive index of the glass from which the lens is prepared.

In Table IV.3 are given values of refractive irndices of certain optical media

for various wave lengths.

Table IV.3. Refractive Indices of Certain Optical Media

Refractive Index n
Material N=0.8 | A=2.2 4 |A=43u
Alr...eevsinrsenncionsannss cocecnnae 1.000292 -— -_—
Organic Glass......... sesecseveense . 1.49 — —
Canadian Balsam........ccc0vvensnen 1.54 - -
Optical Glass........ccvecus. sesens 1.5-1.92 1.5=1.7 —
R 4 Quartz...... Ceeeeenseesenns .o 1.43 1.43 1.37
Arsenic Trisulfide..........ccc.. . — 2.38 2.35
SBPPNATE. vttt vserrenncsanrnnncanans 1.77 1.73 1.68
Lithium Fluoride......... vevrseraes 1.39 1.38 1.34
KRS=6..vivnevnan Cetsceteceteanoanns 2.63 2.2 2.19
Germanium....ccoovevnenuccccnssacas 4.13 4.08 4L.02
Calcium Bromide........ ceieeciesens 1.55 1.54 J.53
Silver Chloride........c.c.cuvun... 2.071 2.01 2.00
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For the most wide-apread materigt] for cbiectives of infrared instruments of
the near region of the spectrum (glass) the refractive index oscillates within
1imits of 1.5-1.92; therefore. in accordance with formula (IV.15) reflectivity from
one interface between glass and air can be assumed equal to 0.04-0.06.

In case of presence n of reflecting surfaces, transmissivity of objective
(or any optical unit) during calculation of onl losses on reflection may be
calculated by the formula

y=({1—n" (1v.16)

Taking into account losses on absorption and reflection transmission of an

optical system can be calculated by the formula
To.0=¢%3,=(1—p)" (1 —a)™ (Iv.17)*

losses of radiant flux in the thickness of the medium from which the optical
system is made are caused also by its scattering due to presence in the medium of
come kind of heterogeneities: bubbles; knots, small stones, and so forth. These
lozses, as & rule, are increased in the process of operating the instruments during
careless treatment which leads co the appearance of scratches, spots, and deposits
on the surfaces of optical parts, to their sweating, being strewn with amall
particles of myd and metallic shaving, ungluing of glued surfaces, stc.

losses of radiation energy can be essentially narrowed down to two methods:
reduction of the gquantity of reflecting surfaces and brightening of the optics.

In the first case a decrease in losses is attained due to gluing separate
parts cf the opticeli system by Canadian balsam or balsamine, having a refraction
index close to glass.

When gluing of optical parts is not allowed, brightening of optics is apnlied.
Under the brightening of optical parts we understand decrsase of refiectiv..y of
radiation energy from operating surfaces of optical components by creating on them

films with a refraction indax close to the refraction index of the material from

¥fhs Russian svbscript "o.c." iadicates "optical system."--Ed.
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which the optical part is made. Thias film, while decreasing the loss of radiant
energy, increases the actual candle-power of the optical system, decreases the
ragnitude of illumination;, and renders anti-halc action.

In Fig. IV.30 is shown the efrect of the brightening layer on the transmission

of a germanium filter,

Applying brightening films to optical
AMK_17 7
00— it parts may be carried out by either
Lo I Y 696 | 6
) RN Ju‘i;‘ !ﬁ chemical or physical .ieans. In the
e T
E"w 117 ‘4::.3. .7:2; 22 first case *he film will be formed due
L) T .
)
§” \v"¥ LI to change of structure of the ultrafine
)
~ surface er of the optical component
0 3 715 1M 3 24 21 30 ray pt po

f 9
( b) Asuwa Banwer, mn
Fig. IV.30. Transmission of

when under the effect of chemical compounds

germanium filter before (1) (for glass, for instance, siliceous acid).
and after (2) applying the

brightening film. In the second case on the surface of the
KEY: (a) Transmisasion, %;

(b) Wave length, u . brightened nart by evaporation is de-

posited film from another transparent

substance (for glass - fluorides of magnesium or calcium).
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CHAPTER V

RECEIVERS OF RADIATION ENERGY

1. Classification of Receivers cf Radiation Energy

In the optical regicn of “ne spectrum of electromagnetic oscillations therc
are four basic methods of registering the energy of radiation, visual, photographic,
photoelectric, and radiometric. However, although the last three methods find
wide application in laboratory practice, in infrared instruments for military

purposes, as a rule, the photoelectric method of registeriny radiation is applied.

Table V.1. C(lassification of Receivers of Radiation Energy

Nonselective receivers Selective receivers ]
Thermoelements Photocells with photoemission
Bolometers Photocells with photoconductive
effect (photoresistance)
Pneumatic indicator Photocells with photovoltaic effect
Atmograph Photocells with lateral photoeffect
Radiometer Photoc2lls with photomagnetic effect

Optical-acoustic receiver

The photoelectric method of registering radiation, with which there occurs

direct energy transfer of quanta of radiation to electrons of a photosensitive

substance, is characterized by very high sensitivity and little time lag. However,




peculiar to it, in distinction from the radiometric method, is an irregularity of

sensitivity with respect to spectrum within a comparatively narrow wavelength

i
5 range (Fig. V.1).
:
‘ v Table V.1 presents a more detailed
é s classification of receivers of radiation,
‘ o and the subsequent paragraphs consider
) in detail only photoelectric receivers R
f A ’ ; as the most wide-spread, and in scme
' i measure superconducting bolometers. With
¢
. . , the work and characteristics of contem-
< porary thermoelsments and bolometric
" . \ \\ diagrams it is possible to become ac-
:‘E a3 '(bs 1.;%:," nuNEs quainted with corresponding courses of
Fig. V.1. Relative sensitivity physics and spectroscopy.
. of indicators of infrared
: radiation.
1--PbS cooled (193°K); 2~—FbTe 2. Nonselective Receivers
cooled (90°K): 3—PbSe cooled of Radiation Energy

(90°K); 4==Ir.3b cooled (90°K);
5--Ce cooled (90°K), alloyed

with Au; 6—PbS uncooled (293°K); Based on the principle of action of
7-=Thermoindicator.

KEY: (a) Minimm threshold nonselective receivers of radiation, for
sensitivity, units of power; (b)

Wave length, 4. which the transformation of radiation

energy into thermal must occur, a series
of specific requirements is presented to them.

1. Receiving surface should have high absorbing ability. Usually this is
attained by "blackening" of receiving surface.

2. Time lag of the receivar depends on build-up rate of its temperature,
Consequently, it should hawe minmute dimensions and small thermal losses because of
thermal conduction and radiation. This demanded the develomment of structures of
thermal receivers with the application of deep cooling and vacuim, and also the
selection of semiconductors and dielectrics as receiving surfaces.

o



In military instruments of infrared technology thermal receivers, due to their
insufficient sensitivity and high time lag, do not find, at present, wide application.
In Table V.2 are given data of certain contemporary thermal receivers which are

us2d in research laboratories.

Table V.2, Basic Characteristics of Contemporary Thermal Receivers

Area of Re- |[|Temper- [Time reshold o
Type ceiving ature, |[Constant, Sensitivity,
Surface, cm? | °K sec w/cm
Thermoelement of "ast....| 1.5-1072 300 8.167 1.3.1077
Thermoelement Metallic... 5.10~3 300 3.6°10"% 10-8
Thermoelement of Kozyrev. 2.4-10"2 300 -— 2.3-10‘9
Metallic Bolometer of 6
BrOCKIBN. « oo veneerroness | 5.3°1072 300 50+107% 9:10°
Semiconductor Bolometer 10
Of MOOMeevrvverssserees| 0.501072 300 50°10~% 5:10"

Dielectric Bolometers of >
C1BYSseseceeensoancensas | 0.5°107 300 0.1 100+10~10

It is natural that for registration of fast-flowing processes the above
considered receivers of radiation cannot be used.

From the point of view of military application, of known interest are super-
conducting bolometers, possessing high sensitivity in a wide range of infrared
spectrum and a comraratively small time lag.

The phenomenon of superconductivity of certain materials was discovered long
ago and consists of the fact that near absolute zero (t = 273.15°C) resistance of
certain materials drops practically to zero with a change of temperaturs several
thousand fractions of a degree as compared to the initial critical temperature.

Consequently, such materials, in conditions of superconductivity, will possess
very large temperature resistance coefficients, which is one o the necessary

conditions for obtaining highly sensitive bolometers. Heat capacity of materials
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in conditions of superconductivity becomes extraordinarily small, which is the
second condition for obtaining highly sensitive bolometers. Furthermore, at very
low temperatures fluctuations of voltage on clamps of the sensitive element sharply
decrease, approaching zero. This allows significant amplification of useful signal,
usually limited by its own circuit noises, and, consequently, improvement of the
sensitivity threshold of the receiver.

In spite of the evident promise of auch bolometers, for a long time we did
not manage to cbtain any useful, operational instrument. This is explained by the
fact that for an overwhelming majority of materials the phenomenon of superconduct-
ivity sets in at very low temperatures (lead 4°K, tantalum 3.22-3.23°K), which it
is possible to ensure only by using liquid helium as a cooling agent.

The discovery of the phenomenon of superconductivity for nitride of niobium
and columbium nitride at higher temperatures, obtained during the application of
liquid hydrogen, allowed the creation, on their basis, of useful superconducting

bolometers and the studying of their basic properties (Fig. V.2).
¥

For columbium nitride the transition

> sl
/ from normal state to superconductivity

”...,ﬁ (c sets in hetween 14.34 and 14.38°K. In

X
L)

this range of temperatures on a linear

section of the curve the change rate of

t
/ resistance constitutes a magnitude of
—

(a)

105 ohm/degree. To obtain such temper-

'ih—“ﬁ'.v—“"m"‘ atures is significamt 1y simpler, since

’
(b) " abanemes messcramype, %
el the application of liquid hydrogen is
Fig. V.2. Change of resistance

of a superconducting bolometer sufficient. The laboratory of John

of columbium nitride. .

KEY: {a) Resistance, omm; (b) Hopkins University in Baltimore, where a
Absolute temperature, °K; (c)

Degree. superconducting bolometer was made from

columbiun nitride, developed also a
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rortable installation weighing 24 kg for obtaining liquid hydrogen from the usual

gasiform with a productivity ensuring filling of a thermostat during 2 hours (Fip.

'~

A bolometer consists of tape 1 of
columbium nitride 6 u# thick, 0.25 mm
wide, and 5 mm long, glued with the hely
of bakelite varnish on the face of a

massive copper cylinder, 3, 1 em in

' diameter and surrounded, for mechanical
Fig. V.3. Construction

of suprerconducting protection and protection from outside
bolometer.

radiation, by copper hemisphere L. The
cylinder is dipped in thermostat 6, consisting of several dewar vessels, filled
with liquid nitrogen anc hydrogen. The sensitive element is in a vacuum at a
temperature of 14°K. In order to bring the temperature to the most favorable
(14.36°K), in direct proximity to the mass of copper surrounding the bolometer is
located a 500 ohm resistor 7, through which a 10 ma current is conducted.

Required temperature and efficiency of boclometer remain constant for L hours
after charging.

Fluctuating noises of voltage on clamps of the bolometric resistor are equal
to approximately 0.5 X 10'6 microvolt, i.e., correspond to a signal with an average
energy of 10'5 erg, however, applying narrow-band amplifier, it is possible to !
improve threshold of sensitivity to 2.’-10"6 erg, or 210713 w.sec.

Since construction of a bolometer ensures fast heat removal caused by absorption
of radiation energy due to thermal conductivity and fast return to a state of
equilibrium after ceasing of action of radiant flux on sensitive alement 6 then ths
time lag of such a bolometer is insignificant. In Fig. V.4 is given the growth
curve of the signal depending upon the time of irradiation of the bolometer by a

radiant flux modulated with a frequency of 13 cps. As can be seen from the curve,
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the sipnal attains maximum value during the time of 0.3 millisecond. Consequently,

the time constant of a superconducting bolometer may be estimated as 0.0003-0.001 sec.

qsx — At present a large quantity of
i’ AR bolcmetric diagrams are known, founded
' \b] v .
Yoolens arywe l"’””ﬂ;‘ on the phenomenon of superconductivity

¥ 1
Cl (c),’-,.},o’","“’m’ and used, so far, for spectroscopic
Fig. V.4. Growth of signal targets. Introduction of bolometric
of superconducting bolometer,
depending upon time of its diagrams in applied technology of infrared
irradiation.
KEY: (a) Relative sepsitivity; rays, including military, so far prevents
(o) Noise level 5:10/ microvolt;
(c) Fxposure time, millisecond. the difficulty of obtaining necessary

cooling.

However, such a method of registration of thermal radiation is long-term,
since few receivers reveal a fiux of radiation energy of 10710 y with a sufficiently

small time lag in a wide spectral range of sensitivity.

Table V.3. Basic Characteristics of Superconducting Bolometers

Author :ﬁsenaion Resistance, |[Time Threshold Type of
ohm Constant, | of Sensi- Filler
Sec tivity, w
Andrews....| 1.25 5 5.10~4 5.10710 | Vacuum
¥ilton..... 0.8 - - 107% 110410710 | vacuum
Nelson.....| 0.8 - 18-10-%  {3.5.10-10 | vacuum

3. Receivers with External Photoeffect (Photoemission)

The region of photoelectric phenomena includes the appearance of electromotive
force under the effect of radiant flux (photovoltaic effect), the change of re-
sistance of substance during its irradiation (photoconductivity), and the emission

>f electrons from the surface of bodies under the effect of incident radiant flux

(photoamisaion).
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Tn sual conditions, in any metal there is nearly ]O23 free electrons in
1 em3. All of them carry a definite energy supply and freely shift in all possible
directions inside the mass of metal. However, their energy is still insufficient
to allow them to leave the matter. For that, as ‘s known from quantum theory, it
is necessary to impart additional energy to the electrons.

Additional energy, in particular, can be energy of infrared radiation, which,
being absorbed by matter, is partially expended on heating it, and also partially
on giving the electron additicral kinetic energy and pulling it out of the substance.
Thus, in the case of photoemission there occurs a transformation of radiation
energy into energy of flying electrons, i.e., into electromagnetic energy (if
initial velocity of electrons is v 3= 0),

An electron can abandon a substance (metal) only when radiation energy is
absorbed by the substance and it suffices to surmount the binding forces between
the electron and the surface of a body, and also imparts a certain speed v to the
electron ot

=194 ~5—- v.:

The first member of equation (V.1l) indicates the magnitude of minimum necessary
energy which must be given to an electron in metal in order to pull it beyond the
limits of a substance with zero speed. This= energy has obtained the name of
"work function", the magnitude of such energy is constant for pure metals, oscil-
lating on the average from 1 to 5 ev (see Table V.L).

In this case all the energy of a photon is expended on surmounting the poten-
tial barrier, and expression (V.1) can be written in the form

hvy=19,, (v.2)

where vo is threshold freguency of slsctromagnetic radiation, at which electrons
depart from the surface of metal with zero speed.

Threshold frequency v corresponds to wave length A, called long-wave or "red"

boundary of photoeffect:

2, 1.2%
v (v.3)
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where A is in microns, and §¢o 4is in electronvolts.

Table V.4. Work Function of Certain Flements

Flement |*.Electron- “lement *. Electron-
volt volt
Lithium 2.49 Cadmium 4.1
Silicon 4.2 Ant imony L.14
Calcium 2,26 Tellurium L.76 ‘
Nickel 5.24 Cesium 1.9
Germanium L.5 Tungsten 4.5 -
Selenium L. Platinum 5.36
Silver 4.79 Bismuth 4.25

The "work function" can be decreased and, consequently, the long-wave boundary
of sensitivity of photoemission increased by "contamination" of metal, i.e., by
means of the adsorption on the surface of metal of atoms or ions of a substance
with a smaller "work function". In this case on the surface of metal are formed
dipole layers with positive charges turned outward decreasing the magnitude of the
potential barrier. Therefore, all sensitive layers with photoemission, which are
sensitive to visible and infrared radiation, consist of several components.

Photoemission sets in practically instantly after the beginning of irradiation
of the surface of the photocell (time lag does not exceed 3-10'9 sec).

From the point of view of practical application in instruments of infrared

technology, we will be subsequently interested in the following characteristics of

1. Integral sensitivity—the ratio of photocurrent in the circuit of the

receiver to the power of the radiant flur incident on receiver. Integral sensitivity

is expressed in microamperes per watt or in the case of viaible light - in




microamperes per lumen. For counting it one of the following relationships is

S TR TR 2 (v.s)
where /4 is maximum value of photocurrent,
¢ is incident radiant flux,
& is irradiance of receiver, w/cmz,
¢ working area of receiver, cmz,
| is distance from a source of radiation with a known temperature to
receiver, cm,
Jx angular density of radiation, w/sterad.

Frequently integral sensitivity of a receiver is determined by the quantum
yield of its photosensitive layer, under which we understand the quantity of
electrons departing from a photosensitive layer under the effect of one quantum of
incident radiant flux. Quantum yield of a substance capable of photoemission is
determined by the totality of its physical properties. In an ideal case, every
photon falling on the surface of a photosensitive layer can liberate one electron,
i.e., the theoretical limit of photoelectronic emission is quantum yileld equal to
unity. However, such an output never is attained.

Part of the energy of incident radiant flux cannot turn into energy of moving
electrons, since it either will be reflected from the surface of the photosensitive
layer or will pass through it without encountering an electron on its way. But
even with full absorption of photons by a substance, the probability of output of
electrons from it is small, since cartain photons, while not liberating an electron
completely, will change it into an exclted state, and othar photons, althouxh they
will create free electrons, the latter will not emerge from the substance due to
the loss of obtained energy as a result of nonelastic collisions with other electrons

or due to transfer to its lattice. Therefore, in the best case the quantum yield

of photoemission layers does not exceed 10-20%.




2, Spectral sensitivity is the

3 Sgla A ! s dependency of sensitivity of receiver on
L &G |/ T~ 250"
% <\ . wave length of incident monochromatic
"
i — R radiant flux. It, in the end, determinas
v
1 K
; 7 T the effectiveness of the application of
. ¥
,-\” T ; infrared instruments during their joint
s & &5 & &/ ‘l @ v u
~ ) toaw , 408

work with sources of radiation energy.
Fig. V.5. Fffectiveness of

oxygen-cesium phoosensitive In Fig. V.5 as an example is deter-
layer to radiaciion with

different temperature. mined the effectiveness of a receiver
KiY: (a) Relative ur).a; 1b)

Wave length, u . with cesium oxide senaitivs layer to

radiation of an electrical incandescent
lamp with different color temperature of the filament of incandescence.

3. The threshold of sensitivity (threanocld flux) ls the minimum magnitude of
radiant flux i= watts or in lux for visihle light, which may be still revealed by
receivirg device,

The thresholc of sensitivity =f the receiver is determined by the level of
n~.cez in the cipcvit of the receiver. It is determined basically by leakage
current and dark current, appearing as a resuit of auto- and thermionic emission.

In instrments of infrared techmology photuvemission is sed in image converters
and photoeiec*ronic multipliers, and alsc in night transmitting television tubes
~f he'ghten.d sensitivity. In these instruments, as photocathodes, are used cesium
o ide, cesiun antimonide, dismuth silver cesium photosensitive layera, and also,
developed ec=ntly, muiti-alkali photocathoc 2&. Spectral characteristics of
sensiti7:.y af theese photocathodes are shown in Pig. V.6.

The properties of the [irst three photosensitive layers are considered
sy ficiently in liverautura [}, 2, 3]. Multi-alkali p ot.cathodes have heen de-

veloped reia.iveiy recently (4, 5], however, ir a whole series of propertias they
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are of interest as sensitive elements in

»
S8-n-we-C3
.L—. & instruments of night vission. These
o VP‘“*-‘!‘L properties, in the first place, are the
b-#-0-Cs
w N g s high integral sensitivity of the phot.-
L \ \\ cathode and the very small dark currents,
N -
U Y L allowing high amplification of image
F\"ig. V.6. Spectral sensitivity brightness without cooling of the photo-
of certain photocathodes.
KEY: (a) Relative sensitivity; cathode.

(b) Wave length, u .

Table V.5. Basic Characteristics of Photocathodes with Fhotoemission

Wave length Red Quantum yield |Integral
Photocathode | of maximm Boundary for the visible|Sensitivity,
:enuitivity, 20.01 seczion of the |Microampere/lu
bg-O-Cs 0.85 1.4 0.005 50
Sb-Cs 0.45 0.65 0.1 25
sh-Cs (0) 0.48 0.70 0.2 90
Bi-Ag-C-Cs 0.48 0.75 0.1 90
Sb«K=Na 0.4 0.62 0.1 60
Sb-K~Na-Cs , 0.4 c.a82 0.2 I 200

L. Receivers with Internal Photoeffect (Photoresistance)

A photoresistor (7S) is a semiconductor instrument which changes intermnal
resistance un. .rv che effect of radiation energy.

In distinction from metals where atoms of crystal lattices lose the external
valence electrons, in a semiconductor at low tempsratures the majority of electrons
are connected with atoms of the lattice. However, this bond is not durable. Wwhile
participating in thermal motion, atoms are rocked about and loss their valence

electrons. Therefore, during heating in a semiconductor the quantity is increased
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of electrons able to carry current, which is equivalent to a decrease of its
electrical resistance. This is the first distinction of a semiconductor fron
metal, for which increase of resistance is characteristic with an increase of its
temperature,

Another peculiarity of a semiconductor is the fact that in it carriers of
current are not only liberated electrons, but also the atoms left without external
valance electrons, which obtain, due to this, positive charge (ions).

In order to grasp this phenomenon, we will turn to Fig., V.7. Under the effect
of applied potential difference to the semiconductor a photoelectron, having left
the outer shell of an outer atom, starts to move to the positive electrode. In
the atom which lost the electron, on the outer shell there remains a free place
- a "hole", However, it remains empty only an insignificant time (1032107 sec).
Under the effect of the electrical field, to it immediately passes an electron
from a reighboring atom. This electron, not obtaining full f.eedom, passes to another
atom while trying to move to the positive electrode. Again the liberated place is
occupied by an electron from an atom more distant from the positive electrode, etc.
Thus, as electrons move toward the positive electrode, "holes" move toward the
negative, This is a somewhat simplified physical picture of the appearance of an

electrical current in a semiconductor during its heating.
; —-6‘ -
(7 Motion of the bound electrons from
G
atom to atom in a direction toward the
CJ . ( { N , positive electrode creates a significant
)

addition to the current through the

Q . < > semiconductor. "Hole:s" shifting toward

o the negative electrode also create an

Fig. V.7. Formation and

displacement of "holes" addition to the electrical current,
in a semiconductor.

transferring a positive charge, equal

in absolute value to the charge of the

alectron,
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Fquality of electrons and "holes' can take place only in a case of an absolutely
intrinsic semiconductor. The presence of even an insignificant. quantity of impuri-
ties creates in a semiconductor either a surplus of electrons (n-type conductivity)
or a surplus "of holes" {p-type conductivity). Since absolutely intrinsic semi-
conductors in nature virtually do not oceur, in practice we usually deal with
photoresistors having either electron (n) or hole (p) conductivity. Works of recer:
years have established that the presence of imrurities in a semiconductor very
strongly increases (sometimes tens of millions of times) its specific electrical
conductivity. In this also lies one of the distinctions of a semiconductor from
metal, for which electrical conductivity drops with an increase of impurities.

Introduction of impurities in a semiconductor allows decreased width of
forbidden band AE. let us remember that under the width of the forbidden band,
expressed in electronvolts we understand the minimum magnitude of energy whicn
must be imparted to an electron so that it may pass from a bound state to a free
state (in the conduction band). Width of the forbidden band, as also the work
function in the case of external photoeffect, determines the long-wave boundary
of sensitivity of the semiconductor photoresistance.

Table V.6. Semiconductors Possessing Photoconductivity in the

Infrared Region of the Spectrum at t = 20°C
(according to Frederick and Blant)

AFE A E
n A

ompound Tlectronvolt Ao # Compound Electronvolt o M
PbTe 0.34 3.7 P15, 1.25 0.9¢
PbSe 0.25 5 Ag,S 0.9 1.38
InSb C.16 7.8 MyS, 0.6 2.1
InAs 0.3 4.1 HgTe 0.4 3.1
GaSb 0.65 1.9 ZnSb 0.55 2.25
Mg45bp 0.8 1.55 CdjAs, 0.6 2.1




In Table V.6 are presented values of width of fcrbidden band and :ong-wave
boundary of sensitivity of certain semiconductor compounds possessing photocon-
ductivity in the infrared region of the spectrum.

Subsequently will be considered only some of the photoresistors shown in the
table since others pressnt now only a theoretical interest for understanding the
phenomena occurring in semiconductors.

It is necessary beforehand to stipulate that in published materials various .
authors introduce different values of width of forbiddea band and long-wave boundary
of sensitivity. This is possible to explain both by the degree and character of
contamination of the investigated samples and the accuracy and method of the actual
_experiment. Furthermore, in the majority of works it is assumed, as in the given
table, to characterize the long-wave boundary of sensitivity as that wave length
where sensitivity constitutes 50% of the maximum value. However, certain authors
hold the boundary to a sensitivity 10% of maximm. To facilitate comparison of
different works we will subsequently keep to the definition of the red boundary of
sensitivity as taken in Table V.6.

Historically, photoresistors from compounds of lead: lead sulfide, lead
telluride, and lead selenide first found application in instruments of infrared
technology as receivers.

These compounds are semiconductors with electrical conductivity of both
electron and hole types and with mobility of current carrier 1-50 cm<-sec-v for
polycrystalline layers, obtained by evaporation. 1in single crystals mobility of
the current carrier is significantly higher and constitutes at room temperature

(290°K) a magnitude of the following order:

PbS PbTe FbSe
Mobility of electrons 640 2,100 1,400 cwi/sec-v .
Mobil.ty of holes 800 &,0 1,400 cm*/sec-v
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At low temperatures mobility of the current carrier sharply increases and
attains for PbS at 77°K 10%cm?/sec-v and at 20°K 10%cm</sec:v. This ensures in-
crease in sensitivity of photoresistors during their cooling. Differing from
thermal indicators, photoresistors have a clearly expressed maximun of sensitivity
and little time lag.

In spite of the fact that in nature we encounter pure crystals of PbS - Galena,
PbTe - Altaite and PbSe - clostalite, in insiruments of infrared technology are
aprlied artificial photosensitive layers of these compo'inds.

Recently there have been developed two methods of obtaining photosensitive
layers - chemical and physical.

In the first case, the film of the photosensitive layer is precipitated from
solution in the presence of an oxidizer. These layers can remain open in the air
after covering by protective varnish.

In the second case the sensitive layer is obtained by evaporation in vacuum
with subsequent preheating in atmosphere with small presnure of oxygen or direct
evaporation in atmosphere with low pressure of oxygen.

Fhotosensitive layers (thickness nearly 1 4 ) of photoresistors, obtained by
evaporation, form a porous structure consisting of accumulations of small crystals
from 0.1 to 1 s in dimension. Resistance of obtained layers of PbS and FbSe at
room temperature is of the order of 0.5-2 Mohm. During cooling of layers their
resistance sharply increases, attaining for PbTe and PbSe values of many megohm
(for instance, for PbTe up to 30-50 Mohm).

With the cooliing of photosensitive layers of compounds of lead is connected one
more of their rroperties: with increase of ilepth of cooling the maximum of spsctral
sensitivity and the long-wave boundary are displaced in the direction of longer
waves with a simultaneous increase in time lag of indicators (Fig. V8a - c).

From the given curves plotted in semil garithmic scale, it is poasible to note

that with large wave lengths photoresistor sensitivity quickly decreases.
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Mohs [6], offering to consider the red boundary of sensitivity as thati wave
length ( A , 5) where it is equal to 50% of maximmm value, gives the following

values of it &t various temperatures

Photoresist>r Temperature, °K

295 | 195 90 20
PbS Fe 9 3.3 K 3.84 | 4.0 M
PbTe 3.9 u - 5.1 4 | 5.9 &
PbSe 5.0 u -_ 7.1 4 | 8.2 4

i
i




Smith [24], publishing a great survey on photoresistors on the basis of
compounds of lead, introduces analogous data and, at the same time, values of red

boundary during a sensitivity equal to 1% of maximun value:

Photoresistor Temperature, °K
295 90 30
s 3.5 4 L.5 4 -
PbTe - 5.75 u _

e 7 9.3 u |10.2m

The integral sensitivity of photoresistors from compounds of lead also strongly
chanpges with temperature. Thus, for PbTe at room temperature it turns out to be
immecasurably smell. As a rule, integral sensitivity of compounds of lead grows
i.ith lowering of temperature to temperature of liquid air, after which it remains
practically constant [7]. Lead sulfide photoresistors (in distinction from lead
telluride and lead selenide) can work even at room temperatu:es, i.e., without
cooling; however, thelr sensitivity in this case noticeable decreases. It was
determined “hat at room temperature photcresistor sensitivity changes approximately
57 with a change of temperature by 1°C.

Limitirg sensitivity of PbS is no leas than 100 times higher than sensitivity
of contemporary thermcelements. Minimum energy which can still be detected by a
PbS photoresistor near the maximum of its sensitivity with a 1 cps passband has a
magnitude of the order of 10~12 w. Smith [24] introduces a calculation of the
sensitivity of uncocled FPbS to radiation with a tempera.ure of 200°C in a 1 cpa
passband, which turned out to be equal, in *his case, to @u* = 10710 Cooling
by solid carbon dioxide increases sensitivity and allows the recording of radiation
with A = 2.2 g with a power of l.olO'12 w/cps. Measurements were made with a

modulation frequency of radiant flux of 800 cps.

¥#The Russian subscript *I' " indicates passband.—Ed.
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Photoresistors from FPbTe during deepr cocling have & limiiing sensitivity also

PR

in 100 and more times better than contemporary thermoelements [8]. Consequently,
it is possible to expect tliat minimm quantity of monochromatic radiation at
maximun sensitivity of PbTe will constitute 10~12.10~11 v with a 1 cps passband.

N

A photoresistor from FbSe at the temperature of liquid air has an integral

R LT ST

sensitivity somewhat less than the best PbTe but axceeds by 6-10 times the smno.-
tivity of the best contemporary thermoindicators, i.e., it should be equal to
3.10°1 v, In distinction fram PbTe, PbSe has noticeable sensitivity at room
temperature.

Mohs [6] introduces calculated data of the sensitivity threshold of photo-
resistors from PbS and PbTe, presented in Table V.7,

Table V.7. Calculated Data of Limiting Senesitivity of
Photoresistors from PbS and PbTe

Type of Photo- ° A w
resistor T, °K q, m? radiation’ * b,
PbS 273 1 — 5.10~1k
PbS 90 1 — 0.8-10714 5
o} i
PbS 293 10 2.2 21 :
t
PbS 9% 10 2.2 410712 :
PbTe 90 1 4 5.10"1-

The given table shows that when registering radiation with a wave length near
L u , to which lead sulfide rhotoresistors become little sensitive, the advantages

£ photoresistors from lead telluride sharply increase.

Q

These advantages are graphically shown in Table V.8, where data are presented
on the effectiveness of the use of radiation of an ideal black body heated to
different temperatures by lead sulfide, lead selenide, and lead telluride layers.

... - -Fig. ¥.9 alsc. illustrates the dependency of _the seppitdacligu-threshold of lead
sulfide photoresistors on the temperature of the ldeal black body.
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sensitivity of indium antimonide is very small for its wide use in instruments of
infrared technology.

Cooling of indium antimonide displaces the maximmm of sensitivity and long-wave
boundary ho. 5 in the direction of shorter waves with speed 1.7'10"1‘ ev/degree, i
which it is possible to trace on curves in Fig. V.ll. !

Various authors give different magnitudes of long-wave boundary of sensitivity

of indiun antimonide, however, a majority of them estimate the threshold of sensi-

8 e

tivity for radiation with wave length 4 u« and with cooling of photosensitive layer
to 90-77°K as a magnitude of the order of 10"1]'-5'10':L2 w/cxnz. I+ is necessary to
assume that divergence in appraisal of long-wave boundary of sensitivity of single
crystals of indium antimonide depends on cleanness of materials and the method of
its determination. Since research of properties of photoconductivity was carried
out with comparativelv pure single crystals of indium antimonide obtained in
laboratory conditions, in industrial scales, where obtaining of very pure samples
is hampered, photoresistors from indium antimonide can have parameters differing
from those shown in Table V.10. This in some measure explains parameters of
industrial ph~ oresistors of indium antimonide (Table V.11l) published in the press

of the United States [9].

iy A= ‘:‘ Of great interest, along with indium
~ i antimonide is germaniw, which also allows
= \‘;: = us to carry out different methods of
- ' + registering infrared radiation.
e !'"'t r} Pure germanium is a gray substance,
G ) s

similar to metal and having metallic
Fig. V.11, Spectral sensitivity

of TnSb at various temperatures. brightness. From a smooth surface is
KEY: (a) Relative sensitivity, %;
(b) Wave length, x . reflected nearly 50% of visible light.

In infrared region of the spectrum

“



Table V.8,

Effectiveness of Different Types o’ Photoresistors
to Radiation of an Ideal Black Body (ACHhT)

Effectiveness, %
tacKT ¢ PbS, 293°K | PbTe, 90°K PbSe, 90°K
3c0 3.5 25 4L8
150 0.26 8 26
5G 0.01 2 11
20 0,004 1 7
0 0.001 0.6 5
”0
: In the latter case calculation was
sé "
ll===— carried out by the formulas;
i:.”l Qpy= p (“bl)m Pol)
N @
N where
% . U '*S"“]mc
= = o1 (v.5)
g \\ [5 'xSxﬂ]’.c
s ' - » —1
~~ — 1 ‘5*-} B
2 ~ f, is spectral densii, c’ raciation
' of an ideal black body with a
ol temperature of 300°C and t°C.
[ 00 He . [

oy ’
(b Resmeparypa vepaove mesa,’e

Fig. V.9. Change of the integral
sensitivity of PbS with change in
temperature of the black body.
KEY: (a) Values of coefficient;
() Temperature of black body.

S, is spectral sensitivity of photo-

resistor.

When registering mcdulated radiant

flux the time lag of ths photoresistor

is large, which is assumed to be char-

acterized either by the frequency-response curve (i.e., dependency of ocu*.put

signal removed from the photoresistor, on modulation frequency of incident radiant

flux), or the time constant of the photoresistor, characterizing the time during

which the signal receives a value, equal to 50, 63, and 90% of its maximum value.

112




B et § o LR T Py - B

iy A A P AR s g

Above it has already been noted that the constant of the photoresistor is
significantly lower than for thermal receivers of radiation energy. Thus, the

A

time constant of PbS, having a temperature of 293°K, oscillates from 10 ' to 1077 sec,

and for PbTe and PbSe is less than 107> sec.

Depending uvopn the method of obtaining the photosensitive layers, time constant
To, 5 can take, for PbS photoresistors, a value from 1-2 to ‘several hundred micro-
seconds with a physical method and from several hundreds of microseconds to 1
millisecond with a chemical method of obtaining the layer.

For these photoresistors there exists a sharp dependency of magnitude of time
constant on temperature. When cooling by solid carbon dioxide or liquid air the
time constant can attain the value of 10'2 sec. Above 200°K the time constant fast
decreases with increase of temperature (in the first apyroximation by exponential
law),

Significantly less are inertial photoresistors of PbTe and PbSe. Thus, the
time constant of PbTe equal to 5 microseconds, and for PbSe 0.5-1.5 microsecond,
not decreasing essentially down to deep cooling. This makes it possible to carry
out with their help the registration of radiant flux, modulated with a frequency
to 20 kiloevele, without noticeable decrease of output signal.

Photoresistors from compounds of lead have found wide application in instruments
of infrared technology as sensitive elements of systems of fire control, homing
guidance systems of rockets, and their noncontact exploding, and in recosmaisance
apparatus. They have more than doubled their sensitivity since the Second World
War. Based on published material photoresistors produced commercially in the USA
have the parameters shown in Table V.9,

Table V.9. Parameters of Film Photoresistors for Instruments
of Infrared Technology

Iype of F
Photoresistor 2 maximmy T, °K | q, cm? N/em2 | Ts 4 sec
PbS 2,2 290 0.25 | 2:107 40
PbTe A 9 | o.o4 |2-20°10 10
TbSe 4 77 - 1079 10
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Despite advances in the creation of photoresistors of high-sensitivity and
quick response on the basis of lead compounds, beginning approximately in 1952
particular attention was given to the study of semiconductor compounds formed from
elements of the II, III, and V groups of the periodic system and also germanium.
Interest toward it was caused by the fact that, in distinction from compounds of
lead, the technology for obtaining such photoresistors is simpler, and they
successfully compete with lead compounds in relation to the long-wave boundary of
sensitivity, time lag, and magnitude of proper noises.

Of these compounds as indicators of infrared radiation, the most widely used
is antimonous indium (indium antimonide) InSb, possessing photoconductivity in film
samples and single crystals, photovoltalc effect, photomagnetic, and lateral
effect. A characteristic peculiarity of indium antimonide when using it as an
indicator of infrared rays is its very little proper noise (to 10~8 v), which allows
us during corresponding selection of amplifying diagram to ensure registration of
very small radiant fluxes.

Time constant for InSb at room temperature and at deep cooling is very small
(to 10°7 sec). It was establishea experimentally that during cooling of InSb by
liquid air, the time after whicﬁ output signal attains 63% of its maximum magnitude
constitutes approximately 0.8 microseconds. At room temperature time constant of

photoconductivity could not be measured.

"
- Spectral spread of sensitivity of

0
§ © /( photoresistors of InSb at room temperature
8
%", ’ /// ' (Fig. V.10) shows that it has the biggest
7 — ] red boundary of sensitivity of all the
~ P 1
= X 6 4 s 9 known uncooled photoresistors Ao, c = 7.5~

"o (b5 m»u«,n P 5

Fig. V.10, Spectral sensitivity ~7.75 # , vhich corresponds to width of
of InSb at t = 20°C,
K=Y: (a) Sensitivity; (b) Wave forbidden band 0.16 ev. However, according
length,

to research, in these conditions integral

1
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reflectivity decreases. Resistance of pure germanium is 47 chm-cm, width of

forbidden band at 0°K is C.75 ev. Germanium is very stable chemically.

Table V.10, Basic Parameters of Photoresistors of InSb According to [10]

Yy °K 32_{3%"”1’ ¢, watts | ) zmdmm’ A ‘(‘),5’ .?’/o/r‘xqsitivity,
90 2,08 2.6-10~11 5.6 5.85 1300

195 1.8 7.10731 5.6 6 400

24,9 0.49 4-10710 6.2 6.85 30

292 0.12 7-10~10 6.7 7.2 1

As an indicator of infrared rays germanium may e used as e photoresistor,
photodiode, and as an element changing its dielectric constant during its irradiation

b,- infrared radiation.

Table V.1l. Parameters of Industrial Photoresistors of InSb,
Released in the United States in 1958

T Sensitivity to
Type of | jaximms | T, °K | q, em® | u sec [Radiation with_
Photo- P A=) 4, wfem
resistors
TnSb L 90 | 0.014 1 3.6°10~9
InSb L 77 | 0.001 1 1.1078

As a photoresistor pure germanium may be used unly at a temperature of liquid

nitrogen, since at higher temperatures it has very large dark ¢ renta. For the

urpese of increasing the photoconductivity of germanium and expanding the boundaries

T

of spectral sensitivity it is artificially alloyed by the introduction of atoms of
gold, antimony, and zinc. The most widely used as a photoresistor is germanium
alloyed with gold. Solubility of gold in germanium constitutes approximately 1015

atoms per i cms. On the bLasls of germanium of the electron and hole type, allcied

"



with gold, highly sensitive photoresistors were created sensitive in a region up

to 10 4 with its cooling by liquid nitrogen.

In Table V.12 are given data of industrial samples of g rmanium photoresisto;

alloyea with gold. In the same place are piven computed values of sensitivity,

Tatle V.12, Basic Parameters of Industrial Samples of Germanium
Photorssistors Alloyed with Gold (9]

ot | paama| T o | o (TR
resistor M4 sec §aiiztzé? w/cm2
P 4 77 0.04 1 1-1077
P 4 77 0.12 | 0. 4.4 107107
n L 90 0.16 | 20 1,6.101°
n 4 90 0.16 | 20 3.8-10-13%

NOTE. Computed values of sensitivities are marked by sign #,

In literature there is also reported the develomment of a large quantity of
germanium photoresistors for the detection of comparatively low-temperature target
According to literature [11] Westinghouse has developed germanium p-type photo-
resistors alloyed with gold fer wc+': 2n the region of 1-10 g with its cooling by
liquid nitrogen. The photoresistors have a threshold of sensitivity (equivalent
power of noise) 5.10~1 & at 78K and 1.6-10711 & at 60°Kk. Time constant is less
than 0.2 microseconds. It is indicated that PbSe in these conditions has comparab
sen3itivity in a wave range of 2-5 4 with a time constant of 30 microseconds.

Spectral sensitivity of germanium photoresistors is shown in Fig. V.12.
resistors alloyed by zinc and working at a temperai
of liquid helium of type 536-1ZIP, it is reported that their sensitivity spreads
to 40 4 with a time constant cf 0.0l microseconds [12]. Photosensitive layer has
dimensions 2 X 2 mm. Threshold of sensitivity to radiation of a black body with

T = 500°K is characterized by equivalent power of noises 4-10"7 v with a 1 cps
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rasaban! «nd a modu.ation frequency of radiant flux of 8(0C cps.

T+ is inaicated also (i3] that on a base of germaniim photoresistr alloyed
by antimony and woerking a. a temperature of liquid helium they managed to create
a laboratory installation for registering radiations in a wave range of 55-10C
during time constant 1077 sec.

In conclusion one should note one more property of germanium photoresistors,
which allowed the construction of a highly sensitive radiotechnical device for
registering energy of infrared radiation (14, 15). This device (Fig. V.13) is a
crystal of germanium alloyed with gold, excited at normal temperature by a field
of supar-high frequency. .

The crystal of germanium is placed inside a cavity resonator with sharp ad-
Justment. When infrared radiation hits it, there occurs a change of the complex

dielectric constant of germanium and a detuning of the resonator.

? TN e o
!”[:——— ¥ \f’" tee, one of the arms of which is loaded
o \
% Ce Ku S000°N N Ce.Zné%x by two identical resonators and germanium
'Y - N — R
EE! e T_\ - JA crystals suspended inside them. The
X ] P
g: Ve ik ./ secund arm serves for a supply of shf
|
g, T AH energy from the power supply. The
.‘ T signals reflected from the resonators are
)
il YW REIL] R B added in the third output arm with a

T P [
_ "(0) euwa beines. mn
phase difference of 180°, If reflected

Fig. V.12, Spectral sensitivity
of germanium photoresistor alloyed signals have identical amplitude, then
by different alloys.

An indicator constitutes a waveguide

KEY: (a) Sensitivity in relative on output there is nc signal. If, however,

units; (b) Wave length, 4 .
one of the crystals is irradiated by

infrared rays, then equality of ar>litudes and phase relaticnship will be disturbed

and on output there will appear a noticeable signal.
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(e) nwa desima

Fig. V.13. Diagram of a germanium indicator
of infrared rays in waveguide.

KEY: (a) Output; (b) Input; (c) Holes; (d)
Germanium; (e) Lens for infrared rays; (f)
Infrared rays.

5. Receivers with Photovoltaic Effect (Rectifying Receivers)

Transformation of radiation energy to electrical with the help of photo-
censitive layers can be carried out, using rectifying, or, as it is sometimes
called, photovoltaic effect. In essence it consists of the fact that at contact
of semiconductor and metal there will be formed a thin intermediate layer with
one-sided conductivity (barrier layer). During irradiation of such a receiver
by radiant flux the current carrier can shift in only one direction; for instance,
from semiconductor to metal, creating between them potential difference and current
in the external circuit.

Rectifying receivers, as compared to photoemission la.yers‘_, possess significant
integral sensitivity which is possible to see from Table V.13,

However, rectifying receivers have not found wide application in instruments
of infrared technology because of high time lag, nonlinearity of light characteristic
with increase of load and comparatively small operating wave range 0.5~1.4 u .

In postwar years, becoming widely applied, have been new photoelectric radiation
receivers - photodiodes (FD), phototriodes (FT), whose principle of action is
similar to the barrier-layer effect.

18




Table V.13. Integral Sensitivity; of Heceivers to a Source with
Temperature T, = 2850°K

Receiver S, microampere/lumen
With photoemission 150-200
Silver sulfide rectifying 3,000~-8, 700
Thallium sulfide rectifying to 1100C

Photodiodes, as compared to earlier developed rectifying receivers, profitably
differ both in their spectral and integral sensitivity and in their small time lag,
high efficiency, and stability of parameters in time.

At present, the most widely used are germanium nhotodiodes of thrse types -

with point contact, with n-p junction and multipliers (phototriodes) with n-p-n

Junction, whose diagram of arrangement is shown in Fig. V.14,

These photodiodes can be included

2
( ! ' l.'lm:sa) SS . Clin (a)
b aanen L ~ .
”‘:2 ,"(”)m’ s nepese ' in ~sircuits for registering radiant
- g |~ » hl
(c) ~ N " ~ fJux in two conditions, consecutively
m‘i’,’:‘.‘a (n-2- 71 (3gyeemer with, as a source of direct current,
Fig. V.1l4. Diagram of arrangement voltage from several vo.ts to 80-100 v
of germanium photodiodes 1, 2 and
phototriode-multiplier 3. (photodiode conditions) and without a
KEY: (a) Light; (b) Collector;
(c) Basic electrode; (d) Collector source of current (rectifying method).

Junction,
In the first case there is attained a

significantly large sensitivity of receiver.
A point photodiode constitutes a lamina of a single crystal of germanium with
electron conductivity (n-type) with deepening on the internal side. 1In this place
to the germanium is connected a collector - a metallic electrode from resiling
tungsten wire. During irradiation of external surface of the germanium plate, on

the point of the collector will be formed a region nearly 1 mm in diameter with
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r -type conductivity, in which is createa a junction of type n-p, determinirg a
Junction in the barrier layer. Cign of displacement in this case ccrresponds to
the barrier direction, i.e., from the semiconductor to the metal.

In construction, point photodiodes

I
; are made in the form of a cylindrical

Ce n | cartridge 5-6 mm in diameter and 10-12 mm
7

(a) Mepeicod n-p

Fig. V..5. Point

in length., Plate of germanium with point

photodiode with contact 18 strengthened with heat- and
drop of indivm.

KEY: (a) An n-p moisture-resistant resins for one of the
Junction.

face sides of the cartridge, which is the
receiving side of the photodiode. On the other side of the cartridge emerges the
zcllector lead.

Recently becoming wi :ly used have beer point-contact photodiodes, for which,
instead cf a tungster, collsctor, a drop (welded with it) of a single crystal of
anothe: substancs with p ~type conductivity, for instance indium contacts n-type
germanium. Construction of such a photodicde is shown in Fig. V.15. In this case,
due to heightened mobility and concentration cf holes, for indium there is created
a more effective intermediate layer with an n-p junction, which allows, signi-
ficantly, an increase in the sensitivity of point photodiodes.

Germanium plane photodiodes with n-p and n-p-n junctions are prepared from
rectangular plates of a single crystal of germanium wi.h various signs of conductivity
Cimensicn of plates are of the order of 1 X 1 X 3.5 mm, In a photodiode with
r=-p-n Jjunctions, both junctions are disposed at a distance near 0.05 mm.

With n-p Jjunctions the sign of displacement corresponds to the reverse
dirsction {an slement with n-type conductivity is positive).

With n-p-n Jjunctions, to one of the junctions moves voltage in the barrier
reverse direction, to the other - small voltage in a straight direction.

Sensitivity of all three types of photodicdes depends on tha place the radiant

flux hits the surface of germanium.
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The biggest effectiveness is attained when radiant flux hits within limits of
several tenths of a millimeter from t..e junction. Germanium photodiodes have amall
dimensions. Thus, for the considered French photodiode, for which length of plane
Junction constitutes 2.6 mm the "effective area" will be equal to 1.05 o’

Dark current at room temperature (+20°C) for germanium photodiodes in photo-
diode conditions constitutes a magnitude within limits of 3-10 microampere, being
increased with a 1°C increase of temperature by 2-3% for point contact photodiodes
and by 10¥ for plane.

Spectral sensitivity of germanium photodiode spreads up to 1.8-2 x# at
maximum near 1.5 u {Fig. V.16).

Such distribution of sensitivity

will agree well with works of Shive [17]

_

and Moss (18], measuring quantum yield

o

Measymues eplemiumess-
wocme, afim
N\
-

o P \ of 8 germanium photodiode with a n-p
P | - 2 Junction.
3 (8’ Asune k'cml.uu v -

In distinction from old rectifying
Fig. V.16. Spectral sensitivity

of a germanium photodiode. receiv.,s, germanium photodiodes possess
KEY: (2) Absolute sensitivity,
amp/w; (b) Wave length, « . very insignificant time lag. In Fig.

V.17 is given the frequency-response
curve of the French photodiode, from which it is clear that up to 10% cps the
photodiode is virtually without time lag, and only at a frequency of 75 kilocycles
the value of sensitivity decreases to half, as compared to conditions of constant
irradiation.

Volt-ampere characteristics of germanium photodiodes depend on their type.
Thus, for a point-contact photodicde rectilinearity of volt -ampere characteristics,
with an increase in intensity of irradiation, is disturbed. In distinction from
point—contact plane photodiodes have volt-ampere charicteristics with good linearity

at small magnitude of saturation voltage (1.5-4.5 c), and their parallelism is de-

termined by proportionality of current and magnitude of radiant flux.




Shive [17] presents Lhe following

ki e R |

/ ’
§é \\ basic parameters of germanium photo-
N

, £, N diodes (Table V.'4).
% N i} ®
H -~
b i. § On the basis of new semiconcucteor
¥ S
% 5“ 1 compounds boundaries of senaitivity of
§ au L contemporary photodiodes were expanded.
I —
: LN ] s’ At present photodiodes are developed on
f (C3 Secoeme Mm?. nyvcmes
g ! a base of InSb and InAs. In Fig. V.18
: Fig., V.17. Frequency-response

curve of a germanium photodicde. are given spectral characteristics of

KEY: (a) Weakening of signal in

relative units; (b) Weakening, sensitivity of these photodiodes, FPos-

db; (c) Frequency of modulatiun

of radiant flux, cps. sessing high sensitivity in a wider

wavelength range with smgll time lag,

these photodiodes, however, require for their work cooling to a temperature of

Table V.14. Magnitude of Basic Parameters of Germanium
Photodiodes
Temperature
Type Coefficient Resistance, |Se¢nsitivity,
Current | ¢ Dark ohm amp/1lu
Current, &
Point-
contact 1-2 ma 2-3 20,000 0.1
n-p 1-10 us 10 107 0.03
n-p-n 20-40 wa 10 10° 3-10
i
In the press there have been published certain parameters of a photodiode

from indium antimonide (calculated and experimental), on the basis of which Table

V.15 is composed. In the table values of the threshold of sensitivity of a photo-

dicde are given for radiation with wave _eng-h 4 , .
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Fig. V.18a., Spectral Fig. V.18b. Spectral sensitivity
sensitivity of a photo- ¢ photodiode from TnAs.
diode from InSk. KeY: ({a) Photoeffect, %; (b)
XEY: (a) Photo-emf on Wave length, u .

(p-n) junction, %; (b)
Wave length, .
Table V.15. Parameters of a Photodiode fiom Antimonous
Indium (9]
lArea of Time 1
A K Temperature of FPhoto- Constant Thresho d
maximum’ Photosensitive °© ’ of Sensi-
o sensitive_ | Microsecond| tivity,
Layer, °K Layer, ca? w}cmﬁy —
b 77 0.01 2 1.1-1078
L 7 0.01 2 11107

NOTE. Computed values of sensitivities are marked by sign *.

6. Receiversyith lateral Photoeffect

As was noted in Section 5, during illumination of a semiconductor junction of
germanium photodiode n-p between two sides of this junction there appears photo-
electromotive force. Further research of photoelectric effect in germanium
photodiodes brought to detection the so-called lateral photoeffect during nonuniform

f the receiver {20, 21].

[}

he site
Essence of lateral photoeffect consists in the appearance of addi*.ional photo-
electromotive force, parallel te the junction, and in the addition of it to the

photo-electromotive force appearing between the two sides of the junction if the
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radiant flux gets on the sensitive site not aymmetrically tc the axis of the photo-
cell. The diagram of such interaction is shown in Fig. V.19, If one irradiates

a germanium photodiode by a light apot

1_"...~___. p-men (1) (in dimensions smallsr than the dimensions
NR N of the sensitive surface) symmetrically
}Va-mur (D)

v cten (a) to its axis, then voltimeter VJ wi.l show

4 the presence of voltage bstween p-n
Fig. V.19. Diagram of the
formation of lateral Junction of the photodiode. If one were
(longitudinal) photoeffect
for a photodiode. to now displace the light spot to any

KEY: (a) Light; (b) Type. .
lght; side relative to a central point (axis

of the receiver). Then voltmster V, connected to any two points lying on the
surface of the germanium layer will show voltage between these points. The lowest
potential is at point of incidence of light and is increased when moved from center
to edges of receiver.

For use of only lateral photoeffect a receiver (germanium plate with fused
drop of indium) is suppliad with two base contacts for removal of lateral photo-
electromotive force, which are located symmetrically relative to the center of the
sensitive surface., Necessity in contact with indiwn drop falls off since longitudinal
photo-electramotive force in this case is not measured, and indium, so to speak,
can be left electrically floating.

With such construction of a photodiode the sign of lateral photo-electromotive
force will change from positive to negative value depending upon position of light
spot on the surface with respect to axis of symmetry of photocell. Consequently,
point source of light, image of which is projected through objective on the receiver,
will create a signal which will change depending upon the angle between direction 7
to source of light and axis of symmetry of the '"receiver - objective" system, i.e., !
the receiver can measure direction to source of light by null method, possessing E
high accuracy. During change of direction to source of light, polarity of signal ;
changes also.

12}
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(a) Basodore xewmanme In litsrature is described the

. = {v) following construction of a photocell
A= I = — .
Bdsiozieina \;;{(C) } with lateral photoeffect {Fig, V.20a).
e (ﬂn-mm : A germaniwm plate 0.0127 em thick
—t---f Y-—-—4— (0.005 incn) and 0.635 cw® (0.25 square
inch) in area had specific resistance
Fig. V.20a. Construction of a 1-2 ohm/cm. An indium drop 0.114 cm in
photodiode with lateral photeo-
effect, diamet.er (0.0L5 inch) was fused to
KEY: (a) Base contacta; (b)
Inches; (c) Type. germanium 0.005 cm deep (0.002 inch) and

had 0.001 ohm/cm specific resistance of
junction. Two base contacts were disposed
symmetrically.
If a ray of light drops in the center of the sensitive surface above the indium
point, then on the contacts are established two equal in magnitude voltages so
that the voltage between the base contacts will he equal to zero (Fig. V.20b),
If light point shifts from center, then total output vvltage may be calculated

Ix,

by the formula Usuzs = .s___.(__le_ P QA —ux,)

BN C ek 1T, TR G
2 7 o7 2{—x,)

=2t 10— x), (v.o)»
where P 1is reeistance,

¢ is area of sensitive element,

9 is distance between base contacts,

x, 1s current coordinate of light spot.

When light point is in position A, total base voltage, which is the diiference

in voltage between light point and left and right ends of receiver, will attain
its maximum value (for the shown receiver Usux = 1.5 millivolt). When light point
moves in the direction of position C, output voltage will start to decrease, will

pass through zero, and polarity will change, attaining maximun value at point C.

*Russian subscript "Bblx" indicates "output’,—-Ed.
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Resultant curve of change of output

voltage in the operating secticans will be

rectilinear. On boundaries of the

+1§

! operating section of the receiver, in
X
§+¢J direct proximity to base contacts, the
3
G
3 0 R f’ i .- curve has a sharp drop due to loss of
S |Bmurruinumez
§_¢5 \ sensitivity on boundaries of fusing of
©
. \ the indium drop.

—(5 \ With the help of such a receiver
Fig. V.20b. Dependency of photo- can be obtained two coordinates, if one
electromotive force on position
of light spot on sensitive surface. were to introduce a second pair of base
KEY: (a) Output signal, millivolt;

(b) In milli-inches. contacts, perpendicularly to the first,

In such an element deflection of a light
ray from the center will be determined by a pair of intercontact voltage, whose
amplitude and sign simply determine the position of the light spot on the surface

and, consequently, the direction to source of radiant flux.
Consequently, with the help of the

shown receivers it is possible to de-
termine direction ‘o source of radiation,
i.e., actually to carry out direction

finding of radiation sources. Actually,

ST
) | = if radiant flux is focusad by the optical
1
system in the central part of the re-~
Fig. V.,20c. Diagram of ceiver (Fig. V.20c), then on its output
determination of directicn
to source of radiation, voltage will be equal to zero. If, however,

luminous flux is focused to the right or
to the left of the axis of symmetry of the photocell, then on its output will appear
voltage. Magnitude and sign of voltage allows us to judge the distance of the spot

to the right or to the left of the axis of symmetry. Turning the device to the
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corresp.nding side until output voltage disappears, one can determine direction to
source of radiati~n.

In literatw 2 it is indicated that the accuracy of determining direction to
source of radiation by this null method attains 0.1 angular gecond,since error of
combination of the light spot with the axis of symmetry of the receiver does not
exceed 100 i. If, however, we use a receiver with two pairs of base contacts,
then it is possible to determine direction to source of radiation with such
accuracy immcdiately in two coordinates ~ in azimuth and in elevation.

Deficiency of such a method of determining direction to target is its large
time lag since it is necessary to turn the receiver until output voltage disappears.
Therefore, this method does nct allow direstion finding of briefly effective
sources of radiation, for instance the flash from a shot of a carnon. MDu-ation of
a flash constitutes a period of the order of several milliseconds and, naturally,

to turn a receiver for such an interval of time is impossible.

o
However, lateral photoeffect alliows
the imitation of a turn of receiver by
disrlacement of axis of the character-
J - — istic (Fig. V.20d) or, as we say, appl'-
\| ig ’ ay
I ~<§;L= cation of the electron shift.
e
‘\\\ Suck a shift of characteristic is
Fig. V.20d. Imitation of the possible to carry out, passing to base
turn of a device by displacement
of the axis of the characteristic. electrodes bias voltage of corresponding

sign.
Influence of biase voltags applied bef.ween base contacts from external batteries

may be determined from relationship

R (v.7)

- U.=2-:—I(l+cl}°-—x,),,
CTRFR 2w }
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where Ug i3 voltage of bias battery,
R¢ is internal resistance of battery,

Ry is resistance of receiver.

Fxpression (V.7) gives dependency of the change of characteristic along the
axis of abscissas depending upon the change of voltage of battery U,
rhe curve is displaced to one side during displacement current of one sign

and to the other - during displacement current of the other sign, which is clear
from Fig. V.20e.

& \ Besides mechanical modulation of
v / . radiant flux, with the given receiver
: \
uQ ;"“ it is possible to carry out electron
v i/ W -t
g qt \} modulation ¢f output signal by appli-
\
: L - ra NN cation of alternating bias voltage to
2 y7) 7 x .
3-11 ‘ \ 4 the junction contact by the diagram in
\
Y, \\ / Fig. V.21.
c \A/
-4 ’ Changing the magnitude of forward
-q4 current through the junction between
Fig. V.20e. Change of the drop of indium and the two base
characteristic during
change of bias voltage. contacts, it is possible to decrease
K=Y: (a) Output signal,
millivolt; (b) In milli- sensitivity of receiver approximately
inches.

to 10% its initial magnitude, which is

equivalent to the modulation of the signal. This decrease of sensitivity is
explained by potential drep in the base region due to forward current which
junction of current carrier from drop of indium to germanium due to the action »f
radiant flux. In other wurds, with an increase of ~urrent through junction the

slope of characteristics decreases.
An electron interrurter (EP) may be made in the form of an electron key (type

of multivibrator), alternately connecting and disconnecting plus of the battery

from the drop of indium.

§
i
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It is necessary to note that during the given methed of modulating radiant
flux, simultaneously interrupted also are leakage currents and fluctusting noises
of the semiconductor and consequently, they cannot be separated during subsequent
amplification,

Linearity of the operating section of receiver response is sustained with
precision + 1%, and the steerness of it depends on the distance between base

contacts. The less the distance between base contacts, the bigger the slore of

the characteristic.

During optimum selection of spot

Q6 — [ L
Ei; diameter we manage to obtain a 45%

e / onm =l steerness of characteristic per 0.0254 mm
- ;YSG""" ) ’” (9 (1 milli-inch).
g 4 Eﬁ[ﬁrﬁ; Conducted research of a model of
; ’J, ,’,‘,‘:;é,‘;,,,,. 4 receiver with characteristic having a
g-u (b \\JL maximm of 1.5 mv and 43% steepness per
Eiﬂ‘ 0.0254 mm (change of magnitude of voltage

\\JI from maximun value to 43% during displace-
-t

ment of light spot 0.025 mm from center),
Fig. V.21. FElectronic modulation.
K=Y: (a) Output signal, millivolt; showed the possibility of registering
(b) In milli-inches; (c) Flectron
interrupter. voltage of 10 microvolt during change of
position of spot along the operating
[-]
surface of the receiver on 100 A. In case of application of an objective with
focal length 25.4 mm (1 inch) angular accuracy is equal to 0.1 angular second
(accuracy, which may be ensured by eye, constitutes C.5-1 angular minute, but for
good optical range finders 10-15 angular seconds [22]),
The device made it pussible to reveal a source of monochromatic radiation with
[-]
A= 6000 A, power ¢ = 10 w at ambient temperature T = 300°K from distance L = 1000 m.

Magnitude of current of noises during ar amplifier passband of 3/ = 1 cps at room




w Nl“ﬁ‘w

temrerature constituted a magnitude of the order of 10-11 amp, and the aignal-to-~
noise ratio during the experiment was 20 db. In the device was used an objective
with aperture A, = 10 cem? and transmicsivity v = 0.8,

Receiver with intarbase resistance
R = 100 ohm had a reflectivity from the
sensitive surface of 0.37.

Under theses conditions sensitivity

of device may be estimated to Le a

magnitude of the order of 200 micro-~
Fig. V.22, General form of receiver

with lateral photoeffect and device ampere/lu.
for determining direction to source
of radiation. At present a report has appeared

about the manufacture, on the basis of
a receiver with lateral photceffezt, of instruments for determining direction to
source of radiaction, appraisal of position of missiles, their stabilization and,
as an exact optical indicator of precession of gyroscopes and accelerometers [23],
General form of one such instrument is shown in Fig. V.22. The instrument

has the following characteristics:

maximum output voltage, developed by receiver during load is 20,000 ohm,

42 v 3
Inch-w ’

linear sensitivity 0.32 —Y¥ ___
y 0.3 inch-w

angular sensitivity 16 -ﬁ—c{-—"— with focal length of objective 254 mm (10

inches);

minimum energy content causing signal 1 v, 0.015 w (with a source with 'I‘n =
= 2600°K);

time constant 5 microseconds; ;

internal resistance 3000 ohm.




7. Heceivers with Photomagnetic Fffect

In 1934 Noskov and Kikoin revealed that if the plate of a semiconductor is
placed in magnetic field B (Fig. V.23) and irradiated by raediant flux perpendicular
to the direction of the force lines of the field, then in the plate will appear
potential difference directed perpendicular to the field and radiant fiux.

later this phenomenon, called photomagnetic effect, was investigated in detail
(24, 25, 26] in germanium, silicon, lead sulfide, indium antimonide, indium a-senide,
and magnesium stanide. The most reassuring results were obtained recently on
sufficiently pure samples of indium antimonide.

I If one were to irradiate one of the

(/,7 y4 //// surfaces of a rectangular samp.e of the
‘!n
b

ST

Fig. V.23. Diagram of
photomagnetic effect. pairs, which then would start to spread

above-indicated compounds, in their surface

layer would be formed "electron -~ hole”

inside the sample and, under the action
of the transverse magnetic field, to deviate in opposite directions. As a result
of this, on the sample will be formed potential difference perpendicular to the
magnetic field and direction of the radiant fiux. Vo’ tage between two linear
electrons located on the sample d cm {rom each other, can be calculated by Lhe
formula

U=1dBs-10* v, (v.8)

where s is speed of surfaze recombination of current carrier, cm/sec;

I is intensity of radiant flux;

uant

B is magn:tic field strength, oersted. ~5gc.ome

(In the case of germanium with s = 10,000 cm/sec at d = 0.1 cm, B = 10,000 oersted,

and intensity I =1 3888 y_ 0.1 v).
sec-cm

P



tesearch of indium antimonide as an indicator of infrared rays has shown that
photomagnetic electromotive force exceeds the magnitude of the signal due to
photoconductivity. The relation of these signals, in the case of indium antimonide
possessing proper conductivity in accordance with the theory offered by Mohs,may
be determined from relationship

sx o528y L, (v.9)*
where # 1is voltage applied to the sample during measurement of photoconductivity;
p is mobility of charge carriers, cmz/v'eec;
v is lifetime of carrier, sec.

Short. circuit current ik3 during change of magnetic field strength changes

according to the law

o =T e (v.10)
which fully agrees with experimental data (Fig. V.2,); however, photomagnetic
electromotive force with a change of magnetic field strength does not follow this
law since resistance of the sample increases with an increase of magnetic field.
As the research of D. N. Nasledov and Yu. S. Smetannikovaya [27] has shown, the
dependency of photomagnetic electromot.ive force in a single crystal of n-type InSb
with a concentration of donors 2:10%°-2.10°% cm from magnetic field strength in the
range of 300=20,000 oersted is almost linear.

In literature there is rresented r.o data about spectral semsitivity of the
indicator, although it is noted [6] that results of spectral measurements of photo-
magnetic etfect in pure sample of ‘nSb, InAs and Mg,5n allow us to consider them
useful for receiving radiation in the comparatively distant infrared region of the
spectrun. Furthermore, a rough estimate of spectral sensitivity of the photo-~
nmagnetic effect in indium antimonide is reported [24). The reaction was measured

of indium antimonide to the radiation of an ideal black body heated to 300°C, with

#Russian subscript "¢y " indicates "photomagnetic'; "¢n " indicates "photo-
conductivity".~~Ed.
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a quartz plate 3 mm thick as a filter and without it. During location of the
quartz plate before the tested sampie photomagnstic elsctromotive force decreased
5 times. This allowed the authors to consider that photomagnetic effect in indium

antimonide is caused basically by radiation with a wave length higher than 4 4 .

L]

’//”,4——-. In literature [28) a photomagnetic

receiver is described on the basis of a

L
™S

single crystal of InSb, working at room

temperature and possessing spectral

sensitivity to 7.5 4 . Its threshold of

a ) T £ aporsbassmz thwwyre

3 sensitivity to radiation with a wave
g § ] L
(D) wezvvmwe sese, 30 spcm

length of 6.6 4 1is equal to 6.7-10"10
Fig. V.24. Changa of short-

circuit with change of with dimension of receiving site 0.71 mm®
magnetic field in InSb.

KZY: (a) Current in arbitrary and passband of amplifier Af = ) cps,
units;_ (b) Magnetic field,

B X 10° oersted. In the same place it is indicated that

the time constant of the receiver, measured
on drop of signal "e" times, is less than
1 microsecond.

Table V.16, Calculating and Experimental Characteristics of InSb
Recsiver with Photomagnetic Effect [9]

Threshold r

Characteristics| Material Anmmdmnm’ %gizgggrof :;Sa :;C;GRSitiVitY 4 sec
Calculating InSb 4 300 0.3 1-1077 1
Fxperimental InSb L 300 0.16 | 2.5.1078 ]

The considered method of detection of infrared radiation prcfitably differs
from application of photoresistors by i.s insignificant noises, limiting the threshold
of sensitivity. Therefore, the application of phctomagnetic effect in InSb requires

the use of amplifiers with very little set noise. Otherwise gain from application




of highly sensitive method of registering infrared radiation in a wide range of the
spectrum may be sipgnificantly lowersd due to impairmsnt of threshold sensitivity

of all the system on the whole.

8. Cooling of Photosensitive Layers

As already was noted, the majority of receivers of radiation require cooling.
Cooling of photosensitive layers allows increase of their integral sensitivity, .
expansion of spectral range of sensitivity in the direction of longer waves, and
decrease of internal noises, limiting the threshold of sensitivity of infrared
instruments.
Cocling of a photosensitive element may be attained when it is placed in a
Dewar vessel, filled with corresponding refrigerant, ensuring temperature of

cooling, shown in Table V.17.

Table V.17. Obtaining of Low Temperatures

Refrigerant and its State Obti;nable Temptgature
Melting of ice 273.16 0
Volatilization of solid carbon

dioxide 194.7 =78.46
Boiling of liquid air 88-85 -185 to -183
Boiling of liquid oxygen 90.2 -183
Boiling of liquid nitrogen 77.4 -195.8
Boiling of liquid neon 23 ~-250.16
Boiling of liquid hydrogen 20.5 -252.66
Boiling of liquid helium 4.22 ~-268.94

The methods shown in the table have fcund wide application in laboratory
conditions and can be used for cooling of laboratory samples of receivers, since

here, in the end, only economic censiderations and required consumption of cooler
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play a role. Such cooling is attained by locating photosensitive e'ement in a
cryostat.

As an example in Fig. V.25 is given a diagram of cooling of a highly sensitive
germanium photoresistor, alloyed by zinc (536~1ZIP, Perkin-Elmer). Cooling of
photoresistor is carried out by liquid helium, filling the internal volume of the
cryostat. Around the intermal vesscl is placed a second external vessel, filled
by liquid nitrogen for the purrose of slowing the evaporation of the liquid helium.
The actual photoresistor is placed in vacuum on the internal wall of the first
vessel. External wall of bottom >f vessel (window) is prepared from KRS=-5.

The photoresistor is cooled to temperature )°K and has the following parameters:

dimensions of cryostat - length 45 cm, diameter 15 cm;

dimensiona of photosensitive layer - from 2 X 2 mm to 20 X 20 mm;

spectral sensitivity - 2-40 4 ;

time lag - 0.01 microsecond.

Indicator is released in series by

the firm Perkin-Elmer and is designed for

the detection of comparatively low-
temperature radiation [12].

In the case of development of cooling

systems of photosensitive layers for

i frared instruments with a military

(0) or (a) gum assignment, besides the economic factor,
Fig. V.25, Cryostat for
cooling photoresistor. of paramount value is reliability of
KEY: (as) Window; (b)
Photoresistor. operation, weight, dimensions, time of

preservation of refrigerant, and the
possiblility of application in any plare

and in any time,

"
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In order to judge those difficulties which must be faced when developing such
systems, we will consider the peculiarities of their work:

a) system of cooling can be established in the infrared homing device of
rockets, on satellites, piggyback plane equipment, in carried instruments, etc.
Consequently, they have to be small-size and have small weight with insignificant
consumption of external energy;

b) time of action of cooler can change from several minutes to several days
without milking;

¢) systems of cooling should unfailingly work at any height, at any temperature
and in any position which they may take in space together with the object;

d) systems of cooling should ensure maximum reliability and especially pres-
ervation of gas in pure state, and also mechanical durability of material working
under very low temperatures.

Considering all the above~stated, it is considered [29] that amorg the many
technical problems facing the industry releasing instruments of infrared technology
for military and civil assigmment, one of the first in the list of the most diffi-
cult is the problem of cooling infrared indicators.

For cooling photosensitive layers in infrared instruments four basic types of
systems can find application:

cryostat systems;

systems operating by adiabatic expansion of the operating substance;

systems of direct cooling by liquified gas (heat exchangers), and

thermoelectric systems.

A common condition for the first three systems is the necessity of using
closed systems to guarantee the greatest cleanness of refrigerant and prolonged
work without milking. Furthermore, in space conditions open systems are unfit in
princirle.

A simplified block-diagram of a refrigerating installation, working on a

closed cycle, is shown in Fig. V.26.




From reserve bottle 1, where there is saved a reserve of liquid coolant or
gas, the refrigerant proceeds thrcugh measuring hopper 2 into compressor 3 and from
there under pressure - along coil 4 to nozzle 5, located in direct proximity to
cooled photcsensitive layer 7. The photosensitive layer is placed in the vacuum
of closed insulated cryostat 6. Liquid coolant is evaporated and is expanded in
the nozzle, cooling internal volume of cryvstat. Then cooling gas by tube 8 enters
compressor, where again it is compressed, and then under pressuce enters nozzle,
where, repeatedly being expanded, it cools the internal volume of the cryostat.
Thus, from cycle to cycle there occurs gradually & cooling of photosensitive layer.
At the needed moment the measuring hopper can supply the inatallation with an
additional portion of liquified gas. For the purpose of in:rease efficiency of
installation, gas under pressure is transported along coil, reeled on tube 8,

which allows its preliminary cooling.

Sometimes coil is reeled on tube

proceeding from reserve bottle to measuring

hopper and having temperature of liquified

gas.

Fig! V.26. Block-diagram Cryostats in construction and prin-
of a refrigerating instal-

lation working on closed ciple c¢f action can be broken down into
cycle.

three groups.

a) cryostats in which cooling is attained by application of compressed gas;

b) cryostats in which cooling of photosensitive layer is attained by washing
its sublayer with liquified gas, with gradual augmentation of liquid cooclant as it
is expendad;

c¢) cryostats with application of compressor in a closed system.

The operating principle of the first group of cryostat systems (Fig. V.27)
can be comprehended by the diagram of a cocler working on the principle of expansion

of preliminarily compressed gas (nitrogen or helium).
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Compressed gaz under pressure of 180 atm proceeds from reservoir A through

5 ] 48 M‘m - m

capillary and filter B and solenoid valve C to dilater D, where it is expanded
and liquified. Supply of gas is regulated with the help of a transducer, for
; wvhich resistance is changed with decrease in level of liquid coolant affecting
solenoid valve (measuring hopper).

By analogous diagram is carried out a cooler of the firm of Linde, shown in

g Fig. V.28.
. In this system as a work substance
! ‘a)  compressed helium is used, which enters
cooled cavity (cylinder 0.8 cm in
{;Zﬁ? (o) diameter and length 5 cm) under pressure
zegmumm of 20 atm., Being expanded in cryostat
near photosensitive layer, helium allows
: ' spvoemam (4) oy obtain temperature to -210 to -213°C.
' Fig. V.27. Diagram of cooler
working on the principle of Weight of device is 220 g. Its appli-
adiabatic expansion of gas.
KEY: (a) Control circuit; cation, as is shown in literature, will
(b) Transducer level; (cs
Detector; (d) Cryostat. allow decrease in weight of aircraft
infrared equipment to 4 kilogram.

A characteristic peculiarity of the given construction is the fact that in it
is applied only one mobile part -~ a plastic piston in the cryostat.

Cryostats with direct transfer of liquid coolant (Fig. V.29) consist of a
special vessel for storage cf liquified gas under pressure, a capillary, on the end
of which is a cocled indicator of infrared radiation, and a preheater. Heating of
liquid (nitrogen) with the help of a spiral causes expansion of liquid and rise by
capillary to cooled indicator.

It is indicated that such systems are the most promising for aircraft equipment.
In filled state, the weight of the system constitutes nearly 4 kg, and it ensures
continucus cooling of eight indicators to a temperature of =195°C for 6 hours.

{
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Fig. V.28. General form Fig. V.29. Diagram of a cooler
of cooler with adiabatic with direct transfer of liquid.
expansion of gas. l--reservoir with nitrogen; 2--
heater; 3-~bottle; L-~detector;
5--to atmosphere; 6~-manual switch;
7--differential value; 8~—rneumatic
switch; 9-—pipeline.
The advantage of such a system, as compared to a system founded on adiabatic
expansion of compressed gas, is the absence of a necessity to have instruments
for adjustment of temperature changes in cooled cavities, since evaporation of
liquid occurs at a fully definite temperature, and alsc the absence of any moving
parts at low temperatures. Furthermore, in this case these systems ensure a high
degree of cleanness of cooler, since all soiling impurities are frozen out.
However, systems with direct transfer of liquid are absolutely unfit for work
in space conditions of high rarefaction of air. As a deficiency, one should note
(this pertains also to systems with adiabatic expansion of gas) their low economy
and great consunption of cooling substarnce,
A variety of cryostat systems of the second groupr are Dewar vessels for

cooling lead sulfide of photoresistors with the help of sclid carbon dioxide or
freon (Fip. V.30).
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Inside a [ewar vessel is placed a

briquette of solid carbon dioxide, which,

f (RRZIRZTS
pretetelete 0% %
0l0l0l00%0% %
e%e% % So¥e% :h
fOKERRA
%’o’o‘o’o’o’o’o‘dh |
N e et briquette through the glass bottom of the

as a result of volatilization cools the

-,

photoresistor, being in contact with the

(C)li;' (d)mu‘mm: » vessel, to a temperature of -78°C. 1In
Fig. V.30, Construction of order to ensure constant contact of -
cryostat for cooling FPbS by
solid carbon dioxide. briquette and photoresistor, briquette

K©oY: (a) Dewar vessel; (b)
Body; (c) Cotton; fds Spring; is held to bottom of vessel by special

(e) Photoresistor.
spring, secured on cover of cryostat.

In connection with noted deficiencies of open cooling systems, at present a
basic trend in the creation of cooling systems is the development of cooling
methods with the help of closed cryostat systems with liquid nitrogen or helium.
Cooling of photosensitive layer is carried out either by expanded gas or by spraying
me _hod - condensation of gas on a cooled surface.

In the first case liquid is provided in an insulated bottle under low pressure
and rroceeds through capillary to photoresistor, where, being evaporated, it cools
it. Fxhaust gas is repeatedly compressed with the help of a compressor and proceeds
on a closed curve again to cryostat.

In the second case, near sublayer of cooled photosensitive layer are created
conditions corresponding to "dew point" for a given gas. The gas, being condensed
on sublayer of indicatc:r, cools it, but then later on its evaporation again is
compressed by compressor and enters cocled cavity. As gas is expended, its aug-
mentation occurs from reserve hottle [30].

In Fig. V.31 is shown a system of the firm of Linde, for which photosensitive
layer is mounted directly on sprinkler. In this system 1liquid washes back side of
photosensitive layer both during work and during non-working time. Consequently,
photos~nsitive layer is always cold and, being in vacuum, is always ready for

work. It is indicated that the installation weighs to 3.4 kg and can ensure cooling




to 8 photosensitive layers during 6 hours after 24 hours of preparation.

Considered systems of cooling require for their work a reserve of cooling
substance, This is not always convenl:nt and can lead to the fact that at a needed
moment a reserve of liquid coolant will not be at hand. Furthermore, the presence
of a bottle with liquid coolant, although of limited volume, and a compressor
installation makes these systems comparatively bulky.

Therefore, efforts of industry now are already directed toward creation of
new, in principle, methods of cooling photosensitive layers.

One such way, if deep cooling is not required, is the use of thermoelectric
renerators. As early as 1834 the French scientist Peltier revealed that if one
were to pass current through a thermojunction in a direction reverse to thermo-
electric current, appearing during heating of the thermojunction, then the latter
will lower its temperature (Peltier effect). Thus, passing current from antimony

to bismuth, Peltier cooled a Junction 45°C with respect to ambient temperature.

Fig. V.32. Thermoelectric
refrigerator of Westinghouse.

Fig. V.31. Installation of The Peltier effect quite noticeably
linde with sprinkler in

contact with photosensitive appears on the junction of two semi-
layer.

conductors. Therefore, only recently,
after much achievement in the region of semiconductor physics, has it become
possible to apply, in practice, the Sang effect.
At present, an iitense search is in progress of materials posse:sing low

thermal conductivity, high electrical conductivity, and thermo-emf.
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Gimul taneously, construction of thermoelectric refrigerators is Leing de-
velcped for cooling lead sulfide photoresistors (Fig. V.32).

Thermoelectric refrigerators are ultimately reliable in work, do not have
mobile parts, possess little weight, and can be constructed with photosensitive
layer. Their consumed power is very small 2-2.5 w. Thus, the thermorefrigerator
shown in Fig. V.32 consumes 20 amp current at a voltage of 0,1 v, ensuring
temperature drop of 50°C at ambient temperature +25°C.

Increase of temperature drop by approximately 50% may be attained by appli-
cation ol two-stage cooling. As reported in the press, at present two-stage
thermoelectr.c refrigerators have been developed, allowing a drop up to 79°C.

It i: indicated that thermoelectric refrigerators have three peculiarities
as compared to other systems, namely:

operation of refrigerators is not subject to the influence of vacuum and the
surrounding situation;

efficiency of refrigerators is improved with growth of tempera‘®ure of ambient
airy

energy for work of refrigerators may be taken from any outside source.
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CHA: .ER VI

IMAGE CONVERTERS

Under image converter we understand an electrovacuum device which allows
conversion cf an optical image of one spectral composition to another by means of
constructing an intermediate electron image. The aim of such a conversion can be
either the transfer of an image from one spectiral region to another or the amplifi-
cation of image brightness, both simultareously. The most widely used image

converters at present are electron-ortical (EOP),

1. Converters with External Pho:.oeffect

Historically, the first image converters (1934) were the simplest two-electrode
converters of the "Holst Cup" type (Fig. VI.1).

"wo-electrode converters are made in the form of a flet capacitor placed in a
glass shell, in which vacuum is created of zn order of 10-4210"° mm Hg so that
rhotoelectrons can move without collison with molecules of air. On the front wall
of the shell from the internal side is applied a very thin transparent layer of
silver which is one of the two electrodes of the converter. On it, as on the
sublay=er, is depcsited by evaporation in vacuum a semitransparent photosensitive
layer (cesium oxide or cesium antimonide).

On opposite wall of shell also on silver transparent sublayer is deposited

a layer of luminophor (willemite or zinc sulfide). Between the cathode and the
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screen is arplied high tension (to 12,000 v), creating inside the converter a
rlane-parallel electrostatic field with intensity

£=_'{‘_, (VI.1)
where d 1s distance between photocathode and screen, cm.

Infrared rays reflected from the observed ocbject are projected with the help
of the objective on the rhotocathode, creating on it an inverted and decreased
image, not visible to the eye, with a distribution of "bright" and "dark'" places
on the photocathode, corresponding to the distribution of radiation intensities
of separate sections of the ~hserved object. In "brighter'" places of the image
electrons will burst from the photocathoae in a larger quantity thar from the
"darker" places. Pulled from the photocathode, the electrons (photoelecirons),
pgetting into a plane-parallel electrostatic field, will move with uniform acceleration
~o the screen.

. Density of photoelectron current

appearing in the converter from different

sections of the photocathode will be

+ proportional to the intensity of their
Fig. VI.1, Diagram of the irradiation. DNue to this the electron
simplest converter,

image will correspond to the optical image
on the photocathode. Photoelectrons of the electron image, obtaining, during their
motion toward the screen, kinetic energy el ev, bombard the screen and cause its
glow. Intensity of glow of separate points of the screen is proportional to the
power of the photoelectron current. This allows us to observe on the screen of the

converter a one-color image of the object observed in the infrared rays with a

ution of brightness tones corresponding to the distribution of radiation

intensities (proper and reflected) of separate points of the object.

Quality cf the image of the object observed in a two-electrode converter of

this type remains low due to imperfection of the electron-ortical system of the
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"flat capacitor" type. During plane-parallel transfer, electrons, based on the
cause of their various initial velocities vy, move in the field not in parallel
with cach other, but along parabolas with a summit at the point of emission. This
does not allow them to gather on screen at a point, conjugate with a corresponding
roint on the photocathode. Therefore, any point on the cathode will be depicted
on the screen in the form of a circle of confusion, which determines resolving
power of the electron-optical converter.

Fossibilities of increasing resolving power of a two-electrode electron-optical
converter are limited by the following factors:

1. During a field strength for a photocathode of the order of 10 kv/cm, field
emission starts from the rhotocathode, sharply lowering contrast of image.

2. A decrease of distance between the photocathode and the screen leads to
an increase of reverse gating of the photocathode by radiation of the screen,
leading to a decrease of resolving power of the conve -ter and imposition on the
image of a general parasitic background.

3. Increase of operating voltage or decrease of distance between electrodes
is limited also by the onset of disruption between them and as a result of this -
breakdown of the instrument.

L. With small distance between screen and photocathode technological diffi-
culties appear in obtaining a photocathode uniform in area during its sensitization
by vapors of cesium,

These limitations do not allow us to obtain converters w.th high resolving

power. Thus, in the best samples of two-electrode converters there can be obtained

3

a circle of confusion in diameter D = 0.1 mm, i.e., in this case resolving power
constitutes a magnitude of the order of 10 lines/mm.
To improve image quality in the simplest converters combined electrostati-: )

and magnetic focusing of photoelectrons was offered (Fig. VI.2).




The photocathode and screen in such a converter are separated by a large
distance {sometimes up to 7 cm), and the accelerating voltage is low=red to 500 c.
Focusing of electrons is carried out by long magnetic lens.

There can be practically obtained, with such a method of focusing electrons,
resolving power of converters 20-30 lines/mm (i ith distance between electrodes
d=7cm, U= 500 v).

Ir. spite of their simplicity, two-electrode converters during the Second
World War were replaced by more advanced multi-electrode converters, jncluding
electorstatic clectron optics. Three- or multi-electrode converters, in spite of
the fact that their manufacture is more complicated than the two-electrode type,
have a number of advantages over the latter, which promoted their wide application,
especially in instruments of military infrared technology.

Such advantages are:

1. Improvement of shielding of

te sy
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protocathode from gating by radiation
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of screen with the help of diaphragnms.

YR s
Fig. VI.2, Two-electrode This allows the use of cathodeluminophors
converter with magnetic
focusing. with great brightness of glow and high

accelerating voltages, at which screen
efficiency sharply increases.
2. Application of several electrodes allows gradually increasing intensity
of electrostatic field from photocathode to screen. This makes it possible to
apply very high accelerating voltages without danger of appearance of field emission
from photosensitive layer.
3. Multi~electrode converters allow us to obtain an imege not only in a
1 to 1 scale, but also with increase and decrease. The latter has a very important

value for amplification of image brightness, since with decrease of image density

of current grows as well as brightness of glow of screen.




L. Application of focusing systems increases resolving power of converter as
compared to parallel translation of clectrons.
For the case of electrostatic focusing diameter of the circle of ccnfusion

can be calculated by the formula (VI.2), and during combined - by (VI.3),

: l‘. o
D=2d3—— 7+ (VI.2)
D=d 1t %

=% +1 U (v1.3)

where Ve is initial speed of photoelectron,
U is difference of potential between anode and photocathode,
d 1is distance between electrodes,
I, is electron-optical magnification of converter.

5. Vith multi-electrode construction of a converter, between the photocathode
and the basic focusing electrode is placed a number of intermediate electrodes, to
which from the potentiometer moves voltage. Such construction allows a change of
relative distribution of potentials between electrodes and to carry out thereby
electron focusing of image on converter screen.

- — A typical representative of such

= W

converters is the l-P-25 converter, de-

(a —_r T
156 i:T- / veloped during the Second World War in
i the United States (Fig. VI.3).
- §00 —=
; e ‘ 6. Fcr nulii-electrode converters
Fig. VI.3., Diagram of
a 1-P=25 converter. in the presence of an aperture diaphragm

KEY: (a) Volt.
(Fig. VI.L) there is the possibility of

changing magnifying power. For that, to the diaphragm should
U3, changing from U; to U2. Total magnifying power of such a converter (at
Uy = 0) is equal to 1,:21,. However, if one were to pass potential U; = Uy to the

diaphragm, then magnification will be less, and at U3 = U; it will be more than

the shown ratio.




7. Transition to multi-electrode converters alsc improved the quality of
the image due to weakening of distortion with application of a spherical photocathode.
Radius of the sphere is chosen in such a manner that its center is in the region
of the plane of division of the basic focusing electrodes. The effect of using a

spherical photocathode is shown in Fig. VI.S,

— b~ { —
r:_, - _'_‘ NE ! The considered advantages of multi-
Arepmypwan electrode image converters led to the
(a) duagppaima J

fact that toward the end of the Second

"

IJ.QS.E] l" World ‘/ar converters with plane-parallel
, 2

to us

“ electrostatic field were completely re-
Fig. VI.4. Diagram of a

converter allowing change placed.
of electron-optical magni-
fication. Of the multi-~electrode converters

KcY: (a) Aperture diaphragm.
in foreign countries the most widely

used were converters of the firm AEG (Germany), the 1-P-25 (United States) and

the firm Muellard (England).
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Fig. VI.S5. Qu;.lity of image during application
of flat 1 and convex 2 photocathodes.

AEG released its converters during the Second lWorld War in two versions - with
screen diameters of 50 and 30 mm (Fig. VI.6). The electron lens of the converter
is formed by a cylindrical glass with a hole in the bottom, to which moves a 5 kv
rotential relative to the photocathode, and a frustum of a cone electrically united
with the screen to which moves an 18 kv potential. Converter is 160 mm long and

8C mm in diameter. The photocathode is cesium oxide with a "red" boundary of
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sensitivity A = 1,3 4.

In the correrter is applied aluminization of the internal surface of the screen
from zinc sulfide-selenide. Covering of the screen by a thin dense film of aluminum
allows us to increase screen efficiency and to weaken gating of photocathode, which
allows improvement of image contrast and also increased clearness of image.

Increase in overall efficiency of
the screen occurs in this case due to
reflection of luminous flux of the screen

in the direction of the observer from the

internal surface of aluminum film, as
Fig. VI.6. A converter of the from a mirror. This leads to significant
firm ARG (Germany).
weakening of luminous flux of screen in
the direction of the photocathode.
Increase of image clearness is attained due to the good electrical conductivity
of aluminum film, ensuring fast runoff of the space charge eroding electron image
near screen.
The converter of the firm AEG, when using candle-power optics, allows ampli-
fication of image bripghtness, having the following basic characteristics:
sensitivity of photocathode is 30-25 microampere/flux;
electron-optical magnification is 0.65;
resolving power in center of field of sight, attributed to screen, is 4O
lines/mm.

Converter 1-P=25, 110 mm long and 40 mm in diameter (Fig. VI.?7) uses multi-

The vhotocathode is cesium oxide with "red" boundary of sensitivity i, = 1.3 u ;
the screen is willemite, whose spectral composition of radiation well agrees with

spectral sensitivity of the eye. The conversion factor of image brightness lies
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within 0,5-0.4, i.e., the converter cannot be applied as amplifier of brightness

witn comparatively high basic parameters.

Fig. VI.7. Converter 1-P-25 (The United States).

Besic Parameters of American Converters

Value

et easurepont| 1F-25 | 69
Length mmn 115 68
Diameter " 42 L3
Operating Voltage v 4000 16000
Intermediate Focusing

Voltage " 3 None
Magnification X 0.5 0.8
Average field-of-sight

resolving power lines/mm 8 28
Conversion Factor 0.4 30
Sensitivity of Photocathode | mka/lu 20-30 30-40

In 1959 in the United States there began to be released a converter of the
type 6914 [13], whose basic parameters, as compared to parame‘ers of converter
1-P-25, are given in the table. As can be seen from the comparison, the given
converier allows, essentially, the increase of image brightness due to the high

conversion factor.

Muellard released a series of image converters of the brand ME (Fig. VI.8).
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o120 Fig. V7.9. Diagram of an

Fig. VI.8. Converters of th; ME-1201.
Muellard firm (England).

A characteristic peculiarity of these three-electrode converters is their
ability to use either electrostatic or combined focusing of electron beams, and
also to work with constantly applied accelerating voltage and in pulse conditions.

A diagram of an ME.1201 converter is shown in Fig. VI.9. The converter has
a cesium oxide rhotocathode and a screen of zinc sulfide covered with aluminum
semitransparent film. Dimensions of the converter: length 235 mm, diameter of
photocathode 30 mm, diameter of screen 115 mm.

In the converter is carried out variable electron-optical magnification from
1 to 4 at uniform resolving power on & 20 line/mm screen. (at I's = 1) by the

aprlication of combined focusing of electron beams.

2. Basic Characteristics of Electron-Optical Converters

Image converters are applied mainly in instruments of visual or photographic
observation of objects. Effectiveness of their application in each concrete case
may be estimated with the help of the following basic characteristics.

1. Spectral sensitivity of photocathode S( » ) determines region of spectrum,
in which observation is produced. At present in image converters cesium antinonide
or multi-elkali (for observation in ultraviolet and visible regions of spectrum)
and cesium oxide (for observation in visible and infrared regions of spect =m)

photocathodes are used,
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2, Integral sensitivity of photocathodes S determines general sensitivity of
instrument of observation. It is characterized by the ratio of photocurrent in a
converter to the radiant flux getting on the photocathode (microampere/lm).

3. Brightness of image is B, . If it is considered that the glow of the
screen will cbey the law of Lambert, then the brightness of converter screen may
be determined from relationship

Bl=wS8,UT; 10", (VI.4)
where § is luminous efficiency of screen in external hemisphere, which is a
function of the energy of exciting electrons, cp/w;

8. 1is irradiance of photocathode, w/cm?;

U 1s accelerating voltage, v;
Ty 1is electron—optical magnification.

Consequently, other things being equal, image brightness on screen is propor-
tional to luminous efficiency of cathodeluminophor and accelerating voltage applied
to converter.

L. Spectral distribution of image brightness &, characterizes the degree of
coordination of radiation of screen with spectral sensitivity of receiver perceiving
the image (eye, photographic emulsion). Knowledge of this parameter of the converter
is necessary, since it can render a strong influence on effectiveness of application
of the instrument on the whole. It can appear that with achievement of e en great
brightness of radiation of screen, but sharply differing from spectral sensi‘ivity
of receiver, efficiency of the instrument on the whole will be very low.

5. Conversion factor n is the ratio of the flux of energy of radiation of
the converter screen to the external hemisphere tc the fluxof radiant energy
falling on the photocathode:

n=gr="5,U-10-", (VI.5)
As can be seen from expression (VI.5),at sufficiently large voltages luminous

efficiency of screen and sensitivity of photocathode conversion factcr can become
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larger than unity. In this is one of the possibilities of amplification of
brightness of image with the help of image converters.

6. Brightness of background of screen is B,.

In the absence of irradiation of photocathode of converter, the screen of the
latter has some brightness caused by the presence of dark current from the photo-
cathode as a result of thermo-emission,

B.==1EI,U-10"I‘.". (V1.6)
where [, is density of dark current of converter.

Density of dark current from a cesium oxide photocathode attains values of

- -11 -
l2—10 a.mp/cmz, and from a cesium antimonide photocathode attains 10 15—10‘16

amp cm?.

Since on a background with brightness By is produced observation of image of
an object with brightness B, , then contrast of image is lowered and may be
approximately determined from relstionship (B:>Be)

i (v1.7)

Therefore, for the purpose of decreasing brightness of background by lowering
density of thermo-emission current, it is necessary, in a number of cases, to cool
photocathode (especially cesium oxide).

7. Electron-optical magnification I, promotes increase in sensitivity of
converter (at I3<1). This is connected with the fact that increase of image brightness
is proportional to decrease of its area. In spite of the fact that such a decreased
image must be considered in an eyepiece with smgll focal length and great aperture,
which causes additional losses of light, the advantage consists in that it manages
to gather to the eye a larger part of the light radiated by the screen within limits
of the rear hemisphere.

8. Resolving power N of the converter determines that minimum angle, at which
two separate points are distinguished scparately.

From formulas (VI.2) and (VY.3) it is clear that with correct selection of

parameters of the converter the resolving power, due to elements of electron optics,
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will be sufficiently high for axial bsams

‘ ;2.%: l of electrons. Practically, however, such
\E’%; / resolving power all over the field of
:L », sight is not attained because of the

A5 NS scattering of radiant flux on the granular

(b) Aeccmonnue om uenmpa snpona ur
Fig. VI.10 Change of structure of the photocathode and luminophor,

resolving power on
screen of converter.

KEY: (a) Arbitrary
units; (b) Distance from latter cause= sharp impairment of resolving

and also the off-axis aberrations. The

center of screen, mm. power of converter in fisld of sight.

3. Amplification of Brightness of Image

In preceding divisions were considered photoemission image converters, intended,
basically, for observatinn of objects in reflected infrared rays. Meanwhile, in a
number cf cases, image converters are used for observation of objects with small
levels of illuminance, i.e,, in conditions of natural night illuminance. In this
case image converters are used as amplifiers of brightness.

With the help of purely optical instruments, in principle, it is possible to
increase brightness of image, as compared to brightness of nbserved object.

In electron-optical instruments this is possible to do by electron amplification,
i.e., supply of energy to converter from without.

Tt is possible to show [2] that the amplification factor of image brightness on
the screen of the observation instrumerit, relative to brightness of the object, will
be equal to

s a4z (v1.8)
where A=/ ;;8?-:—:- is physical candle-power of objective;
& 1is brightness of object;
B, 1is brightness of image of object on converter screen.

Consequently, amplification of image brightness may be attained by a decrease
in scale of image ([4<l). an increase of candle-power of objective i, integral
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sensitivity of photocathode ¢, accelerating voltage U, and luminous efficiency of
.he screen in the direction of observer &.

If luminous efficiency of screen is expressed in light engineering units
(1u/w, cp/w), then in the case of using not the eye for registration of radiant
flux from the screen, but some cther kind of -eceiver, the brightness of screen may
be calculated from relati~nship

B, =p8,,

where
S Sup yB1 ) dA

p= fvws.ma (v1.9)

V() is relative luminoaity of eye;
S,pm is spectral sensitivity of receiver;
B,(*) is spectral brightness of screen.

Mandel’ [3, 4] calculates increase in brightness of image with the help of a
image converter with a cesiux antimonide photocathode and a ascreen from zinc
sulfide, activated by' silver. For the case of visual observation increase of image
brightners attains magnitude 32, and with coordination of spectr 1 composition of
radiacion of grreen with sensitivity of panchromatic photomaterial it is 90.

In technology unilocular converters

have fourd practical application, for

which amplification of brightness is

attained by coordination of spectral

characteristics of radiation and sensitivity

Fig. VI.11. Diagram of

electron—cptlcal instrument I'e tocath incr: f
for photographing weak stars. of photocathode, and also by incre:ase o

screen brightness with increas. of accel-
erating voltage [5].
For rhotographing wsak stars, in France was developed an electron-cptical
attachmen’ to a telescope, allowing photography by msans of the direct influence of
the electron image on photogriphic emulsion (Fig. VI.11).
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The attachment consists of dimmountable glass vessel 1, from which continuously
ai- is pmped, Inside ths bottle @re placed photocathode 2, system of electrodes
3, and cassette with photograpkic plates 4. With the help of the objective of the
telescope an image of weak stars is projected on the photocathode. Under the effect
of accelerating voltage of 40,000 v photoelectrons are focused on the emulsion of
the photographic plate, causing its blackening in places corresponding to the position
of weakx stars in the field of sight of the telescopo. Amplirication factor of
density of blackening of emulsion during application of such an attachment is equal
to 100.

From the shown example it is clear that to obtain comparstively small amplifi-
cation factors of brightness Zn unilocular converters it is necessary tr apply
bulky arrangements and to apply series of measures with respect to coordination of
radiation with the receiving part of the tube. Therefors, such converters could find
applicatior only in laboratory conditions.

Fig. VI.12. Diagrams of construction of dual chamber converters
with one amplifier stage of brightness.
Wider application of brightness amplifiers bezame possible after the development

of methods of consecutive connection of two, three, and more image convertsrs [6].

Diagrams of such a connection of two converters into one instrument, called a cascade

converter, are shown in Fig. VI.12.




During consecutive connection of two image converters (one-stage electron-
optical converter) by means of intermediate optics brightness amplification may be

estimated by formula

L
B “l‘ shs' - Wt
LRI Tl ’ (v1.10)

where 0, is aperture angle on the part of the first screen.

In work [6] it is indicated that in the case of connection of two ABG image
converters with the help of intermediate optics it is possible to obtain an ampli-
fication factor of brightness, squal to 115. During application of opticai contact
between screen of first converter with photocathode of second, the amplification
factor of brightness attains values of 1460.

For the purpose of obtaining large amplification factors of image brightness
in such two- and three-chamber converters (one and two stage electron-optical
converters) the entrance photocathode and the output screen are made based on re-
quirements presented by the source of radiation and recording instrument, but the
intermediate photocathodes and screens are made from cesium antimonide and the
luminophor of dark blue-agure glow, to which the cesium antimonide photocathode 1is
most sensitive.

When using a cesium oxide entrance photocathode, there is observed a noticeable
dark current due to thermo-emission. Thi: dark current is strengthened in subsequent
cascades and creates a bright background on the output screen.

Therefore, during application of cascade converters with a cesium oxide entrance
photocathode, it is necessary to cool photocathode to temperature of the order of
=40 to -50°C, in order to decrease dark current.

Cascade image converters are considered in literature as one of the pussible
waye of creating squipment for night vision during natural night illuminance of the
earth's surface. At present they have found application as the preliminary amplifier

stage of image brightness of night television intelligence instruments, considered

in Chapter VIII.




4. El ctron-Optical Converters with a Cathode from a Photoresistor

Image converters with a photoemission cathode allow the detection of objects
by intrinsic emission if the temperature of their surface is higher than 250-300°C.
For detection of objects having a temperature lower than 250°C, it is necessary to
apply photoresistance. Therefore, naturally, research has been conducted for the
m~pose of examining the possibllity of creating image converters with a photouresistor
as a cathode. The principle of action of such a converters differs from the principle
of action of photoemission converters.

Radiated by prehea‘ed cathode 1 (Fig. VI.13) a beam of electrons 2 drops on
surface of photoresistor 3, to which moves small positive (with respect to cathode)
potential. An electron beam creates current through photosensitive layer, causing
lowering of potential on its surface and reflection, due to this, of part of the
electrons 5 in the direction of luminescent screen 6. If one now projects on
photoresistor the image of object 4 observed in infrared rays, then transverse
resistance of separate points of the photosensitive layer will be changed in ac:ord-
ance with intensity of radiant flux falling on these points. Change of resistance
will cause change of current through photoresistor and of potential at every point
of its surfece, which in turn will change also the quantity of electrons reflected
from corresponding points in the direction of the screen. Since the quantity of
reflected electrons from the photoresistor depends on the intensity of incident
radiant flux, the intensity of radiation of screen will be proportional to radiant
flux. Consequently, there appears the possibility of constructing an image of the
ovserved object with the help of a photoresistor if one were to focus on the screen
the reflected electron beam,

Photoresistors for such converters, besides high integral sensitivity, are
required to have very high apecific resistance in a transverse direction (of the
order of 107 omm-cm), necessary for obtaining sufficient potential difference between

irradiated and unirradiated points and also for preventing "spreading" of charge

along reflecting surface [7].
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Separation of incident and reflected
electron beams can be produced both with
help of magnetic and electrostatic fields
(8, 9].

A converter with magnetic separstion

ol incident and reflected beams of

f/

Fig. VI.13. Principle of
action of an image converter cylindrical bottle with four branches

with a photoresistor.

electrons (Pig. VI.1li) consists of a

located in one plane. In branch 1l is
placed electmn gun 5. In branch II with plane-parallel window 3, transparent in
the infrared region of the spectrum, are placed photoresistor 4 and two cylindrical
electrodes 9 crsating retarding field for incident electrons 7 and accelerating
field for reflected electrons 8, In branch III is placed luminescent screen 6, from

which object is observed.

Internal surface of bottle is covered
by Aquadag 2 (water solution of graphite)
and is under potential 4 kv. On the bottle
is put a solenoid, creating a uniform
magnetic field, perpendicular to the plane

of motion of electrons. An electron ray

by expanded beam emerges from the electron
Fig. VI.1l,. Converter with
magnetic separation of electron gun, gets in the magnetic field inside
beams.
the bottle and deviates it in the direction
of the photocathode. Here elactrons are retarded in a field of cylindrical anodes
and are reflected from the photoresistor. On the reverse path of electrons cylin-
drical anodes execute the role of the accelerating system, and the magnetic field
deflects electrons in another direction in the direction of the screen (the sign of

vector of velocity of electrons changes).




Converters with an electrostatic field for separations of incident and reflected
beams of electrons were developed in Germany (Fig. VI‘.l5a) and in the Uniled States
by RCA (Fig. VI.15b).

The converter (Fig. VI.15a) consists of photocathode 1, made from bismuth
selenate, lumineacent screen 2, reflective mirror 3, electron gun 4, system of
electrodes 5, and ocular system 6. Narrow beam of electrons 7 passes through hole
in reflective mirror and luminescent screen. Getting in ths system of electrodes,
the electron beam is expanded, and electrons delay their speed. - Reflected from the
photocathode, electrons 8 are accelerated by this system of electrodes and are
focused on the screen. Getting on the screen, the electron beam causes its glow,
observed in ths ocular system by means of a reflective mirror. The photocathode
applied in tha converter had a sensitivity to 2 # with maximum of spectral sensi-
tivity near 1 u . Specific resistance of photosensitive layer (206 otm-cm) turned
out to be very low, which did not make it possible to obtain an image of good quality.

Therefore, the converter did not emerge from the stage of laboratory ressarch.

Fig. VI.15b. RCA converter with
electrostatic separation of slectron

Fig. V1.15a. Converter with beams (The United States).

electrostatic sesparation of
electron beams (Germany).

The RCA converter (Fig. VI.15b), in principle, consists of the same elements
as the German, although it is constructed differently. An electrostatic field is
created with the help of bias battery 1 creating potential difference between photo-

cathode and screen of the order of 5-6 kv.
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In spite of the imperfection of the above considered converters with photo-
resistors, certain models possessed sensitivity of 0.1 lux, i.e., make it possible
to distinguish on the image a difference in illuminance of separate sections of an
object of 0,1 lux for radiation in the visible part of the spectrum with true
temperature of 2700°K. The converters allowed observations of objects whose surface
temperature was lower than 200°C. Resolving power of the converters in the best

samples did not exceed 20 lines/mm.

5. Power Supply of Flectron-Optical Converters

Contemporary image converters are fod from special high-voltage power units.
Depending upon assigmwent of electron-optical instrument, its place of installation,
and operating conditions, high-voltage units can be both self-contained and connected
to an external network of electrical current. '

Independent of type, power units must be sconomical, light-weight, and small.
Their power should be sufficient for normal operation of an image converter in the
whele range of operational illuminance of the photocathode, with little dependence
of outpat voltage on oscillations of primary voltage.

In connection with the amall conswmption of current in image converters, the
power developed by a power unit may be very insignificant. Thus, if one were to
consider only the operating photocurrent through a converter of the order of micro-
amperes, then with voltage of 18 kv consumed power will constitute 0.1-0.2 w.
However, because of power consumption by the voltage divider and absorbing rusistors,
because of losses on leakage in the glass and in cable joints, the power of the
power unit must be increased to 0.5-1 w.

Thanks to small consumption of current in the converter, the voltage developed
by a high-voltage unit is determined by its peak values, obtained during conversion,
which significantly simpli.ies diagram of the unit.

At present, circuits on alternating current and circuits on direct curremt, both
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self-contained and supplied from a net: rk, are in use.

If, as & primary source of current, alternating current is used, the diagram
of the high-voltage power unit is the simplest, since nc vibrapack is in it. Such
circuits are executed either on the principle of double transfcrmation of current
(Fig. VI.16a) or on a voltage-multiplying circuit (Pig. VI.16b).

(@) m___ (a)ms With double-transformation of

n alternating current (Fig. VI.léa) to the

il entrance of primary transformer moves

¢ T (b"" alternating voltage of commercial or

' heightened frequency. To the output winding
Fig. VI.l6a) Alternating current

unit with double transformation of the secondary transformer is connected
of voltage.
KEY: (a) Transformer; (b) kv. a rectifier and capacitor, from the plates

of which move 18 kv of direct current.
The power consumed by the power unit from the primary network, constitutes 15-30 va.
The deficiency of such a circuit are the large leakages of current both in the
actual transformer and in the rectifying device. With the aim of decreasing them,
all the circuit must be placed im oil or pottead.

The circuit of a high-voltage unit on altermating current with subsequent
doubling of voltage profitably dif..rs from the preceding both in dimensions and
weight and in consumed power from the circuit of the primary source of current.

For instance, in one of the designs of a high~voltage unit the circuit consists
of high~voltage step-up transformer (Fig. VI.1l6b) with primary winding n, = 300 turns,
to input of which moves, through regulating resistance R‘l , voltage 115 v, 400 cps.
Secondary winding has n, = 19,000 turns, which snsures the obtaining, on output of
the winding, of a 7-10 kv voltage. In parallel, the secondary winding is comnected
to the circuit of doubling and rectifying of voltage accumulated on directly heated
kenotrons CBK~1 ( /7, and J7; ) and high-voltage capacitors (Cl and C;«t)' In dis-

tinction from filament-supply kenotrones, in directly heated ones the cathode is




activated by cesium, which ensures a small work function, but the ancde has 2 large
work function. This ensures passage of current in one direction (cathode - anode)
when supplying it by alternating current.

In the first half-period, when the anode of kenotron J7, turns out to be under
positive voltage with respect to cathode, the voltage of the transformer charges,
through JI, , capacitor Cl. In the second half-period JI, cuts off, and the voltage
on the winding of the transformer is added with the woltage on cl , becoming almost
equal to the doubled peak value. In this half-period kemotron /I, is triggered,

charging capacitor C_ to doubie peak value of the woltage on the winding of the

2
t-ansformer. From capacitor C, voltage through resistor Ry moves to image converter.

Resistor R:’ limits the current removed from the unit to 15-20 microampere.

(c) _& (dzw Rosistor R,, comnected in parallel to
(s g: 02, promotes fast discharge of capacitor
aky
(b)usy "SIE" Co after the turning off of the supply
| . .
CI:] unit.
! ; 3

A high-voltage power unit arranged on
Fig. VI.16b. Alternating current

unit with doubling of voltage. such a diagram, consuming from the power
XEY: (a) vi; (b) cps; (c) Trans-
former; (ds kv. network no more than 10 va, develops a

voltage within 15-20 kv with a 1 microampere
load current.

Self-contained units of direct current, in distinction from alternating current
units, uss basically low capacity sources of primary voltage (dry batteries and
storage batteries of small capacity) and require application of special conversion
of direct current into alternating for subsequent transformation and rectifying.
Thersfore, questions of the sconomical use of the energy of the primary source here
have a decisive value.

The most economic is a power unit on direct current with application of

vibrapack and doubling of voltage (VI.17).
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Zfficiency of vibrapacks does not
exceed 50-70%. If, Lowsver, we consider
additional loases in the transformer and

in the rectifier, then on the whole the

efficiency even of comparatively economical

units will pe no higher than 50%.

Fig. VI.17. Sslf-contained power
unit with vibrapeck. In this connection converters of
KEY: (a) Transformer

voltage without vibrators, developed on
the basis of semiconductor triodes, present definite interest, Distinctive peculi-
arities of such converters are their high efficiency and small dimensions.

The principle of work of semiconductor converters of voltage can be comprehended
by the circuit in Fig. VI.18.

Triode /177, is comnected to the primary winding of the transf wmer on a circuit
with the grounded emitter. It plays the role of a key, turning on and turning off
the voltage of the battery tc the path of the primary winding of the transformer,
which moves through the collector - emitter circuit of the triode. Since resistance
of the collector - emitter circuit is insignificant, practically all the voltage
E¢ moves to winding of transformer I. Current in winding I starts to grow, inducing
in windings II and IIT alternating voltage, proportional to the speed of change of
current in winding I. As current speed grows its change decreases, which leads to
a decrease of voltage in windings II and III. Decrease of voltage [/, causes decrease
of current of base of triode, which in turn decreases current of collector, etc. As
a result cutoff of triode /7/7, will occur. While triode is closed, voltages Uk and
03 drop to zero and change thsir sign, causing thereby the appearance of base currer
and collector current. There occurs cutoff of triode and again the whole work cycle
of the converter is repeated.

The efficiency of semiconductor converters reaches 80-90%.
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The above considered circuit of

high-voltage supply units include, as an
obligatory element, a primary source of

current, which makes them often bulky or

requires an outsid: source of current.

Recently, more and more frequently,
Fig. VI.18, Supply unit
on semiconductors. there have appeared reports about the
devclomment of high-voltage atomic
batteries to supply certain circuits of electronic equipment and, in particular,
image converters (10, 11, 12].

For the creation of such sources of cl=:trical energy it is possible to use
both radiation of charged particles and uncharged ( v -radiation and neutrons).

Basic sources of charged particles, having obtained industrial application, are
strontium-90, ytiriw-90, mixtures of them, and also tritium and promethium-147. Por
obtaining uncharged particles we can use, mainly, cobalt-60, whose quantum energy of
vy -radiation is equal to 1.33 Mev and hali-life is 5.3 years.

Transformation of radiation into electrical energy is possible to carry out by
the self-charged capacitor methed.

A self-charged capacitor consists of a central electrode with a radiocactive
isotope, possessing B -radistion (emitter), and an external one gathering departing
electrons (collector).

With a sufficiently large time of accumulation of electrical charge such
batteries make it possible to obtain very high voltage. Thus, by available data
[10], an emission battery with sufficiently great load capacity allows us to obtain
a voltage of 360,000 v during power o. 0.2 milliwatt.

Batteries of the "self-charged capacitor” type with p-radicactive isotopes
possesses rigidity of construction, absence of corrosion of parts, small weight,

high operational reliability, stability against short circuits, linearity of

“



charging characteristic, and a very long period of service (25 years). Furthemmore,

they will be able to sustain extreme high pressures of tempesrature and acceleration.
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PART 11

APPLICATION OF INSTRUMENTS OF INFRARED TECHNOLOGY
IN MILITARY MATT RS




CHAPTER VII

SUPPORT OF COMBAT ACTIONS

1. Driving Transport and Firing at Night with the Help of Instruments of
Infrared Technology.

In modern combat, night operations have acquired a considerable role and value.
It is natural that to guarantee concealment of night actions, corresponding technical
means are considered. One such means is infrared technology, which, in the opinion
of many foreign military specialists, will ensure concealment and surprise action
for their troops. Thus, F. O. Mikshe in the bocok "Atomic Weapons and the Army"
indicates an ever increasing value of infrared technology methods in conducting
night operations. Already at present with the help of instruments of infrared
technology the following problems are solved. Driving transport at night and combat
technology, night firing of small arms, detection of military objects on the field
of battle by their thermal radiation (tanks, cannon, ships, and so forth), signalling
and communication between separate subdivisions and objects, designating moving
columns, monitoring movement, and observing actions of enemy (1].

Infrared instruments for driving machires at night (Fig. VII.1l) consist of an
electron-optical observatic.. instrument, a searchlight (irradiator) covered by an
infrared filter, and a pow:: unit for the observation inatrment,

In cons.ruction instruments of observat!on are subdivided into direct-flow

(monocular or binocular type) end periscopic (Fig. VI1.2). Instruments of observation

are established firmly on machines or are braced on helmet of driver.
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Fig. VII.la. Swedish instrument -
of night driving on an automobile Fig. VII.1b.
of the "Jeep" type: of driving.
l--electron~optical instrument of

observation; 2--power supply; 33—

bracket for bracing instrument.

American instrument

Infrared headlights, irradiating the site ahead of machines,can be self-coatained
and arranged in parallel with the usual illuminating headlights, as this is done on
the imerican medium tank M-48 (Fig. VII.3),or, when indispensable, before the diffuser
of the illuminating headlights infrared filters are established. As a rule, for the
purpcse of limiting propagation of radiant flux of headlights into upper hemisphere
and in other cases special limiting visors and diaphragms are applied.

For improvement of conditions of

camouflage when driving columns of machines,
in the foreign press it is recommended to
equip instruments with a head, one or two
intermediate, and a locking machine. In
this case, tc guarantee safety of motion

it is recommended to establish on the

machines special light-signs, obsarvable

' by the driver of the machine behind, and

Fig. VIX.2. Tank periscopic
instrument M-4l. also at necessary places on the roads te
establish special infrared signal lights

and indicators.
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Since visual range and angle of
vieibility of site in an instrument of
observation are limited, then, naturally,
limited also is the speed of the machines.

By report of the American press, speed cf

armored carriers at night should be no
Fig. VII.3. Location of infrared
headlights on an M-48 tank. less than 10 iv/hr [2], however, one of
the recent instruments for driving machines,
the T-6A, which passed its test in 1958 and was taken into use ty the Army of the
United States, ensures, supposedly, a speed at night equal to the speed by day on
iirt roads.
Character of the image of site, observed by day 1 and at night 2 in ar electron-
optical instrument,is shown in Fig. VII.4.
Along with instruments for driving machines at night, in the ground troops of
a number of countriss infrared electron-optical sights for carbines, rifles, machine

guns, and cannons have found application.

Such a s’‘ght is the M-2 sight (United
States) for a carbine. This sight consists
of an infrared searchlight with a 25 w tube,
an electron-optical instrument of observation

with a 1-P-25 converter and & power unit

transportable by a soldier in a shoulder

Fig. VII.4. Section of a road bag. Distance of aiming is 100 m.
observed in an instrument for

driving machines, by day 1 and at In 195, in the United States, taken
at night 2,

into service was an infrared sight, the
"Supersniperscope®, for the "Garand M-1" rifle {3] (Fig. VII.5), consisting of the
same main certers (searchlight and electron-optical instrument) as the M-2, but

possessing aiming distance of 250-270 m. Increase of aiming distance was attained
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thanks to application of a more highly sensitive converter with accelerating
voltage of 20,000 v and a 30 w searchlight. Weight of the sight outfit without
storage battery is 12 kilograms.

In distinction from the M-2 searchlight (1), the sight of the "Supersniperscope"
is located above the rifle, and not under the carbine, and has a common bracket
with the instrument of observation (2). The latter circumstance allows fast change
of day version of rifle into night version, and back again.

In foreign literature the following tactical application of rifles with infrared
sights is recommended: soldiers having such rifles act in pairs - one produces bias
lighting of site, and the other, being at some distance from the first, during this
time conducts fire on target.

Infrared sights for machine guns (Fig.
VII.6) and cannons are analogous in con-
struction to rifle sights, however, they
have longer aiming distance due to the

application of more powerful searchlights

and sources of supply. Thus, the sight
Fig. VII.5. "Supersniperscope" for the hand machine gun "Chatelraux"
on the "Garand M-1" rifle.

(France), weighing 8 kg (without power
source), allows aiming from distances up to 400 m. In it the searchlight and high-
voltage power unit are assembled on the receiver near the instrument of observation.
The storage battery for power supply of searchlight and instrument of observation
has comparatively great weight and is transported by one of the soldiers of the
machine gun crew.

To apply machine guns with infrared sights, just as with rifles, it is considered
expedient to use pairs, placing thes on flanks of subdivisions. Sometimes to the
sight outfit 1s given a powerful outlying asearchlight. With the aim of camouflage

it is recommended to carry the searchlight aside from the ahooting machine gun.
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It is possible to judge the effectiveness of application of infrared sightas for
small arms by the operation to capturs the island of Okinawa. In this operation the
Japanese army lost 30% of its men, killed only because US marines used carbines with
the M-2 night sight.

In the American M-60 tank are used the following instruments: a searchlight
giving infrared and visible light, two-channel ojtical and electron-optical periscopic
sights, a monocrlar range finder and a closed television system, These instruments

allow a tank to faght at any time of the twenty-four hours.

Fig. VIl.6a. French light-weight Fig. VII.éb. Heavy chine-g.m
machine gun "Chatelraux" with with infrared sight.
infrared sight.

For "illumination" of the field of battle, on .he tank is fixed a combined
searchlight developed by "General Electric", replacing the earlier applied 18-inch
searchlight. The searchlight has a xenon incandescent larp and is fixed on the
armored cover above the gun. For inclusion of infrared irradiation between tube and
reflector a amall infrared filter is introduced.

The tank commander and the gunner have two-channel periscopric sights which allow
them to conduct observation in infrared and visible beams. They observe in the
optical channel with 8 X magnification with the left eye, but in the electron-optical
channel with the same magnification - with the right.

A mopocular range finder, working on the principle of range finders of small-size
cameras (a combination of two images of the target), allows them, without special
difficulties, to determine distance in a range of 500-4400 m.

Application in the tank of closed television equipment increases the capability




of armored troops when carrying out c-mbat actiona. at night. The equimment consists
of a transmitting television chamber, two receivers, and auxiliary units. A
distinctive peculiarity of the equipment is the fact that it can wor< in two con-
ditions: in conditions of the usual television equipment and with the use of the
principle of memorisation of signal. The first conditions are intended for work by
day; the second - in conditi-ms of natural night illuminance wher. the site is not
examined even by optical instruments.

It is indicated that such a system essentially supplements the infrared sight
and is absolutely passive.

The essential deficiency of the considered sights is the presence of the special
infrared searchlight for bias lighting of the target. Its radiation is the revealing
factor, and the enemy, armed by an infrared instrument, can not only reveal, but
destroy the searchlight by rifle, machine gun, or cannon fire.

Therefore, in the period of the Second World Jar attempts weres undertaken to
create passive infrared sights, using for their work thermal radiation of targets.

One of the first sights was the antiaircraft elsctron-optical sight "Orel”
(Germany), revealing a B-29 because of the thermal radiation of its motors from a
distance of nearly 30 km.

Attempts were made to install electron-optical sights on aircraft for detectlon
of and aiming at eir targets. Thus, in 1942 in the English Air Force there appeared
night fighters with electron-optical sights fixesd firmly in the cabin of the
aircraft. Initially they were designed for deicction of tieir own aircraft, marked
by infrared headlights. However, later the instrument was used as a collimator to
facilitate aiming.

At the same time in CGerman~ th~rs was develored and fixed on certain fighters
an electron-optical sight, the "Schpanner-IIA," with a motionleas laying mark. This
sight (Pig. VII.7) had candle~power optics with a large inlet (A=1 : 0.8, £ = 90 mm)

and differed by ite large dimensions. Az a sensitive element in the sight was applied




a converter of the firm ABG. With a 30° field of sight, the sight allowed detection

of a B-29 from distancea of 8-10 km.

Fig. VII.7. German electron-optical sight, the "Schpanner-IIA.:

2, Infrared Range Finders

Infrared passive systems of detection and aiming do not allow measuring directly
the distance to target. It is necessary to apply radiotechnical or optical means to
determine distance to target.

Therefore, efforts of many specialists of infrared technology were directed to
the creation of range finders, working in the infrared region of the spsctrum. The
sreation of such range finders would allow them to make the operation of systems of
detection and aiming more flexible and noiseproof, and also would significantly
increase concealment of their work.

In principle of action, infrared range finders are identical with optical working
in the visible region of the spectrum and can be divided into electrooptical, base,
and axial.

Optical range finders, working in ibhe visible rezion of the spectrum, have
found wide use in artillery, in geodesic, and engincering works; infrared range
finders, due to a number of specific requirememts presented to them, until now have
not been widespread. Nevertheless, the principle of construction of such range
finders miy be comprehended from analysis of existing systems.

L5




Range finders belonging to the active type are based on measurement of time of
propagation of radiant flux along a route, equal to a doubled magnitude of the
measured distance.

if speed of propagation of radiant energy is kmown in a given medium (a..,
v=% » then the measured distance may be obtained from simple relationsnip

D=0k (VII.1)
where k 1s the correction constant of the range finder. .

Characteristic for this form of range finders is the necessity of irradiating
target with electromagnetic energy differing in some manner from radiation of the
surrounding background. This requires presence of special modulation of radiant
flux, i.e., change of characteristics of radiant flux in time. As a rule, such a
change of characteristics is based on amplitude modulation, which may be carried
out by different devices: a mechanical modulator, by pulse radiation, or by appli-
cation of electrooptical Kerr effect or piezoelectric effect.

In the case of application of pulse tubes for radiation of radiant flux,
electrooptical range finders, by analogy with radar technology, have obtained the
name of "light locators.”

Range finders of the base type pertain to passive systems, since their work is
the registration of radiant flux radliated by the actual target.

Base range finders can be divided into internal and external basm. In the
first case the base, with receiving heads located on the edges, is on the object
from whica distance is measured, in the second case distance is measured with respect
to a base (on whose edges there are sources of radiation energy) located on the
object to which distance is measured. As can be seen, in the second case capabilities
of a range finder are limited, since it is required beforehand to know dimensions of
base.

However, in any case it is required to measure parallactic angle A (Fig. VII.8),

included between two lines of sight of end-points of the base.




Distance to object in this case may be calculated from simple ratio
=-§- M, (v11.2)
where 5 1is the base, m;
A 1s the parallactic angle, rdn.
Work of axial range finders is based on the fact that every point of space at
distance L from objective of range finder corresponds fully to a fixed point in the
picture plane at distance L', where its image will be the sharpest. Measuring

distance L', one can determine also distance to observed object from ratio
r_ 1
= .

~here f is focal length of obJjective.

Axial method of measurement of distance has not found propagation in military
technology, since displacement of picture plane during measurement of large distances
is insignificant and, consequently, accuracy of measurement of distances will be low.
More or les=-~ gcceptable accuracy with this method may be attained during measurement
of distances amaller than (100-200)f.

Nevertheless, during the Second World
War, in Germany there was developed an

axial range finder for an electron-optical
¢

Fig. VII.8. Parallactic

angle during base range this sight, focusing of target image
finding.

antiaircraft sight, the "Orel™ (Igel). In

(luminescent point from branch pipes of
aircraft) was produced by shifting one of the lenses of the projecting objective.
This ajlowed them to determine {approximately) the slant range to target, with
respect to angle of sight - and the height of its flight, necessary for conducting

sighted antiaircraft fire.

let us consider more specifically the work of the most promising types of

range finders - electrooptical and base.
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NSRS £ © 1 o designed wi'h the help of .»jective ! and
J : 4
semitransparent mirror 2 in plane of
rotation of a toothed modulating disk 7
i Fig. VII.9. Diagrrm of the
] axpzriment of Pizo. with quantity of teeth n and revolving

with a speed of N rps. With the help of
cutput lens 3 radiant flux from the source is directed by parallel beam to mirror
surface 5, ahead of which fczuasing objective L has been located. The focusing
objective was established at one fozial length from the mirror, in connection with

which /
radiant [lux reflected from the mirror again was collected by objective and headed

in the oppusite dirccticn by parallel beam and was observed through eyepiece 6.

t During certain turns of the toothed disk luminescent image of source of light in

2

EF: reflected beams disappears. At this instant the distance to mirror may be detemmined
% from relationship

[ - ¢

D= {xa

(VII.4)
where c is speed of light (c = 3-1010 cm/aec).

From the operating principle of Fizo's device, it follows that an electro-
optical range finder (Mg. VI1.9) should include the following basic units: a
source of radiation energy, a modulating device, an optical system sending modulated
radiant flux in the neasded direction, a receiver of reflected radiant flux, & device
for measurement of propagation time of signal, and a surface reflscting the optical
signal in the opposite direction.

During development of ar electrooptical range finder for any assigrnment two

" basic requirements are presented 'o it: guarantee of necessary range and needed

. measursment accuracy of this distance.
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“v e-a’‘ering ang abscrriiorn cf radiation ensrgy in “he atmospheve and oy 'he
rel.ecting surface o7 the target, whoee s'se cen vary in wide limits and cannot be
considered beforerand when designirg the range finder. Therefore, the source
strongth of the radiant snergy must be tzken with known supply. In this respect it
is more profitable to use infrared beams, since they better pass through the
atmosphere and have higher reflectivity from the majority of metalllc surfaces.
Furthermore, their application to a lesser degree uncovers the work of the range
finder.

Guarantee ¢f{ needed accuracy in measurement of distance to targst may be
carried out by selection of corresponding characteristic of radiant flux moculation
and by the application of special devices for measuring very smell time intervals
(of the order of microseconde).

From the view point of fori.ing an optical signa. radiation energy may be
characterized by frequency, phase of oscillations, and their magnitude (amplitude).
Up to now amplitude modulation has had practical application in range fincers for
forming signal.

For the purpose of changing intensity of radiant flux in range finders there

_arrlied/
are /mechanical modulators, pulse tubes, electrooptical Kerr effect, pilezoelectric
effect and the phenomena of diffraction and interference of radiant flux. All of
them have found sufficiently wide application, especially in geodesic eloctrooptical
range finders.

Accuracy of distance measurement, as this follows from modified expression
(VI1I.4) ¢ = 4LDNn, is proportional to the frequency of modulation of radiant flux
(Nn). Furthermore, in practice it is established that operational accuracy of a

range finder is increased as the law of modulation approaches harmonic.
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Fig. VIT.10. PRleck-diagram 'n range finders for military assign-
nf rulses electrooptical range
finder,

ment, where very high accuracy of distan-e
measurement is not required, pulse modula-
tion is applied. Application of pulse tubes has one important advantage, as compared
to sources of constant radiation, and that is namely; with small average power
consumed by tube from power source, the pulse energy may be very great.

We will consider the work of such a pulse electrooptical range finder, for
examrle, an American range finder, developed in the United States in 1948. The range
finder (Fig. VII.10) was designed for measurement of distances up to 4550 m. As a
source of radiant flux, a pulse tube served, creating pulses of light 1 4 cmar in
duration at a pulse recurrence fraquency of 20 imp/sec.

Pulse tube 2, placed in the focus of parabolic mirror 3, is lit by source of
supply 1. At flash of tube simultaneously sweep generator 5 is started, creating
on electron-beam tube 6 a horizontal sweep trace.

Reflected from target 4, the ray with the help of parabolic reflector .nd flat
mirror 7 heads through diaphragm 8 and objective 9 to photocathode of enlarger 10.
After preliminary amplification il the appearing current pulse head: to the amplifie-
of vertical deflection of the ray of the electron-beam tube. As a result on the
horizontal sweep trace will appear a vertical mark of reflected pulse of radiant
flux.

Since the beginning of tne sweep coincides with the moment of light pulsin
then the distance from the beginning of the :wecp to *he vertical pulse wil: te

proportional to the time of passage of signal or doubled distance tr target.
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™he considersc diagram -of & pulse rangs finCer ai.lowei meapuremer: of zistance
witk 1.82 m precision both at night and by day; howevar, in the latter case aicuras:y
was worse.

Flectrooptical range finders, in spite of the possibility of obtaining, with
thelr help, high accuracy of distance measurement, due to their active principle of
operation, reveal their own work as do radar range finders. The work of elactro-
ortical range finders, to a significant degree, depends on the time of day and the
state of the atmosphere. The low reflectivity of surfaces of the majority of
military objects alsc requires application of very powwrful sources of radiation
for covering large distances.

In this respect more profi‘able are passive base range finders, if it is not
necessary tc obtain very high accuracy during usasurement c{ distaices.

In stations of fire control of greatest interest are internal base range finders,
since their base enters in the structural dimensions and is always exactly known.
Suct range fluders have to include: a receiving head with aensitivity in the range
of wave lengths of the radiation of the target, a suming calculating unit, and a
distance indicator. Receiving heads, located on the edges of the base, are the most
responsible elements of the diagram, since their accuracy in determining angular

coordinates gives, in the end, accuracy in determining distance to target,

do _ dA
D T (V11.5)

This is especially important, if one considers that the magnitudes of the

parallactic angle, subjected to measurement, are minute (Table VII.1).
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Swall values of measured pdrallaciic angle, not exceeding several minutes in
magnitude, lead to the fact that base range finders have to be extraordinarily exact
goniometrical instruments, protected from external influences; *aking, shocks,
charges of temperatire. They also have to have & very high rigidity of base. There-
fore, besides the named basic elements, base range finders have to include addi-
tionally a whole serieas of devices compensating for these external influences.

If the problen of compensating for errors due to external influences i
stationary base range firders (ground and ship) is solved at the expense of compli-
cating the design or increasing weight and dimensions, then for range finders of
aircraft stations of fire ronirol, where dimensions and weight play sometimes a
decisive value, solution of it is very complicated. In literature there is no
information about develomment of infrared range .indera for aircraft interception
stations. Inasmuch as the accuracy of work of optical range finders, in the Iirst
rlace, depends on the accuracy of measurement of minute parallactic angles, very
useful for thase targets can be receivers with lateral photoeffoct, considered in
Chapter V. High iccuracy of measurement of angular target position data, reaching
to hundredths of angular seconds, allows, with this method, measursment of small
parallactic angles during the use of short beses. This significantly will increase
rigidity of the system and, consequently, will lower the requirement for compensating

dlagrams, wtich, in turn, will simplify the range finder.
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An exanr.e of *he application cf au~h rerge dJavices is the szimpiest ~~l ima‘or
gunsight with a range grid expreisssd in thousandth fra:tions of distance.

The gunnar, by the silhoustte of the target, determines its dimensions and by
the quantity of scale divisions packed in the dimensions of the target, determines
the distance to it ty the formula

D=2 1000 & (VII.6)

Such a method is very sizple in use and is graphic, but contains large errors
due to the absence of exact data about the actual dimensions of the measured base
and the inaccurate ueasurement of the angle, especially at large distunces. There-
force, accuracy of measurement of distance to target constitutes a magnitude of
the order of 15% and more,

A type of external-base range finder may be a device for determining distance
bstwesn two of ona's own objects, marked sources of infrared rays, delivered to a
known distance.

The principle of work of such a range device is Lajed on wedge-type compensation
of shift of image, well-krown in optics (Pig. VII.1l1),

If on an objective drops a parallsl]l bsam of light, then in iis fncal plane is
obtained an image of the source (point A). If, howsver, now we place before the
objective an optical wedge, then it will cause slope of beam to angle 4= (n—lja , asz
a consequence of which the image of source will ghift and will corresponJ to the

position of point 5 in the focal plane. With this, distance is

A5 =la={f8=fin— 1)a. (V11.7)
where f 1is focal length of objective.
If the wedge is in the form of a thin truncated cylinder, then during its
rotation around optical axis, displacement, having horisontal and vertical components,
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wrlgre, will shif® {n ‘he horizonte. t ane, where " Fe magri‘ude cf ‘nis 119r.a -ement
wi.l be rreporiions. to the angle of rotation of wedges (¢ ).

This property of the revolving wedge may be used for compensaticn of parallactic
angle in ar external-base range finder,
The principle of construction of such a range finder may be comprehendsd from

Pig. VII.12.
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Pig. VII.11l. Principle of Fig. VII.12. Diagram of the arrange-
action of wedge-type compensator. merit of a wedge~type range firder.

KEY: (a) Eyepiece.

From the external side cf objective 1 of eleciron-opiical instrument 2 there
are established two identical wedges 3-4, connected by conical transmission 5. With
the help of this transmission their rotation to opposite sides ia carried cut. The
wedzes have, ir the center, a hole, through which radiant fluv. from one of the
infrared sources limiting the external base proceeds to objective 1 and then to the
mhetocathode of the image converter 2.

Image of source a on the screen of converter & is combined with the center of
croes lines, which is the mark of the optical axis of the instrunent. Image of
another source b 1is projected on the photocathode by means of two wedges. If the
wedges are lccated strictly in opposition, then they form a pleiie-parallel plate,
and the distance between the two images exactly correspcnds to the magnitude of thas

parallactic angle at which the external base is visible to the instrument.



et At hewla of the sameg=tsr ¥y ‘he Stiecllive Through he " 86 ir Lhe wed, s
™ is peltion on ‘he screen ¢f "he ~onverter may be 3arked by & vertli-a. Ti.amen’,
with which there is produced a combination of image of the #scond source.

The angie of rotation of wedges ; and, consequentiy, ©f the handle, cn which
can be drawn divisions, is used for calibraticn of inetrument with respect to
distance,

D= S
W (os 9, —cosy) °* (V11.8)

where ¢o is initial adjusting angle of wedges.

As can be seen, such a method of measuring distance is very simple and does
not require special skills, however, in it also ia inherent error from the possible
change in diwension of base. Therefore, it may be used where high accuracy of

distance measurement is not raquired.
3. Protective Interlocks

For the purposes of increaging reliability of pu.'otoctiof. of certain objects
important in a military relation, interlock of passages and ~ertain sections of the
site, when visual observation fer any reason is hampsred, an automatic photo-
electronic emergency signal (APhES) is uged.

In its principle of action APhES equimment may be passive and active.

In the first case, the object, intersecting the interlock line, is revealed by
special equiprent at the moment it appsars in the field of sight of the receiving
device, either by thermal radiation of the object or by contrast between the object
and the background. Such a form of interlock found application even during the
years of the First World War. An example can be ths blucking of the entrance to
the Harbocr of Ostende with the help of the simplest thermal direction finder,

recording the entrance into the hardor of ships by the radiation of their stacks.



In the case of an active principle of operation, the guarded object is embraced
along a rerimeter by a continuous ring of infrared rays, the intersecling of which,
in any piace, causes an: alarm signal. Such a systea, consesquently, should consist
of sources of infrared rays, receiving devices with anplifiers of photocurrents,
and a system of relay includipg the necessary indicator instrument.

Source of radiation usually is an electrical incandescent lamp placed in the
focus of an optical system, forming & raciant flux with a very mmall angle of
divergence. The lamp is covered by an infrared filter, but in order to exclude the
effect of background radiation and to simplify amplificstion of photocurrent in
the receiving device, radiant flux on the output of the radiator is modulated.

Pmitter (VII.13) consista of a stand, a tube, and a moculator. For exact
alignment of ray in the direction to the receiving device the stand has two pairs
(stop and micrometric) of screws for course and exact aiming [13].

In the tub are placed the prism lens and the infrared filter. Pocusing of
radiant flux is carried out by displacemer' of lamp relative to prism-lie.z. The
incandescent lamp, 12 v X 15 w, {9 supplied by lowered voltage 11 v for the purpose
of ‘rncreasing reliability in work. Modulation of radiant lux is ce=ried out by a
disk with 12 holes, revolving with & speed of 3000 rpm.

The receiving device (VII.14) constitutes & high-sensitivity photoralay,
consistiyg of a photocell and a three-vacuum-tube amplifier of alternating current,
tuned to a frequency of 600 cps with an amplification factor of the order of 106.
Proceeding through inlet, the radiant flux i. focused by lens c¢n the photocell,
exciting in it photecurrent. For the purpose of decreasing fatigue of photocell
by daylight the entrance window is simultanecusly an infrared filter.

Intensive current Joins the coil of the cutput rslay,which locks the contacts
of the winding of the power supply of the intermediate relay on the shield of signal

reception.



Upon intersection of the ray by an
opaque object the photocurrent ceases,
disconnacting the outyput relay, which, in
turn, disconnects the intermediate relay.
This causes appearance of the alarm signal
snd luminescence of a corresponding section
on the lamp register. Characteristic for
this design is the fact that the winding
of the intermediate relay is always under
current. Therefore, luminescence of the
corresponding sone on the lamp register
occure both in the case of distuccance
of sone and upon the appsarance of a

fault in any circuit of the design.

If it is necessary to determine

Fig. VII.13. APhES Bmitter direction of penetration of forbidden
IXO-4:
l--light filter; 2-~priam-lens; zone, then there are sstablished two

3--disk of modulator; L——electrical

motor of modulator, 12 v, 3,000 rpm; psrallel lines of infrared rays. In this
5-~lamp, 12 v, 15 w; 6--moving ring

of focusing; 7-—stop screw of moving case the order of luminescence of light
ring.

lines of the register testifies to the
direction of penetration of zone.
When blocking penetrations or protecting military objects »f great value is
weil considered and carried out camnuflage of equipment. With this goal it is
made small-size and very relirble in work, in order not to require checks and repeir
tims.
An example of such equipment, intended for blocking penetrations through a
bourdary, strategic crossings, roads, bridges, mine barriers, asirports and air bases,
and storehouses of ammunition and materiel is the infrared barrier equipment, L -80,

developed by the VWT firm (France) [4].



The [ -80 equimment consists of an
emitter of infrared rays, modulated with
a frequency of 50 cpe, &nd a receiving
head with amplifier and signel apparatus.

A source of radiation (lamp 2.5 v X
X 0.3 amp), covered by an infrared filter,

is disposed in focus of a lens 80 mm in

diameter. Modulation of radiant flux is
carried out by electrical method, by means
of supplying to the lamp one half-period
of alternating voitage with a frequency

of 50 cps. Such a form c¢f modulatien of

Fig. VII 14. APheES Receiver: rudiant flux ensures full noiselessness
l-—-stop acrew of horisontal

aiming; 2—micrometric screw of work, which is necessary in order to
of horizontal aiming; 3—screw

of elsvation; L—terminal of guarantes concealment »f the _plication
connection of control milliammetnar;

S5--safety device; 6—terminal of of optical blocking.

grounding.

Entrance window of the receiving
device is a lens 80 mm in diameter, in the focus of which is disposed a photocell.
Photocurrent moves to entrance of two-tube amplifier of alternating current, tuned
to a frequency of 50 cps.

The range of the "emitter-recaiver” system, with a reserve for guarantee o.°
reliability of work in bad weather conditions, constitutes 500 m.

In a case of disturbance of guarded space the receiving device passes a
command to the signal instrmment, on which a red alarm light lights and a hell starts
te ring. To stop the alarm signal ard a repeated starting of the circuit, there is
a special switch.

The supplying of power to the equimment is carried out through atep—down

transforwers from a power network of 110, 125, 220, and 25- -, Total consum, tion of

ancrgy is 20 w.



4. Communication in Outer Space

In the conditions of the terrestrial atmosphere communicatiore on infrared
rays has limited application and eignificantly yielde in range to radio communi-
cations. With increase in height the wffectiveness of using optical means of
communi~ation continuously grows. Outside the terrestrial atmosphere infrared
means of cammunicetion not only do not yield to radio, but have a2 practically w -
limited range.

Successes, attained in the region of mastering outer space, again set the
problem of communicating on infrared rays as a subjsct of theoretical and expsri-
mental research.

Interest toward such a form of communication is not accidental, since this
commnication has a series of advantages, as compared to radio ccasrunications.

1. The spectrum of infrared radiation is sufficient for distribution of many
millions of communication channels.

2. Comunication on infrared rays in suter space allows the uge of solar
radiation or heat given off inside the spaceship as a scurce of energy cf carriler
frequency.

3. The necessity for special transmitters drope, only modulatora of radiation
energy are required.

4. A sharp decrease in wave length of radiat=d energy allows the use of
small-size optical systems with very high directivity of radiation (it is assumed
possible to obtain rays with an angle of the order of 1072 rcn).

5. With iicrease ‘n directivity of radiation, at a given diameter of optical
systems the power of the transmitter decreases reciprocally to the square of the
wave length.

Theoretical calculations show that for communication between Earth and Mars,
with the application of coherent rudiation of a quanrtum-mechanical generator of

optical rang» and a sensitive element with an equivalent power of noises 10717 w/cps



(w-sec) at a 1 m aperture of optics and a transmission speed of 106 binary elements
per second, average rower of 100 w is necessary.

However, during de -elopment of communication systems on infrared rays it is
necessary to meet at present a series of problematic questions. The main ones are:

a) Creation of coherent optical generators and amplifiers and, in particular,
quantum-mechanical;

») Develomment of systems of exact tracking to guarantee s rict mutual
directivity of transmitting and receiving devicss;

¢) Develomment of the technology of manufacturing inexpsnsive optical sysiems
with very rigid requirements with respesct to allowances in their manufacture.

A complicated problem is also the direct test of models of equipment in outer
space. Namely, t.sreforo, the question of application of infrared rays for cosmuni-
cation in spece, as yet has not emerged from the framework of theoretical research,
although it 1s considered very promising. Questions of the adjustment of certain
elements and general block-diagrams of equimment for communicating on infrared rays
are an exception.

It is known, for instance, that the Farrand Optical Co. Inc. works on the
creation of incoherent sources of radiation. Thus, developed by this fim, a
spark source of light with a 11 pm diemeter gives a brightness of 40-20% cp/cm®
(more brightness than the Sun) and may be used in systems of communication with
pulse modulation. This firm suggests the use of continucus radiation ¢ a source
of infrared rays as a carrier frequency, modulated by sinusoidal oscillations with
lower frequency.

TIn Table VIT 2 are pressntsd csrtaln cptimum properties of sources of radia-
tions, which can be used for optical communication, and in Table VII.3 — optiem

properties of sensitive elements, intended for these purposes.



Optical Comemmication (5, 6, 7].

Optimm Properties of Sources of Radiation for Purposes of

Radiaticn Power, Bandwidth,
intensity, w cpe
Source of Radiation w/ster
In pulse Average | Input |Output |Total t‘il;n
T
rarbon arc 107 107 _3-103 1.5'103 1015 108
Cther forms of
discharge 3-108 00 | — 1 1015 | 108
Reflected sunlight 107 107 | -~ 100 [s.104 | 108
Mercury arc of high
pressure 109 107 103 | 5:202 | 1015| 108
Quantum-mechanical
generator of optical
range 5.1016 5.0 | 103 | 100 | 1012 10°
Table VII.3. Optimm Properties of Receivers (5, 6, 7].
Equivalent Bandwidth c¢f Bandwidth of
Powsr of Carrier, Modulation,
Sensitive element Noise, cps cps
w/cps
Thermal 1011 1013 -
Photoresistor 10-13 1015 -
Human eye 10~16 2 104 10
Photocell with
quantum-mechanical
amplifier 10717 1013 107
Enlarger 1017 1015 108
Detector of shf 2-107%3 107 107
Quantum-mechanical
amplifier of
optical range 10-13 108 108




4 block-diagram of one of the aystems of commmication on infrared rays, SOCOM,

leveloped by the firm Flectro-Optical Systems [5, 6, 7] is shown in Fig. VII.15.

Yugvesve (—- : Buzod , .

dnopred ‘ Cucwoa |, ,

cuenanr . ow"ﬂa
Nepecdamvyn  r

Roowrprs. —— —— —— ——0nz00 )

mu L J i ?

cugnan

Mouesmnun /-

Fig. VII.15. Block-diagram of a
receiver and a tranmmitter of the
SOCOM system .

l-—=collecting antenna; 2-—optical
modulator; 3—trensmitting antenna;
L—=servomechanism; S5-—submodulator;
6—-source of mupply; 7--information
processing unit; 8—receiving antenna;
9——detector of carrier; 10—detector
of subcarrier frequency.

K“Y: (a) Solar radiation; (b) Output;
(:) Support signals (d) Frror signal;
(e) Input of information; (f) Trans-
mitter; (g) Received signal, (h)
Receiver,

In the SOCOM system for transmission
of information an optical range of solar
radiation is used as carrier frequency.

The tranmmitting and receiving
antennas crnstitute a system of mirrors
with variable orientation, aiiowing
collection of solar =nergy at any angle.

In the transmitter solar radiaticn
accumulates and is formed into & narrov
bram, which then is ressed through the
rodulator. A modulating signal is created
after passage of information through the
data processing unit and submodulator.
After modulation the coded signal proceeds
to the tranmmitting mirror for transmission

to surrounding space.

Tracing the sun is done by a specisl watching device, sensitive in range of

wave lengths 0.51.1 u .

Transmitted radiation is picked up by receiving antenna, in the focus of which

is disposed a sensitive element. After passage of corresponding processing, signal

proceed= to output device for reproduction.

r

On the satement of ihe firm, the tranmmitter, weighing 13-18 kg, consumes

power of 10=15 w. It is expscted that during transmission of signals to a aistance

or 10%-107

km with mirrors 1 ®° in area and pessband of 10 cps, the signal-to-noise

rat.io is equal to 10 db. This ratio can be increased as much as 10 tixes by cooling

of the photosensitive element.



5. Prevention of Midair Colliisions of Aircraft

P —

During flights at great heighta with cloudless sky or above overcast, a
phenomenor sccurs, mown as "myopla of vacum" (8). TIn this case a pilot with
normal sigat suddenly becomes nearsighted, and his eyes will focus at a distance of
no more than two meters.

If one considere that observation conditions of air targets at great heights
are hampsred by the dark backerouna of the firsument and very little scattering
of sunlight, then the importance is understcod of solving the problem of early
detection of encountered aircraft for prevention of collisons. PMurthermore, on
contemporary aircrcft, and especially on Jets, the pilot is forced to expend more
than half of the time on observation cof instruments on the instrument panal in thes
cabin and cannot, therefore, allot. much time to surveying the space cutside ihe
cabin,

These peculiarities of the work of the pilot in high-altitude and high-speed
machines demanded the creation of special equimment for the prevention of midair
collisions,

According to information available in literature [9, 10, 11] such equipment
should consist of both an indicator of approach of another aircraft and of a complex
automatic systesm for preveating collisions of aircraft.

The indicator is designed tc warn pilot about presence in the air of another
aircraft. Tts indications must be easily read, since for the pilot they are the
only warning of possible danger, after which the pilot concentrates his attention

2

irection which the instrument indicates and, after being convinced of his

A

in the
threstened position, starts a corresponding maneuver. In connection with this the
indicator of approach is must useful during good weather.

A system of preventing midair collisions should reveal approaching aircraft,

tverags obtained data, detemins :f both aircreft are on threatening courses, reject



information about nondangerous aircraft and indicate to pilot the correct maneuver.
The system should continuously analyre danger crested by every approaching aircraft
and not require the attention of the pitot until there is a necessity to maneuver.

Free-space range of approaching aircraft at a height of 3,000 m with a 90%
Frobability of detection was fixed for low-speed aircraft (speeds of flight up to
550 lon/hr) &t 3.2 km and for high-speed (speeds of flight over 550 km/hr) at 13 km.

This distance should be ensured in a sone + 240 m in height relative to the
height of flight of the protected aircraft, since the minimm difference in flight
altitudes of separats aircraft is taken as 300 m.

By 1957 there were developed and published abroad two basic designs of
indicators of approach. These systems use the principle of registering infrared
radiation of approaching aircraft or registering modulation of infrared tackground
of the atmosphere either by the propellers of the aircraft or by the turbulence
of gas flux Yehind the jet nozzle axit.

*he first design, which gives the pilot only the course angle to the approaching
circralt consists of a receiver of radiation in an azimuthal plane, two receivers
of radiation in upper and lower hemisrheres, an indicator on the instrument panel,
and a power supply unit with a data converter.

Receivers of radistion are established
on the fuselage of the aircraft to ens. 2

obtaining the antenna radiation pattern

shown in Fig. VII.16.

The azimuthal receiver of radiation

Fig. VII,16. Survey sones

of equipment. consists of a revolving mirror inclined
KEY: (&) Miles; (b) Peet.

at a 45° angle, and an optical system in
whose focus is disposed an uncooled lead sulfide photoresistor. The projecting part
of the azimuthal receiver is placed in a hemispheric dome 9,2 cm in diameter. Search

for aircraft is carried out by a 15° band at a 360° angle with a speed of 30 rmm.



Minimm range of the azimuthal receiver depends on the typs of approaching aircraft,
it8 foreshortening, and the state of atmosphere, and attains 3.2-6.4 .

Receivars of the upper and lower hemiapheres consist of uncooled lead sulfide
photoresistors, msuaic type, covered by a dome lens.

All three receivers are united through the data converter with a switch
indicator 75 mm in diameter. On the glass of the indicator is drawn a silhouette
of the aircraft. A pointer is attached tc a revolving disk, whose front side is
broksn down into four quadrants for signalling the pilot that the approaching
aircraft is in one of the following positions relative to his aircraft: on the
right, on the left, above, or below. Behind the disk is placed five tubes, one
of which {in the center) is comnected with the asimuthal receiver, and the other
four with the corresponding hemispheric receivers.

When infrared radiation from the approaching aircraft hits the asimuthal
receiver the pointer of the indicator instrument will turn synchronously with the
turn of the mirror and will indicate its course angle, and the central tube will
start to blink with a frequency of 1-2 cpe. If the nearing aircraft is in the
dangerous 240-meter gone in height, then the tube lights, illuminsting the corre-
sponding quadrant of the instrument, which allows the pilot graphically to determine
where the approaching aircraft is: on the right or on the left, above or beneath
his aircraft.

There are two other varlieties of similar design.

One of them anticipates installaticn on aircraft of special infrared emitters
of circular action, which allow an increased range and noise immunity of the
indicator of approach bul anticipates installation of additional equirment,

In the second modification, in the tail part of the aircraft is established
a controlled television camera. After the pilot obtains warning of the presence
of another aircraft in ths rear hemisphere, he can turn on the television camers,

direct it in the direction of the nearing aircraft, and observe on the scresn of an
slectron-beam tube the air situation created.

Lt
P A



Fxperimental check of this design showed thst a four-engine alrcrait is r -
vealed from distances at which it had not been aeen in an optical instrument with
fourfoid magnification,

In one of the aesigns of the indicator of approach uncooled lead sulfide
photoresistors are established in the nose and afterbodies and on wing cantilevers
irom above and from below, which allows examination of upper and lower hemispheres
around the aircraft (Pig. VII.17).

Each receiver constitutes a set of thres rings on a common dome-shaped base,
on which is piaced along the circumference 36 photoresistors sach. The receiver
is covered by a plastic dome 20 cm in diameter, which passes infrared radiation
well in & wave range 0.9-8 4« . This material (chemically stable, light, and
durable) sustains heating well up to a temperature of 300°C.

The nuber of elements in the ring determines the accuracy of the design in
the azimuthal plane, since every element has a limited field of sight - not more
than 10°. MNumber of rings in each receiver determines the resolving power with
respect tg slevation.

The range of the indicator of

(a) Oroxwuu

. poomenainess approach in ths horizontal plane is equal
c !
\

to 16 lm, and in the vertical it makes it
possible to determine entry of approaching

aircraft into the 2,0-weter zone from

N Numenug above or from beneath aircraft.

l’lﬂ!ﬂo
The entire set of equipment, which

FPig. VII.17. Instailation of
radiation receivers on aircraft.
KEY: (a) Upper dome; (b) lower
dome.

includes receivers of infrared radiation,
amplifier, cosmutaior, sweep generator,
computer and indicator, weighs 13.5

kZlograms.



Successive sxamination of spe~s in the asimuthal plan+ is .arried out by series
connection of the photoresistor to the computer and the indicaicr instrument.

Pistance to revealed aircraft is determined by the method of triangulation
by the knowvn base betwsen the two receivers and by the angles of sighting of aircraft
from each receiver.

Sensitivity of the squiment is determined by noise level when switching on
photoresistors, by the cammucator equal o 10 microvolts, and by the losses in
optics. Errors in distance measurement, caused by deformation of wings in flight,
change of pitch angle and yaw of aircraft, reach 4¥ for smell aircraft and 10% for

large.

6. Navigation

With the help of infrared instruments it is possible, by simple means, to
carry out reliably the guiding of objects on the sea and in the air along given
routes.

Most simply resolved is the question of navigation by doubls infrared beacons
(maintaining place in formation, leading ships through mine fields and harbtor
charnnels). PFor that it is practically necessary to have on ships electron-optical
instruments of observation and, fixed in corresponding places, signal infrared
sources. For laying a course on the high sea it is sufficient to have optical or
photoelectric sextants with manual or avtotracking of stars.

In conditions of high-altitude and high~speed aviatior. the problem of dead
reckoning at present has become the most urgent. Mathode of air pavigaticn spplisd
earlier in conditions of high-speed and high-altitude flight lead tc large errors.
Methods of radio navigatiom also do mot ensure high accuracy of air navigation.
Therefore, considerible attention is allotted methods of astronavigation, allowing
us comparatively exactly to carry out flights of piloted and pilotiess aircraft.

This problem becowes most urgeat in connection with growth of flight altitudes,



since alL great heights celescial bodies are practically the only r=al reference
points. In this case manual tracking of stars are insufficient. Application of
automatic devices is neceasary tracking celestial bodies and continuously iving
out coordinates of stars with minimm expenditure of time,

One of such automatic devices is the astroccmpass, the MD-1 [12].

From the fundamental diagrex of this instrument (Pig. VII.18) it is clear that
the basic slements of a photoelsctric automatic astrocompass are: sensitive element
4, perceiving radiation of celestial body, gyro-stabilized platform 7 for stabili-
zation of sensitive slement in the plane of the true horison; device for isolating
signal from star; generator of error signal 9, 10; and servomotors for influence
on gyro-stabilized platform 8, 12.

As sensitive elements we can use: photocell, enlarger, and iconoscope, which
are placed ir the focus of objective <. Between the sensitive element and objective
is placed modulator 3.

The ortical elements must meet very
high requirements since it is important
to obtain o good image in the whole range

of waves (from blus to infrared) radlated

by the stars. Also necessary is a two-
objective system to guarantee a wide

survey region (wide-angle objective) and

high accuracy of tracking stars (long-fccal

objective with possibly a narrow field of

sight).

For stabilizaticn of the position of

Fig. VII.18., Xinsmatic diagram

of astrocompass MD-1. the photoelectric transducer and the
moaulator relative to the true horisc-
(true vertical) they are established on

the gvro-stabilized platform.



The sensitive element produces a signal when the celestial body is in the field
of aight of the receiving head. This signal allows us to obtain necessary data
for determining direction ‘o star and magnitude of error with respect to data pro-
ceeding from the computer.

Modulators, executing simultaneously the role of coordinator, can be mechanical,
optical, or slectronic devices.

Mechanical modulator (a disk «ith grooves) is applied in systems with an
enlarger or single photoresistor. Speed of disk rotation is synchronised by signals
proceeding from generator of support signals 5 revolving with t e help of the same
notor. Comparison of signals of photoelectric transducer 6 and support allows ue
to obtain data relative to the instantaneous position of a star. Appearing as a
result of comparison, srror voltage 9, 10 affects directly the gyro-stsbilizing
device until radlation from the atar gets into the conter of the field of sight
of the photosensitive system. At this instant feedback signal leads to zero
position the generators of error signal 11, 15 with respect to asimuth and elevation.
The magnitude of the voltage of the feedback signal is proportional to the relative
bearing of ‘he star and may be sasily converted into a signal proportional to the
error between measured and true position of the star.

With the cptical method of modulation several photoresistors are applied,
which are located around the center of the field of sight.

If data from a tracking device coincide with data of computer 13, l4,radiant
flux from the star gete into the center of the field of sight and the error signal
is not produced. At the appearance of error, radiant flux gats on one nf the
photoresistors, as a result of which error aignal appears, which then is compared
cis the gyrostabiliser.

The great merit of the optical modulator is the absence of mobile parte; the

direction of error is determined by +hich the photoresistors gets radiant {lux.



A type of optical method is the electron modulator, applied with the iconoscope,

a mcsaic of which is divided into four sectors, and fo- determina.ion of direction

t0 star magnetic yokes are used.
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CHAPTER VIII

INTELLIGENCE WITH THE HELP OF INFRARED RAYS

For the purpose of increasing the interval of time necessary for intelligence,
increasing its quality, operational nature and continuity considerable attention
is allotted tc the improvement of instruments and methods of intelligence with the
help of infrared rays.

Thare are developed instruments of night vision, television systems of
heightened sensitivity, aerial cameras for photographing either on special
infrachromatic film or by means of converting an invisible image to visib.e with
suhsequent photographing on the usual photographic film, instruments for making s
thermal map of the site, and passive radar.

In spite of the fact that the effectiveness of these instruments, to a great
i -r2 -, depends on meteorological conditions, interest toward it continucusly in-
creases, since these instruments allow us:

to obtain an image of observed objects at night because of their temperature
contrast with the surrounding background;

to obtain an image of remote objects through air hasze, when application of
visible rays for these targets becomes little effective or swven impossible;

to reveal objects, masked from detection in the visible and radar regions of

the slectromagnetic spectrum.



1. Photegraphing on Infrachromatic Films

Silver halide photographic >m,1ui~n- are gensitive to blus-violet rays. In
order to make them sensitive to other rays of longer wave length, it ie necessary
to introduce into the emulsion certain dyes, i.e., to produce optical sensitization
of photogr&phic material,

In the infrared region of the spectrum, for theme purposes, we use dyes created
on the basis of cyanogen: cryptocyanine, neocyanine, and others. ‘lolored by these
dyes, emulsions are called infrachromatic and differ in the wave lengths of infrared
radiation to which they are sensitive. At present, infrachromatic materials with

a "red" boundary of sensitivity to 1.36 4 find application.
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Pig. VIII.1. Spactral sensitivity of infrachromatic
films "Agfa".
KEY: (a) Relative sensitivity; (b) Wave length, mu.

In examining cnrves of spectral sensitivity of infrachromatic emulsions (Pig.
VIII.1 and VII1.2), there can be made one conclusion, very important ifor practice,
that with increase in maximua wave length of sensitization there occurs a constant
and sharp drop of integral sensitivity of photomaterial in the infrared region of

the spectrum. This drop of sensitivity is possible to characterize graphically by



the curve in Fig. VIII.3.

With growth in maximus wave length of sens.tisaticn, the guarantee period for

preservation of the film also decreasas.

This is caused by the fact that during

storage of infrachromatic material there occurs a fsst drop in its light sensitivity

with a simultaneous growth of veil.

longer the wave length of sensitisation.
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Spectral sensitivity

of native infrachromatic films

"Infra" and aerial film of "Eastman-

Kodak" (The United States).

KEY:

(a) Logarithm of sensitivity;

(b) Wave length, mu; (c) Kodak.
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Drop in sensitivity

of infrachromatic materials with
change in wave length of maximm

KEY:

seneitisation.

sensitivity;

(a) Relative spectral

(v) Wave length of

maximm, sensitisation my.

The greater the sensitivity decrease, the

Partial increase in stability of
infrachromatic materials may be attained
by storage of them in hermetic packing
in refrigerators.

The above-considered peculiarities
of infrachromatic materials (drop of
integral sensitivity and impairment of
stability of infrachromatic materials
sensitised in a region of the spsctrwm
of longer wave lengths) predetemine
application in practice of the more
sensit.ive smulsions sensitised tc radiation
in a wvave range of 0.76-0.85 4.

Infrachromatic materials with a
boundary of sensitivity of a longer wave
length, as a rule, are applied only in
scientific surveys, where large exposures
are allowed, and the prepsration of
emul sion is produced directly before its

application. There is another obstacle

to wide application of photographic emuisions sensitiged to infrared rays of a

longer

wave length:

radiation of bodies heated to room temperature, will

203
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noticeably affect an emulsion senaitizad to A = 2¢, causing its fogging. It
is natural that work with such materials will be strongly hampered, if not quite
impossible.

For photographing in infrared rays,
in 1955-1957 special photographic cameras
(1, 2] were created with iong-focal

objectives. Thus, for photographing in

ground conditions in the United States s

Fig. VIII1.,. Anerican camera a camera was developed with an objective
for phot.ographing in infrared
rays. having a focal length of 254 cm and re-

lative hoie 1:12.5 (Fig. VIII.,).
Dimensions of frame are 12.7 X 17.8 cm. Shutter has 10 speeds of cperations with
minimum exposure 1/200 sec. The camera is designed for photographing objects at
distances up to 50 km and makes it possible to decipher on a photograph a single
motor vehicle photographed from a distance of 10 )am.
An even longer focus objective (17 m) was applied in a German camera during
the Secoad World War, with the help of which was produced photographing of the

English sea coast across the English Channel from a distance of 33 km in conditions

of s‘rorg haze.

TP~ Sgw gy R

Fig. VIII.5. Mountain view, taken from a distance of
6 km in infrared A4 and light B rsvs.

With the help of similar cameras it becomes possible to produce a survey of

remote objects, hidden by air haze from observa:ion in visible rays (Fig. VIII.5),



to carry out a survey of aerclandscapes, whoss light-transmission will differ from
light-transmission during photographing in visible reays (Pig. VIII.é). Murthermore,
it 1s possible to determine the presence of targets and their character, to watich
for changes in camouflage of the enesty, in the system of organisation of defense
and fire, to facilitate target designation and orientation of our own artillery,
and also to improve camouflage cf our own troops.

Certain authors [3, 4] note that with the help of infrachromatic materials it
is possible to obtain photographs with more contrastive isolation of objects on the
site than during photographing on panchromatic materials, because of different
light-tranamission of dark and light places. Purthermore, as a merit of infrared
aerial photography is the possibility of photographing sites through breaks in
overcast, since in this case the effect of concealment of objects by cloud shadow
sharply decreases as compared to photographing on panchromatic ilm.

The process of light-transmission of
the image of observed objects is noticeably
affected by spsctral composition of light

N reflected by the object, spectral sensi-

j tivity of the receiving device, and

| spectral attenuation factor of radiant

v flux in atmosphere. Other conditions of

Fig. VIII.6. Aerolandscaps of observation being equal (the same object,

Ton amg Infrared (on the Ldentical transparency of atmosphers, the
t

;ff:u),,rg;d t"“) 3 2—pine same distance to observed object and the

(;uuug u'vv-)j 3—-pine and
leafy trees; L—teuga; S—--teuga
and leafy trees; 6--leafy trees.

same source of its illumination), the
light-tranamission of the image will de-
pend on actinism of radiant flux A, , reflected by the object,

A=S v (VII1.1)

where S 1s spectral sensitivity of receiving device;

[sTaY=



r.
a

is 3

ctral denaity of reflected radiation;

% is spectral transmissivity of atmosphere.

In Fig. VIII.? are given curves of spectral sensitivity of the eye 1 and of a

cesium oxide photocathode 2, spectral distribution of energy of sunlight 3 taking

into account transparency of atmosphere. As a result of multiplication of corre-

sponding ordinates of curves we will obtain curves of actinism of radiant flux

for the eye and a cesium oxide photocathode depending upon the wave length of

optical radiation (without calculation of selectivity of reflection of object).
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Fig. VIII.7. Distortion of
light-transmission of image
during observation in different
sections ~f the spectrum.

KEY:

(a)

Relative units.

From comparison of curves a and b in
Fig. VIII.7 it follows that for the eye,
radiation with wave length in the range
of 0.54-0,58s will be reflected the
brightest and for a cesium (xide photo-
cathode (curve b) maximm brightness for
reflected radiations will correspond to
a wave length of 0.78-0.86 u. It is
possible to show that a similar character
of distribution of imuge brightness will
be obtained also when using infrachromatic
photographic material.

The effect of distortion of light-
tranamission during piaotographing on
infrachromatic materials during aimmltansous

photographing of effect of air haze (veil

on photographic material) may be used with suc :ess to increase the effsctiveness

of aerial photoreconnaissance by day and facilitate deciphering of obtained photo-

g-aphs.



T™he low sensitivity of imfrachromsiic
materials, which is their deficiency, may

be used with success to determine the exact

position of hostile searchlight instal-

lations and artillery batteries. For that,

Fig. VIII.8. Image of a shooting

battery, obtained by the method of at night, when the ghutter is open cameras
combined photograph on infrachromatic

film. photograph, for instance, flashes from

shots of cannmons. The weak night ]ight
does not affect infrachrm matic film, and on it is obtained only a latent image from
the flashes. By day, during constant position of cameras, they photograph the
site. As a result there is obtained a photograph (Fig. VIII.8), on the background
of whose site is clearly determined the direction to artillery positions [5].
Carrying out similar photographs from 2-3 positions and knowing arimuthal
angles of camera installations, one can determine even the position of the actual

batteriss.

2. Photographing with the Help of Eloctron-Optical Converters

As already was noted in ), application of infrachromstic emulsions encounters
difficulties: their very low integral sensitivity and bad stability in time. In
order to avoid this, it is necessary preliminarily to convert the invisible infrared
image to visible and to photograph the latter on the usual, comparatively stable,
and highly sensitive photographic emulsions. Conversion of an invisible infrared
image to viasible may ba carried out with help of an image converter, rr ording
evaporimeter, and phosphorescent materials sensitive to infrared rays.

The fundamental plan of photographing in infrared rays with the application
of an image converter is shown in Fig. VIII.9.

Radiant flux 1, reflected from photographed object, passing through inlvared

filter 2, .8 focused with the help of objective 3 on phot« cathode of image converter



o

4. The visible image obtained on its screen, with the help of optical system 5, is
tranafered to photographic film 6.

{ ] . ! All the system, including the pro-

Y U T
: 4

y and the system of transferring the visible

Jecting objective, the image converter,

| image to the photographic esmulsion, has

Fig. VIII.9. Pundamental obtained the name of electron-optical
diagram of camera with
image converter. objective.

Inclusion of an image converter as
an intermediate element worsens a number of parameters of the optical system of
~-he camera and, therefore, it is necessary to take special measures for their
removal or partial compensation. This, in the first place, pertains to resolving
power and to the requirement for geometric similarity of the imuge to the photo-
graphed object.

The requirement for geometric similarity in the case of an electron-optical
objective is not fulfilled. This is connected with the fact. that for converters,
especially with a flat photocathode, there is, as a rule, distortion, i.e.,
inconstancy of linear magnification of sections as the distance increases from the
center to the edges. For its removal special correction of the projecting and
photographic objectives 1s necessary for the purpose of obtaining in them dis-
tortion of the reverse sign.

Resolving power of electron-optical objectives, as a rule, is lass than for
the usual objectives, because of low reso ing power of the image converter.
Therefore, it is necessary to increase artificially the resolving power of con-
verters and to design objectives with more uniform resolving power with respect to
field of sight,.

Most effective are the following sy of increasing resolving power of con-

verters:



4. application of combined focusing of electro .a by the electrostatic and
magnetic fielis. By this method the firm of Muellard (Fngland) managed to develop
the MF-120]1 image converter for photographliy in infrared rays with & resolving
power all over the field of sight, equal to 20 lines/mm [6);

b, significant incres«se of r~:.us n- voltage on electrodes of the converter.
During constantly applied voltages to electrodes, breakdown between cathode and
other electrodes is prevented. Murthermore, during large supply voltage the
appearance of fatigue of luminophor and breakdown of the converter on the whole
is possible.

All this it is possible to avoid, if instesd of constantly applied voltage
there are passed to electrodes pulses of high tension. As shown by investigation
(7], during supply to electrodes of square pulses of voltage 1-10 microseconds in
duration breakdown potential can be increased 5-7 times, since in this case pulse
duration is comparable with time necessary for development of breakdowmn. Transition
to pulse feed of converters psrmits an increase in gradient of field for photo-
cathode from 4.5 to 30 kv/cm and, consequently, & significant increase in resolving
power ¢ ' converter. Murthermore, with such feed it is poesible to increase alsc

the brightness of the image on the screen without danger of its burning out or

irreversible fatigue.

In the eleciron-optical objective,
due to application of converter allowing
amplification cf brightness of image, it
is possible to increase candle-power
significantly as compared to the usual
lens objective. Thias allows us to obtain

in the focal plane (on film) sufficient

i s
i
Fig. VIIT.10. Image of landscape, 1llwminance for photographing with a small

obtained with the help [ an time
electren-optical camera. exposure .



Indirectly, candle~power of an electron-optical objective can be increased by
corresponding selection of spectral radiation of luminophor of converter screen
and spectral sensitivity of photographic film.

The essential advantage of this method of photographing is the possibility of
its application during low levels of illuminance, when the usual and infrachromatic
photomaterials become ineffective, and, furthermore, this method allows application
of ordinary highly sensitive and stable photomaterials.

As an illustration, in Fig. VIII.10 is a photograph taker in the pretwilight

hours with the help of an image converter.

3. Evaporation Recording

The above-considered met%ods of photographing in infrared rays allow photo-
graphing either by rerlected radiation or by intrinsic, if the temperature of the
surface of the object is higher than 250-300°C. This is connected with the fact
that the considered methods use comparatively short-wave infrared radiation with
wave length not more than 1.2 4.

In the method of evaporution recording, suggested by the German physicist
Tscherny, long-wave radiation of bodies having low surface temperatures is used.

The esaence of the method of svaproratiocn recording consists of the following
(Pig. VIII.11).

In vessel 1 with entrance window 2,
transparent for infrared rays, and output

window 3, thin mica film 4 is established.

The side of the film, turned to objectivs

Pig. VII1.11. Mundamental 5, 1s covered by ;. a4i num % a~< or soot
diagram of evaporation
recording. for beat absorption of infrared ray .

Prom the opposite side of the film there
is precipitated by evaporation & film of some kind of viscous liquid (for instance,

camphor c¢il). Thickness of the layer of oil is selected sc that, because of



interference of light, minimm reflection of radiant flux from outside source of
light 6 would be snsured.

If on the blackened surface of the film the image of the photographed object
1s projected, then in places where the intensity of infrared rays is greater, the
film will be heated, which will lead to partial evaporation and spreading of oil
to places which are colder. Interference of reflected rays from source 6 will not
completely extinguish visible -~ays, and on the film will appear an interference
image corresponding to the aiatribution of temperatures on the surface of the object.
This is possible to observe either visually or to photograph through output window
of the evamragres.

Por the purpose of removing the effect of external ‘emperature on the volatility
'of the condensed layer of oil a mica film is placed in vacuum, but the body of the
receiving part of the instrument is made from goocd thermo-insulational material.

Since conversion of radiant energy into heat, utilised i=n this method, is the
least profitable method of detecting rasdiation energy, then it is impossible to
expact from it great sensitivity, just as resolving power. Purthermore, for the °
heating of the film and the evaporation of the layer of liquid certain time is
required, as a consequence of which such instruments possess noticeable time—.a -.
in order to phatograph anotiiar object it is necessary to wait a definite time for
the condensation of a nev layer of camphor’ 541 on the film.

In spite of noted deficiencies inherent in this method, such instruments find
application in military technology since they allow us, in principle, to solve
the question of vision in darkness because of the intrinsic emission of targeis.

As an example we will consider the night vision equipment "Eva," developed by
Baird Associates (The United States) in 1956 and taken into service by the Alr Force

n 1957 (8
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The "Fva" instrument (Fig. VIII.12a)
makes it possible, in full darkness, to

distinguish the outiine of an object with
L ]

a surface temperature differing from the
Fig. VII1.12a. General
form of the "fva" instrument. temperature of the surrounding background
and to identify it by the nonuniform
distribution of temperatures of its separate points. Sensitivity of the instrument
is 0.1°C. It can record a change in temperature of bodies in a range from several
units to several thousand degrees.

The instrument (Fig. VIIT.12b) consists of five main centers, long-focal
mirror objective I, vacvum chamber II, optical tube for observation III, camera IV,
and illuminator V.

The objective (28 = 5°, A = 1:2.5;, f = 20 cm) includes two mirrors - spherical
1 and refracting 2, are a lattice neutral filter 3 for the weakening of radiant
flux from powerful sources of radiation, and a flap on the entrance of objective

4 for covering access of radiant flux while restoring instrument for repeated

observation.

Sensitive element 7, located in focus
of mirror 1, constitutes a thin film from
nitrocellulose, covered from one side by
platinum black and from the other by a
film of camphor oil. The film is pl -ed

in herzetic vessel 5, from which,

periodically, is pumped air. Fatrance
Fig. VIII.12b. Optical diagram window 6 is prepared from crystal of rock
of the "Eva".
salt, covered by film of :inyl varnish.
The ' 3~ wall of the chamber is prepared from glass passing only visible light and

cutting infrared radiation,



Optical signt III is designed for visual observation of interference picture
and consists of long-focal objective 13 which is simultanecously the objective of
small-sigse camera 15, semitransparent mirror 1, and eyapilece 16. Semitransperent
mirror rejects 50% of the visible radiation to the photographic film and 50% passes
in the direction of the obaserver.

Illuminator V conaists of tunesten incandescent lamp 8, filter 17 cutting all
infrared radiation of the tube, mirror-reflector 9, and condenser 10. On the path
of the parallel beam of light, after the condenser, semitransparent plate 11 is
disposed with a reflecticn coefficient of 50f. Light passing through this plate
and the output window of the camera gets on the sensitive film., Being reflected
from it, the light, by means of the semitransparent plate and mirror 12, is rejected
to the cbjective of the telescope and camera.

After observation ceases, the flap

of the objective is closed; tube 18 turns

L . : on, the radiation of which, by means of
Fig. VIII.13. Image of a motor reflective mirror 2, gets on the
vehicle, an aircraft, and a man,
obtained with the help of the blackened surface of the sensitive film,

"Eva" in darkness.
evenly heating it and erasing thereby the

oil film.

Control for erasing of film and subsequent precipitation on it of oil is
carried out visually through a telescope by change of color of the oil film in the
reflected rays from yallow (oil is absent) to greenish-yellow (thickness of oil
film corresponds to operational value).

In literature it is indicated that with the help of the "Eva" one can photograph
in full darkness a man at a distance of 180 m and a vuilding at a distance of 1,800 m
(Pig. VIII.13). |

The principle of transforming thermal enorgy into visible radiation which can

be observed sither visuilly or photographed is assumed also in the basis of work of

3
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another semiconductor converter of a similar type, recently develope: in England
(11].

The opereting principle of the instrument (Fig. VIII.14) is based on the use
of the dependency of the absorption of light falling on a semiconductor on its
temperature. If the film of a semiconductor is examined in monochromatic light
passing through it, which has a wave length close to threshold, then the least change
in temperature of separate sections of the film causes a corresponding change in
their transparency.

Infrared rays being reflected from
paraboliic mirror 1 and passing inside
vacuum chamber through the entrance window
of rock salt 2, get on semiconductor

sensitive filx 3. The film consists of

of chrome sublayer and a layer of amor-
Fig. VIII.l4k. Semiconductor image phous selenium 1 u thick turned in the
converter:
l-—parabolic mirror; 2—window from direction of the mirror objective. A
rock salt; 3——film of seleniwm and
chromiuwm; 4--mirror; 5--sodium tube. peculiarity of such film is the fact that
it absorbs infrared rays well when they
fall from the selenium side and absorbs them badly when they fall from the
chromium side.

The image of the obJect, or more exact - the distribution of intensity of
infrared radiation of different parts of the object, is examined in the light of
the sodium tube,

Sensitivity of the instrument is limited by the ability of the eye or photo-
graphic film te iistir.-uish the slightest contrasts. In the first sample it wase
comparatively low, since it made it possible to photograph objects whcae surface
temperastures differed by 15°C from the temperature of the surrounding background
during an exposure time of 2 sec. Time lag of the ins.rument is 0.5 sec. Resolving

power of the instrument, limited by quality of mirror, camers window, and film,

A



constitutes 4 lines/mm.
Vacuum in the chamber with sensitive film 1s supported with the help of a
getter and constitutes 1074 o Hg.

4. Ipst ts of Intelligence in the
Near-wave Part of the Infrared

Spectrum

Por detection of special sources of infrared radiation can bs applied any
instruments possessing sensitivity to near-wave infr.red radiation (to 24) - a
metascope with phosphorus as a sensitive zlement, monocles or binoculars with . -
converters, and also special detectors with photoresistors or photodiodes. Since
such instruments do not require high resolving power and great sensitivity, they
can be made by simple construction, with small scales and dimensions.

In metascopes is used the phenomenon of "extingulshing” or "stimulating," by
infrared rays, the phosphorescence of phosphorus, preliminarily excited by a -radi-
ation or ultraviolet light.

An example of such instruments is the metascope UP/P (The United States),
developed during the Second World War, and the metascope CNFT (Prance), developed
in the postwar period. Free-space range for metascopes of sources of infrered
=adiation of average power constitutes several kilometers.

In spite of the small dimensions and the absence of special sources of suprly
for metascopes, the low resolving power limits their application, in consequence
of which they have been replaced by more advanced instruments with image converters.

The above~considered instrmments were designed for observation of infrared
sources of radiation, the results of vhich have made it possible to obdtain an idea
about the location of the enemy, the character and directions of shiments, limiting
pointas of the enemy, and, partially, about the character of infrared means applied
by the enemy. However, significantly more valuable data can be obtained by

recomaissance if one carr’'es out observation of the situation at a site and not

~
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separate sources of infrared radiation. For these purposes there can be used only
instrments with candle~power optics und witlh high-quality image converters with
irradiation of the site by searchlights covered with infrared filters, or observatiow
in conditions of natural illuminance.

At the end of the Second World War in the ground troops of the United States
an instrument of close reconnaissance on infrared rays found application -~ the

nyoperazo, : ' (Fig. VIII,1S).
Cee- - The " - ¢~ .~;- "1s an electron-

ortical instrument of observation 1,
mounted jointly with small-size infrared

searchlight 2. Power is supplied to

instrument and searchlight from a special
Fig. VIII.15. The ' ‘-nonperacope" storage battery carried,by the soldier,
(The United States).
in shoulder bag 3 or in a bag across the amm.

A searchlight 100 mm in diameter with a 30 v electrical incandescent lamp
ensures axial luminous intensity of 7-10 thcusand candles.

As an image converter in the observation instrument, at that time the 1-P=-25
converter with supply voltage of LOOO v was widely used.

The radiant flux of the searchlight, reflected from objects on the site and
hitting the objective of the observation instrument after conversion, creates on
the screen of the instrument arn image ahead of the horisontal site. Range of the
instrument is 150 m.

In 1955 there appeared a report about the develomment of an instrument allowing
observation at night at a distance up to 3600 = [172],

As an irradiating installation in it there is applied a 60-cm searchlight
with a 1500 w X 9 v electrical incandescent lamp covered by an infrared filter
with axial luminous intensity of 5 million candles.



The electron-optical instrument of
observati_n with 6 X magnification is feu
from a special high-voltage unit develoring
voltage of 20,000 v. The instrument of
obsearvation is synchronouzly connected

with one or with several searchlights,

which ensures the turn of the searchlights
Fig. VIII.16. American instrument in the direction of observation (Pig.
for observation in darimess.
VIII.16).

Comparing characteristics of the two considered instruments of observations
in infrared rays, it is possible to note that increase of visual range by 2, times
led to an increase in power consumed by the searchlight, 50 times, and luminous
intensity - S00 times. Therefore, a significant increase in the renge of electron-
optical instruments working in a set with irrediator installations should not be
expected. These instruments will remain short range instruments for observation
of a site directly adjoining the observer., PMurthermore, such instruments, in
principle, cannot snsure concealment of their use, since the enamy, armed with
corresponding equipment, can always establish not only that a searchlight is
operating, but also determine its position. In particular, with this goal in nmind,
there was created an instrument, the IRI-O3 [14], to warn if soldiers were being
irradiated by infrared rays (Fig. VIII.17).

The IRI-O3 consists of a photo-
generator of beats of an audio-frequency
and a dynamic telephone which ensures
sonic signalling of irradiation.

The photogenereator of Leats uses

semiconductors and includes generator of

Fig. VITI.17. The IRI-03 constant frequency rl, sweep generator f

instrument. <

n17



with control photoresistor and mixer stage, producing frequency >f beats fg, to which
the telephone reacts directly.

In the absence of irradiation of the photoresistor, frequencies of oscillations
of the generators are equal to (f; = f,). During irradiation of the photoresistor
by infrared rays, frequency f, changes proportionally to the intensity of irradiation,
&8 a result of which after the mixer there appears a diffesrence frequency audible
in the telsphone.

Both generators, the mixer, and the power supply are mounted in a plastic body
11 X 6.5 X 2 em, weighing 200 g, which may be esuspended on a button of a uniform.

A dynamic telephone with constant magnet is united with the instrument by a cable
and may be secured near the soldier's ear.

Power is supplied to the instrument by miniature batteries on 1.5 and 22.5 v,
designed for 50 hours of constant work.

The photoregistor is sensitive in a wave range of 0.6--2.3 u, and its construction
ensures an angle of sight of the instrument near 140°. By increasing the freguency
of the difference tone one can determine the direction to the source of infrared
radiation with a precision of + 5°.

By the height of the produced tone, it is possible tentatively to judge also
as to whether the soldier is in a dangerous sone or in a zone of preliminary
warning. Thus, if the soldier is in a sone of preliminary warning (within limits
of 1-3 fold range of the observation instrument) the indicator produces a tone of
low frequency at 200-2000 cps. When in a dangerous zone (range of the instrument
of observation) the frequency of the tone is increased to 2,000~10,000 cps (grows
as it nears the instriwent of observation).

The IRI-03 has indisputable advantage over metascopes since the eye and hands
of a soldier always remain free and, furthermore, with the help o” the instrument,
one can estimate, qualitatiwely, the direction to the irradiator and the distance

to it (effect of proximity of irradiator).



Metascopes and instruments of the "Snoopsrscope” type do not allow observation
without preliminary bias lighting of targets. WNaturally,the question appears about
creating equimment alliowing the observation of targets because of their irradiance
by the night sky.

At night the basic sources creating on the surface of esarth a definite level
of illuminance are the moon, the stars, and space filled with billions of stars
invisible to the eys, but sending to sarth a significantly larger energy content
of ridiation than all the stars visible to the eys. In night sky radiation a
noticeable role is played by radiation in the infrared part of the spectrum,
expecially with a wave length of 1.03x. In the presence of overcast, irradiance
of ground objects sharply decreases due to scattering and absorption of radiation
energy in the thickness of the clouds.

Dependency of illuminance of ground cover after termination of astronomical
twilight (Sun is beyond the horiszon more than 18°) on state of the overcast for
average latitudes is shown in Fig. VIII.18 [15].

The given curves show that during clear weather and full moon, when on the
site it is possible more or less to be oriented, illuminance of terrestrial cover
constitutes a magnitude of the order of tenth fractions of lux. In the absence of
the moon, illuminance sharply drops, attaining values of the order of 10-3—10~4 lux.
With such conditions, not only from the air, but also on earth from comparatively
close distances, cne cannot detect objects visually.

A. A. Gershun (16] presents averaged numerical values of levels of natural
night illwminance:

in full moon during clear sky 0.2 lux;

on moonliess clear night 0.001-0.002 lux;

on moonless night during overcast of average density 0.0005-0.001 lux;

on moonless night during overcast 0.0002 lux.

~7
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v’ — ~ Such illuminance of objects with

"': ’ , A coefficient of diffuse reflection p=~ O.4
- ——, —
L 2 _____J!——‘—‘——.——d will create visible brightness within
Sie! limite of 0.025-10"%—0.000025-107% stilb
3 (0.025-0.000025 nit).
;g"" \ g
i’“ \‘x ‘ It is established [17) that on a
s i ' dark night the threshold of light signals
e y s ] 7 3

1 \c; MOCAS OAIYONUS ECTPOIMNUSHUT Cywepes  for the eyes has the following values:

Fig. VIYI.18. Night irradiance by spot, B * = (0.9-1) 107 n.°;

of earth's surface:

l-wclear, full moon; 2-—average by peint, E, = 1-10~7 lux.

overcast, full moon; 3--clear,

no moon; 4——average overcast, no The given values of threshold

moon; S5--strong overcast, no moon,

KEY: (a) Illuminance in foot- magnitudes are obtained when conducting

candles (foot-candle = 10,764 lux);

(b) Hours after termination of special experiments and, therefore, can

astronomical twilight.
significantly differ during observation

in real conditions, when physical and psycho-physiological factors, unaccounted for
during the experiment, will have an effect. Depending upon this, the real threshold
of brightness can differ from that given by 20-50 times tc the larger side, j.e.,
B, = (2-5) 1073 nit,

From the above-stated it follows that in real conditions, during visual
observation of ground objects at night, their own brightness is insufficient for
their detection; an exception will be observation in full moon during clear sky, if
one considers that for jdentification of objects it is necessary to work, not at the
threshold value of brightnese, but at a significantly larger value.

in this coennection it is necessary to note one more dependency, namely, the
depende.icy of the resolving power of the eye on the brightness of observed objects
(Table VIIT.1).

#Russian subscript ";”" indicates "threshold."--Ed.



Tatle VIII.1. Dependency of the Angle of Resolution of the
Eye on Brightness of the Object.

Brightness, | solurton, | Prifhtnees | 60 6 resolution

3.142.10=4 50 1.57 2

1.57.1073 30 3.2 1.5
3.142+1073 17 15.7 1.2
1.57.1072 1 31.42 0.9
3.142-1072 9 34.2 0.8
0.157 4 1570 0.7
0.3142 3 L2 0.7

The resolving power of the eye, as also its ability to perceive threshold
values of brightness or illuminance or the pupii, essentially depende on the
conditions of observation and, therefores, can differ from experimental data by
5-10 times.

Thus, ¢~ execution of night reconnaissance it is necessary to increase
brightness of image of observed objects with a simultaneous decrease of resolution
angle,

Optical instruments cannot do this since (perceived by the eye) image brightness
of an object observed in an optical instrument is always less than intrinsic
brightness of the actual object, due to losses in optics, and may be calculated by
the formula
@ (d.) So.m (VII1.2)
where B, is brightness of the object;

d is eyepicce of the instrument;
d, is pupil nf eye adapted to darkness (d, 2 d);

%.a is optical transmmission of the instrument (%o.a <),



When applying electron-optical instruments for ntelligence purposes, it
becomes poszsibls to increase brightness of image of obssrved objects at night so
much that they will be sasily deciphsred by observer. As already was noted in
Chapter VI, application of stage converters allows us significantly (100-1000 times)
to strengthen brightness of image and to make possible observation of site at night,
when objects are not examined by the eye. According to literature (18], multistage
imaege converters allow us to obi..n during optimmm conditions an amplification
factor with respect to brightness of 7 = 10°. Such amplification of brightness
gives the possisility of creating electron-optical instruments of intelligence

during natural night illuminance 10~ 2~104 1ux.

5. Television Systems of Heightened Sensitivity

Instrmments considered in Section 4 are instruments of direct observation of
site and require presence of a special observer, who only after a certain time can
transmit to command the subjective results of hi. observations. However, it is
desirable to obtain information during all the time of observation directly at the
command rost.

With this goal, more and more being introduced are methods of velevision
intalligence by day, in twilight, and night time.

Introduetion of night television intelligence is connected with the necessity
of creating special highly sensitive transmittin>y tubes, able to produce sufficient
sig 2l during small or very insignificant illuminance on photocathode.

Published data indicates that the present, usual television tubes can normally
work during illuminance on the photocathode of the order of unity and tenth
(ractions of lux. In Table VII1.2, according to [40], valreaz zre given of necessary
11lwurinance of objecte EF:xx and the optimum vaiues of the relative hole of objectives
4 of cortemporary tranmmitting tubss. In the same place are given computed values
of illuminance of objact and photocathode E¢. when using an objective with relative

hole A = 1:2.



Table VIII.2, Illuminance of Site, Necessary fo— Normal Work
cf Television Tubes.

Type of Tube Lux A A ?11;? A -"i:gu
Supericonoscope 3000 | 1:3.5 1000 25
Crthicon 1400 1:6.3 0 3.5
Image orthicon Li-17 100 1:4.5 20.8 C.5
Image orthicon Li-201 330 1:4.5 62,5 1.5
Vidicon 330 1:2 330 10

Illumirance £¢ 1s calculated by the formula
Eo =~ post,taruA'Eos, (V111.3)
whers E4 is 1llwminance on photocathode;
Ees is illuminance on object;
Pes¢ 18 reflectivity of surface of object;
%, 1s transmission of objective;

ey 18 tranmmission of atmosphere.

As can be seen from the table, even such vevy sensitive tubes as image orthicons
do not allow observation either at night or in twilight. Therefore, for the
creation of night reconnaissance television systems it is necessary to increase
sensitivity of the tranmmitting tubes.

Sensitivity of any tranmmitting television tube is limited by the noises
appearing in the process of converting light into photocurrent, the noises of
commutating electron beam, and the noises of the preamplifier. The last two
sources of nuises predaminate. Conseguently, it i3 most @wofitable to produce

amplification of photocurrent until electron beam

H

uces commutation of charge
accumulated on the target.



Such amplification of photocurrent

H>l/4'w”..\_~_ | T may be performed by three methods:
L . by secondary electron amplification
T .. L l T of photocurrent;

f'::"" ' o by induced conductivity;

by light amplification of the image

Fig. VIII.19. Diagram of the

construction of an ibicon tube. on the principle of electron-optical

conversion.

Tre last two methods have been used, which, judging by the available data in
literature, brought reassuring results.

In Fig. VIII.19 is depicted a diagram nf an ibicon tube using the phenomenon
of induced conductivity.

With respect to signal formation an ibicon signal hardly differs from a
vidicon, however, the addition of a section of transfer of electron image allows
repeated increase of current, creating potential relief on target, and, consequently,
sensitivity of tube.

In consiruction, an ibicon consists of three units: a section of transfer
of electron image with photocathode and accelerating electrodes I, a target 1X in
which is excited induced conductivity, and a section of communication with electron
gun and system of electromagnets III. Intensive signal is removed directly from
the target and moves to the input tube of the video amplifier.

If in the vidicon luminous flux is used directly for a change of reaistance
at separate points of the target, then in the ibicon it affects the photocathode,
emitting, due to this, photoelectrons. Fhotoelsctrons, getting in the accelerating
fisld of the seciion of transfer, obtain high energy and strike against the semi-
conductor target. The target of the ibicon fulfills two functions - accumilation

of charge and precoemmutation amplification of the photocurrent.



It is possible to pressnt schematically the target of the ibicon II in the
form of a thin plate of a semiconductor 2 (dielectric), confined between two
cenducting films 1 and 3, to which is applied wltags. The front (turned toward
the photocathode) aluminum film 3, 0.2 4 thick, freely conducts photoelectrons
accelerated by voltage of 20 kv and above to the layer of the semiconductor
(dielectric), which causes the appearance ef current I (in the absence of
photoelectrons there is practically no current in the semiconductor).

Appesarance of a current of photoelectrons in the semiconductor evokes the
appsarance of induced current I. The retio I/I¢ it is possible to consider as the
amplification factor of the tube with respsct to current, causing a corresponding
light amplification of the image.

The ibicon tuve (according to (23]) has a sensitivity 200 times better than
the contumporery image orthicon. The tubs makes it possible to obtain an image
with a clearness of no less than 250 lines (operational surfacs of target 7 a
during illuminance on the photocathode 3'10"‘ lux. The cesium oxide photocathode
of the tube has a sensitivity of 4O microsmpere/lu and an accelerating voltege
in the section of trenafer of electron image equal to 30 kv, which ensures, at a
given level of illuminence, a photocurrent of the order of 10~11l amp.

When using a cesium antimonide photocathode [24], the minimum lewvel of
11luminance of the photocathod is lowered to 10~5—5:107° lux, which allows
observation in the dark period of the twenty-four hours, on a clear moonless night.

Reasguring results were obtained aleo as a result of works with tubes of the
image orthicon typs. Adjustment of internal units of the image orthicon allowed
increase in their sensitivity of 50-500 times. Thus, in the WL-7198 tuba [25],
intended for aircraft television equirment, only by increasing rigidity of internal
construction could sensitivity and resclving powsr in oconditions of vidbrations and
iarge accelerations be incresssd. This tube easured the obtaining of an image with

22%



clearness 250 lines during g-forces of ' - frequency of vibrations 50-500 cps, and
illuminance of photocathode 3910‘3 lux.

Moving grid from target 3-4 mm also promoted 1ifting of sensitivity of image
orthicon due to the smuller influence of the potential of the grid on the potential
relief of the target.

Recently there have been introduced new multi-aikali photoca*hodes with a
sensitivity of 200 microaspere/lu and above instead of 70-90 microampere/lu for
bismuth silver. Such photocathodes will allow increase in sensitivity of image
orthicons, increase in stability of their parameters, and longevity of operation
[15].

However, ‘there exists another very effective way of sharply increasing sensi-
tivity of contemporary image orthicons, which solves the problem of intelligence
at night wAth the help of television equimment. This way consists in the pre-
lininary amplification of image brightness with the help of stage elactron-optical
amplifinrs of brightness [15]. A diagram of such a tube with one amplifier stage
of orightness is shown in Fig. VIII.20, and a general view - in Fig. VIII.2l.

With the help of the objective, the image of the observed object is projected
on the photocathode of the image converter, on whose screen is obtained an image
amplified in brightness. In the case of one-stage aaplification, the glow of the
screen causes emission of electrons from the second photocathode, located on the
other side of the fllm of the screen and starting the usual section of transfer of
the image orthicon. During application of a two-stage amplifier, there occurs
interwmediate amplification of image brightness with the help of the first and
second luminescent screens.

Sensitivity of such tubes depends on amplification of brightness in image
converters. During coordination of spectral characteristice of radiation of screens
and sensitivity of intermediate photocathodes, one stage enswu s a current ampli-
fication of 10-20 times with an accelerating voltage of 10 kv; during two stages

there can be obtained a 300-fold amplification.
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Quantity of amplifier stages of

brightness is limited by decrease in

1
F 1
/l A r f ]
f&ﬂk’”’.’fz'z?‘_—{a /
b < L L, resolving power of instrument (especially
4 - C—
\wﬂm@ =7
s

~ along the edges of ihe fiela of signt),
!

4

determined by aberrations of the electron-

Fig. VIITI.20 Disgram of image
orthicon Wwith one amplifier stage
of brightness.

l—-first photocathode; 2-—foming
of electron image; 3—aluminua

film; 4—-screen with phosphorus;
5—thin diaphragm from micaj 6--
second photocathode; 7-—sscondary
forming of electron image; 8-—screen-
trap; 9—-thin glass target; 10—
electron ray; ll—electron gung 12--
electron multiplier; 1l3-——output of

video signai. sight can be ohtained with one amplifier

optical system and light scattering in

films dividing the screens and intermediate
photocathodes, and also granularity of
screen. With optimum selection of thickness
of film and granularity of screen re-

solution in the center of the field of

stage at 600-650 lines, but with two-stages - at 450 lines. A develomment type of
such a tube, with a two-stage amplifier of brightness, made it possible to obtain

an image with clearness ot less than 100 lines during illuminance on photocathode

In Pig. VI11.22 is showm the
dependency cf the resolving power of
studio image orthicon 1 and image orthicon

with one amplifier stage 2 on the illummi-

nance on the photocathode. In the same
Pig. VIII.21., Image orthicon
with one-stage amplification nlace there is given, theoretically
of brightness.
calculated by Morton, curve 3 for an
ideal instrument, in which there take place omly fluctuations of photocurrent, and
the sensitivity of which is limited not by noises of the electron beam, but by
noisea of the photocurrent.

The considered works in the region of creating highly sensitive transmitting

television tubes allowed the develomment of equipment for carrying out recom wissance
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on a moonless night (so-called "cat eye”) [26, 27, 28), in which as a sensitive
element is applied an imsge orthicon with one amplifisr stage of brightness. It
is noted that the sensitivity of the "cat eye" equimment is 1000 times higher than

the sensitivity of the usual television cameras with imege orthicon.

w
1
[
'..' U i 1] )
A
~ (b) -Iﬁhdm

Fig. VIII 22, Dependoncy of resolving power of
transmitting tubes on illuainance on the photo-
cathode.

KEY: (a) Resoiving power (1ines); _(b) Illuminance
of photocathode, lu/foot (1 lu/foot? = 1 foot-candle =
= 10.764 lux).

6. Inst ts for Mak a Thermal Map of a Site

As a rule, the methods of observation considered in preceding divisions use
comparatively shortwave infrared radiation. An exception is the method of evaporation
recording, in which for construction of an image practically all the radiation of
the heated body participates.

During heat recording, on which is based the develoment of equimment for
making thermal maps of sites, there is carried out the registration of all the
spsctrum of radiation, whose region is limited only by transpsrency of atmosphere
and the optical elements of the recording instrument. However, application of
long-wave radiation during heat recording is, at the same time, a deficiency of
this meithod, since this radiation always accompanies the interferring scattered
radiation of surrounding bodies, of the receiver itself, and so forth. Therefore,
during heat recording, s during evaporation recordings, there will always Le
recorded a difference of tempsratures (thermal con.rast) between the observed object
and the bodies surrounding it (background), and also between separate sections of

the surface of the observed object.



Instruments for observation based on the heat recording method in general
have to irclude: a receive~ (thermoelement, bolometer, or other indicator) placed
in the focus of the objsctive or spherical mirror with a small angle of sight, a
turning device for an element-by-el wment examination of space, and a recording
device for recording radiation intensity of sach eclement of the examined space,
and alsc a standard source of radiation for comparison of radiation intensity of
the separate parts of landscape and a device compensating for radiation of the
background.

As an example of such systems it is possible to present the photographic
Bail telescope (29] and an instrument for thermal reconnaissance of a site [30].

The photographic Beil telescope is a system with an objective 30 ca in
diameter, in whose focus is fixed a thermopile with a small time constant. The
thermopile is connected in opposition to a compensating thermoelesent having
identical sensitivity but a large time lag. The resultant difference signal moves
to the entrance of a highly sensitive galvanometer. Thus, the galvanometer reacts
to a difference in the thermoelectric currents of the recording theracpile and the
thermoslement irradiated by the total radiation of the landscape. The scanning of
examined space is per line and is carried out by means of slow turn of telescope
in a horisontal plane and a fas* intermittent turn of it in a wertical plane around
a horisontal axis. 7 e turn of the mirror of the galvanometer at each givem
moment of time will be proportional to the surplus of temperature of the considered
objsct above the average tempsrature of the background. A ray of light from the
special source is reflected by the airror of the galvanometer through a special
triangular diaphragm to a photographic plate in such a way that its intensity, and,
consaquently, also the density of blackening of the photographic emulsion will be
proportional to the angle of rotation of the mirror. The motion of the recording
beam along the photographic plate is synchronised with the scanning system.

Time of exposure by the Beil instrument is rather long since all the considered
plcture is inspected by the turn of one sensitive elemsnt. Thus, if the time constant
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of the recording thermopile is 0.1 mec, then it 1is possible to photograph only 10
points per second, and to obtain a full picture 10-35 minutes will be demanded,
depending upon its dimensions. However, this time, in principle, can be reduced,
increasing the quantity of receiving slements or preparing a mosaic of thermoelements.

In Pig. VIII.23 is a photograph of a water tower, taken due to its intrinsic
emission from a distance of 1 km. Time of ;xpooure was 10 minutes.

The instrument for photographing

~{d

<
_-;5\ . cbjects in the long-wave region of the
: ':31; infrared spectrun (Fig. VIII.2,a) is, as
i

il in the first case, a device making it

possible to obtain an image due to the
difference in tempsratures of separate
elements of objects and the background.
Pig. VIII.23. Thermal photograph In distinction from the Beil telescope
of a water tower.
this instrument makes it possible to
obtain a picture of the distribution of temperature along a surface by comparison
of proceeding radiation with radiation of a standard black body.

The instrument (Pig. VIII.24b), with a total weight near 45 kg, consists of
mirror-lens objectiv 1, in whose focal plane is placed a bolometer with amplifying
diagram 2, turning m.:ror 3 synchronously comnected with the system of recording 4
on photographic film 5, and a device regulating the intensity of recording beam 6
depending upon radiation energy hittirg the bolometer.

In the focal plane of the mirror-lsns objective is disposed a semiconductor
bolameter, whose sensitive element is covered by a KRS-5 filter. The image of the
cbssrved clLjsct, by slement, is projected on the objsctive with the help of the
scanning mirror, located at an angle of 45° to the axis of the objective. Scanning
of the image is carried out on a television principle - per line in a rectangular

frame. Scanning time for the entire frame is determined by the sensitivity and time
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lag of the bolometor, and also by the required degree of exposure of the parts and
can be changed within 2-15 min with a bolometer time constant of 0.001 sec. The
instantaneous field of sight of the "objective - sensitive slement” system, which
determines the resolving power of the instrument, is less than 30 angular minutes.
The field of sight of the entire system is 10° vertically and 20° horisontally.
The sensitivity of the instrument allows the recording of radiation of neighboring
sections of *he photographed object with a difference in temperature of 0.02°C,
With such sensitivity the instrument can msasure the surface temperature of the

photographeu object within limits of -170 = +300°C,

Pig. VIII.2ha. General view of an Pig. " II.24b. Diagrem of an
instrument for photographing in the instrument for photogrephing in
long-vave part of the infrared the long-wave part of the spectrum,
spectrum, the "Optithera”. the "Optithemm".

Change of bolameter curtent after amplification is used for modulating the
radiation ol the neon tube of the glow discharge. Luminous flux of the glow dis-
charge tube is scamned with respsct to the usual photographiz plate by the second
mirror, synchronously comnected with the scamning mirror. On the path of luminous
flux propagation there is located a collimator lens, ensuring on the photographic
plate a point image of the neon tube.

A bolometric receiver together with an cbjective, a modulating device, and a
black body are placed in a massive housing to prevent changes in ambient tempesrature
from affecting quality of image.

With the help of a special sector disk (modulator), rotatable by motor, the

sensitive elwment of the bolometer is alternately subjected to irrediation from the
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direction of the photographed object and the black body (Fig. VIII.2Lc). For that,
opaque sectors of the modulator, not conducting direct radiation of an object to
the bolometer, have on the rear side (turned to the bolometer) mirror surfaces.
Radiation of a black body by means of a reflecting mirror inclined at an angle of
152 to the optical axes of the instrument, and of a black body at the moment when
the entrance of the bolometer is covered by the sector modulator, gets on the
bolometer,

A second disk put on the same axis
modulates radiation of a special tube,
irradiating a phototriode intended for
the oscillating of synchronizing signals.
Comparison of phase relaticnships and

amplitudes of signal from the bolometer

Tig. VIII.2Lc. Diagram of the at the moment of its irradiation by a
head of the "Optitherm":

l--standard black body; 2-- black body (synchronizing signal) and by
deflecting mirror;. 3--bolometer

with amplifier; L--synchronizer; the photcgraphed object gives the possi-
S--modulator.

bility of determining relationship of
temperatures of the photographed object and the standard black body. In Fig. VIIT.25

there is a photograph of a man, obtained with the held of the "Optitherm."

Fig. VIII.25. Image, obtained in full darkness
wi*h the help of the head of the "Optitherm."



Table VIII.2. Basic Data of the Radiometric Head
of the ""ptitherm".

Designation of ter Variety of bolometer
1 11 111

Dimensicn of receiver, mm 0.3X0.3 |1.0X1.0| 2.5 X 2.5
Instantaneous field of sight,

degreo 1 0.2 X0,2 ] 0.5 X0.5
Time constant, sec G.016 0.016 0.016
Sensitivity, w/cm® 21011 6.7-10711 | 1,7.10710
Equivalent temperature noises,

o 0.1 0.03 0.01

7. Qbservation frog Spece

Successful realisation of launchings of artificial earth satellites, capable
of being in space near Earth for a long period of time, and successes in the region
of radio eclectronics have made it pomsible .o solve the problem of the obssrvation
(reconnaissance) of ground objects from space.

It is indicated thet such re¢contmissance in the case of launching a satellite
on a polar orbit can be conducted for the purpose of obtaining information about
military objects and for collection of data about forming of overcast of terrestrial
atmosphere, which is necessary for exact weather forecast in any region of the globe.

In a published account in the United States of the Laboratory of Interplanetary
Reconnaisance, "Basic Considerations About Conducting Reconnaissance from Satellites”,
{31, 32, 33) there are considered the physical capabilities and limitations of such
equijment.. From 2 iarge number of physical and structural questions the authors
of the work reparate three basic problems, knowledge of which is necessary for the
creation of an aciually effective means of intelligence. Aimong them are: peculi-
arities of rediation of the earth's surface, prupagsiion ol ragdiant iiux iong

distances throvgh atmosthere, and resolving power of equipment.
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The earth as a source of radiant flux in space can be considered as a body, in
the radiation of which are observed tiree components: reflected solar radiation,
intrinsic low-temperature radiation, and radiation of artificial sources created
by the astivity of man.

The scla:® radiction reflented by earth's surface has a maximan spectral density
or radiation in the visible part of the spectrum. It is determined both by
irradiance of earth's surface ann oy its reflectance (albedo). In turn, irradiance
of ea-.h's surface depends on height of Sun, geographic latitude, time of the year
and the c¢xv. and alsc on the state of the atmosphere.

Mutside the atmosphere irradiance due to solar radiation constitutes

1.94 cal/cnreomin, which in photometric units corresponds to illuminance of 13,600

lumen lumen, _ ~ lumen
foct- candloa(m) (1 foot-candle (1 m) 10.764 lux ( = 10.764 . )].

m
Due to losses in the atuwsphere, illuminance of earth's surface at noon of a

clear day can attain a rmaximm magnitude of 10,000 foot-candles, where 80% of the
iliuninance is cauged by ctraight solar beams, and 20% is due to light scattered
by the atmosphsre. The valus of average albedo of earth's surface and atmosphere
oc3cillataes within limits of 0.32-0.%« depending upon the state of the overcast,
the v.riety of natural formations, the angle of incidence of radiant flux and its
sractral compocition. For a2 msan velue of Earch's albedo is taken the magnitude
0.45.

Clewls, water, and sncwv reflect radiant flux vsry well. If reflection from
clouds depends vn their thickness and water content and preserves its constancy
up to 34, Lhen green, having lov refiasction in the visible part of the spectrum,
sharply incrruises its albean in the infrared part of the spectrum. Reflectance of

the =.00lh surface of water depunds on height of Sun (ZO) and during angles of

incidenca o;

adient flux smcllsr than 40%, reflection is practically absent (at

L]

(=]

Zg = 43° P =0.02, and at Zg = 85° p = 0.4).
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Low-temperature radiation of Farth

A\ in space is the result of absorption of

"
EE” / solar energy. It has a ontimwus
3 " spectrum in a wave range of 4-40 s with

selective absorption by atmosphere beyond

ity limits radiation goes ocut in a narrower

) spectral section (Fig. VITI.26). This
[ [ ‘,‘.
(4) brwss A

!' maxisnm nsar 12 u; however, due to
i
»

$

radiation changes little during the
Pig. VIII.26. Radiation of Earth, twenty-four hour day &nt crestes uniform
going out beyond the limits of the
atmosphere (by Fau: ). background around Earth. In spite of the
KEY: (a) Intensity of radiation in
relative units; (b) Wave length, u . fact that the average temperature of
Earth is equal to 287°K, the temperature
of its effective radiation constitutes 252°K because of absorption of radiation
energy by vater vapor, carbon dioxide, and osone.

The third component - redistion of artificial sources on Earth -~ differs
from the first two both in its temperature and in its dimensions. They have
surface temperstures significantly exceeding, sometimes, the temperature of earth's
surface, different spectral composition of radiation, and, according tc the character
of their location, carry a local character which makes it possible to distinguish
thes on the background of low-temperature radiation of Earth.

During the observation, from very large distances, of separate sections of
earth's surface, a serious problem is the lessening of their observabls contrast
becauss of the presence of a light halo around Earth and the scattering cf radiant
flux in the - iwoaphere.

Statisilc. shows [32] that absolute contrart of the overwhelming majority of

ground objects is very small. Thus, in visible light in 95¥ of all cases contrast

~D
W
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constitutes 0.2, and in 90% of the cases - less than 0.1. During observation from
large heights risible contrast decreases still more. In Pig. VII1.27 there is
glven the dependency of relative (observed) contrast on height of observation. PMrom
this dependency it is clear that already during observation from a height of

~ 3000 m the relative cortrast of objects decreas~s 2-2.5 times.

=" Further lowering of contrast of
§‘\ o) observable objects can lead to the fact
[

x
3 d \ uremgon L';.’I_ that the magnitude of the signal given
S o bey pussmpa
N © out by the system of image construction
gz will decrease so much that it will become
(&) ' —

5 u u 5 commensurable with the fluctuating noiscs

s [ L
() baxcoma I mocaver pymel

t. At
Pig. VIT1.27. Lessening of of the reconnaissance equipmen

:::;::able contrast with present :t is considered that it is

KEY: fa) Relative contrast; r ficient
(b) With filter; (o) Withoat posaible to detsct objects of sufficiently
ﬁitel‘i (d) B ight in thousand large dimensions, if their contrast with

the surrounding background exceeds 0.02.

Decrease ol contrast between objects not only lowers the energy capabilities
of reconnaissance equipment, but also worsens its resolving power.

Since weakening of the contrast of ground objects during observation from large
heights is connected with the state of the atmosphere and, consequently, with the
optical mass of the atmosphere, then one should expect improvement of conditions
of observation during transition to a wave range of longer wave lengths, sinze with
this equivalent optical mass of the atmosphere decreases and, as a result, the
coefficient of brightness of air hase decreases.

In Fig. VIII.28 are given the dependenciss of the optical mass of the atmosphere
on wave length and of the coefficient of brightness of air hase on the magnitude of

the optical mase of the atmosphere at different heights of Sun Ze. As can be seen
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from these curves, the optical mass of the atmosphere decreases by three times
during transition from observation in viaible light to observation in the near-wave
infrared region of the spectrum.

When accomplishing reconnaissance farther into the infrared region of the
spectrum artificial heat-radiating objects wiil be observed on the background of
low-temperature radiation of Earth. In this case ssiection of the range of wave
lengths of the recording device is determined both by the transparency of the
atmosphere and by the contrast of objectc relative to the low-temperature background
of Farth. PFor the majority of objects contrast with the surrounding background
will grow in a wave range of 3-6.5ux (Fig. VIII.29) due to their macimm radiation
and the absence of radiation of Farth in this section of the spectrum. In a region
of longer waves (6.5-12 ) contrast again starts to decrease because of the sharp
growth in the intrinsic emission of Earth.

The necessity of registering, from

e { ]

sn ‘\ large distances, comparatively small-size

3 o .

§“ Tor targets presents very hard requirements

s 1
S S' with respect to resolving power of
) !

%u - "‘"-:V P /%' B Py reconnaissance systems established on

L)

=42 T =

E ob=ts A > (§ artificial earth satellites and on other
S NESCHARANNENT
~N0 Do voguouwy i space craft. Therefore, for conducting
9, Asuna basnu, mn @)

reconnaissance of small-sigse objects it
Pig. VII1.28. Dependencies of the

optical mass of the atmosphere on is considered expedient to set up as a
wave length and of the coefficient

of brightness of air hase on the basis a principle, similar to photographic,
optical mass (at different heights

of Sun ze). with transmission of data on radiotechnical

KEY: (a) Optical mass of the communication lines (34]. PFurthermore,
atmosphere (.o)h}; (b) Brightness

ioorr:ciont of hase; (c) Wave it is indicated that at the contemporary
ength, u.
state of technology the most probable

conditions of recontaissance from very
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large heights are considered to be an illuminance of earth's surface of the order

of ~86,000 lux, i.e., the conditions of "clear sun," since during illuminance of

the order of ~ 43,000 lux brightness contrasts bef.ween ground objects :carcely makes

it possible to distinguish their images.

In this comnection the most probable is

the application of television methods with preliminary slectron-optical amplification

of light. An experiment of photographing by day, through the thickness of the

atmcsphere, the plaret  Cu; :terand its satellites, with the help of the "cat eye"

equipsent, confirms this [35].
s

!' —
1, irr

@) ¢

%) e Bemon |

Pig. VIII.29. Relative contrast
of ground formations

observation of them in different
sections of the specirwm.

KEY: (&) Relative contrast; (b)
Wave length, ~ .

Since preliminary ressarch, conducted
at launches »f the "Viking" -ucket raie i*
possible to obtain, with a short-focused
camera, photographs of earth 3 surface
from a height of 258 im, on which it was
possible to distinguish railroad junctions,
runways and other details on a site, it
was decided to assume a photographic
principle as a basis of obtaining an image
by the WS-117 system.

The "Samos" satellite was sent into a polar orbit with a maximua distance

from Earth of 800 km. The area examined by equimment of the satellite constituted

nearly 500 =2,

Pig. VIII.30. Block-diagram of
the equiment of a reconnaissance
sarth satellite on the WS-117

project.

Recomnaissance equipment from
artificial earth satellites in the United
States began to be developed in 1956 [34];
in the beginning under the code "Big
Brother", and then the project was

appropriated t.e code WS-117.
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In 1961 into orbit around Earth was launched a reconnaissance satellite
"Samos," equipped with special combined reconnaissance equimment with transmission
of data to Farth on a television chamnel.

In Pig. VIII.30 is shown an approximate skeleton diagram of the WS-117
reconnaissance system. The energy of radiation reflected from earth's surface 1,
passing through entrance window of satellite 2, is projected on objective 5 with
the help of two mirrors 3 stabilised in space. The objsctive has variable focal
length for obtaining small-scale and large-scale image of photographed surface. As
a sensitive element is applied a television tranmmitting tube of heightened sensi-
tivity with one-stage amplifier of brightness 6. Subsequently, a video eignal with
the help of broad-band transmitter 9 and antenna 10 is transmitted to ground
receiving stations, where visusl or photographic registration of obtained images
is carried out.

The problem of continuous orientation of the satellite in such a way that the
optical system is always turned in the direction of the photographed surface of
Earth and the constancy of the entrance mgio of radiant flux to the objective is
ensured was solved by application of a stabiliszing device, developed in 1953. This
device, consisting of two flat mirrors and an objective suspended on gimbal rings
of stabllizing gyroscopes, allows the mutual displacement. of three elements relative
to one another on command from the ground stations. For this, there is receciver
12, giving out special signals, which control the stabilizing device and objective
during change of scale of survey (circuit 4). Along this circuit move commands
from the basic gyroscopic assembly which stabilises the flight of the satellite.
The power supply of equimment on circuit 11 is carried out from the general source
of electric power for the satellite.

The second trend in the creation of reccnraissance systems, which at present

has found practical application, consists of the develoment of infrared equipment

with long-wava receivers for obtaining information about the forming of overcast
above the surface of the globe.
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In 1958 in the United States was launched the second artificicl earth satellite
in the "Vanguard” project, on which was fixed an infrared reconnaissance equimment,
obtaining the name "atmnspheric eye". The purpose of this squipment is to register
and transmit to receiving stations the formation and density of overcast by different
sections of the earth's surface, necessary for the composition of exact weather
forecasts (38, 39].

In constructi..:, the squimment consists of two telescopic systems with mirror
optics fixed at an angle of 45° to one another on the external surface of the
spherical artificiszl earth satellite, a system of recording obtained signals on
magnetic tape, and a telemetric channel for transmission of data from the magnetic
tape to Earth,

A parabolic mirror and an uncooled lead sulfide photoresistor are fixed in a
cylind'r 7.5 cm in dismeter (Pig. VIIi.31) of stainless stesl 0.25 mm thick, whose
external surface is gold-plated to decrears the influence of outside radiation.

Candle-power of the optical system,
in order to gvarantee fast scanning along
the surface of the clouds, is very great -
1:0.7. The lead-sulfide photoresistor,
being in the focus of the mirror, has an
operational area equal to 1 mz. The

operational surface of the photoresistor

is covered by an infrared filter, cutting

the visible radiation.
Pig. VIII.31. Recelving device
for registration of overcast from Fower is supplied to the photo-
marth sateilites:

lowparaholics mirror; 2—recéliverj resistor from silicon solar batteries,
3~=body.
wounted directly in the casing of the
photoresistor. The weight of the receiving

device 1s 100 g.
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During flight of a satellite on a circular orbit at a height of 560 km the
optical system of every receiver examines an ares 11 X 1) k= strictly ender itself
and 90 X 9C km on the edgec of the disk of Earth. Speed of rotation of the satellite
around its vertical axis constitutes 1 rps. The difference signal from t-s two
photoresistors, modulated with a frequency of 290 cps, after amplification ﬁbcoﬁs ’
for recording, to the magnetic tape, from which after & definite time it is read
and transmittea hy a tslemetric commwnication l.hul to a receiving point. |

This squimment in such a form can scarcely find application for recomnaiseance
of small-eizs heat-radiating objects, s.ace its reaolving power is very low. How-
ever, there is no doubt that subsequently, w:fta improvement of it, especially with
improvement of resolving power, similar equipmemt on photoresistors may be used
for detecting certain big objects, whose surface temperature differs from the
temperature of the surrounding background.
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CHAPTER IX

HEAT-DIRECTION FINDING SYSTEMS

1. The Operating Pripciple and the Arrangement
of Heat-Direction Finders

Under heat—-direction finder we understand an optical-electromechanical device
intended for determination of angular coordinates of ground (naval) and air targets
by their own thermal radistion.

The fundamental diagram of such a
' . device (Plg. IX.1) in the simplest case

2 3 should include ‘ection 1 with sensitive

element and amplifier, synchronizer 2,
Fig. IX.1. Pundamental diagram and indicetor 3.
of the simplest heat-direction
finder. Thermal radiation of a target is
perceived by the optical system and moves to the sensitive clement, and the
synchronizing device, on signals obtained from the amplifier of photocurrent, allows
determination cf its angular position relative to thaz optical axis of the receiving

device. Th

The position of the ¢

n he t can be visually observed in the form of a
luminescent mark on the indicator instrument or fixed in the form of electrical
signals proportional to its coordinates.

Heat-direction finding devices can be subdivided into two broad classes:
scanning systems and scanning-follow-up or follow-up systems. The last ones have

found wide application in homing guidance systems ani wiil be considered in Chapter X.
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1'.  U-canning heat-directien finders find wide application for detection of heat-

radiating targets, in fire :ontrol stations, and in equipmer* for thermai recon-

naissance of a site.

The structural design of a scanning
hea‘-direction finder (Fir IX.2) in

@ general shoula include the following

basic elements: receiving optical device

1 picking up thermal radiation of a target

Fig. IX.2. Structural diagram of and directing it to sensitive element,

a scanning heat-direction finder.

K=Y: (a) Axis of scan. scanning system 2 which ensures scanning

motion of receiving device on a given
principle, sensitive element 3 converting thermal radiation from the target into
an electrical signal, amplifier of photocurrents (voltage) 4L, system of sweer and
synchronization 5 ensuring creation of sweep on the screen of the indicator instru-
ment which repeats the character of displacement of the optical axis of the re-
reiving .evice durir~ cm-amming of engce. 2~ indicator instrume-* ¢ allowing visual
estimation of target pcsition relative to some axis.

" system of investigation or scanning is a necessary element in any heat-
direction finder and, *herefore,the selection of kinematics of motion of the re-
ceiving device, based on requirements for guaranteeing the best scanning conditions
and the greatest probability and speed of target detection is an important rroblem.

The most widely applied, at present, method of examination of space is scanning
by pencil beam or, : is sometimes called, scanning by r . - -, ap>:beam [1]. Ia
this case the pencil beam, formed by a system "of an optically sensitive element"

(anple Y in Fig. IX.2), on a given law of motion, examines space in a definite soliq



angie - ang.e of sight B 3¢ ™:e perisd for which examination of ‘his ang.e
occurs is called the scanning period of the heat-direction finder.

Scanning of space by a needle-shapec beam allows:

determination of both angular coordinates of the targst (&.~ on Fim. IX.2)
simultanecusly and ensures that they are single-vaiued;

in:rease in noise immunity of systems by lowering the influence of background
cduring a narrow angle of sight;

increase in range of heat-direction finder, and

ensures rational modulation of thermal radiation proceeding from target.

From the point of view of tactical application any scanning heat-direction
finder should ensure the most probable detection of target and have a small scanning
period, but the indication of the target on the screen should ensure the possibility
of determining position of target and ites displacement in space,.

Satisfaction of these requirements is determined in some measure by the law of
dispiacement of a needle-shaped beam in space. In this case it is possible to
separate two groups of scanning diagrams - with axial symmetry and plane. In the
firat case the examined region is limited by a conical surface {normal section is
r ~4rzle} ‘- the second ~ by a dihadral argle and ‘w=. onical surfazes (normal
section approaches ractangular or oval).

If angular displacement of the scanning beam in space is broken down into baasic
and movable, then depending upon the magnitude of the ratio of periods of basic and
migratory motion, in each group it is possible to distinguish scanning of straight
and reverse sequence and inconsistent scanning. Furthermore, each of these forms
of scanning it is possible to subdivide into normal and alternate-line. The last
ornies are used to decrease scanning period, although with this the quantity of un-
examined sections is increased.

In Fig. IX.3 are given fomu of trajectories of beam with different kinematic

diagrams for scanning.

“hLEe
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Fig. IX.3.

K~Y: (a) Kinematic diagram; (b) Straight
sequence scanning; (c) Inconsistent

scanr.ing; (d) Reverse sequence scanning;

(e) Scanning with axial symmetry; ()

Basic motion-oscillation; {g) Spirai; (h)
Radial-circular; (1) Basic motion-rotation;
(3) Rotation-conical; (k) Scanning with
rlane symretry; (1) Basic motion-oscillaticn;
{m) Rasir mntinnarmat tior: (—~

..... ; (n)
(o) Helical.

2ifzag-shaped;

needle-shaped beam (instantaneous angle of sight) - by the objec

hole in the disk.

scanning system can be carried
cat differently. In Fie,

forms of

(2].

IX.4 are certain
scanr.ing srstems

'n the scanning system
with exrloring disk I the
latter is disposed in the
focal plane of the objective
in direct proximity to the
photosensitive layer. During
its rotation, radiant flux
hits the photosensitive layer
through holes located on the
spiral. Angle of sight with
such a syster is determined
by the parameters of the

objective and the dimensions

of the photosensitive layer,

and the angular dimension of the

tive and diameter

Tn mirror-lens systems II exploration motion is carried out by a flat mirror

in two

rlanes.

As a result of such motion there occurs scanning of space by a

rencil beam, whose angular dimension is determined by the parameters of optics and



‘imensicn 7 the [hotcsenslc ive .ayer Ang.e of aigh® ir *his -~ame 1ia 1etarpine: tv
“he magnitude of angular disriacement of the st mirrg=-.

ter line scanring III ran be carried out by rotation of several objectives,
located along a spiral on a cylinzrical swfice, in the center of which is disposea
a photosensitive layer, Tnstantaneous angle of sight ir this device is determined
by arameters of objective and dimension of photosensitivs layer, but the angle of
sight ol the system is determined by the angles of inclination of objectives
relative to the cylindrical surface on which they are located.

1 4 A property of ortical
wedges is to deflect toward the
base radiant flux passing
throug.. them. They alsc may be
used for creating scanning

motion. Sveh g gyatem TV has

two pairs of ortical wedges,
. fixed before the objective and
revolving, each pair in Ofppo~
sition. During their rotation
effective rafracting angle a:
sumnit changes end, due to this,
daflection of the needle-shaped

beam with respect to scanning

angle is changed. Magnitude

Fig. IX.4. Scanning optical systems:

I-~system with exploring disk: 1-— of scanning angle is determined
raeceiving orticse; 2~<exploring i ik; 3~-

recsiver, IT——gystem with flat receiving by the material from which the
mirror: l--scanning mirrory 2-..ob-

Jective; 3~-receiver, III--system with wedges are made and the re-
revolving objectives; l-——receiving optics;

2=~receiver. IVe—system with revolving fracting angle at summit, but
optical wedges: l—~revolving ortical

wadges; 2——objective; 3-~receiver; L~ ] §

scanning sxis the anguler dimension of the

our
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ceiection of the character of the scanning and it~ constructive fulfillment

are determined by the purpose of the heat-direction findin - ~'»:, - = @ "=,
e fulfillment, and tactical-technical requirements. As an example of the work
of an orptical receiving device with scanning by a 1eedle-shaped beam, we will con-

sider the work of a receiving device of a heat~direction finding system for taking

a thermal map of a site (2], The given system is established on an aircraft and

4]

iCuld ensure the reproduction, on the screen of an indicator instrument, of the
thermal relief of the site above which the aircraft flies.

Aircraft at height H moves with groundspeed v. The scanning device of the
equimment has a needle -shaped beam with angle of sight y, composing a unit of angular
minutes. The scanning field of the system will be formed by the rotation of a
recelving crtical element at angle 28 around an axis parallel to the longitudinai
axis of the ajrcraft. Thus, during a turn of the receiving element at angle 28
there is carried out an examination of space in the form of a line. Depending upon
the speed of flight of the aircraft and the speed of rotation of the receiving
element the scanning lines traced on the site can be disposed either with omissions
or overlapping. As the recei-(rny . _a.vinz device in Lhe considered equipment is
aprlied a rrism with n reflecting surfaces, revolving with speed r. Thus, after
one turn of the priam on the site are traces n lines.

For the satisfactory work of equipment it is necessary to fulfill the following
conditions:

a) to guarantee good resolving power angle ¥ should be very emall, and
scanning speed maximm, However, the latter is limited by the time constant of
sensitive element T;

b) time of displacement of image of site along sensitive element should not

be less thankr (k— positive number, characterizing reserve of time lag of sensitive



s emers ' Ygrar © 7 :esc.vab.e & emen®s in a unit of rime wi.. be 1e'ermineq by
exjresaicrn 277y, and, corsequentiy, time cf disp.acement of image - 4&n angular
magnitude corresponding *o the angle of sight will be v/iar “onsequently, there

is required fulfillment o inequality

g (1x.1)

Th; scanning device should work with such speed that there are ro omissions
on image of site. In the direction of flight the bandwidth of capture will bde
yH. and the width of capture for a unit of time yHnr. So that there are no omissions,
there is required Y/ar >r. Fror this relationship and from expreasion (IX.1) it
follows that

rglandra g (Ix.2)

Exclvding r and y from expressions (IX.2), we will obtain correspondingly:

1>V g Al (1x.3)

>V (1X.4)

Thus, the necessary instantaneous scanning angle of squigment for taking a
thermal map cf a site is determined by ratio 7} and the time constant of the
phor~cangi*ive elament ks.

The value of magnitudes ¢ and H, entering into expressions (IX.3) and (IX.4),
are determined by the tactical application of the equipment, and n= —2-[

For instance, for case H = 300 m, o= 300 m/sec, k = 2, n = 2, +=10-"sec,
we obtair r = 360 g.:_i y 1=05°=10 m-rdn

Naturally. such an angle ¢of sight cannol ensure good resolving power. For
its improvement, with guarantee of site examination withou: omissions, it is
necessary either to increase spesed of scanning with a significant decrease in time
constant of photosensitive layer ¢r t> apply mosaic photosensitive layers. In the

latter case formulas (IX.3) and (IX.4) take the form

AANe
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where N - number of elements in mosaic.

Thus, if in the case of the preceding example we take t=10-% sec, N = 9,
then y=3’, which will ailow us to have the equipment for taking a thermal map of a
site with sufficiently high resolving power.

A somewhat different picture is cbserved during the use of similar equipment
from great heights. Although during flight at 300 m altitude angular resolution at
! mrdn gives a linear resolution of 30 cm, during flight at H = 30,700 m to obtain
the same linear resolution there is required an angular resolution of lO’Zmrdn.
Considering the exrression for the limiting diffractional resoclution of optical
systems y=],22 7;—, one can determine that even in this best case the diameter of
entrance optics D during ¥=10-? mrdn and A=10 « should be equal to ~120 cu.
Thus, the possibility of tne application of equipment for taking a thermal mar of
a site from great heights can be affected by the technical limitations and, in the
first place, the possibility of distribution of equipment on the aircraft.

When app aising the resolving power of heat-direction finding instruments for
reconnaissance of a site, one should consider the inconstancy of linear resolution
with respect to field of sight for such systems. It worsens as the optical axis

nf the scanning device deflects from vertical.

2. Progpects of Development nf Heat-Direction Finding Systems

With the develomment of military technology heet-direction finding systems
have obtained evan greater development for all kinds of troops. Proceeding
especially intensely is the work on the creation of semiautomatic and automatic

infrared stations of detection ara fire control.



r fire contrc. o stations requiremanta for devices which sraygre ‘he gjereccio-

fur-*ticn (scanning) and alring (tracking). are contradi " ~»rv. An ex:i.cra'ion
device rust ersure a high probability of target detection at grear distances and a:
large scanning anglexr after a minimum scanning time. It must have high resclving
rower in order to reveal and determine the bearing of all targets in the field of
sight,

The tracking device must have high angular accuraty s.ad, as a rule, ensure
determination of ccordinates of one selscted target.

Althouph in r-dar stations, as a rule, due to structural »nd size requirements
both functions can be carried out in one device, for infrared systems sometimes it
is more profitable to have scanning and follow=up sys.em carried out separately,

In Table IX.1, there are pressnted, as an example, the basic requirements
which must be satisfied by heat~direction finding fire control stations developed
in the United States for the Air Force (2],

As fn7lows “rom ‘he given data, to the systems of detec .on are presentci
strict requirements with respect to distance and scanning angles.

In systems with a needle-shaped beam these resquirements are contradictory;
for instance, increase of scanning angls requires increase of area of sensitive
element, but this leads to decrovase cf iis sensitivity, which is equivalent to
decrease of range, and also to increase of scanning time and impalrment or re-
sclving power,

“onsequently, in systems witl one sensitive element., whose ar i is small in
order to guarantee necessary range, during scanning by a needle-shaped beam it is
difficult to ensure the rnecessary magnitude of scanning field. Furthermcre,
scanning by a needle-shaped beam requires complicated kinematic diagram of the
scanning system.

A way out of this situation is to change cne sensitive element to a mosaic of

a large number of small sensitive elements. In this case a system with a rosain



sonsisting of N sensitive elements th:oretically should be

VI

t imes more

sensitive than a 3-stem with one sensitive element similar in assigrnment, but with

‘he same scanning field and the same speed of scann‘ng motior,

Tavle TX,1
Nesipgnat ion of Unit of System of System of
pafémeter measurenent scanning tracking
Nasic assignment - Detection of all | Retention of one target
targets in the in field c¢f sight in the
field of sight rresence of several
targets
Free-space range o 20100 1020
Field of sight dep 20~--180 1--20
Angular resolving deg 1 0.05
power
Frequency of modu- frames/sec 0.1-~4 4—100

lation (frequency of
frames)

Tutput data

Position of tar-

ret (two coordi-

nates)

Intensity of
radiatien

Dimension of tar-
get

Temperature cf
target

Position of target (two
coordinates)

Speed of change of
position  f target
coorcinates)

‘two

Transition to mosaic sensitive elements, naturally, is connected with the

solution of & series of additicnal problems:

the diff -culty of manufacturing

rhotosensitive layers with jdentical paramet:rs, increase in the number cf

amrlifiers or arplication

elemerits of the mosgic to

AL rrasent
elepents, for which,
a)

v) a4l

Lhere are

every alfe - ~f

of a commutating device for

ULV -

the general amplifier, lowering of noises etc.

known three types of systems with mosaic sensitive

the mosalc has a separate amplifier;

elemer. » 0. *he mosaic are successively connected tc the general



amrlifier;

¢) the mosaic is replaced by a infrared vidicon.

Of greatest intsrest is the second group of systems (5], whose work may be
clerified by Fig. IX.5.

The scanning angle of a haat-direction finder is determined by "obJjective -
mosaic' system, with which system examination of the site within limits o the
scanning angle is carried out by a motionless beam, formed by each separate
element of the mosaic. Thermal radiaticn from the target, preliminarily medula‘ted
by a disk modulator, is focused by the optical system on one of the slamants of
the mosaic. Depending upon which of the elements of the mosaic gets the radiation
energy of the target, from it is removed the signal, which until commutation is
stored in the tuned oscillation circuit. With the help of a mechanical commutator,
the rotor of which by turn visite all elements of the mosaic, the signal from the
oscillation circuit moves tc the entrance of the amplifier. After amplification
the signal moves to the indicator instrument, whose sweep is synchronized with
the rotation of the commutator. Therefore, the position of the mark on the screen
of the indicator instrument willl correspond tc the position of the target relative

to the optical axis of the recaiving devics.

I A~ }
GE‘ L4 «:u .
1 ( ‘/\

Fig. IX.5. Fundamental diagram of 1 =AAA~ i
a system with a mosaic asensitive L] . U?

elament and a general amplifier:
l~=receiving optics; 2-—modulation

disk; 3--moaaic receiver with Fig. IX.6a. Dia‘'ram of commutation
circuits; 4—commutator; 5—scan of supply voltage of separate

unit and synchronisationj &~ elements of a mosaic.

indicator block; 7--motor. l-—narrowhani filter; 2—elemsnt

of mosaic; 3-——broad-bend filter.
KEY: (a) Commutator; (b) To
ampl fier.

A
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s commutating diagrams may be aprlied a diagram of commutation of the supply
vo.tage passed to serarate eiements of the mosaic (Fig. I1X.6a), and a diagram of
commutation of signals removed from the elements of the mosaic (Fig. 1X.6b).

¥ith commutation of supply voltage there arpears one difiiculty, connected
with the fact that the duration of the transition process during supply of voltage
‘o an element of the mosaic may be significantly more than quration of the signal
from the target. To decrease the time of the transition process it is necessary
to filter surply voltage with the helr of multi-unit electrical filters. <Conse-
quently, with such a method ¢f commutation,for every element of the mosaic it is
necessary to provide compact multi-element electrical filters. A filter constitutes
a ceraric plate with a printed circuit of an RC-circuit on its surface. n the
surface of a 25 X 25 rm plat® from barium titanate, is placed ur to 10 sections of
27-filters with the capacitance of each element up to 0.01 microfarad [5].

In the second diagram of

!
? commutation, applied in the Ameri-~an
'””I”"” a
' () neat-direction finder CODES, developed
X pcuaumesn
° ®) by the firm Avion, the output signa!
. — from each sensitive element of the
2
?0' mosaic, in turn, with the help of

a mechanical commutator, moves to
Fig. IX.6b. Diagram of commutation

of useftvl signal removed from the entrance of the amplifier. To
elements of mosaic:

l--element of mosaic; <~--resonance guarantee the successful work of
circuit,

¥<Y: (a) Commutator; (b) To such a system careful manufacture of
amplifier.

circuits of commutation is necessary

ceed the useful signal re-

L
.
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moved from the element of the mosaic.

Further develomment ¢f mosaic receivers, obviously, have to be electron tubes

of the thermicon and vidicon type. Application of them will allow us to simplify



significantly the elecwronic circuit of scanning devices, Lo fres them f{rom
troubles connected with commutation of weak currents. Furthermore, appiicdlicn of
electronic sweering will allow us to decrease significanily the scanning time of
srace and the effect of the background, and improve the resolving ypower of heat-
direction finding systems. An esxample of such a system with electronic image
scanning is ‘he air-raft scanning ins*rument, the Filterscan, oy "Fhilco" [6].

The basic element of a heat-direction finding system (Fig. IX.7) is an electron
tube with high scanning speed without accumulation of signal. The conical part of
the tube on one side is closed by a thin silicc plate, and on the other - by a
plate from material which is transparent in the required rangs of wave lengths.

An slectron gun is located in a branch at such an angle that the electron bteam
emitted by it irradiates the silicon flate.

An image of the target in infrared beams is focused by the receiving optics
to the entrance window (silicon) of the electron tube. Radiation forming this
image, after getting out of the tube, is
focused with the help of mirror crtics
on the photosensitive element. A= a

sensitive element may be used any phcto-

resistor, but in the considered ncdel

Fig. IX.7. Diagram of the was applied indium antimonide with a
Filterscan instrument:

1--first objective; <Z=— threshold sensitivity of 1.3-10_9 w to
scanning tube; 3~-gecond

mirror objective; L--indi- radiation with a temperature of 300°X
cator IK radiation; 5— 210

electror gun; 6--focusing and 1.5-10 w to radiation with a
defl :ting coil; ’—entrance

window; B=--output window. temperature of 500°K,

After turning on electron beam and
focusing it on the intermal surface of the entrance window of the electron tube,
electrons accelerated by a voltage of 25 kv cause a local formation »f{ free

carriers in the semiconducto~, which is equivalent to a change of conductivity



and, consequently, the coefficient of absorpticn at the rlace where the bean hits.
The deflecting system forces the electron beam and the spot with high ortical
absor-*ion <reated by it to shift a ong the surface of the silicon riate, thus
carrving out image scanning (scanning by field of sight).

Since the energy cortent of radiaticn transmitted by flying spot in any
rorent of time is determined by the "brightness" of the section of infrared image
covered by the spnt, then the outru signal from the photoresistor is also a
function of time, the magnitude of which depends on distribution of "brightness”
of infrared image on the entrance window of the tube. Thus, the sensitive element
issues to the indicator instrument an output signal proportional to the change of
radiation energy ol consecutively examined elements of the field of sight. The
sweering of the indicator instrument is synchronized with the system of deflection
nf electron beam, which makes it possible to obtain on the screen of the instrument
a thermal image of the scanning field.

The system is simrle in design, light-weight and small and makes it possible
to reveal objects with a temperature of 125°C with parameters which were applied

in the model:

Area of absorbing spot.............. Ceieae s ereeees 3.1'10-L em?
Arza of screen...........covuuse i ese i suassaneen 2.2 cm2
Ar~a of sensitive zlement........ terrecaesanns sasees 0.1 em?
Horizortal scan........... G ere et e s ettt e re s 1 ke
Vartical 8CAN.teseiseveorocencans cte e e ere et an. aC cps
7elative hole of objective,...... e reere e s 1:3
Relative hole of Mirro™. ... .ottt iieietiotnonnnnns 1:0.75

lass band.......... Ceicena N 20 k-

3. Construction of Heat-Direction Finding Systems

At present there have been developred abroad a significant quantity of types of



heat-directic~ finding equipment, intended for installation both on ground (naval)
and air objects. ihile being identical in their principle of action, they 1ifler
‘n construction and tactical-technical data.

The biggest quantity of heat-direction finding systems is develcped for the
Alr Force and intended for the detection of air and ground (naval) targets,
intelligence, and navigation. Recently thers began to be develored automatic heat-
direction finding systems on pilotleas jet aircraft and esarth satellites for
rurposes of air intelligence and registration of rocket launches.

“n 1944 in Germany there was developed and manufactured a night heat-direction
finaer "Kiel-4" (Fig. I1X.8), consisting of receiving device 1, amplifier of photo-
currents 2, indicator instrument 3, and control panel 4.

The receiving device of the heat-direction finder, established in the ncse part
of a fighter aircraft, included a revolving receivirg mirror 250 mm in diameter,
in the focal rlane of which was placed a lead sulfide photoresistor, a unit for
preliminary ampiification of photocurrent, a mechanical rotation drive of the
mirror, a mechanism for scanning target in the horizontal plane and potentiometers-
transducers connected with the rotation drive of the mirror for =aynchronizing the
sweer of the indicator instrument. The receiving device was covered by a glass
cowl to give it a more streamlined sercdynamic form. The lead sulfide photoresistor
was cooled to a temperature of - 7°°C by solid carbon dioxiaqe.

Scanning of space at a s0lid angle of 2C° was carried out by a needle-shaped
beam arrroximately 1° in width. A simultaneous receiving device could accomplisn
scanning motion in a horizontal plane at an angle of 60°,

‘'hen radiation from the target hit the photoresistor, from it was removed
a rhotocurrent pulse. which after amplification moved tc the indicator block.
Simultaneously from the sine potentiometers, connected with the rotation drive of

the mirror, there was removed a voltage which passed to the deflecting electrodes



of the indicator electron-beam tube. This voltage created on the screen of the
indicator tube a sweep repeating the character of displacement of the optical axis
0f the mirror in space.

“hen the heat-direction {inder made a scanning motion in the horizontal plane,
simultaneously, with the help of selsyn-transducers, there issued a voltage,
rrorortional to the anguar deflection of the axis of the heat-direction finder
from the longitudinal axis of the aircraft, to the switch instrument. This
allowed the rilot to judge where the target was - on the right or on the left of
the axis of the aircrart.

Observing the vosition of the target
mark on the indicator instrument and
knowing its position relative to the
longitudinal axis of the aircraft, the
pilot could, by maneuvering his aircraft,
combine the mark from the target with the
center of the cross lines on the screen

of the indicator instrument and approach

the attacked aircraft until he could see

Fig. IX.8. The general form it visually. After that the attack on
of the heat-direction finder
set, the "Kiel-4", the target was carried out visually.

The f{ree-space r:nge of the heat-
direction finder "Kiel-4" for propeller-driven aircraft at medium altitudes
constituted 8 10 km, and the directior te target was determiried wiih a rrecision
nf +1°,

Further development of ideas embodied in the basis of the heat-direction finder
"¥iel-4, the improvement of sweep and the automatic machine to guarantee tracking

a revealed target led tc the creation, in the postwar period, of semiautomatic

and automatic heat-direction finding stations of aircraft fire control.



Thus, according to data available in literature {8], all P-1CO type fighters
in the United States are equipped with a fire control station on infrared beams
(Fig. IX.9).

The infrared sight, AN/ASG-14, for
the F-10i4 "Sterfighter” constitutes a
mynedle.:r construction, including an
infrared system of detection, an electron

amplifier and a projection system for

visual indication of the target [9].

Fig. IX.9. Infrared sight The projection system of the sight, after

AN/ASG=1i, on the F=104.

corresponding conversion and amplification,

vransmits an infrared image of tho target tc a reflactive glass optical sight. 4
sensitive element (PbS) is placed outside the cabin before bullet-prvof glass and
is covered by a liitle entrance window, transparent in the region of sensitivity
of the photoresistor.

The pilot observes on the reflective glass of the optical sight simultaneously
a mark from the target and a sighting mark whose position in the field of sight
is calculated by a computer of optical sight. This allows him to carry out an
attack on che target at night just as if the target were visible directly to the
eye.

In this sight, thanks to the large field of aight, there is no necessity for
a special scanning device asince o.a1 ths reflsctive glass of tha sight are observed
simultaneously all “argets in the field of sight of the receiving head. The pilot
in this case executes the function of selection, distinguishing that target which
it is neceussary to attack.

In a more later infrared sighuing station, the AN/AAR-21, developed by Hughes

Aircraft Co., the scanning system and tracking are divided. As a sensitive element

in the sighting station is applied a lead sulfi‘'e photoresistor, cooled to the

259
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temperature of liquid nitrogen. In distinctior from station AN/ASG-1j this station
makes it possible to measure distance to target with the help of two tracking heads
on infrared beams [10].

There are developed and combined optical-radar systems, for which the
function of detecting the target and the preliminary tracking of it is done by
rassive infrared equipment, and after targest 1s detected and a fighter starts
toward 1. in a shourt time, automaticaily, a radiorange finer is switched on, with
the help of which the coordinate of diatance is introduced into the computer.
Indication of radar and infrarel images is rroduced on one screen as occurs on
the Westinghouse interception station [11, 12, 13].

Aprlication of similar combined systems with brief inclusion of a radiorange
finder in the last stage of attack significantly decreases the possibility of
rremature detection of the attacking fighter by the enemy.

In 1957-1958 in the United States there was aeveloped a scanning-tracking
heat-direc*ion finding system, CODES (Fig. IX.10a) (4, 14], in whose basis of
oreration was assumed the aprlication of a mosaic of photoresistors with commutation
of sipnals on alternating current and subsequent amplification in one amplifier.

Flat receiving mirror 1, ; - *in, in azimuthal plane and connected with
trar.sdqucer of coordinates, carries out scan of target and directs radiant flux 2
to entrance of spherical optical system 3. The last, through correcting lenses 4,
directs the obtained energy to ‘he sensitive surfarne of mosaic 5.

The optical system includes also aperture diaphragm 6 and, located in it, an
interference filter with a pass band of 1.8~2.7 x» and modulation lattice 7 with
intervals between lines nearly 0.05 u , applied on a curved surface 32 X 4 mm in
cdimension. With the help of the modulation lattice radiation from the target is
rodulated with a frequency of LO cps. The aperture diaphragm, located in the plane

of the center of the curvature of the spherical mirror, allows decrease of aberration



of the ortical syster due to the limitation on width of beams of radiation
rassing through.

A mosalc of photoresistors has
a stretched form (32 X 2 rm),
therefore, in order to ensure
qualitative image of target on any
of the elements of the mosaic, it
is disposed in a meridional plane

of the optical system. With this

aim the mosais is applied on a curved

Fig. 1X.10a) Diagram of optical

system of CODES: sublayer with radius of curvature
l--flat receiving mirror; 2—

radiant flux; 3-—focusing spherical equal to the radius of curvature of
mirror; 4--correcting lens; 5--

mosaic; 6-—aperture diaphragm; 7-- the focal plane of optics.
modulation grid; 8--commutator; 9--

hydromotor of scanning mirror. Angular dirension of an image

of a pinpoint target on an element
of the mosaic is equal to 1.2 mrdn, with good resolving power all over the field
»f sight. Inatantaneous field of sight of the optical system constitutes 2.7° in
azimuth and 40° in elevation. By this instantaneous angle the receiving device,
due ‘~ ¢ - n~-of the flat mirror, examines in space an angle 90° in azimuth and
40° in eleva.ion. An angle of LO° is ensured due to the consecutive connection of
elements of the mosaic to the entrance of the amplifier with the help of the
commutator (Fig, IX.10b).

Output signals from elements of the mosaic are stored in separate oscillation
circuits, tuned to a frequency of 40 cpa. Such a resonance circuit executes a
double function: it stores energy for a definite time determined by the frequency
of commutation and separates the signal on a background of noises. The blocking

canacitor C does not transmit the constant component to contacts of the commutator.



The mechanical commutator is prepared like the type apprlied in telemetric
rractice and has 60 lamellae, All thirty elements of the mosalc are ccnnected to
iarellae of the commutator in such a way as tc obtain two cycles of commutation for
one turn of the rotor of the ommutator. Through the contacts of the commutator
the signal from an element of the mosaic moves to the entrance of the amplifier,

assembled on five semiconductor triodes,

.urf.qis(aj,_n For guarantee of optimum sensitivity
‘ . {:j\>i1714' s h the pass band of the amplifier (Ar = 40 cps)
,~ff?£' \'{i S is coordinated with length of signal from

After the amplifier signal is de-

_,«TI f 0
L‘ o .,;{ ’ e one element (0.023 sec).
! A'k:i !’— .

e l ) ; ) tected in the two-half-period detector
' ‘*b:i " “ -
':_;;;r , \ R - ‘ and after limitation, it enters the
R o ,;— indicator instrument.
Fig. IX.10b. Block-diagram The horizontal sweer of the indicator
cf the CODES system:
l--element of mosaic; <— instrument is synchronized with the
accumulator circuit; 3--
commitator; 4=~drive of L vo'in~ of the receiving mirror with the

commutator; 5--generator of
sawtooth pulses; 6~——anplifier; help of the precision potentiometer which
7——detector and limiter; 8--

indicator instrument; 9-- is the transducer of coordinates.
scanning mirror; 10--transducer
of coordinates; ll~-aperture; Vert::al cweep in the indicator

l2=~corcave mirror; l3—correc-
ting lens; l4—grid; 15--mosaic. instrument is synchrorized with the
KEY: (a) Mosalc indicator.
position of the rotor of the ccmmutator
bv means of the generator of sawtooth voltage, giving cut two pulses for cne turn
of the commutator. During the supply of these voltages to deflecting electrodes
ol the electron-beam tube of the indicator instrument the sweep repeats the

sequence of scanning of space by the receiving device, and the porition <f the

target mark on the screen relative to the center of the tube corresponds to ihe



rosition of the target in space relative to the optical axis of the instrument. The
time of examining the scanning field is 1.5 sec.

The general form of 'he heat-direction
finder is shown in Fig. IX.1l1l, and in
Table IX.2 are given the basic parameters
of the heat-directiorn finder.

On the basis cf the CODES system in
the United States there was developed a
scanning system for the detection of

artificial earth satellites by their

thermal radiation [2]; the general form
Fig. IX.11. General form of

CODES equipment (without of the receiving device of this system
housing):

1--flat mirror; 2--filter; is presented in Fig. IX.12.
J==-modulating grid and elements

of mosalc; L=--focusing lens; The receiving head is established

S5-=correcting lens; 6—30 tuned

circuits; 7—amplifier of signal; on a mobile platform with three degreas

8--generator of sawtooth voltages;

9--drive of mirror; 10—azimuthal of freedom, which makes it possible to

potentiometer; ll--elevation pick-

up; l2-~drive of commutator; 13-- direct its scanning field to any part of

commutator.

the eky. In distinction from the earlier-

considered CODES system, in this equipment the scanning motion 1s carried out by
rotation of all the receiving head in an azimuthal plane within limits of the
angles + 30 to +210°. The instantaneous field of si, Wt, ensursd by wide-angled
oytics and a mosaic consisting cf 30 sensitive elements, is equal to 0.92 X 27°.5.
‘ladiation of a satellite is modulated by a drum with slots with a frequency of
1000 cps. As sensitive elements of the mosaic ars applied uncooled lead sulfide
photoresistors. The signal of the elements of the mosaic, with the help of the

commutator, moves to the oscillograph, on whose screen it is possible to observe

a mark from the tar.et and to watch its displacement.



Tablie TX.Z2, Basic larameters of the CODES Lystem

e - ct——————

Dlesignation of paranmeter Unit cof Magr.itude
N measurement
.canning argle: in azimuth deg 5
in elevation deg 4C
Tnstantanzous angle of sight:
in azimuth deg .7
in elevation deg L0
Time of sweer sec 1.5
. iameter of entrance aperture mn 43
fficiency of optics 4 30
irlative aper.ure - - F/1 (1:1)
Angular dimension of image from
9% energy mrin i
oensitive element —_— 1bS
.imension of element of mosaic mm 1X2
Time constant u sec 200
Interval of sensitivity M 1.8-—2.7
Integral sensitivity w/cm*® 4.10"1C

Fig. 1X.12. Instrument for detection of artificial earth satellites:
]-—inletr; 2--correcting lens; 3--srherical mirror; L--secondary mirror;
5--modulation drum; 6--mosaic; 7--frame for bracing of optics; 8--motor

of belt: 9--electron elements of the diagram; 10--s5cale of scanning angles.
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L. ON POSSIBILITY OF DETECTION OF BALLISTIC
AND GUIDED ROCKETS

Progress in the area of development of tactical and strategic weapons, appsar-
ance of guided and ballistic rcckets of medium and long range of operation in the
arsenals of a number of countries demanded development of reliably working systems
of distant detection of launching and entrance in atmosphere of rockets, with their
subsequent destruction in the air far from the protectsd object. This uvroblem, on
which & great many psopls are working in a numver of countriea, and especially in
the United States, is aggravated by the fact that equipment of rockets with nuclear
warhesds requires an absolute guarantee of their destruction at diatances which are
safe for crotected object.

According to the estimate of foreign specialists, radius of defended hemisphere
2 (Fig. IX.13) around protected object 1 should be approximately 20 lm. [25]). lere
is contidered range of operation of atomic
charge with average trotyl equivalent, and

distance which protects from injury people

: se.~ving the object.
Fig. IX.13 Diagram of lufense

from ICBM; l--defended cbject; To guarantee colliaion of antirocket
2 —- hemispheare of defense;

3 —- sone of detection; rocket with ballistic rocket at the bound-
4L — zone of possible appearance

of ICBM. ary of defended hemisphere, rocket should

be detected alsad of time by some means

~J



able to determine the corrdinates of its trajectory and to calculate point of en-
counter. Minimum radius of detection of rocket is determined by its type, and also
by the tyoe by the type of antirocket rocket and system of guiding used for inter-
cention.

Contemporary radar systems detect and trac* intercontinental ballistic rocket
GCBM)at distances up to B00O-1600 km [25). However, they are subject to interfer-
ence in the form of active countermeasures directly from rocket, interference fram
false targets, and influence of occasional interference from Aurora Borealis, re-
flections from tha moon, stc.

In this connection there is great interest in work conducted abroad and, in the
first place in the United States, on determination of pcssibility of detecting
ICBM's using infrared equipment. These works are conducted in three main direct-
inns:

inveatigation of radiation of rockets and artificial Earth satellites;

investigation of possibilities of detecting ICEM's;

creation of systems of guiding antirocket rockets to ICBMS e« tering .n dense
layers of atmosphere.

Investigations of thermal radiation of ballistic rockets in the last st-e of

their trajectory [15) showed that nose cone of a rocket entering the atmospls

creates a shock-wave front behind which {
will be formed a high-temperature layer of
air, intensely heating the body of the
1
cone up to ite melting (Fir. IX.14). 1In
: 3
this laysr air is ionized and radiates \\\
Fig. 1X.14. Heating of Nose Cone
both in the visible and in the infrared of Rocket During its Entrance in
Atmosphere: 1 -~ shock-wave front;
region of the spectrum. 2 -- stagnation point; 3 — direct-

ion of flight; 4 -- noese cone; 5§ —-
It is possible to judge the degree of high-temperature layer of ionised

air; 6 -- plastic therma. insulation pad.
heating of nose cune by repcrts of fo.eign

rress, from which it follows that



nose cone of Jupiter' during its entrance in atmosphere was heailed until white
and rocket was seen visually for 24 sec., 1000 times brighter than the planet
Jupiter, on background of which cone passed (Table IX.3).

Such higr temperature are characteristic for the stagnation point; however,
temperature of £11 body of cone can exceed magnitude of order 2000-2500°C. This
allows not only to detect rockets by their thermal radiation, and also reliably to
track them up tu the momerit of complete combustion or :all onto earth, Thus, dur-
ing mentioned investigations of "Jupiter" rocket by the radiometric method it was
possible to detect and to trace the trajectory of all three parts of rocket: nose
cone, body of rocket and instrument section —— up to their fall in Atlantic
ocean [171.

Table IX.3 Speed and Temperature of Typical
Aircraft During Return to Earth [1lc¢?

(@) e py-roall Mk
(‘_) Paxera ¢ saawrocTeio | 600 xu« 3500 3400
Paxets € aaanoctvio 3000 xm 6 700 7100
%) Cayrunx ¢ opOutod 480 «u 7 600 8600

KEY: (a) Objoct; (b) Velocity, m/sec., (c) Tem-
perature, °C; (d) Rocket with range of; (e) Satel-
lite with orbit.

Equally with investigation of thermal radiation of rockets, at present are
conducted intense theoretical and experimental investigations of infrared radiation
of spaceshipe and artificial earth satellites during their flight on orbits mary
hundreds of kilometers from surface of Earth [1R). Thus, series of trackings of
flight of artificial earth satellites showed real possibility of their detection
by day and at night by instruments of infrared technology. It was determined that
radiation of artificial earth satsllite significantly exceads thesrstically wll-

grounded radiation of body with temperature of 300°K and constitutes fo~ the third

of the Soviet artificial earth sfatellites, by measurements of Myvron Block,
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magnitude of the order of 1000 w. Although nature of radiation of artificial earth
catellites is at present completely not determined, it is assumed that it is caused
by the preseércé at these heights around the Earth of a zone of nigh-energy parti-
cles, and also by recombination on surfaces of satellite of elsctrons and ions
which ars at these heights. This hypothesis, in turn, makes it poasible to assume
nossibility of detection of ICBM long before its entrance in dense layers »f at-
mospvhere during flight in cosmos at heights of the order of 500-1200 lo.,.

The above investigations were carried out by specially developed experimental
instruments -- radiometers and spectramstric installations. Structurally they
were either portable, or were mounted on antennas of radar stations and artillery
platforms in order to use their tracking systems.

Radiometer of firm Aerojet General typ.e 38, weighing ¢ kg, and with inlet
diameter of 15 cm, was mounted either or. a special tripod or on the gun-carriage of
a naval cannon, as during launching of "Jupiter" rockets in May--June 1958. To de-
crease dimensions, long-focal mirror-lens optics with multiples reflection ars used.
Instrument S8 mounted on ships in the area »f The Lesser Antilles made it possible
to track trajectory of flight of rocket from launching to fall in ocean [19). The
same instrument was used by the firm to track the flight of the third Soviet art-
ificial esarth satellite.

Observation of the flight of The "Jupiter" rocket during its entry in to dense
layers of atmosphere was carried out also using hand radiometer R-4K of the Boeing
Fngineering Co. [20]. The instrument, with field of vision of L°, conaists of
radiometric head with replaceable sensing elementa (PbS and germanium bolometer),
and modulating disks to guarantee 24-hour operaticn and a circuit unit. Weight of
instrument is 6 kilograms. Radiomstric head is mounted on a rifle butt for con-
venient operation in the "hand" position; however it can be placed on any tracking
mechanism for joint work in regime of tracring (Fig. IX.15). Por initial guiding

of rediometer onto rocket during its entry in atmosphere a telescopic sight is



mounted on body of head.

FIG. IX.15. Instrumsnt of In-
creased Range, Combined with Ra-
dar Antenna.

Considerabls attention also was allotted check of possibility of detection of
rockets at moment of their launching and on actiwve section of trajectory. Since
infrared mechanisms possess high accuracy of msasuremsnt of angular coardinates,
then obtaining of data about launching of rockets permit determination of launching
coordinates calculation of trajectory of flight aof rocket to moment of encounter
with antirocket rocket.

Investigations in this direction wmre conducted both with the equiment con-

sidered above and also with special spactrometric infrared squipment.

Pig. IX.loa "Rapid~Scan Spec-
trometric installatjon.
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approaches to protec.ed cbject.

The Perkin-Elmer firm has for a long time conducted spectrometric investiga-
tions of radiation of rockets during launching and on active section of trajsctory
of their flight using s Raenid-Scan snecti-ameter mounted on a ROTI-MII optical
follow-up tracking system [21] (FPig. IX.1l6a).

The main part of Rapid-Scan installation is infrared monochromator with fast
scan, diagram of which is shown in Fig. IX.16b. Monochromator continuously records

intensity of infrared radiation in 0.3 to 3.6 -u strin. Frequency of scanning of

mirror is regulated within limits of 2.5-180 cycles.

Observation of rocket launchings were carried out from a distance of 50 km. from
rocket range. Simultaneously with recording of intensity of infrared spesctrum
photographing of flight of missile at long distances was carried out with an ROTI op-
tical system. Received data were compared with spectrometric measurements to deter-
mire possibility of identification of rockets by their thermal radiation.

Installation of infrared instruments to detect ballistic rockets is assumed to

be both on ground poats of detesction, and also on patrol aircraft of distant warn-

ing service.
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Fig. IX.16 b. Optical Dia-
gran of Rapid-Scan Monochro-
mator.

KEY: (a) Tipped mirror; (b)
Thermoslement; (c) Rocking

mirror.

Under the conditions of active electronic countermeasures from side of enemy,

infrared systems can be an important source of obtaining information on distant

However, organic deficiency inherent in such



systems (dependence of efficiency on state of atmcsphere), lowers their tactical
possibilities,.

Problem of interception of controlled and ballistic rockets is not limited
to timely detection and determination of trajectory of their flight. It is necess-
ary to snsure guidance of antirocket rockets tc them for the purpose of destructio
at a considerable distance from protected object.

In this case, means of infrared technoiogy can be very effective, especially
in last phase of guiding of antirocket rocket.

In first phase, the approach of antirocket rocket to a ballistic¢ rocket is
assumed to be carried out by radio commands from earth. Tracking mechanisms must
continuously introduce corrections in trajectory cf antirocket rocket, considering
information from stations iracking the ICBM. However, even in this case, is as
shown in the press, errur is very probable and as a result — miss of antirocket
rocket. Miss can be caused by errors of tracking systems or its chance deviation
from given trajectory dus to external causes.

It is natural that in such conditions, probability of interception of ICBM
becomes insignificant. Therefore, it is proposed to supply antirocket rocket with
hcming devices and, in particular, thermal devices, Thermal homing device on last
stage of approach of antirocket rocket with ICBM locks on the latter, and subse-
quent approach to moment of encounter should occur by commands of homing guidance
system.

High temperature of cone of ICBM and good transparency of atmoaphere at al-

titudes of interception should ensure high effectiveneass of thermal haming devices,
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CHA}TER X
THZAMAL HeADS OF HOMING GUIDANCE SYSTIM

-

iv lrincirle of the lassive Homing Guidance System of Missiles

There ~xist several methods of ccntrolling the [lipght of riiotless devices

from the moment of their launching *o target impact. One of the forms ¢f such

control is the methed of

| N N

Tn this case or the puided missile
(@) Ynoalnsemsri ofrenm

is establishei a srecial device, ~alie:

Yers

coordinator of targe:, which deterrines

the positiorn of the tarret relative +o

Fip. ¥.1. Fundlarental diagram

the object of the homing puidance sys-' -~
cf homing pulnance system.

KzY: f{a) Ccntrclled object; and rrodyuces corntrol signals during
(b) Tarpe*.
afrearance of error between directior

6 target and piven dire-tion {axis of rissile or coordinator, vector of sjeed ¢f
missile),

The funiamental diagram of a homing guidance syster (Fig, ¥.i) usually
includes three basic elerments: coordinator of ¢ , comjuler 2, and mechanism

for controiiing the flipht of the missile 2,

A homir~ guidance system can be rassive (Fig. X,2a) and also active (Fip. X.2b)

or sermiactive (F-p. X.oc).

W¥ith a rassive homing puldance system, for obtaining the signal which ~cntrols

the f1iph* of ‘he missile, enerpgy is used, which is radiated by the actual tarpet.



Jith an active homing puidance system, for obtaining the control signal enerpy
‘s used, which is reflected from the target ducing its irradiation from the selt-
rrited missile, Therefore, characteristic for this system is the fresence on the
rissile of a special transmitter of enerpy radiated intc surrouniing siace and a
receiver tuned to this form of energy.

; ; hot ; ’
g M e | :,:,l'\,@
o \

I

i

\ 1
Fie. ¥.2a. Diagram of a passive '
horing gvidance system. Fig. X.2b. [iagram of an active

homing guidance system,
itk 3 semiactive homing guidance system the tarpget is irradiated by energy
fror a source fixed outside the missile, and after reflecticn from the target it
is -ercei ed by the receiver producing the control signal.

!/ Passive homing puidance systems
!

require the least quantity of
equipment on a puided missile,

however, for their work the presence

TTYYITII T [TITTTY

is necessary of a contrast of enerpy
Fig. X.2c. Diagram of a semiactive
homing puidance system. radiated by the target (sonic, light,
thermal, radar), relative to the
radiatior of the surrounding background.
Th recent years among systems of rassive homing guidance the most widely used
Fis been the thermal (infrared) homing device (- ). The inf- -~ homing device
sonstitutes a closed follow-ur system (Fig. X.3) and ncludes the following basic
eements [1]: coordinator of target 1, rroducing an error signal as a result of
the corrarison of the entrance signal and the signal of the main feedback; amplifying
rlement 2: executive element 3, producing a regulating influence aprlied to the

ot tect of adjustment 4, which =+, device * element of local feedback 6; and

main fredaback 7.



‘C) ) GJ) The coordinator - f tarpet is an

{ a) /i A ) Pecgrupynuee | Beswywomgyee
] - "f;m ué , fos :‘_‘i"’w cptical-mechanical devire perceiving
thermal radiation of the tarpet and de-
Cuexan
wsehvou 5 s
Jﬁ?” T termining its position relative to its
(e * {1} .
’ own optical axis. In case of deflection
“ip, X.3. Blc:k-diagram of an of target from crtical axis of the coor-
v .~~ . homing device.
K7Y: (a) Fntrance signal; (b) dinator the latter produces an error
Frror sipnal; (c) Regulating
influence; (d, Perturbing in- signal. This sipnal, after amplification
fluence; (e) Signal of main
feedback, and conversion in other elemerts of “he

circuit, influences, through executive devices, the drive assembly of the head,
which moves the receiving device in such a way as to remove the error signal, i.e.,
to combine the ortical axis of the coordinator with the direction to target. In
the process of tracking of the coordinator after the target electrical pulses,
rrorortional to the angle of error or the angular velocity of the displacement of
*he receivine device, after necessary conversion, proceed ro the mechanism of
aircraft control.

In Fig. X.4 is given an example of the tactical use of a passive homing

rFuidance system in "air - air" missiles supplied with an :nfrare! homing device

(2].

Camtrem-wacumeny (0 ) Ce) After detection of an alr target by
e
_ - 0"”"6211q a fighter with the help of any kind of
airborne equimment and aiming at it,

Fig. Y.4. Attack on the target during which the infra-red hcming device
with the help of a missile with

an = raro: homing device. will lock on the tarpet, a missile is
K=Y: (a) ~arrier airsraft; (b)
Missile: (c) Target. released. Tnasmuc as 4 pubsive System

does not require .adiation by an interceptor of any kind of energy, the fighter,

immediately after launching the missile, is free and can rull out of the attack.

Murther guiding of the missile to the target is done by the 11 °rared homing device.



"his is one of the advantages of ir frared passive homing guidance systems -
*re ointerceptor is in the zone of the enemy's defensive fire the minimum necessary
time,

“f the othe~ advantages of infrared homing guidance systems one should note:
nncea.ment of use due to the absence of t..: necessity of irradiating target,
simrlicisty of equipment, reliability of its work, and comperatively low cost. Thus,
frr irstance, the "= ~~ " miss: w#ith a radar homing aevice is aprroximately 1C
‘imes more expensive than the "Sidewinder" missile with an n¢~1rs - homing device.
‘n the "Uidewinder" missile is arrlied only seven electron tubes, whereas in the
"Talzon" several tens of ‘hen [3].

The simplicity of construction has a direct connection with its reliability.
The absence of a transmit-er and rather bulky antenna systems makes an -~ “r~are-
homing device compact. which has a special value for "air - air" missiles, the

dimensions of which are very limitea.

2. Thermal (Infrared) Homing Head (7 : )

Development of the first combat models of heat-secking guidance systems was
s*arted in the reriod of the Second World War, when in Germany there was created a
series of experimental models of heat-seeking guidance systems for different types=
of missiles, which, as a result of the crushing blows of the Soviet Armmy, did not
find practical arplication. Ipr the postwar period in Switzerland, France Italy,
“waden and, esrecially, in the United States and Englard these works were continued,
and 4 series of missiles with infrare? homing devices in recent years have been
rut in service.

- “riwed  homing devices may be broken down into two groups - tracking and
inai~a-or or wide-fi.ld.

In a tracking homing device, a block-diagram of which is shcwn in Fig. X.3,

+he -ontrcl signal, tarough executive devices and main feedback, is used for removal



of error angie, and an electriral signal, proportional to the angle of rotation
or angular veiocity of disrlacement of Lhe coordinator, is used for controlling
the missile.

In indicator heads, having a wide angle cof sight, the contru. signal is used
directly to affect the missile control device, and error is removed immediately by
means o simply turning the missile,

In tracking systems application of optics with a narrow angle of sight is
rossible, which ailows an increase in the sensitivity and, consequently, the range
of 7.~ - homing devices, Furthermore, such systems turn out tc be more noise-
immune, sis-= . sra 1l angles of sight the harmful influence of the backgrounc
cecreases. when using tracking heads it is possible to accompany the target
within limits of significant angles, which makes it possible to expand the tactical
possibilities of guiding missiles to target.

Arrlication of narrow angle of sight in tracking heads has also its dis-
advantage; it 1is necessary either to have on board the carrier special equirment,
ensuring detection and preliminary guiding of the coordi: itcr to the target, or to
construct the head in such a way as to ensure before launch or in flight the
scanning motion of the receiving device, which complicates the equipment.

Indicator heads with wide angle of sight differ by simplicity of construction
and make it pcssible to manage without preliminary guiding equipment, however,
on the other hand, they are less noise - immune and have smaller range.

Both tracking and indicator infra-red homing devices can be aivided into heads
with relay principle cf adjustment (on the principle "yes-no") and heads with
rroportionai adjustment.

In hLeads working on the principle "yes-no", only the sign of the angle of
error is worked out, and not its magﬁitude.

In heads with proportional adjustment the magnitude of the control signa.i is

proportional to the angle of error.



"epending upen the principle of isolation of error signal r¢- (ret homing
tevices can be subuivided into heads with p lse, frequency, phase, and amp.itude-
rhase methods of isclation of error signal.

These methods can be charact :rized by the following criteria:

rulse method, in which during the arpearance of angle ¢f errer from Lhe
coordinator are removed s2parate ele-trical pulses, which, after their respective
conversion, make it possible to estiimate sign and magnitude of angle of error with
the subsequent use of signal .- 7 . osrror TUVLLe von

frequency method, in which different rositions of the target with respect to
axis of the coordinator correspond to signals of different frequency (Juno-1 "Linse

rhase method, when, depending upon the position of the tarpet, from the coor-
4inator are removed signals »f different phase ("“mden-1"),

amrlitude-rhase method, with which, depending upon sign of angle of error and
its magnitude, from the coordinator are removed signals different in pnase and
armr litude.

The thermal tracking homing device 'Madrid", developed in fermany at the end
of +he Second torld War, was intended for guiding antiaircraft missiles "“nzian"
*o air targets [4).

The "' cocordinator, "Madrid," (Fig. X.5) includes parabolic mirror 1, in the
focus of which is vlaced cooled lead sulfide photoresistor 2. In direct proximity
to the rhotoresistor is placed modulating disk 3 with one quadrant cut out (see
Fig. ¥.6). Synchronously with the modulating disk revolves the rotor of the
switch 4, ensuring four switchlings for one turn.

When radiant flux from the target falls in the field of sight of the instrument
the mirror creates, in the focal plane where the photoresistor is placed, an image

cf the target in the form of a circle of scattering. Besides from the photo-

resistor there will be removed puises of photocurrent (voltage) with frequeacy



determined by the speed of rotation of the modulating disk. After amplifier 5,
tuned to [{requency of modulation, these signals move throupsh the distributor of

the cormutator %o windings 6 of relays P, PB’ affecting controls by position of

coordinator.
ﬂ: If the image 0 the target is in
" the center of -he field of sight (angle
}, g:: d of error is equal to zero), then both

- M }
t//{ [_)tw<\ windings of the relay are disconnected,

since modulatior of flux is absent, and

’ .
-}

the tracking system remains in the former
Fig. X.5. Diagram of the

vrared homing device rosition. Control signals actuating
"Madrid".
missile controls are zero; the missile
controls occupy & neutral position.

During displacdirent of image from the center of the field of sight there appear
modulated signals, proceeding through the commutator to windings of the relay.
NDepending upon what quadrant the image of the target is in, the signal will enter
the corresponding winding of the relay so that the actuating mechanism turns the
coordinator in the direction of a decrease in angle of error. The coordinator
during the turn works the control signal which actuates the missile control in such
a way that they turn the missile until its longitudinal axis combines with the
direction tr target.

In the "‘nzian" missile to control the operation of the head there was applied
an electro-rneumatic device, ensuring a speed of tracking .arget of 2C deg/sec
during a tracking angle of + 3C°. Angle of sight of the optical saystem constituted
+ 3°. Air necessary for operation waz in a small steel cyiinde;. Weight of the
"Madrid" head was equal to 5 kg .the number of electron tubes 3-4. Range with

respect to aircraft constituted on *he average 2-3 km.

Although the : -+ - homing device "Madrid" rroduced electrical signals of



error in the form of single pulses with a definite following frequency, in the
homing device "linse" signals of error differed in frequency, depending upon the
rosition of the target relative to the optical axis of the coordinator.

The nfrareas homing device "linse" with a 16-20° angle of sight, according
to the earlier considered classification, belongs to the indicator tyre.

Tw .lstinction from the preceding head this instrument had two modulating
disks (Fig. X.6), established in the focal plane of the optical system, behind
which was rlaced the photoresistor [4, 5]. Fvery disk has two rows of .lots each;
the number of them in each row is different. During rotation of disks there are
formed four covered fielcs with different frequencies of modulatiorn. Depending
uron which of the fields gets the image of the target, at the output of the
amrlifier of photocurrent will be formed a signal of a different frequency. When
the imape of target is projected at point A, there will be no signal from the
rhotoresistor. From the output of the amplifier a mixture of various-frequency
sifpnals enters the elecirical filters, each of which is tuned to one of the
frequencies created by the modulating disks.

The work of the filters it is possible
+o trace in the examrle of the diagram
of control signal emanation along one of
the channels of control (for instance,
vertical). Control for this channel is

ensured with the help of two opposite

(C,)Jnkﬂ' . d) fie.ds (1-3, 2-4), formed by modulating
Fig. X.6. Modulating disks of disks.
> in infra.-
iggrﬁiﬁizzr:°3{°§:rté_n i The diagram (Fig. X.7) contains two
H "Ha ", " ",
?Eg."négln"§‘7ggrglingzz Madrld™ fi1ters tuned to frequencies of modu-~
s . .

lation by fields fl and f2. Filters are

connected to the anode circuit of the
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last tube of the amrlifier and have transformer courling with rectifiers B} and 82,
assembled on bridge circult,

If frequency of signal fl coincides with frequency of adjustment of filter‘tl,
then on clamps of secondary winding of transformer Tpl will appear alternating
voltage, under the effect of which through resistor Hl will flow rectifisd current
i,. “mn terminals a, b of relay P will appear voltage + u. The relay will operate;
contacts K will close and voltage will pass to solenoid 31. Core of solenoid with
the helr of rod Tl is cornnected with missile control vane, which, deviating,
creates control moment, correcting flight trajectory of missile until the optical
axis of the coordinator coincides with direction to target. At the moment they
combine the signa. to output of coordinator will become zero; the relay will release
contacts, disconnecting thereby the solenoid, and ths control vane will stand in a

nsutral rosition.

V’hl‘ﬂmmlé |

(1’ menm

If frequency of modulation f,

coincides with frequency of adjustment
of filter ¢b’ then on terminals a

‘*”ﬁ?"‘h"“ and b of relay P will appear voltage

u and the relay will switch on

4

solencid 32, ensuring thereby the

Fig. X.7. Fundamental diagram of movement of the control vanes of
emanation of control signal along

vaertical channel in a head of the the missile to the other side.
"Linse" type.

KEY: (a) Sensitive element; (b) On the phase principle of

Modulation disk.
control signal emanation waas de-

veloped the ‘afrare: homing device "tmden-I," an indicator type with a 20° angle
of sight.
In this system the modulating disk was made in the form of an Archimedes spiral

(see Fig. X.6) and made it possible to obtain, in a polar system of coordinates,



sirnals of errors, differing from each other in rphase, depending upon the position
of tarpet relative to the optical axis of the coordinator.

Synchronously with the modulating disk revolved an a-c¢ generator which was the
fFenerator of surport sinusoidal voitage. The rhase of pulses of rhotocurrent,
issued by the coordinator, was equalled with the rhase of support voltage. The
rhase difference, serarated as a result of comparison, was used to create a
~ontrol signal -emoving the error between the direction to target and the optical
axis ol the coordinator.

An exanrle of the rractical use of nrnfrared homing devices cn combat rockets
are nissiles of the "air - air" class, the "Sidewinder" and the "Falcon" GAR-2A
(+he United States), the "Firestreak" (Fngland), ©-7 (Italy), "Matra" R=510
(France) [12]). The most wide-spread of this series, the "Sidewinder," is intended

for action on air targets and has a length of 2.75 m and a diameter of nearly

0.125 .,
The infrar~1 homing device (Fig.
g 3 X.8) is placed in the nose part of the
Eﬁ’m missile and is covered by a srherical
o ' C cowl 2. The coordinator of the head

Fig. X.8. nfraredi homing occupies a section nearly 10 cm long.
device of the "Sidewinder",

For pathering and focusing infrared
radiation of target 1 is aprlied mirror objective, consisting of rarabolic 7 and
flat 8 rirrors, DNiameter of parabolic mirror is 8.9 cm. Angle of sight of ob-
lective, in the focus of which is placed uncooled lead sulfide photoresistor 3,
is equal to 4°. Before lock-on the optical system accomrlishes a scanning motiocn.
Thermal radiation of the target is modulated by a disk-modulator,revolving with a
sreed of 30 rpm. Fiom the photoresistor is removed the error signal, proceeding

to amplifier 4 and, after adjustment of coordinates to the actuating servo-motors

5 wukich control the control vanes of the missiie, Vveight of the head is 9 kilogram.
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N

~he missile is applied a noncontact electro-optical detonator, exploding

As shown in literature {8], the "Sidewinder" (Pig. X.9), in spite of ita

simplicity and the small dimensions of the homing device, posr-ss.s high accuracy

of hit and in a number of cases knocked off flarss, securec on a flying targst.,

without damaging the actual target.

Fig. X.9. The "Sidewinder"
knocks off a flare during
tests.

the "Meteor" type at low altitudas by day

(8j.

Fig. X.10.
with thermal head.

The "Firestreak"

Effective range of the infrared
homing device constitutss a magnitude of
the order of 3,300 m.

The “nglish missile "Firestreak"
is supplied with a more complicated
thermal head with mirror optics. The
nose cone of the head is made in the form
of an octahedral pyramid from thin plates
of optical glass (Fig. X.10).

In the press it was reported that
the infrared homing device of the
"Firestreak" has a range for aircraft of

- 8 Jm, and at night at 3000 m - 18 lm

The great range of the homing device
makes it possible to accomplish lock-on
before launch of miassile from carrier
aircraft. After launching of missile the
carrier aircraft can pull out of attack,

since further tracking of target is

carried out by the self-contained infra-

red homing device.
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3. Noncontact Ylectro-Optical Detonators (MNOV)

To increase probability of striking target with inaccurate puiding of missile,
noncontact exploding of warhead in dire:t proximity of target is applied. Usually
the distance to target, in which the detonator must automatically fire, is de-
termined by the type of missile, the powar of the warhead, the radius of striking
action of fragments, and it varies within 15-50 m for different types of missiles.

The application of noncontact detonators makes it possible to obtain a
comparatively high probability of hitting even such maneuvering targets as air
targets. According to data available in literature [11], the probability of
striking an air target with a missile equipped with a noncontact detonator attains
80-907, whereas the probability of a direct hit constitutes a magnitude of the
order of 607,

As a source of information about the tlight of the target can be used
different physical criteria (separating, by contrast, the target relative to the
surrounding background); radioc emission reflected from the target, rroper radio
emission of the target, intensity of magnetic or electrostatic field around the
target, sonic or ultrasonic radiation, and also thermal radiati n of the target
and optical contrast of the target with the surrounding background.

At rresent, most widely used for air and ground (above water) targets are
radar and electro-optical noncontact detonators.

For the case of application of electro-optical noncontact detonators, in
Fig. X.11 is shown the change of a physical parameter, which is a source of
information, and the signal which determines the mnment to explode the ammunition.

In principle of action electro-ortical noncontact detonators (NOV) can be
broken down into three groups:

a) using as a source of information atout flight of target the thernal

radiation of the target (passive systems),



b) using (reflected from target) modulated radiant flux, radiated by the
missile itself (active or ortical-radar systems),

c) reacting to visible contrast of the target relative to the surrounding
background (contrast principle of action).

Ir. Pig. X.12 4is depicted one of thoe
diagrams of a passive electro-ortical
detonator (first group), consisting of
receiver of radiation 2 rlaced in the

focus of a toroidal lens with circular

scan 1, unit of amplification of photo-

Fig. X.11l. Change in time electric signal 3, thyratron relay 4 anui
of distance to target, its

radiation, and NOV siymai. cartridge 5.

KEY: (a) Missile; (b) NOV;

(¢) Target; (d) Distance to \s a receiver, as a rule, are
tarpget; (e) Radiation of

target; (f) NOV Signal; (g) arplied photoresistors with sensitivity
Level of NOV operation; (h)

[evel of noises. in a range of wave lenzits i ¢ -

with the spectral curve of radiation of the target. For a guarantees of circular
scan the film of the photoresistor is on a sublayer of cylindrical form.

The form of toroidal lens and pesition of the photoresistor are calculated sc
as, first, to ensure the necessary field of sight and, secondly, the slcpe of it
forward along the flight of the missile. The angle of inclination of the axis of
the radiation pattern is chosen depending upon the flight speed of the missile and
the time lag of the detonator circuit with such calculation that after irformation
enters and tefore exploding the ammunition the missile does not pass the target.

&5, a5 a ruls, & single-iube

The unit of amplification of
amplifier of alternating current with a large pass band (pulse amplifier of signal).
From the output of the amplifier a pulse of amplified signal joins the control
grid of the thyratron, in the anode circuit of which are included the cartridge ana

battery. Aftar ignition of the thyratron in the anode circuit will move current,

which will trigger the cartridge and explode the ammunition.

B



Tn the absence of a heat-radiating target, on the photoresistor falls radia .ion
from a uniform background (for instance, the sky). The current in the circuit of
the photoresistor will change little; consequently, from the output of the amplifier
will move to the control of the thyratron voltage, insufficient for his operatiocn.

The distance of operation of such an NOV is determined by its sensitivity, the
emissive power of the radiation of the target in a given direction, and the mete-
ocrological conditions,

It is natural that when outside thermal sources of sufficient power fall in
the field of sight of the NOV there can occur false operation of the detonator
and premature explosion of t. warhead.

Therefore, to increase operational reliability of the detonator it is necessary
to aprly a series of measures decreasing the probability of premature explosion of
*he missile on various kinds of heterogeneities of background (clouds illuminated
by the sun, solar and moon radiation, radiation of certain ground heat-radiating
objects, etc).

Among such measures are:

a) use of narrcw-band infrared

2
filters in front of the photoresistor,
which separate only the radiation
characteristic of a given target,
Fig. X.12. Fundamental diagram b) connection of two photoresistors
of a noncontact electro-optical
detonator, by bridge circuit in opposition. In

this case radiation from heterogeneities of the background, as from the areal
object, will get on the two photoresistors and compensate one another. When in

the field of sight there will appear a target (point object), then on one photo-
resistor will fall radiation from the target and background, and on the other - only
from the background. As a result, in the diagonal of the bridge will appear

differential current, sufficient after amrlification, for operation of the thyratron

relay.

~NE
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c) application of timed blocking of powor supply to NOV cirecuit sc that the
detonator goes into operatior after a definite time necessary for approach of the
missile to target. Such blocking may be carried out either with help of a time
relav or with the help of a forced feed of eloctrolyte to the storage hatteries
through porous partitions after launch of missile. The latter meathod has found
arrlication in a detonator for an antiaircraft missile of the United States. In
it the power supply battery is in a dry state, and the electrolyte is kept in &
vessel with porous walls., After the shot, as a result of accelerations developed,
the electrolyte under prassure paases through thepores of the walls to the storage
battery and brings the detonator into operation.

An example of an active or ortical-locating noncontact dstonator (second grour)
can be the elsctro-optical detonator "Pistols," developed in Germany :iw the pericd
of the Second World War.

The detonator "Pistole" (Fig. X.13) had source of infrared radiation 1,
placed inside revolving cylinder with slots 2. Modulated radiation spread in a
radial direction (perpendicularly to the direction of motion). When the missile
flew near the target, a modulated reflected signal from the target was perceived
by the receiving ortics of the detonator 3 and headed to the receiver (photocell)
4., To amplifier 5 procesded variable photocurrent with a frequency equal to the
frequency of modulation of the source of radiation. After passage through
elactrical filter 6 the signal brought into action executive relay 7 of the det-
onator and caused explosion of warhead. The preser.ce of modulated radiation and
narrow-band electrical filter, tuned to the frequency of modulation, ensured
heightened noise immunity of the circuit of detonator, since variable signal from
oscillations of the radiation of the background was held back by the electrical

filter and did not enter the exscutive relay.

N
o
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"lectro-ortical detonators of the
third grou; constitute the usual photo-

relay and work, as a rule, in the visible

region of the spectrum. Their =ssential

Tip. X.13. Block-diagram of

ctive c¢lectro-ortical det- deficiency is low noise immunity due to

onator "Pistole".

6, -ation on the boundaries of objects

having various briphtness or colorfulness. DNue to this, such det~nators have no:

found rractical arrlicatiorn, although they allow noncontact explosion of the

warhea near Lhe tarpet.
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CHAFTER X1

FFFECTIVENESS AND RANGE OF INSTRUMENTS OF TNFRAREL TECHNOLOGY

M

1. VJPeculiarities in the Construction of Passive
Instmments of Infrared Technology

when desipning and oprerating instruments of infrared ‘echnology of the
rassive principle of action, we encounter, mainly, *hree groups of factors de-
termining the effectiveness of the aprlication of instrurents in practice, namely:

a) radiation of the target and background,

b) rropagation of radiation energy in the atmosrhere,

¢) rparameters ol the receiving device converting radiation energy into a
corresponding electrical signal.

Tt 1s rossible, actively, to influence only the parameters of the receivine
device, including the optics, the scanning device, the sensitive element, and the
electronic circuit. Also here, more or less, the choice breaks down only to the
characteristics of the sensitive element and, to a certain degree, of the optics.
Br selection of characteristics of the sensitive element and the optics cne can
determine optimum range of spectral sensitivity of the receiving device, its intepra
sensitivity, time Tap, and overall dimensions c¢f the entrance puril of the ortics.

It is necessary also to know the radiant flux proceeding from the tarpet and
determining the integrity of the action of the instrument on the whole and alsc
to estimate “I > harmful, interferring radiation of the background, in order to
decrease it in the arrrorriate way and to make the instrument serviceable in

interference conditions.



™urine arrraisal of radiations of target and background usually is determined
srec.ral density of raaiation of target (r,), the radiation ability of its surface
{s,) and the wave length of maximum radiation ()\w). The last is interesting

tv the fact that near spectral density of radiation is rrorortional to the

max

fiftk degree of temperature, while the total radiation is proportional to the fifth

degree of temperature, while the total radiation is proportional only to the fourth

degree,
Having obtained the
- ,
; 373N (6=43) necessary data about radiation
& §
s;r& +000 of the target, it is necessary

o0 to estimate its weakening in

atmosrhere at the required range

REAMPQrane s
vanyrenus,

¢ 1 2 ¢ 1 & 9 NN B UK of the instrument. This may be

%3; ;;MI‘MWM‘M

(a)’

carried out by plotting a curve
Fig. XI.1l. Radiation of a gray body

with T =-100°C before and after passage of spectral transmittance of the

through an atmospheric layer of 1.85 km

(K,0 — 18 mm). atmosphere on a curve of spectral
2

¥uY: (a) Spectral density of radiation, density of radiation and

—%{3'—' 3 (b} Wave lemgth, u. multiplying the corresponding

ordinates., If curve 7 |is

rlotted in absolute energy units, then the area limited by curve r, t,.characterizes
qualitatively and quantitatively the raaiant flux (during calculation of un-
selective weakening) proceeding to the objective of the receiving device. As an
examrle, in Fig. XI.1 are given curves of radiation of a gray body (¢ = 0.5) with
temrerature of the surface 100°C before and after passage through a layer of atmos-
rhere.

As can be seen from the given curves, after passage through the atmosphere
radiation energy enters the receiving device practically at twe spectral intervals

,0=5... and 7.5-13.5 u . As temperature of radlating curfaces decrease an even

G



preater specific gravity is apportioned to radiation in the range ¢f waves
7.5=13.5 p .

Such a graphic construction makes it possible to determine the optimum region
of sensitivity of the developed instrument based on the possibtilities of the
sensitive element and the spectral transmission of the optics.

Frequently it is necessary to resclve another yproblem: to choose the spectra!l
range of waves in which sensitivity of the equipment to change of temperature woula
be the highest. Such a problem, in particular, is encountered during the de-
velorment of radiation pyrometers and receiving head of heat detection equipment.

In this case, while differentiat.ing Planck's equation with respect to
temrerature and d¢ividing the obtained exrression term by term by #,, we have

| dr, {}

——2C ¢
n T - (x1.1)
.Ii;_l
If % is large as compared to the second member, then formula (XI.1) can

be rewritten in the form

dr,
F=00 (x1.2)

The obtained expression considers rate of change of s ‘ctral .ntensity nf
radiation density with change of temperature of the body with a precision of 1%,
if AT<030 cm-degree, and 10%, if AT<0.60 cm-degree.

In Fig. XI.2 are plotted curves of spectral intensity of radiation density of
2

an ideal black body with a t=mperature of 500°K (w.cm “:u “1) and the rate of its

change (w-cm™2. % ~1.qegree=l).

From curve 7, it is clear that on it are several paired points with identical
srectral intensity of radiation density at various wave lengths (for instance, at
3.5 and 1) g ). 1f one were now to turn to curve ;;5 , then it would become evigenc
that the most rrofltable region is the region near 3.5 u , since here, during a
change of temperature the same number of dezrees, the change rate of spectral

density of radiation will be higher than nearly 11,0 u . The final selection of
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spectral interval in this case it is possible to make only be considering the
operational peculiarities of the instrument, its purpose, the influence of the

atmosphere and the possibilities of the sensitive element,

L There may be loss »f ecnergy in the
5 o 4 ™~ :
\‘g ) : N~ atmosphere, and it would nct present

”
§§ T500°n serious obstacles for the development ol
‘al" | instruments of infrared technology, if
i3 l ] (il
ﬂi Lhere were available corresponding,
R§rtHHi/ a
§ 'Jk I ( highly sensitive elements with wide
(én . %" K, syrectral characteristic. In practice it

L
£h) Asuwa barwsrs, wu ] . o
N is necessary to work with senasitive

Fig. X1.2. Spectral intensity
of radiation density of an ideal
black body with T = 500°K and the
rate of its change with change of
temperature,

KoY: (a) Spectral intensity of
radiation density ry i (b) Wave
iength, u .

elements possessing either high sensitivity
in a narrow spectral band (photoresistors,
photodiodes) or comparatively low sensi-
tivity in a wide ranpe of wave lengths
{(thermoelements, bolometers).

Selection of a sensitive element after effective value of receivable radiant
flux has been established should be made, while considering its spectral sensi-
+ivity, volt sensitivity (v/w), threshold of sensitivity (w), time lag and
utilization factor of a given radiation. Moreover irn each concrete case it is
necessary to go into a compromise solutiorn. It is not ~blivatnr to select a
sersitive element with a wide spectral characteristic or with maximwymn integral
sensitivity (by minimum equivalent power of noises), since this can iead either
to corylication of construction (to demand deep cooling) or tc an increase in time
lap of the system (as in the case of FbS)., Frequently it is necessary alsc to
consider the necessity of filtration of interferring radiation cf the background.

(ne of the basic requirements during selection of a sensitive element is
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maximum conversion of radiant flux reaching it:
Heo =I'l"lsx’ 93, (x1.3)
where %, - spectral transmittance of optics, lnecluding filter.

Calculatior of this integral may be performed graphically. For that, for
instance, on curves 71, (see Fig. XI.1) are put curves of spectral sensitivity of
the rhotoresistor and spectral transmission of the ortical system., Multiplying
ordinates for each wave length, we will obtain curves limiting areas proportional
to the output of the sensitive element Myy for a given radiation.

Such a methed of appraisal allows us to compaie the effectiveneas of a
sensitive element to radiation with a given temperature or the effectiveness of a
sensitive element to radiations with various temperatures.

In Fig. XI.3 is given the calculation of #,, for lead sulfide (-78°C) and
lead telluride (-185°C) photoresistors with respect to the radiation of a gray
body with a terperature of 100°C (¢ = 0.5).

During the appraisal of effective radiation, the effect of the transmission
of optical components of the receiving “evics, including the filter was not
considered. Therefore, the given curves characterige only effective spectral
intensity of radiation censity of target (w/cm3), perceived by the sensitive
element after passage by rediant flux through the atmosphers.

As can be seen from the given example (see Fix. XI.3), the effectiveness of
lead telluride is higher than (area o;) lead sulfide photoresistors (area o,)
because of its larpe region of srectral sansitivity. Effectiveness of PbTe grows
with 'r~rease of radiation temperature of target and increase of cooling depth of
sensitive element. The latter is illustrated by data of - . S. !.kk [1], which
presents the following relationships of output signals for FbS and PhTe duyring tne
recepticn of radiation of an ideal black body with a temperature of 500°Kk at a

distance of 1850 m:

PbS(90°K) : PbS (293°x; =4.5;
PbTe(90°K): FbS g%"K = 5,23
PbTe(F0°K): PbS (293°K) = 24,
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Thus, if PvTe and PbS have identical
remet

55.‘, sensitivity on wave lengths corresyonding
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to meximmm sensitivity, then FbTe will be

[
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N
§Q approximately 2, times more sensitive
N
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than PbS at room temperature ror the
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repistration of total radiation with a

temperature of 500°K. In reality integral

~ Jogermubnos cmermpe
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sensitivity of PbTe is somewhat less

LY

- "
(6) tnwe Saami,an.

than the sensitivity of PbS and, therefore,
Fig., ¥I.,2. Reaction of

PbS(-78°C) and PbTe such an advantage is not obtained.
(-185°C) to radiation

with T = 100°C. With such an appraisal of a sensi-
KEY: (a) Effective

spectral denaitx of tive element, naturally, the question
radiation, - ; (b)

appears about the expediency of changing
Wave length, u.

to systems with wider bands: 1lead
selenide, indium antimonide and germanium, especially for registration of low-
temrerature radiation, Such a transition may be justified only if the spectral
curve of sensitivity of th- photoresistor and its maximm are inside window of
transparency of the atmosphere 7.5-13,5 g . Otherwise, expansion of the region
of srectral sensitivity of the photoresistor as compared to PbTe gives no advantages,
since in the region of 5.2-7.5 4 the atmosphere in its Lower layers is absolutely
opaque*, Growth of effectiveness of sensitive elements with longer wave lergths
during registration of low-temperature radiation at great heights and in space
will take rlace in any case.

The ccnsidered criterion for the aprraisal of receiving devices of infrared

using the spectruam

of radiation, allows us to estimate the effect of target and background radiations

*Application of a bro:i-band sensitive element can give a well-known advantage
when its sensitivity in a wave range of 3-5.2 4 is higher thun for PbTe,
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on any sensitive element, and &lso to determine the most optimum conditions of
filtration of background.

If one were to construct the dependency of spectral effectiveness of radiation
'nergy for any sensitive element (for instance, FbS) on the temperature of a black
body, then cne can determine not »nly optimm target temperatures for a given system,
but the depree of intesrferring action of radiation sources with other temperatures

-

(Fig. XI.4). )

In the case of a system with PbS optimum temperature is 1700°K, since the
system obtaias 22% total energy. The system doss not react to intrinsic mmission
of clouds (273°K), and the reaction to targets such as a jet noszle of an aircraft
(700°K) is sufficiently high. However, it possesses alrmost the same sensitivity
to reflected solar energy and, consequently, is subject to significant influence
of background.

wWhen designing infrared equipment the problem of weakening the interferring

radiation of the background is the most difficult, since the background can be

various sources of proper or reflected radiations: <::i..n%, - rer‘e~‘a: or,-
©y frer 0z sarface of Larth ani the Xoon, rui.acio0. of sejects
ety ct tee - o gns the dtmarphare.,
& Control of hammful
¥un-- background radiation can be
b B T :
5 produced by various methcds: a
§ (¥ X\ means of isolating target by its
i dimension, isolation of intensity
é v I of radiation, or a method of
3} 'JLI Ll “ = optical filtration [2).

() Temmepemype ‘N
Fig. XI.4. Reaction of PbS to

The method of optical

targets with different temperatures: filtration is the most wide-
l-~system with PbS; 2--system with
orptimm filtration, spread in instruments and consists

KEY: (a) Speciral effectiveness; (b)
Temperature, °K.
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of the following. If spectral characteristics of target and background radiations
are known, ther. it is possible to select filters which will pass a large part of
target radiation and almost completely cut out background radiation.

In the :ase of the application of instruments by day, basic interferring
background it is possible to consider reflected or scattered sunlight, the
speccral composition of which is near to straight solar radiation. Sun at a
temperature of T, = 6000°K radiates a spectrum with wave length Awaxe = 0.5 4,

507 of the energy in which belongs to the infrared range with wave lengths more
than C.7 s, 25% - to the region over 1 u and 2% - over 3 u . Therefore, the
basic problem of filtration in this case is cutting ocut the visible and near-wave
infrared radiations during simultanecus transmission of maximum target radiation.
ince the temperature of the target is always significantly lower than the
temperature of the Sun, this method is sufficiently effective if transmissior of
the atmosphere and the optics is known.

In the case of the application of equipment at night or on targets with
maximum radiation on waves over 4 x the interferring background may be the
radiation of the actual medium, earth and atmosphere. In this case it is necessary
to cut out long-wave radiation that may be attained by means of a corresponding
combination of photoresistor an long-wave filter,

Using the method of optical filtration, it is possible significantly to in-
crease effectiveness of the receiving device during work on comparatively low-
temperature targets. Thus, in Fig. XI.4 is given the curve of spectral effectiveness
of an infrared system during optimum filtration, from which it is clear that in
this case reaction of the syctem is maximum (0.317) for radiations with temperature
near 883°K during sharp suppression cf sensitivity to interferring background.

However, this method in practice will not apply if the temperature of the
target is close to the temperature of the background or when radiation reflected

from the background and radiation of the target possess similar spectral
characteristics.
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For isolation of a target in this case it is possible tc use differences in
dimensions of target and background. Many diagrams of target isclation, founded
on this principle, have been developed, soms very complicated; however, in the
basis there is assumed always the assumption about the point character of target
image on the sensitive element and about heterogsneities of the background having
finite length.

This allows the moc idation of target image without modulating image of
background, or the development of ah analyzer in the form of a syrtem of an opaque
element (periodically introduced in the field of sight) with dimensions equal to
*he dimensions of target image. Then, if infrared radiation, after introduction
of the opaque element, attains the sensitive element, this indicates that the
surface radiating the infrared beams is larger than the surface of the target and,

consequently, is a heterogeneity of the background.

2., Criterion for Appraisal of Effectiveness of Passive !-frared Systems

The efficiency of infrared systems it is posaible to estimate by different
rarameters, However, in instruments of military assigmment and, in particular,
in instruments of detection, fire control and homing guidance system, from which
a large range is required, a criterion for appraisal of effectivensss can be the
ability to reveal the target in the presence of noises. Therefore as a criterion
during appraisal of the efficiency of passive instruments of military assigmnment
one should consider the minimum signal which may be revealed on a background of
noises camouflaging the useful signal.

Noises in instruments of infrared technology are basically from two causes:

a) noises of electroric systems during mechanical vibrations or during the
work of follow-up systems. These noises are changed in time, and in correctly
desigried systems the basic sources of noises will be the sensitive element and the

amplifying circuit;
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b) noises appearing from a heterogeneity of atmospheric radiation, background
of sky or earth. These noises are the result of either direct radiation of the
Sun, reflection or scattering of solar energy, or the intrinsic emission of the
natural background. They endure comparatively slow changes in time and, therefore,
are estimated by their space distribution.

“haotic fluctuations of radiant flux perceived by the sensitive element, in
character, little differ from set noises in the receiving device. We cannot
separate them until the level of receivable infrared energy exceeds the level of
set noises of the sensitive element. Therefore, sensitivity of equipment it is
possible to estimate also by the level or its set noises - the threshold of
sensitivity (in foreign literature ~ equivalent power of noises). Under threshold
cf sensitivity we understand the rower of the infrared radiation in watts on
antrance of the sensitive element., which creates on output a signal equal to the
average-quadratic value of the level of noises in a corresponding band of
frequencies.

The idea "threshold >f sensitivity" (equivalent power of noises) pertains to
the sensitive element. Since infrared systems include other sources of noises,
then for an operational characteristic of the instrument on the whole (in conditions
of detection or tracking) an idea about the minimum threshold of sensitivity of the
equirment is expedient for the guarantee of reliable work, The ratio of these
rapnitudes determines the sipnal noise value, at which the system will work
reliably. Usually when decipning infrared passive systems with scanning, the
sirna’l~to-ncise ratio is equal to 3-5,

The signal-to-r ise ratio allows us, by the known magnitude of noise, to
estimate the range of the infrared equipment.

If we completely disregard noises of the background and radiation of

components of the equimment before the sensitive element, then the range of the
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passive infrared syst m may be determined from relationshir

S ¥ap- S.S.I,-” sa (X1.4)
LS MR N heg Sl
where - signal-to-noise ratio,
N(Af) - average-quadratic value of noises of the sensitive element ir a given
Af band of frequencies,
S, - area of target, cmz,
Ss - area of entrance pupil of objective,
r, - spectral density of radiationm, w/cmj,
%, - transmission of atmosrhere,
t. -~ transmission of optical system,

S, - spectral sensitivity of receiver,

L - distance to source of radiation.

3. Range of Passive Infrared Systems

Range of passive infrared systems depends on many factors, which sometimes
cannot be considered. However, tentatively, the range of a passive infrared system
may be estimated if it is possible to estimate the radiant flux reaching from the
target to the sensitive element and compare it with the threshold of sensitivity
of the equimment @, (equivalent power of noises), expressed in watta. Such
calculation of range, valid in the absence of background radiation, may be performed

by the formula

IV 1.5)
where a, 8 - angles (Fig. XI.5) between line of obaervatior, normal tc radiating
surface S, , and normal to plane of objective §, , vespectively.

In expression (XI.5) enter integral magnitudes of emissivity « , transparency
of atmosphere vy and optics v with respect to radiation with temperature T, and for

a piven sensitive element. Therefore, the magnitude of threshold sensitivity 7,



shcuic be determined based on the given spactral distribution of target radiation,
transmission of the atmosrhere, and sensitivity of the receiver, which presents
known inconveniences, since rated valie @, always is given with respect to radiation
with a fully defined ternerature. Furthermore, for a given radiation and spectral
tharacteristic of the sensitive element it is necessary to determine effective
*ransmiss,un of atmosphere and ortics.

The complexity of such calzulation c-nsists in the determination of effective
raciant flux acting on the sensitive element. A method of calculating effective
Tlux by grarhic mezg was considered in Sectinn 1., As a result of graphic inte-
Fra~ion, <he limits of which, in practice, are restricted by the spectral interval
of sencitivity of the receiver and the transrarency of the optics (Az—3;), there
is determined the effective value of radian* flux acting on the receiver {(w/cm<).

The given method is accertahle ror calculating range of passive infrared
svstems ntended ror work at nipgh‘’ when the equivalent power of roises of the
s-nsitive element (average-.quadralic value of noise) is determined by set noises
of tre sensitive laver and 13 < ose to the rated values. By day, when value N is
adotermined besically by noises of the backgmund and cannot be sufficiently
accurately considered, such a calculation can give noticeable errors.

In the onsidered methods of

appraising the range of passive infrared

L]

‘::3225“k5~ <) systems, transparency of the atmosphere
J
: is rractically considered for a limited

&» (a.)
layer along corresponding curves. The

Fip. Xi.5. Calculation of range error will not be too preat if one
of —aasive system.
irY: {a) Target; (b) rntrance remembers that the greater the layer of

windre; () Nptical axis.
absorcer, the less the additionail
atsorriion c.'ises increase of laye of atmosphere. “xperimentally, it is established

*hat a ncticeable change of atmospheric transmission (especially at great heights)



with increase in its thickness over 2 km is not observed. This allows us o use
detoy's exrerimental curves of transparency of atmesrphere without.introauction of
noiceable error in calculation of range of infrared systems.

‘al~ulating the range of passive infrared systems by the considerec formulas
is suffic.ently iabor-consuming. Therefore, attempts to construct nomographs {or
the caiculation of the range of passive infrared gystems were undertaken. ‘me
such nomograrh (Seymour's nomograrh) is presented in Fip. XI.6 {3].

The nomograph is rlotted in accordance with formula (XI.6) under following
assumptions:

1) radiation of target is modulated with a frequency not exceeding a limi:
1e-erminec by the time constant of the receiver;

2) sensitivity of receiving device is limited by set noises of the receiver cf
raciation, and the signal~to-noise ratio is 4;

3) image of tarpet is completely inscribed in the dimensions of the sensitive

element:

=
i)

[ -
L=Kl/)‘bl}‘,l‘ d;%(—:—'f—) ) (XI.¢)

where (!7_"_"’1"‘*'-“_:11: A - spectral factor;
’ K - proporticnality factor;
J, - radiation intensity, w,sterad;
T, - spectral transmittance of atmosphere, averaged for spectra.
wavelength interval of sensitivity of the radiation receiver;

%, - spectral transmission of optics;

¥ - limiting sensitivity of receiver (equivalent power of noises)

w3
D s . ~ .
F - relative aperture of ortics of system;
n__ nf, .
V= - - rarameter of scanning;

7 -~ aumber of sensi‘ive elements;

f, - time of frame, sec;
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® - field of sight with respect to frame, sterad;
{ - time constant, sec.

Having determined the scanning
parameter of ‘he infrared system, we
connect corresponding point of scale T
with value of relative aperture. Then we
connect rcint of intersecticn of a given
curve with auxiliary line a with definite
value of spectral factor A. Range of the
infrared syester: in miles is calculated orn
scale L.

.

If on the receiver

background, whose radiation cannot be

works on thermal contrast. Range of the
system may be determined based on the

following consideration.

“ffective radiant flux, perceived by

Fig, X1.6, MNomograph of the receiver from target and background®,
calculation cf range of
rassive infrar-d system. obviously, will be defined as

s
=107, S, ;Zi’,— %o q%s.q COSa COS B;
0. = l.OT. S. I_L: %0.4$%a.¢ COS aCoOs p

llseful signal on output of passive infrared systenm will ke rproportional to the

difference between the total flux from “he target and the part of the.background,

*Indices «¢» and <uwr in expressione pertain to radiation of background and
tarpet, resrectively.

filterea, then it is said that the system \\\



not covered by ‘he target, and the flux from the background is

AO=0“+Q" — Py (XI1.7)

where
’ S.
D, =43 T: (Se — Su) 277 to.es o COSacosp,

~orsequently, S
AO.—acS. ;L‘-,cosucosﬁ(lgio.qﬁ..r: -

—_ l.%o_.i._.r:).
Tf one were to take AD=,, then by analogy with expression (XI.5) one can

deatermine maximum range of such a system

Sa%e.u%. T 0.¢%a, r
L=.l/-£-SnSoC08¢COSP( - .6.- LI ;: : ’).

If difference AQ is léss than the threshold sensitivity of the receiving device

(x1.8)

of the infrared system, then the latter will lose the target.

4. Range of Active Infrared Systems

Active infrared systems find wide application in instruments of night vision,
rifle night sights, and range finders. Such systems include sources of radiation
cf either pulse a:tion or continucus burning.

The principle of action of active systems, independent of the type of
radiation source picked up by them, consists of the following. A high-intensity
source of radiation, placed in the focus of a reflector and covered by an infrared
filter, irradiates tre target, The radiation energy reflected from the target is
rerceived by a receiving system and is focused on the sensitive element which

:a corresponding signal.

The effectiveness of active systems, to a very strong degree, is determined by
the weakening of radiant flux in the atmosrhere and, consequently, by meteorological
visual range D.

Range may be determined based on the following considerations. If radiation

intensity of a searchlight is designated by J.. then irradiance of object & a*

|
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distance L from the searchlight may be calculated from relationshirp
g.__a- - (x1.9)
where B - attenuation factor of atmosphere, averaged for the spectiral interva’ of
sensitivity of the syster.
As a result of the reflection >f radiant flux from an object in the plane of

the ~bjective of the observaticn instrument, there is created irradiance

Je o .7.
8= 7 Sepe (XI.10)

where ‘7n==h30609-%-- radiation intensity of radiant flux reflected from the objec’
in the direction of the observation instrument.
If one were to produce corresponding conversion and to replace magnitude of
attenuatinon factor by effective visual range (visual ranpge in a given range of
wave lengths, for which it is possible to take value of attenuation factor ), then

exrression (X1.10) after taking the logarithm will take the form

Is

)]
on e

= 4losL —108(Sop) + 1L | (x1.11)
where &g - threshold sensitivity of observation instrument;
D - effective distance of meteorological visibility.

Tertain authors defire the logarithm of ratio g% as a quality of an infrared
active system G, characterizing how many times greater the crder of magnitude of
radiation intensity of a searchlight is than the threshold sensitivity of an
otservation instrument.

Solving equation (XI.11) with various values of system quality, it is possible
to construct the dependency of the range of an infrared active system on the
meteorological visual range with various values of G.

From Fig. XT1.7 it is clear that during quality of system G = 8 an increase in

metecrological visual range from 100 to 500 m gives the samc increase in range of

system as an increase in quality from 8 to 18, which corresponds to an improvement

of the system 1019 times. With increase in meteorological visual range this effect

0L



is iowered. In the case of a change in meteorological visual range from 10 to
100 ¥%. he increase in range of system with G = 8 constitutes only 5 le1 which
corresponds to a growth in quality from 8 to 9.

The range of active electi >n-optical systems ia also noticeably affocted by
the brightness of the background on the screen of the converter, caused Ly thermo-
emission of electrons from the photocathods and its gating by radiaticn of the
searchlight reflected and scattered in the thicxaess of the atmosphere, Brightness
of the background on the screen may be noticesbly lowersd by rational location of
the searchlight and observation instrment, an 1ilso by coolirg of photocathode.

Tn the last case, gain in free-space range may be calculated from expression [4]:

e e

where Ll’ L2 - free-space range of targei in an instrurvat with cooled and uncooled

W.I+RQ

(x1.12)

photocathode, respactively;
% - conversion factor;
Fy - clectrcn-optical magnification;
R - density of radiation of observed surface;

Rg - density of radiation of background of screen.
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Fig. XI.7. Ranrg=» of active electron-optical systems
depending upun meteorol gical visual range and quality

of ayst.ums .
(a) Range, km; (b) Meteorvlogical visunl range.
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Tf active systems are intendec not for construction o. image, but for obtaining
seme kind of information about the presence of a target {for instance, in range
finders), then, as a ru.e, pulse irradiation of target is used. Pepetition rate of
rulses is determined by maximum permissible dissipated power in tube and circuit

P =1, (X1.13)
where f - frequency of repetition of pulses;

c

discharge capacity;

U - voltage to which capacitor is charged.

If radiation intensity of pulse searchlight is J,, then radiance of target
will be determined by expression

Fy= ""—":' =L—‘:;_f"' s,

(x1.14)
where #y - efficiency of optics of searchlight;
s — area of light aperture of searchlight;
¥, - brightness of pulse tube;
Px - coefficient of diffuse reflection of target surface.
Since radiation intensity of target due to reflected radiant flux is

Jan=235a®a then on the sensitive element o. -he receiver falls radiant flux @,

causing, on output of system, a definite useful signal

O, =7, 3p pt TakSeSepSutlap® (X1.15)

where p - efficiency of receiving cptics;
Sap - area of entrance window of receiving optics;
Sq - area of projection of the irradilated part of the targst in a direction
to the receiver.
Fxpression (XI.15) is basic
However, sirultaneously with useful radiant flux @, on the receiving device falls
also radiant flux {rom the background, caueing roises on output of aystem, on the

background of which it is necessary to separate a useful signal

0n— BSep RS, (X1.16)
$= 5
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where @&, - brightness of background;
S; ~ area of spot entering into the gemmetric uimensions of target.

The magnitude of noises is proporticnal in general to the angle of sight of
the receiving system 6, the area of the receiving window of optics S, and the
brightness of the background #,

N=KS,#]'. (X1,17)

Consequently, effectiveness of a pulse optical system S/N is determined by
parameters of target, source of radiation, tranmmitting and receiving optics,

atmosphere, background, and distance

8.8 o8
SN =K (x1.18)
Let us consider expression (XI.18) for a case when, as a sensitive element,

is applied a photomultiplier (FEU).
The current of the FEU, because of useful signal @, and signal from background

Q¢ 18 proportional to the corresponding radiant fluxes,

‘.-“..
‘.-m..

The current of noises on output of the amplifier of the receiving system may
be expressed by the following formula:
in = VEsigh]." (x1.19)
where e - electron charge;
Af - pass band of amplifier.
Consequently, the ratio of useful signal to noises may be expressed in the
following nanner:

- -
8

[ KO,
Substituting corresponding values @, and ®y and considering that

s.=$ L
]

where S, - area of radiation sourcej

|s - focal length of optics of searchlight,
we will obtain the following relatiorship batwoen sigrial and noises in a pulse

307



oytical system with a photomultiplier as a sensitive element,

do WSl SapnkSa
=7 =D,V iR, - (XI.20)

Setting ur a signal-to-noise ratio necessary for reliable work of the system,
from expression (XI1.20) one can determine also its range.

From expression (XI.18) it is clear that noises are proportional the angle
of sight of receiving system 8. So that the receiving system complet=ly perceives
the useful radiant flux, its angle of sight should be equal or larger than the
angle of radiation of the searchlight. However, in the latter case noises are
increased, and, therefore, it is desirable to have field of sight minimum, so thai
the receiving device takes the smmallest possible radiant flux from the background.

1f angular dimension of the target (srot) is larger than thc angle of sight
of the receiving device, then dimension of spot affecting the receiving device is
Sa= 6L (during small angles of sight). Substituting this value in formula (XI.18),
we will find that effectiveness of a pulse optical device is inversely rroportional
to the third power of distance, and no. to the fourth,

S Se Mottt
r'sy
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CHAFTER XII

COUNTERACTION TO INFRARED MEANS OF AN ENeMY

1. Meth~ds of Counteractich

Above it was indicated that passive infrared means of detection, observatior,
aiming, and guiding are more noise-~immune as compared to active, Actually, an
enemy is not able to detect the work of a passive system since it does not radiate
any energv into surrounding space, This is one of the disputable advantages of
rassive systems in general, and infrared, in particular, as compared to actives,
which for their operation are forced to irradiate target with electromagnetic
en *y and perceive an echo-sirnal reflected from the tarpet.

Tn connection with this, it has long been considered that counteraction tn
infrared means of an enemy is difficult, although it has been indicated tha* infrared
equipment, as comrared to radar, hac a disadvantage with resrect to sensitivity tc
false thermal targets [1, 2, 3], Actually, the presence of a large gquantity of
bodies raciating infrared beams around a target can lead to the fact that an
infrared system, intended for detection and tracking of a certain target, will turn
to tracking a false target. This is esrecially dargerous, if the infrared system
is desipne” for autonomous guiding of missile to target, with which it is no lonser
possible to correct trajectory of missile flight.

The second possibility of lowering the effectiveness c¢f instruments of infrareu

technology is caused by their basic deficiency - the great dependency of efficiency



T o R s g 7az7y was Teted ir sty fopg oant ir Tlooce
irstruments oF 1nfrared techncliogy give practically no no* iceable advantage cver
~he visual method of detection anr, therefore, cannot be effectively used. Frccisaly
therefore, in a number of reports [4, 5], for use as measures of counteraction
there are suggested such natural camouflaging mears as fog and overcast.

long and successful has been the
work conducted on the creation of
camouflage means for protection of objects
frem their detection by photographic

infrared equiyment. There have been

developed and used specially colored

materials and camouflage nets, and also
Fig. XIT.1l. Image of normal
cameuflage ~:¢ in light 1 and paint for the camouflage of objects,
infrared 2 beams.
whose spectral reflectivities in the
visible and infrared regions of the spectrum coincide with the spectral reflec-—
tivities of the surrounding background [6, 7, 8] (Fig. XII.1).

This method of counteracting the cperation of a narrow group of infrared
instruments can give positive results in the case of camouflage of stationary
objects or moving objects on a uniform background (for instance, ships on a
sackground of water)., The proper thermal radiation of bodies is impossible to
mask by such a method.

Concealing proper thermal radiation of certain objects may be carried out by
a method lorig known in heat-technoiogy: appiication of coverings from thermo-
insulational materials and screen devices around protected otjects, However, this
method, in spite of its cumbersomeness and high costs, does not resolve completely

the problem of camouflaging even the majority of stationary objects, not mentioning

moving ob_ ects. Morecver, it can, in a number of cases, lead to the disturbance

of thermal conditions of the protected object and as a consequence, to prematurely
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rreaibla 1 oetgticnary contitions, i3 not always =ffective. Tor insance, "«

-reavle interferences for the operation cf the optical homing puidance syster SO0LO
i* is necessary, rreliminarily, in direct rroximity to the rrotected object to
rlace a sysiem of radiation sources, which aticr drop of bomb it is necessary to
transf:r slowly away from the obtject [9], which in practice 1is very difficult to
carry out.

The wide develorment of means of infrared technology, especially sighting
systems and nfrarey homing devices of rocket missiles, has made neceusary a more
radical resclution of the old problem of "lance and shield", i.e., creation of a
more effective means of protection from instruments of infrared technology.

The entire complexity of the problem at hand consists in the fact that for
the creation of effective interference to infrared instruments of detection and
aiming, it is necessary to simulate the thermal radiation of the protected object
both with respect to the intensity and the spectral composition of the radiation
“101. This, even if it may be carried out in ground conditions, will demand huge
expenditures, since in practice the false target should be equivalent to the
protezted object in temperature rate, dimensions, and emissivity of material.

The most comnlicated is the problem of protecting flying or moving objects,
since on them or near them we can establish bulky installations of counteraction
to infrared instruments.

The first method of protecting such objects consists in lowering thermal
radiation, i.e., in lowering the temperature of departing gases, decreasing the
surfaces of high-speed aircraft and rockets, and also decreasing their emissivity.
However, this method is in contradiction to the tactical requirements of aircraft

and their durability and may be applied only in certain specific cases. Actually,

the continuous growth in aircraft speed of flight requires increase in engine power,
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“prt caumcs skir tepTerature increase, ant, ‘rerafore, fror ‘ne roirnt of

view of punarantesing durability of constructicn, it is necessary tc have high a
radiation factor of skin material. In practice it is possitle tr lower the thermal
radiation of aircraft with artificial cooling of their surface by means of the
introduction of a refrigerant.

Up to now there have been published very few materials shedding light on the
state of works in the region of counteraction to infrared instruments. However,
available short reports about tests of rockets with nfr:rei homing devices and
separate fragmentary expressions on questions of counteraction allow us to outline
basic ways of solving the problem at hand. These ways are:

a) improved methods of scattering heat [11];

b) maneuvering of target (3, 6I;

c) applicaticn of small-size, high-intensity rources of radiation in the form
of ryrotechnic rockets [12, 13, 14, 15, 16];

4) application of low-temperature sources of interference (10, 13, 14, 17, 18];

e) applicaiion of high-speed rockets, released in the direction of an attacking
enemy [13, 14, 15, 191;

f) application of artificial dimming of atmosphere [6, 20);

g) creatic of special flying apparatuses supplied with radiators and

accompanying bombers during their flight above enemy territory {3, 15, 21].

2. lowering of Thermal Radiation

In the foreign press there have bsen published several theoretical apd
experimental works, considering the possibility of lowering the temperature of
the aircraft surface heated both because of the work of the motors because of

acrodynamic braking [22, 23].
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airbreathing-jet and turbojet engines

Leevinari bostys ) is still possibie, and it is not necessary
Fig, XI1.2. Diagram of to have special reserves of refrigerant
convection (1) transriration
(2) and film (3) cooling. on board, since even without that the
KeY: (a) Hot gas; (b) Cold
air; (¢) Hot air. specific gravity of the motor and the

fuel is sufficie =ly great (for contem-

rorary aircraft it constitutes 50-70% of the total gross weight). The sucking in
of air end its preliminary cooling, naturally, cause additional consumption of
rower and somewhat increase weight of the motor. As compared to other methods of
cooling this metheod is more economical.

There are three methods of cooling external and internal surfaces of an
aircraft with the help of air (Fig., XII.2): convection, transpiration, and film.

With the convection method of cooling the flow of the air coolant heads along
a cooled surface orf wall, Optimum conditions of cooling, in this case, are de-
termined by temperature of wall Tc’ at which the necessary durability of material
is stiii ensured. Cooling cf walls to lower temperatures requires significant flew
rate of air and, consequently, additional expenditures of power.

“ffectiveness of convection conling at various relative flow rates of air is
rerresented in Fig, XII.3.

In Fig. XI1.3, as on all subsequent graphs, there is designated:

T, - temperature of cooled wall, 'I'B - temperature of air, 7, - temperature of
pFAS, paU, - average mass speed of air coolant, py0, - aversge mass speed of gas

flow, %y - thermal efficiency of cooling.
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& Furthermore, effectiveness of cooling in

the case of laminar gas flow is higher

L O A R A than during turbulent flow. From the
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AD curves one may see also that with growth
Fig. XI1.3. Effectiveness of
convection cooling. of relative flow rate of air the slope of

a) l-~laminar with radiation;
2-=without radiation; s--turbulent curves decreases. Consequently, during
without radiation; 4--with radi-
ation; b) l-~laminar without radi- achievement of a definite magnitude of
ation; 2--with radiation; 3--
turbulent without radiation; 4-- relative flow rate of air its increase
with radiation.
will not give a noticeable increase in
effectiveness of cooling.

Turing transpiration cooling walls have to be prepared from porous materials,
but air coolant should pass through the pores to the hot gas. In this case
rrotective and cooling films are formed on the side of the hot gas, where air
coolant is washad off by gas flow from the surface, just as it emerges from the
rores, This creates a condition of countercurrent between heat removed from the
surface by the air coolant and heat transferred from the hot gas to the wall. The
effectiveness of cooling by such a method increases due to the fact that the area
of contact between the air and the cooled wall is very large. Tharefore, the
tempzrature of the wall will be equal to the temperature of the air, at which it is
wasted off from the surface.

Results of research on . ranspiratin cooling, shown in Fig. XII.4, show thai. with

this method of cooling the required relative flow rate of air decreases with an

increase of Reynolds number. Thus, to obtaln identical effectiveness of cooling
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increasing its temperature downstreanm
Fig. :II.4. Fffectiveness
of transpiration cooling. of the gas. Dlecrease in irregularity
KFY: (a) Laminar flow without
radiation; (b) Laminar flow of temperature of walls may be
with radiation; (c) Turbulent
flow with radiation. attained by increasing the number of

slots, which is clear from Fig. XI7.5,
where there is given the dependency of flow rate of air coolant with growth in the

number of slots at fixed temperature of wall Tc‘

Comparison of the consideresd
v N methods of cooling allows us to make
= \(—mnumi )
e \ \ the following conclusions:
e AN 1. With thermal coolin
.;",._. \ \ . N ermal cooling
~“ \ N, | efficiency n,=1 and for comparatively
” E\\XI\ N good cooling (Te—Ta):(Te—T,) =04,
] ] ‘ [ ' e’
Prve/p. v during convection ~ooling 1is required
Fig. XI1.5. Fffectiveneas almost three times more air than
of film cooling.
KEY: (a) “umber of slots, during transpiration.

2, Film cooling has, over other methods, the advantage that it may be

applied in a majority of practical constructions.
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msrariration ane filr cooiing ‘here im requi~ed a surrius -7 air rressur- above
‘he rressure in the gas f{low. It is true, during conveztion cooling there 1is
required rreliminary cooling of air heated by aerodynamic braking.

“ffectiveness of cooling, from the point of view of thermal radiation of the
aircraft, it is possible to estimate in the example of the convection method of
cooling during turbulent flow of gases, taking into account radiation at Reynolds
rumber Re = 107, For simplicity of calculation we take n,=] Then for T,=1000°K
and T =373°K with ratio(T¢—Ta): (Ty—7T,) =04 we obtain temperature of con’ed surface
To = 624°K. Consequently, with al) other conditions equal, thermal radiation
intensity will decrease 6.5 times, and frec-space range of the aircraft - in
2.55 times.

If, however, under these conditions we attain an increase of flow rate of air
of 2.5 times, then there can be obtained an effectiveness of cooling equal to
0.2 (Fig. XII.3 curve 4a). For that case T. = 498°K, which corresponds to a
decrease in emissive power of radiation of 16 times, and free-space range of

4L times.

3. Counteraction by Maneuver

Counteraction by maneuver, attacking the means of the enemy, as a means of
aircraft protection has long been well-known. Therefore, naturally, this method
began to be considered as one of the possible variants of protection even in the
case of enemy use of instruments of infrared technology.

The possibility of using (as a measure of counteracting infraced means of the
enemy) maneuvering of the attacked target~aircraft is increased by certain
reculiarities of the application of these means, namely:

a) the diagram of thermsl radiation of contemporary jet aircraft has a

sharp-directed character;
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¢) a'tacking aircraft of an enemy, equirped by infrared instruments of
detection, aiming, and guiding, as a rule, have to execute attack of an air tarpget
from the side of its rear hemispheres, i{.e., in pursui.. “onsequently, their speeda
must sipgnificantly exceed the speed of the target, and, therefore, their maneuvering
qualities will be worase than for the attacked aircraft;

d) the sharpness of maneuver of high-speed apparatuses is limited by the
G- forces which appear (especially st low altitudes) and the effectiveness of
carrier surfaces and controls (at great heights).

Thus, the maneuvering of the target-aircreft should follow, first, the
ereation of conditions of flight for the altacking object, at which G~forces would
be created, causing either operational breakdown of instruments of infrared
technology or disturbance of integrity of the separcte structural units of tihe
flying apparatus, and, secondly, the c¢reation of conditions of flight for the
flying apparatus with which the effectiveness of controls and its carrier surfaces
would not ensure repctition of the maneuver of the target-aircraft,

Furthermore, maneuvering of the target-aircraft should be aimed at the problem
of maximum lowering of thermal radiation in the direction of attack, sincr this
still, to a larger degree, will create the prerequisite for appearance of a
treakcawn in the work of instruments of infrared technology. In some works (6] it
is sugpested, before fulfillment of mansuver, to turn off motors, which, naturalily,
will lead to breakdown of the work of the infrared equipment and to loss of target
after second starting of motors, already on a new course (the target goes from the
field of sight of the instrument »f infrared technology).

laneuver of the aircraft includes three basic elements, unequally valued trom

the point of view of their effectiveness as a method of counteracting the work of

“



ins*ruments of infrared technology: change of speed, hejght, and ccurse of flight.

Thus, a speed change of contempo-ary heavy bombers of 100-15G kn/hr occurs
for «<-2.5 min, when a rocket flies to target after its pick~up by an intrir:«
heming Jevice for only several seconds.

M™uring mareuvering by height with preservation of the frrmmar fY2sbe cnoiwn
rave of climb of the aircraft will not ensure a fast change of angular direction
to target and will not lead to decrease of thermal radiation in the direction of
attack. PFurthermore, even if a rocket does not produce a direct hit on ar aircraft,
it wiil pass near it at a distance sufficient for operation of noncontact electro-
ortical detonators and the strike of a target—aircraft by fragments.

Mbviously, the most effective mancuver should be a sharp change in the course
of flipght of the aircraft with maximur permissible bank for a given variant of

aircraft load and height of flight. In this case a rocket suppliesd with an infra-

r2d homing device and having a significantly greater speed of flight than the
airsraft must accomplish a turn with a significantly larger radius and, furthermore,
there arpears the real possibility of loss of target by the infrared homing device
cue to the sharp decrease of its thermal radiation.

We will consider as an example

(Fig. XI1,6) the possibility of inter-

cevting a maneuvering target with the
help of an antiaircraft guided missile

under the following conditions:

height of flight. of aircraft H =

t

Fig. X1I.6. To calculate guiding

20,000 m;
ol rocket to a maneuvering target.

speed of flight of aircraft v, =
- 1.7 m/neci

sreed of rocket e

weight of rocket P

)]

700 m/sec;

1600 kgz;

thrust of motor F = 2000 kg;




rermisaible G—forces n = 1000 g.

20 sec after launching rocket, aircraft at point B makes a 30° turn, contiruing

f1ipght in direction BC, Rocket during this time was at point E at distance 11.2 km
from calculating roint of encounter D. The homing device affecting rocket controls
deflects its {light trajectory by an 11° angle in direction EC. If one were to
consider arproximately the length of the arc along which flight of the recket
continues as equal to chord EC, then it is possible to calculate the necessary

radius of turn of the rocket so that it gets to new point of encounter C:

R B _ay :

Fermissible radius c¢f turn of rocket can bs _alculated by the formula
2p
Re=ria
where a - angle of displacement of rocket from initial direction of flight, at
which G-forces are developed not higher than permissible.

In case n = 1000 g a= 15°, Then

Re= g o.8, =9 ux.

Comparing permissible radius of turr of rocket with necessary, it is possible
to say that during maneuver of target with a 30° turn, in given conditions an
encounter of missile and target will not occur.

From all considered it is clear that in certain cases maneuvering of aircraft
can render counteraction to an attacking enemy using instruments of infrared
technology.

It is necessary, however, to consider that time in making the maneuver and
its sharpness are determined by speed and hsignt of flight and gross weight of
alrcraft., With growth of speed and height of flight maneuver of aircraft becomes
all the more inert and is characterised by a large radius of turn. This, in a
number of cases, can set up a more profitable position for the attacking apparatus,
and the attacked finds .t all the more difficult to depart ‘rom under the blow by

an energetic maneuver.
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Consideripe the above-statrd, maneuvering allows us, in a number of cases, tc

treak ur enemy attack, but not always can it lead to the required effect.

L. Artificial Sources of Infrared Radiation

In the rrocess of tests of rockets of the "air - air" class with "‘nfrare:
horing devices in the United States and Fngland it was noted that rockets, with
preat, accuracy (up to direct hit), were led by these heads to an imitator of
thermal radiation of an alrcraft, utilized during tests as a target. Thus, during
tests of the rocket "Sidewinder™ its thermal head led the rocket to target wi*h
such accuracy that the last one knocked off an illuminating rocket secured on a
winp cantilever of a flving targe F-9-F, without striking the actual target [i2].
Furthermore, a large quantity of "Falcon" misailes GAR~24 with an  frared homing
device was tested vith illuminating rockets as targets [15].

These tests allow us to make the conclusion that an aircraft subjected to
attack by rockets with ‘nfrirei homing devices, can protect itself by releasing
some kind of vowerful source of iight and thermal energy (23, 14}, which will force
the deviation of the follow-up system of the missile and lead it away from the
bomb run. It is characteristic that in literature dedicated to the counteraction
of infrared means [16], there is noted a necessity for the creaticn of small-size,
high~-temperature sources of interferences, whose radiation intensity (integral)
would simulate the radiation of jet engines ard liquid-fuel rocket engines, even
thouzh they have a very short time of action.

“aturally, such high-intensity radiators as illuminating or signal rockets
with small burning time, whose purpose is to attract the attacking rockst, must
not be in operation while on board the protected aircraft. They must, while
burning, be outside the aircraft, more correctly - between the aircraft and the
attacking rocket, and at a distance that will protect the aircraft from being hit

by fragments during exrlosion of rocket.
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In 1957 there was launched an English rocket with an 'n'rarcd homing device,
the "Firestreak," on a heat source simulatirg the radiation of amn aircraft with a3
‘urbojet engine [17]. As a source of radiation, on the ‘owed target was applied a
wire frame through whi h current was passed. Although the emissive power of the
radiation of such an "electrical stove" is unknown, the lgunch of the rocket
passed successfully, since thare was a direct hit on the target with the heat
source,

With 2 known relationship of distances between an aircraft, the heat source,
and the rocket, irradiance of an infrared homing device from a comparatively
low=capacity heat source will be larger than from the powerful heat sourze which
is the aircraft, remote from the rocket at a comparatively large distance. HNot
accidentally, therefore, in the article "Developmen’ of Rockets of the "Adir ~ Air'
Class in the United States" (3] is it indicated that, along with other methouds,

counteraction of a bomber to rockets will be carried out by setting up thermal

baits. Moreover, in the United States [10] the firm United States Flare Association

has begun the aerial manulacture of light weight, small-size sources of infrared
radiation, intended for installation on target airplanes. The power of these
sources in a wave range of 0,75~-7 u constitutes, depending upon dimensions,
500-~2,500 w with duration of action 4 minutes,

Having now data on emissive power of radiation of a heat source of radiation
(2,500 w) and astimating, tentatively the power of thermal radiation of an aircraft
at 25,000 w, it is ,ossible to estimate from what distance the effectiveness of
the heat source with respect to its effect on the infrared homing device will
become larger than the effectiveness of the radlistion of the towing aircraft. We
will assume that the distribution of radiation energy in space at the source of
heat and for the aircraft is equal, and the ratio of their radiation intensities
in the direction of attack is esqual to the ratio of emissive power of radiation
(Fig. XII.7).
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Muring equality of irradiance of the nfrare: homing device from the towed

heat source and the aircraft, equality is valid (if one ignores the coefficient of

' ransrarency of the atmosphere)

'=—a—'-
44
since
l7|= .0,7..
then
L=

Consequently, if one were to take L; = 660 m, then L, = 22C m, and towing
distance of the source of thermal radiation will be equal to 44C m. Starting at
this distance {560 m) from the alrcraft, effectiveness of the action of the
+hermal radiation source will be continuously increased as compared to the
effactiveness of the radiation effect of the aircraft. Thus, for instance, at a
distarnce of 540 m from the aircraft (L2 = 100 m) irradiance of the .nfrarved homing

device from the towed heat source will be "¢ times larger than from the radiation

of the aircraft.

Aerodynamic heating of the surface

I I ¢
o= 4}— . of high-speed rockets and also the
‘-—L.
; Ly powerful thermal radiation of their
Fig. X11.7. Calculation of the torch in the active section of flight
effectiveness of the towed thermal
trar. kave allowed the assumption that aircraft

subjected to the attack of missile with irfrared homin* devices can render
counteraction to them by releasing in the direction of the nearing rocket a
counter-rochet whose thermal radiation will force the infrdared homing device to
deviate from the basic course of tracking {13, 14]. In practice this assumption :
has been confirmed during tests of the "Falcon" rocket GAR=2A with respect to
high-sreed rockets and '"Matador" missiles [15]. VMor-over, the sensitivity of

S raped

homing devices to the thermal energy of radiation of high-speed rockets
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1llowed an assumption on the possibility of using their heat for guiding anti-
missile micei_ es [19],

While evaluating the data of the report and recognizing the possibility ef
clearly pronounced counteraction to infrared means of an enemy with the help of
high-speed rockets released in the direction of the nearing enemy, it is impossible
not to note the fact that the high cost of rockets and their very limited supply
on board the aircraft, obviously, will limit their aprlication as a means of
counteraction to only exceptional cases.

Simpler and the least expensive of all the considered artificial sources of
radiation may be the method of creating artificial dimming of atmosphere between Lhe
airsraft and the attacking enemy with the help of substances, which upon combinine
with atmostheric oxygen separate a large quantity of heat. In one of the rejports
:2C] there was indicated the creation of a special tracer for tracking flight of
the target-missile "Aeromarker", giving a bright flash and a cloud of dense smoke,
by which occurs tracking of the flipght trajectory of a target-missile, It is
noted that the forming cloud well reflects the electromagnetic oscillations of radar
range and serves as a source of thermal radiation, useful for guiding infrared
systems.

If one were to consider that with this, thermal radiation of the aircraft is
simultaneously camouflaged, then the possibility of using tracers for counteracting

infrared means of the enemy will become evident since under the cover of such a

"smoke curtain" an aircraft can accomplish a maneuver and emerge from under atuack. IE

As a disadvantage of such a form of counteraction one stwould consider the th
derendency of the stability of a cloud of smoke on the dimensions of the generators Th
of its particles and the speed of flow of air masses, In spite of this, such mo

artificial smoke clouds, simultaneously camouflaging therral radiation of an object
and being a source of thermal radiation, cobviously, will nevertheless be able to mi:

find application because of their simplicity, cheapnzss, and the ;ossibility of
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of multiple setting. t is known that in the United States there has beer developed
a chear method of obtaining pure titanium tetrachloride, which is an effective
srokepenerating substance with good weakening of radiation to 6 u [27].

Of interest also is research in the region of protection from rockets and
reccnnalissance artificial earth satellites by means of atomizing in their way
clouds of sand or small steel pellets, Turing collision at great speed of a
missile or satellite with such particles destruction should occur, in the first
r.ace, of the least durable cowl of cthe thermal head of the missile or the actual
body of the satellite [30, ~9) which will lead to their destruction (Fig. XI1.8).

Bringing to a close consideration
of the question about “he application of

artificial sources of radiation as measures

| of counteracting infrared means of an

Fig. XTI.8, Protection of a enemy, one should mention the intense
bomber with the help of a
cloud of small steel rellets. develorments in pilotless carriers of

re v these interferences. Such carriers, at
:w..fc-,_.;ﬁi,r,'.._i
2oy -

B "‘.. “‘C’-’Q‘! ]

the needed moment, are released from
aboard an aircraft and distract to
themselves missiles with infrared homing
devices.

Fig. XI1.9. False thermal In the United States there has been
target "Firebee," suspvnieda

vier aireraft, developed the false thermal target

"Firebee," a gliding or remotely controlled flying apparatus launched from land,
the deck of a ship, or an aircraft with the help of solid-propellant boosters.
Thermal radiatcrs are placed on consoles and are switched on automatically at the
moment of launching target (Fig. XII.9).

It is known aleo that in the Jnited States there has been developed a special

missile XKDT-1 as a high-speed flying target for tests of "air - air" missiles rith

Hou



nrare. homing devices [28]. 1. may be used also as a false thermzl target for

the protection of ground ar : air objects.
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