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ABSTRACT

This study, confined to the messurement of infrared radiation
emitied by aircraft, includes u catalog of each type of eircraft in
the US. Army inventory. Eech type is represented beceuse the measure-
ment procedures used mey differ for each depending upon size, speed,
and intendeéd tactic2l use. A brief discussion of the physical laws
involved in taking such measurements is also included, as is a discus-
sion on the different backgrounds encountered in a measurement program.

The need for adequete instrument calibrution is emphasized. Vari-
ous messurement techniques and their applicaticn ere discussed. Data
reduction and anelysis are covered briefly, and several parameters that

are routinely determined by analysis sre considered.
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FOREWORD

Infrared radiation: and its interaction with matter is the most
widespread and important heat exchange process encuountered. Unlike
heat exchange by conductivity and convection, radiative heat exchange
occurs in the absence of direct contact and depends to a ¢‘aziderable
extent upon the temperature level involved., Radiative heat exchange
is accompanied by a conversion of thermal energy into electromagnetic
energy.

This study is confined to the measurement of infrared radiation
emitted by airecraft, and since a basic understanding of the physical
laws involved .s required to comprehend the processes by which .these
measurements are made, a discussion of these laws is included.

Background radiation must always be taken into consideration when
taking measurements of any target. In this case Army aircraft are con-
sidered as targets; therefore, the different backgrounds that could be
encountered in such a measurement program are also discussed.

Infrared measurements performed without adequate instrument cali-
bration are virtuslly worthless, and accurate instrument calibration re-
quires ccmprehensive knowledge of instrumentation. For this reason,
both of these subjects are discussed in this study. However, since
calibration depends upon the type of instrument used to make the measure-
ment or upon & specific instrument--and no two are exactly alike--some of
the discussions are generalized. Several measurements technigues that

can be used in an infrared measurement program are presented.

iv




PICE XN

NS e

KRR 20t o

e

B T i 3 et AR RIS Y e AT X e XS

This study also covers certain phases of data reduction and analysis.
Specific analyses to be performed depend to a great extent upon the objec-
tives of specific measurements. Several parameters routinely determined

by analyzing data obtained from infrared measurements are included.

The work described herein was supported by the US Army Eustic Direc-
torate Air Mobility Research and Development Laboratory, Fort Eustis,

Virgiaia.
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CHAPTER I

INFRARED RADIATION THEORY

That portion of the electromagnetic spectrum which lies between
the extreme of the visible (0.75 micrometers) and the shortest micro-
waves (1000 micrometers) is considered to be the infrared region.
The types of radiation distributions found in the infrared can be
classified as continuous, band, and line spectra. Each type of
distribution is the result of different molecular or atomic processes
which differ both in mechanics and energetics.

The quentum processes which lead to the emission of infrared
radiation are changes in the degres of excitation of the system.

The system is de-excited (in emission), that is, it goes to a state
of lower energy with the photon released contai «ing the energy lost.
Such a transition between two energy states may involve electronic,
vibrational and rotational energy levels, or some combination of
these, Continuum radiation can result from the processes of ioniza-

tion and dissociation, that is, changes in the electronic states of

a system. This type of diffuse radiation is found in the near-infrared

portion of the spectrum rather than in the longer wavelength regions.
Discrete radiation tekes two forms: band and line spectra. Line
spectra are quite sharp and very intense and correspond to changes

in the electronic states of atoms or molecules. Band spectra have




a characteristic structure associated with the subsidiary changes
in rotational energy simultaneous with a change in vibrational

states, The individual rotational lines can only be observed for

the lighter molecules (CO,, Hy0) at high resolution and low pressures.

At higher pressures (and longer pathlengths) or lower resolution, the
lines merge into a broad band without structure. In the very far-
infrared are found bands of overlapping lines due only to ~aanges in
the rotational energy states of light molecules, Heavier molecules
have their rotational emission lines in the microwave region.

The simplest and probably the most important type of infrared
radiation is the continuum radiation commonly known as thermal, or
blackbody, radiation which is emitted by all objects above the tem-
perature of absolute zero. This radiation consists of photons in
thermal equilibrium with matter and with one another. A knowledge
of the laws characterizing blackbody radiation is essential to the

study of infrared emission.
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BLACKBODY RADIATION

It is a matter of common observation that bodies when heated emit
radiant energy, the quantity and quality of which depend upon the tem-
perature of that body. Thus, the rate at which an lncandescent lamp
filament emits radiation increases rapidly with increased temperature
of the filament. As the temperature rises, the emitted light becownes
vhiter, If this light is dispersed by a prism or other dispersing ele-
ment, a continuous spectrum without line structure is formed. Thus,
thermal or blackbody radiation emitted by a solid at some tempera=-
ture is dependent only on the absolute tempersture, The maximum in-
tengity of the emitted radiation shifts to shorter wavelengths as the
temperature of the body increases, and the continuous nature of the
radiation leads to a closed functlonal form for the wavelength depend-
ence of the emitted radiation,

These properties of blackbody radfation are treated mathematically
by the Stefan-Boltzmann law, the Wien displacement law, and the Planck
equation, respectively. The application of these "ideal" radiation
laws to real cbjects requires only the further knowledge of Kirchoff's
law along with experimental information concerning the nature of the
material and the nature of the surface being studied,

THE PLANCK RADIATION LAW

The wavelength dependence of blackbody radiation is given by
Planck's law which is the basis for almost all radiometric consjdera-
tiony, From Planck s law both the Stefan-Boltzmann and the Wien laws

can be derived by an Integration and differentiation, respectively,
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Historically, Planck established his law by trying to fit experi-
mental data with some functional form which would also yield the
appropriate limiting forms of the Rayleigh~Jeans' and Wien's laws,

To arrive at such a functional form, Planck had to deviate from clag-
sical thermodynamics and introduce new assumptions about the nature
of blackbody radiation, These were:

1. An oscillator, or any similar physical system, has & dis-
crete set of possible energy values or levels, Energies intermediate
between these discrete values never occur,

2, The emission and absorption of radiation are associated with
transitions, or jumps, between discrete levels. The energy thereby lost
or gained by the oscillator, is emitted or absorbed as a quantum of
radiant energy of magnitude h v v beiug the frequency of the emitted
radiation,

Planck actually derived his radiation formula by considering the
interaction between the radiation inside an tsothermal enclosure and
electric oscillators which he imagined to exist in the walls of the
enclosure. It can be shown that there would be 8 n d X / Aé modes of
ogcillation or degrees of freedom per unit volume in the wavelength
rangeA tol +dA, If we multiply this number by the average energy
per oscillator E; where

€= E/N=hv/ exp (h v/kT) - 1 (1-1;
we obtain

8 nd) hv

W, d) o= - (1-0)
A ot V/KT_y
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By substitution of v = ¢/A, ¢ being the speed of light in a
vegcuum, we obtain Planck’s radiation equation for the wavelength

dependence of the radiant energy density

8 1 ch
Wy o= (1-3)
33 exp (ch/x x7) -1

This equation ecan also be written in the more familiar form of

radiant energy
c‘l
M, = - (1-4)
A5 exp (cZ/AT) -1

vhere cl and ¢ are conctants with the values

c1 = 21 c¢2h = 3.7415 x 107'2 watt-cm?
= 3,7815 x 10% wett-pm-cm~?  (1-5)
c? = ch/k = 1.4388 em-°K

The spectral radisnce of a blackbody source is given by the
gpectral radient intensity divided by the projected area of the

aperture of the blackbody, or in terms of the Planck equation

L, I;\/A cos 8 = N}}\/Tr (1-6)

or
¢
i

nAS exp(cz/'J\T) -1

Thus, armed with a knowledge of Flanck's law, we can calculate
the radiant energy output of a blackbody at any temperature as a
function of wavelength. The following graphs (figures 1l-1 and 1-2)
show the radiant exitance of a blackbody over temperatures and wave-
lengths which are of interest %o workers in infrared. In actual

practice, tables of radiation functions are used to determine

W
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radiative parameters rather than using the Planck equation directly.
Similerly, the emissivity of an ideal blackbody is one, but for real
blackbodies the emissivity will have to be determined, although it
is generally very close to one,
WIEN'S DISPLACEMENT LAW

The wavelength, km, at which the spectral emittance is a maximum
at any temperature can be found by differentiating QA with respect to
A and setting the derivative equal to zero. The result is

A, T = 2897.8 micrometer-degree X. (1-7)

The wavelength of maximum spectral emittance is, therefore,
inversely proportional to the absolute temperature. As the tempera-
ture is increased, the maximum shiyts toward the shorter wavelengths.
This is known as Wien's displacement® law.
THE STEFAN-BOLTZMANN LAW

The total radiant emittance (over all wavelengths) of a blackbody

can be found by integrating the Planck expression over all wavelengths

© nt c1 T
- v 4 / -
M f M, {1-8)
0 15 c:

or M = oT“, where the Stefan-Boltzmann constant

at ¢ watt

o= 1 =5.6607 x 10-'2 (1-9)
15 c; em? - deg! K

when T 1is in degrees Kelvin and M in watts/cm?. The Stefan-Boltzmann
law then states that the radiant exitance of a blackbody is proportional

to the fourtb power of the absolute temperature.




KIRCEOFF'S LAW

A certain fraction of the radieation ‘ncident upon an vpague sur-

face 1s absorbed 2ad the remainder veflected,

)

w2 1
u

[
(=]
[=}

1000°K
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Q,
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H

Radiant Emittance (w-cm

‘ ‘100°K A'}g:ﬁm
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Figure 1-1. Blackbody Curves, 100K to 1nnQ7K
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KIRCHOVF'S LAW

The relationahip detween reflectance and absorptance for an opaque
surface is simply

p+am=]
where

p = reflectence

a = absorptance (1-10)
Kirchoff's law states that the ratio of radiant exitance of such a
source to that of a blackbody at the same temperature s equal t; the
absorptance, or

a = M/M (1-11)
This shows that a good absorber 1s also a good emitter; therefore, the
emissivity ol an opaque source is defined as ¢ = ¢ and for a black-
body, which is a perfect absorber, € = l=p, p = 0. A greybody is one
which does not absorb all incident radiation but reflects some part of
that radiation, Thus, 1if Mbb is the flux per unit area which an ideal
blackbody would emit, a greybody will emit an amount € Mbb° Thus, the
laws of blackbody radiatton for real bodies must be modified by the in-
clusion of the emissivity € = ¢ (T, A}, The properties, reflectance,
absorptance, emissivity, and transmittance,all vary with wavelength for
different materials., This variation is known for most common materials,
LAMBERT'S COSINE LAW

The radiation per unit solid angle from a plane surface varies with

the angle made with the normal to the surface, Thus, more energy is
emitted at small angles from the normal to the surface than in any other
diraction from the plane surface, Lambert's cosine law gives the quan-

titative expression of this observation, and states that the amount of

' rodiation In a small solid angle (figure .-3) is proportional to the solid
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3§ observation

% Figure 1-3. Lambertian Source

§ angle and varies as the cosine of the angl. between the direction of

2 observation and the normal to the surfarce. Thus, the power radiated

g froﬁ a small surface element of area, dA, in a small solid angle, dw,
.; in a direction meking an angle, 9, with the normal,is givenvby
ar=50" g6 auar (1-12)

A n

i RADIOMETRIC AND SPECTRaL QUANTITIES
'5 Consider a point scurce, isolated in space and emitting electro-
% magnetic radiation in all directions. There is no directional depend-
iq ence of the radiation érom a point source. The radiant energy, Q,

is emitted by the source in ell directions, is given in joules. The rate
§ of transfer of this radiant ehergy, or the radiant flux, ¢, is just

i the time rate cof change of radiant energy and is given in watts. The '
éic radiant density, W, is the radiant energy per unit volume given in

%% Joules per cm3.

?ﬁ If the source is not a point source, but covers a finite area,

; F it is charac?erized by the amount of radiant flux emitted per unit area
%§§ of its surface., M, tine radiant exitance, is given in units of watts/cm?.




In actual practice, a source can only be charactarized by measuyszmiats
made at some distance from the source and over a limited recelvirg ires,
In addition to the radiant exitance, two other measures of the prop-

erties of a source are the radiant inténsity, I, and the radiance, L,

A sphere has a surface area of 4nr and contains a solid angle of 4r
gteradians about its center, For a poeint source, we can define the
radiant flux crossing a unit solih angle for any sphere surrounding the
source because the radiation iv isotropic, This quantity is I, the

radiant intensity, and has units of watts/steradian., According to

Lambert's cosine law, radlation emitted from a surface varies with

the angle made with the normal to the surface, If the d.rectional
depeadence of the emitted radiation follows this law, the source is
gsaid to be Lambertian. Consider a-receiving surface lving in a plane
perpendicular to the direction of measurement (figure 1l-4). Let ¢

be the angle the direction of observation makes with the normal to the
exitting surface, then a unit arca of the emitting surface prsjected

onto the recelver 1s smaller by a factor of cos 0,

LA Y . cos O
wnit N \» vroju tted source

area of A ==~ gurface normal
source \

0]

\4 \
ddrection of observation
\\ \ , /
N\ receiving surface (plane

AN \, bperpendicular to direction
Q \cf observation)

N\

7/
proje.ted / N\

unit areca of sourcn
fi = 6T /dA .\,
wrojecte

Tigure 1-4. Geometry of Radlance Definition
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Then the radiance, L, 1s the radiant flux emitted into a unit solid
angle per unit of projected area of the source, Thus, a determination
of radiance from measurements made at a distance from a source re-
quires a knowledgze of the orientation of the direction of observation
with the normal to the emitting surface, but for a Lambertian source,
the radiance is the same in all directions.,

The three quantities, M, I, and L, are used to characterize the
source of the radiation, Any measurement of the radiation emitted
by a source must be converted into one of these quantities if the re-
sults are to be meaningful., For a flat Lambertian surface radiating

into a hemisphere (2n steradians) we have the relations

L= 1= \Laa (1-13)
hi
area

A mersurement usuwilly gives not the amount of radiation emitted
by the source, but the amount of radiation received by a detector.
The amount of radiant flux received by a surface, per unit area of
the surface, is known as the irradianceé E in units of watts/cmz.
Note that this quantity has the same units as radiant exitance but
refers to the vadiation incident upon the receiving surface rather than
that being emitted by the source,

SPECTRAL RADIOMETRIC QUANTITIES

Whereas the radiometric quantities, radiant exitance, radiant
intensity, radiance, and irradiance are numerical values character-
izing the radiat.on emitted by a certain area of a source lInto a

particular solid angle (directicnal) or received by a distant receiver

1
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over a limited area, the numerical quantities must be accompanied by
the wavelength interval over which the radiation was measured. The
wavelength dependence of both the emitted and received radiation, from
many types of sources other than blackbody, tekes a complex form which
can only be properly specified by spectrometric rather than radiometric
instruments. It becomes beneficial to define quantities which are

differential with respect to wavelength.

The spectral radiant flux,@x,is the radiant flux per unit wave-

length interval ¢A = 3¢/3\. Similarly, we can define the spectral

radiant exitance, MA’ spectral radiant intensity, IA, spectral radiance,

LA’ and the spectral irradiance, EA' Hereafter the subscript X will
be used to denote spectral radiometric quantities. These will sll be
functional quentities whose value at & particular wavelength can be
determined. The values over different wavelength intervals may be
determined by a suitable integration. Thus, the radiant flux between

Al and A2 is given simply by integrating the spectral radiant flux,
AE
¢ = g ¢, d) (1-1b)

Although the functional form of the wavelength dependency may be
quite complex, a numericel integration is always possible where no closed
expression suffices as an approximation to the measured radistion levels.

Given a properly calibrated spectrometer (Chap. III), the irradiance
or spectral irradiance can be measured. Assuming there is no attenuation

between the radiating source and receiver, and the distaave between

TV
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these two points is known, the radiarnt intensity can be determined by
extrapolating to the emitting source, If d is the &istance from source

to receiver, then

2
I=d"E _ (1-15).

Thus having obtained the spectral irradiance,E by direcf meas-

A ’

urement, the spectral radiant intensity of the source can be calculated,
If the radiation is attenuated in traversing through a medium with trans-

mission, v, , the gpectral radiant intensity is given as a function of

A
wavelength,
2 .
I(A)=d"E (X ) (X)), (1-16)
STANDARD UN1TS, SYMBOLS, AND DEFINING EQUATIONS

1
The symbols and definitlons of the most widely used radiometric

quantities are given in Table I=1,
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CHAPTER II

BACKGROUNDS AND TARGETS

A target is an object which 1s to be detected and perhaps
tracked by means of infrared techniques, The infrared system must
be capable of detecting the radiation emitted by the object while
discriminating against the other sources of radiation reaching
the derector., Since all bodizs ahove the temperzture of abso~
lute zero emit infrared radiation, the extraneous (background)
radiation will come from the parts of the instrument itself
which the detector "sces" and from all objects in the field-
of-view of the instrument. Although the ideal procedure will
be to observe a hot object against a cold background so thac
the background radiation will be negligible compared to the
target radiation, these optimum conditions will not generally be
the case when measuring airborne targets.

Infrared targets include airborne, ground, and seaborne ob=-
Jects, Likewise, the detecting instrument may be situated In any
of thesec media, so the background will differ depending on the
conditions of the measurement, For our purposes, a target will
consist of an aircraft moving in the earth's atmosphert with the
sky as a background. It may be necessary at other times to con-
sider the sea or the earth as a background, but our main concern
will be with ground-to-air measurements. A description of the

target will requireknovledge of the infrared radiation from the

L



target as a function of wavelength, range, aspect angles, and atmo-
spheric conditions.

Infrared measurements of low temperature sources, which could con-
ceivably be lower than 200°C, are complicated by the effects of differ-
ing background radiation. The ground and the ocean emit and reflect
variable amounts of infrared radiation depending on the nature of the
surface, its temperature, and weather conditions. The centinuous sky
emission is caused by radiation emitted from the molecules in ithe atmo-
sphere, and the remainder of the sky background is caused by sunlight
scattered by the molecules, dust, aerosol particles and other particulate
matter, and condensation products in the atmosphere. The cloud pattern
will, of course, greatly affect the scattered radiation from the sun.
In these cases, knowledge of the sky and earth radiation incident upon
the eircraft and the detector will be necessary.

Depending on the range of the tar~-- and the field-of-view of the
detecting instrument, a point-by-point > of the emitted radiation
provides more useful information than is provided when the target is
entirely in the instrument's field-of-view. Thus, the use of a thermal
image system would greatly complement the spectral information obtained
by a spectrometer.

INFRARED EMISSION FROM AIRCRAFT

In general, a target will emit two types of radiation. The metal

body . the targei will emit a continuum of radiation related

to the blackbody radiation from a source at, some temperature. The
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temperature will very at different points along the aircraft. The

aircraft will also exhibit a plume of hot gases, which are emitting
infrared radiation consisting of complex band structure and perhaps
also line and continuous spectra.

Infrared radiation is the result of a variety of quantum pro-
cesses. There is contanuous thermal emission, referred to as blar'-
body radiation, which, for temperatures obtainable in the laboratory,
lies in the infrared portion ¢f the electromagne:ic spectrum. The
thermal emission is due to the electromagnetic radiation constantly
being emitted and absorbed by particles in motion. Continuum radia-
tion can a.s0 result from the processes of 1onization and dissociation
in atomic and molecular systems, but this 1s rare in the infrared.
Discrete radiation takes two forms: line and band spectra. Line
spectra are usually quite sharp and very intense and correspond to
changes in the electronic states of atoms or molecules. Band spectra
have a characteristic structure corresponding to a simultaneous
change in the rotational and vibrational energies of molecules. The
individual rotational lines can be distinguished, under high resolu-
tion, for “he lighter molecules in such & vibrational band. The hot
gases released by aircraft demonstrate all of the above types of
emission processes. Although most of the heat is lost by conduction
end convection 1o the surrounding metal parts of the aircraft and
the air, a large fraction of the heat released by combustion is

radiated in the infrared region.
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The principal combustion products responsible for emission are :
Co02, Hp0, CO, OH, and C2 in hydrocarbon fuels and N;0, KO, CN, NO2,
SO2, HCL, and HF in other common fuels., Continuous spectxa can be
emitted by hot carbon particles, and free radicals in the exhaust
can also provide continuum radiation.

Molecules can receive energy by absorption of radiation, by
transforming kinetic energy from inelastic collisions with elec-
trons or atoms, by resonance transfer of vibrational energy
from other molecules which ha' ~ absorbed energy, and by being
produced in highly excited states as the result of chemical reactions,
At the temperatures commonly found in the exhaust systems of air-
craft, the molecules are found to be in excited vibrational states,
which may have come about through any one of the above mechanisms.
From these excited states, the molecules can dacay to lower vib-
ration-rotational levels accompanied by the release of a photon.
The energy of this photon liles in the infrared region of the spectrum,

It can be seen that the emission from an aircraft will be very
complicated and, in general, radiometric determinations of total
spectral intensity will not be sufficient either to characterize
the craft or for data analysis. Only spectral data, properly cali-
brated, will yleld detector-independent data which can be used in
further calculations or for predictions of infrared emission under
varying conditions. Because of the rapidly changing absorption
and emission of both the target and the atmosphere, a knowledge of

the spectral characteristics of boih sourczs ig necessary ir. order
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to compensete for varying atmospheric conditions. A calculation
of the atmospheric attenuation of the radiation emitted from the
target must be carried out and radiometric data thus cannoct be
used.

The infrered emission at the source differs from the radiation
which will be received at the detector due to the effects of atmos-
vheric absorption. Kirchhoff's law gives the relationship between
emission and absorption. A ges emits strongly only at wavelengths
corresponding to absorption lines, Thus the spectral radiant in-
tensity from the source is attenuated due to atmospheric 002, H20,
and N20. At higher altitudes ozone might also influence the absorp-
tion. Unless this attenuation can be well characterized, the spec-
tral data will be limited in its usefulness.

The band centers of the vibration-rotation emission bands are
shifted from the wavelengths usually given for absorption because
the transitions are from highly excited states rather than the lowest~
lying states., These shifts, of course, will depend upon the tempera-
ture of both the exhaust and the cooler surrounding atmosphere, but

approximate wavelength locations can be given (Tables II-1 and 11-2).
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TABLE II-]

MOLECULAR EMISSION BANDS (GAYDON)

Molecular Species Wavelenzths of Emission

€02
HoO
OH
co
C2
CN
N20

NO

1.99, 2.8, 4.4, 4.45, 14,9
0,95, 1,45, 2.8, 5.3, 5.5, 6.7
2.8

2,3, 4.6

1,01, 1.2

1.09

4,0, 4,75

5.49

TABLE 1I=2

MAJOR INFRARED ABSORPTION BANDS OF GASES (HERZBERG)

Molecular Species

Approximate Centers in Microns

R0

COp

co
Ny0
NO
NOy
HC1

OH

502

CN

1.88, 2,66, 2,74, 3,17, 6.27

1,96, 2,01, 2,06, 2,69, 2,77, 4,26, 4,68,
4,78, 4.82, 5,17, 15,0

1,57, 3,24, 4,66

2,87, 3,90, 4,06, 4,56, 7,78, 8,57, 16,98
2,67, 5,30

4,50, 6,17, 15.4

1,99, 2,15, 2,80, 2,94, 3,08, 3,25, 3,43,
3,63, 3.87, 4,14, 4,47

4,0, 4,34, 5,34, 7,35, 8,69

1,01, 1,20
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The infrared emissions from aircraft denend on a great many
veriables. It will be necessary categorize and standardize all
procedures and variables so that data teken in many different lab-
oratories will be meaningful. The universal nature of the spectra
will depend totally on calibratior <f the spectra and detecting
system. Procedures for achieving this will be specified later.
Relevant information, such as fuel used, type of engine, fuel/
oxidizer ratio, power settings, aspect angle, field of view, and
atmospheric conditions present, must be specified if other labora-
tories are to use the data. Aspect angle is particularly crucial
since the spectra mey change from molecular band spectra at 90 degrees
aspect to a continuum at 0 degree aspect. The range of the target
from the detector, and density of the air mass will change the
envelcpe of the spectra considerably so meteorological data must
be obtained. Tnfra+ed measurements of aircraft thus are seen to
present many problems of technique to workers in this field.
BACKGROUND RADIATION

The sources of infrared radiation can be classified into tar-
get and background sourzes. The target willi be the object under
study and the background is some distribution of radiant flux ex-
ternal to the object which interferes with and perheps clutters

the data received from the object. Since we would like to be able
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to distinguish the target radiation from the dackground radia-
tion, a knowledge of the variability and extent of background
radiationr would be helpful, The bdackgrounds we shall consider
will be the radiance from the sky, ground, and ocean.

Clear~Sky Radiance

Just as is the case for aircraft, the downward radiation
observed when there is a clear sky comes from a variety of
sources:

The emission from various molecules in the atmosphere,

The thermal (blackbody) radiation from matter in the air,
and

The scattering of radiation from the sun,

Just as in absorption, atmospheric emission is primarily
due to Hzos COZ’ and 03 molecules, with the minor constituents
providing very little emission, The spectral radiance of a
clear sky due to thermal radiation is the product of the emis-
sivity of the sky and the spectral radlance of a blackbody at
that temperature. The effective temperature of the atmosphere
is usually in the range of 200 to 300° K, so that the maxiaum
emission occurs near 10 micrometers and has a value of approxi-
mately 10‘4 watt/cmz-umo At shorter wavelengths, the scattered
sunlight predominates, so that the molecular emission can be
neglected below 3 im in the daytime and is very small in this
region at night Beyond 4 um, the scattered sunlight can be

neglected because the molecular 2migsion is much larger (r.u-

ures J-l ant -
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Because the radiation frem the sky ie due to both molecular
emission and scatteri.g, the upeczral radiance of a clear sky
varies with air temperature, slant path or elevation angle, and
water vapor content of the atmosphere, In any measurement, a
background evaluation should be carried out to determine the
magnitude of the extraneous flux reaching the detector from
that souarce,

CLOUD RADIANCE

Since clouds are composed of wate: vapor, they will alter
the radiance oi the sky by scattering the sunlight incident
upon their upper surfaces and hy moleculer emission from their
lower surfaces. Because Hy0 molecules are good absorbers,
infrared radiation traversing a cluud layer is rapidly absorbed,
But because a good absorber is a good emitter (Kirchhoff's law),
a cloud radiates strongly in the anormal atmospheric absorption
bands, Usually, clouds are a few degrees coider than the ambient
temperature on the ground, consequently they will radiate as
blackbodies i the normal’atmospheric window regions at lower
temperatures than the intervening air mass,

CROUND RADIANCE

The radiant energy emitted by the ground is determined by
the emissivity 6 reflectivity, and temperature of the ground. The
radlation from terrain is the sum of the reflected sky radiation
plus the radiation emit*ed by a blackbbdy at the surfdce temper-
ature times the emissivity of the surface For grassy terrain,
approximately 15 percent of the incident radiation 15 reflected .

that the emissivity of the surface is near 0 85. Below 4um most of
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the radiation is from scattered or diffusely reflected sunlight ,while
gbove 4 um the radistion corresponds to blackbody radiation attenuated
by atmospheric absorptions. The daily variation of the radiance from
various types of terrain follows the temperature change of the emitter.
The radiance of the ground falls rapidly near sundown, more slowly
throughout the night, and reaches a meximum shortly after noon. The
scettered radiation below 4 um quite often is 10 times larger than the
blackbody radiation near 10 um.
OCEAN RADIANCE

A water surface is a good reflector end a poor emitter., Thus,
most of the radiaetion occurs below 4 um for such a surfece. The waves
on the ocean surface reflect light in different directions depending
on their orientation, so sunlight can be reflected at very low eleva-

tion angles as well as the angle of incidence.




CHAPTER III

CALIBRATION

3 The calibration of instrumentation used to measure the charac-

T ‘;:.

teristics of infrared electromagnetic radiation is complex and prob-
ably the most difficult part of a measurement. At the same time,
the calibration step 1s the most important procedure in any measure-
ment. The purpose of a celibraiion is to make the mzasurement
independent of the m2asuring instrument. The data which results

from the measurement must mean something to someone else in the same
field. In order to achieve this aim, standard calibration procedures

have been set up.

Our principel aim is to measure and characterize the radiant

é' emission of Army’ aircraft (slow-moving, low-flyirg objects with fairly
low exhaust temperatures). The values of radiant intensity should be
é referred to blackbody calibretion sources traceable to the lational

; Burean of Standards (!BS) so that all interested laboratories can

readily interpret each other's results.

The exact details of the calibration of an infrared instrument
depend on the type of instrument. the spectral region in which it
operates, the type of measurement to be performed, and the operator's
familiarity with the instrument. As closely as possible, the call-
bration technique should follow the actual techniques to be used in

the measurement.
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Radiometers and spectrometers are the primary instruments used to
measure infrared radiation, Because broadband missile seekers are |
sometimes used in the overall measurement of aircraft, the caiibration
of broadband radiometers, as well as spectral instrumentation, will
be discussed.

RADIOMETRIC CALIBRATION

The calibration of broadband radiometers specify the essential
characteristics of the particular instrument in use, The character-
istles listed should enable another worker in t. field té recognize
and assess the capabilities of the instrument, This requires a
knowledge of the spectral response; sensitivity, resolution, field-of=-
view, frequency response, and the noise level of the radiometer,

The two primary parameters that are determined by the calibra-
tion of a broadband radiometer are the spectral response and the Noise

Equivalent Irradiance (NEI),

Relative Spectral Response

Thermal detectors, such as thermocouples or bolometers, have a
spectral response which is uriform over a very wide wavelength in-
terval, Because photon (selective spectral response) detectors are
much more sensitive than thermal detectors, they are preferred for
use In detecting low-intensity radiation sources; however, they re-
spond only to finite wavelength intervals, There are many such

detectors,and appropriate ones can be found for almest any wavelength

range of interest,




Eecapse of the wavelength-selective nature of photon detectors; it is
necessary to characterize their response and to include this parameter
in the calibration procedursa,
The following symbols will be used in the succeeding discussion,
. V(1) = the voltage output of the system
. R{ 1) = the response of the system to some amount of radiation
where
R(X) =V(A) / ECX) (3-1)
E(A) = the irradiance produced by the source at the radiometer
aperture
As = the aperture area of the calibration source
Ad = the area of the radiometer aperture or area of the collecting

optics

b{A= the blackbody spectral radiant exitance
d = the distance from the source to the radiometer aperture
Assume the source of the radiation is an NBS traceable black-
body at temperature T, then the spectral radiant exitance is given
by the Planck equation
c,

M, = =%
Y A% exp (ep/ AL

(3-2)

t
In the absence of an attenusating medium between the source and
receiver, the irradiance at the radiometer collecting optics is given

by

B a1 X /a2 (3-3)
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For a thermal detector, such as a4 thermocouple or bolometer, the
spectral response is relatively flat so that it may be considered
constant over suitable wavelength intervals, Then R, the constant of
proportionality between the irradlance produced at the collecting optics
and the voltage output of the radiometer, is a true constant over the
wavelength interval, The wavelength interval being considered in this
case igs the effective bandpass of a photon detector used in the radio-
meter. For the thermal detector then, the output voltage produced by

irradiation over the wavelength interval from kl to Az is

A2

ve=/!, R E( A )d A (3-4)
1

A dispersive monochromator or series of narrow bandpass filters
can be used as spectrally selective elements to isolate narrow por-
tions of the spectrum. The wavelength interval selected by either the
bandpass filters or the monochromator must be sufficiently small so
that the responsivity of the detector is essentially constant over
the wavelength interval (the quantum detector in this case), The
essentially monochromatic radiation so produced is used as the irra-
diating source upon the system being calibrated and on a spectrally
nonselective thermal detector, Both detectors are positioned so that
they are completely and uniformly irradiated by the energy from the
source, and the pathlength and traversal of the optics should be made
as unliform as possible. The voltage developed by the nonselective de=~
tector can be expressed as some function of the following variables

ve (#) = E ) = (3)R(A) (3-5)

.
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Thus, the output vcltage of the thermal detector depends upon
the spectral irradiance at the collecting optlcs, the spectral trans-
missivity between source and detector, and the spectral responsivity
of the detector, Note that in this case

Rt (r) =R (3-6)
R is a constant,

Similarly, when irradiated by the same spectrally selective de=~

vice, the voltage developed by the photon (quantum) detector to be

calibrated can be expressed by

V (M) =E (X))t (2)R_ (1) (3-7)
q q

where

Rq (X ) = Response of the selective detector

Now, taking the ratio of the two detector ocutputs over the spec-
tral bandpass of the photon detector yields
v A E(x) - (A)R A
g(). (\) ()q()
Ve (4) E(A) T (AR (X))

(3-8)

If the radiation from the source traverses optically identical
paths to both detectors so that both are irradtated with the same
amount of radiation at the detector, then the voltage ratio can be
expressed as

V. (x) R (i)
q = q o (3-9)

Vt (x) R

where the effects of atmospheric attenuatfion have been cancelled, and

all other identical factors have been dropped,
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Considering the relative spectral response of the thermocouple
or bolometer to be essentially flat across the spectral bandpass of
the quantum detector, the responsivity of the radiometer, relative
to the thermal detector, is given by the variation of the two volt-
ages over the particular wavelength interval used, Thils relative

regponsivity is then normalized to unjity and plotted as a function

of wavelength,
v
ey

Rq (x) = v, ) (3-10)

Absgolute Spectral Response

Assuming the system to be linear, 1.e,, if a change in incident
radiation produces a corresponding change in output voltage, once
the relative response curve has been experimentally established,the
absolute spectral response of the system can be obtained,

For these linear cases, the absolute spectral regponse is pro=-
portional to the relative spectral response, and it suffices to meas-
ure the absolute value of the spectral response at some wavelength,
usually the peak of the response curve, As a check on linearity, the
absolute value of the spectral respcnse should be measured over a
variety of wavelengths.

Let the maximum value of the relative spectral response curve
be Rq (Am)° and the relative response curve be denoted by £( 1),

then

R,(A) = £00) R (A)) (3-11)
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where

Ra(x ) = absolute response
If the radiometer is exposed to a blackbody standard source of spec~
tral irradiance, E \® and the voltage output of the radiometer is
recorded as Vt, this can be expressed as

Y2

V., = f Vq( A) di (3-12)

M

where Al and Akz are the spectral bandpass limits of the detector

but the voltage of the detector at any one wavelength is

Vq( A) = E(x) Ra( A) (3-13)
so that
A
Vt-fklE(x)Ra(A)dx (3-14)

In terms of the relative response curve, the output produced by the

radiometer is

A
Vt"fxif()\)Rq(Am) E(A) da (3-15)
but Rq( Am) is a constant, and the value of E( ) ) can be calculated
eitherfrom Planck’s radiation law or obtained from standard black-
body tables,

Then, since Vt is determined experimentally, and the integral
can be evaluated either numericallv or graphically, the value of

Rq( Am) can be determined, The value of Rq( Am) should be checked

by varying the temperature of the blackbody source.
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By defining the maximum value of the relative spectral response
curve in absolute terms and multiplying all other points on this
curve by the maximum value, an absolute spectral response curve can
be constructed for the radiometer,

Irradiance Responsivity

The ratio between radiometer output and incident radiation input
is called the radiometer responsivity., There are three major types
of radiometric responsivity power, irradiance, and radiance. Since
the scale used for calibration and measurement is established in terms
of the radiometric quantity of interest as measured at the collecting
optics of the fnztrument, the irradiance responsivily as measured in
volt~cm2!wacc was chosen.

The wavelength interval in which the radiometer is sensitive is
not determined strictly by the detector response, lur the spectral
characteristics of the optical components (f£ilters, mirrors, gratings,
and prisms) limit the bandpass of the instrument, Two approaches can
be taken to obtain the spectral responsivity of the radiometer: one
is to compute the overall spectral respcnsivity from data for the spec~
tral characteristics of all of the components involved; the other,
to make direct measurements of the relative responsivity of the com=~
plete radiometer taken as a unit (as a function of wavelength), A
calibration should reproduce as closely as possible, the conditions
to be used in making measurements For this reason, a spectral re-

sponsivity calibration of the entire ingtrument 1s to be preferred,




In order to determine the absolute spectral recsponsivity of a
radiometer, an experimental determination of the relative spectral
response of the instrument must first be accomplished. Then a sen~
sitivity measurement is carried out by measuring the voltage of the
system when the detector is irradiated by a source of known spectral
irradiance, an NBS traceable blackbody,

Noise Equivalent Irradiance

The NE1 is merely a different form of specifying the noise~
equivalent power, NEI is the minimum intensity of radiant energy
falling on the surface of the detector which will give rise to a
signal voltage equal to the noise voltage of the instrument,

To determine the NEI, the instrument is aligned in the colli-
mated beam of radiation produced by a collimating optics equipped
with a blackbody source and a set of apertures to vary the radiant
intensity. The ccllimator exit aperture should be large enough to
permit the entire entrance aperture of the radiometer to be filled
by the collimatad beam, and the system should be purged with dry
nitrogen to eliminate atmospheric absorption,

The irradiance produced by a collimated blackbody source may

be calculated from the Planck equation and the constants of the

collimator.
DA {m
. m s
E = s [l E &> (3"16)
2 A A
n f 0
where AS = the source aperture area
en = the reflectance of the collimator mirrors
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n = the number of mirror surfaces

¥ ecan &y e

veyrem

f = the focal length of the collimator
The results of such a calculation are shown in figure 3-1,

In determining the NEI, the quantity of primary interest 1s the

= T Mt

irradiance within the spectral bandpass of the instrument., This

equation is expressed as

en A ( 2
z E ., = —=s= | NE s
;’ eff ‘nfz .;) f(‘\)EAd'\ (3-17)

§ 1
The voltage output of the radiometer is measured for several
entrance aperture areas and blackbody temperatures, A best-fit
ﬁ' straight line plot of sutput voltage versus effective irradiance

is constructed. The squation of this line will have the form

R PR

-4
' = o+ . -
: V=R Eeff C (3-18)
where
R and C are constants
g‘ The NEI is then determined by measuring the noise voltage and solving

this equation for Epff° This value of NEI and the relative response

9 is used for data analysis particularly in the calculation of lock-on
ranges of various missile seekers.

E FIELD CALIBRATION

The preferred method for field zalibration 1is to use a standard
blackbody scurce posicicned zome distance away from the instrument
or at the entrance aperture of 3 ccllimator {housed fn a moveable van),

and to take measurements of this source between successive target

o
\17

A A s A O




e

i

PRt
2B

LR

e g d Ty
LA ¢

.
SRR LY

e

e rvni s ottt
e L S AR A S LA

S 1 AY

A 2

N

oiz

AR R A

3.1

LA

2.3

X 10

B8 SPECTRAL IRRADIANCE

o
@

700°

Ce

Loo'c.

@-—«—”"’Tﬂﬂndviv——-'.

300°C, S TTT—

0.0 1 1 1 1

1.00 1,70 240 3,10 3,80 4,50 5,20 .0

WAVELENGTH (HICRBMETERS) >3 .80 7.40 8.00

3.9

i Fige 3-1. Spectral Irradiance of e Blackbody

B Source Over a Path of Five Feet

= (Per Unit Area)
4,5

X 10%

w
.
—

868 SPECTRAL IRRADIRNCE

0.9

12.2 12.9 3.6 14.3 15,0

10,8 11,5
YAVELENGTH (MICRBMETERS)




i

\
IR e

?:‘:’wyv: "

A OY PR,

e

g

' .
ol W DeArux?
At R4

sl

TRNYLD

R AR S

b
sors o £

%
2.
&
.

measurements, Note that some provision for atmospherlc attenuation must

be provided if the optical path between source and receiver 1is not purged,

The use of a collimator makes this feasible;, but the instrument must be

removed from its pedestal,

SPECTROMETER CALIBRATION

Two primary parameters of a spectrometer must be determined by

calibrations spectral dispersion, the wavelength dependence of some

mechanical variation within the instrument, and absolute spectral

response as a function of wavelength, A third parameter, the spec-

tral resolution, must also be known either by experimental means or

by calculation,

A spectrometer selects a narrow portion of the radiation incident

upon it and selectively focuses this narrow band of energy upon the

detector, The selective character of the transmitted radiation may

be the result of the rotation of a prism, a grating, a mirror, or a

circular variable filter, 1In all of these cases, the different wave-

lengths of light are dispersed. or spread out, and only a small portion

of this radiation reaches the detector, As the active element is

continuously rotated, the entire wavelength interval of iInterest sweeps

across the detector, Thus,a spectrometer may be considered to be a

series of radi~meters of very narrow bandpass, equal in this case to

the resolution of the instrument, Knowing the spectral dispersion of

the instrument proc‘ides an association of wavelength with some meas-

ured mechanical readout of the rotation of the active element within

the spectrometer,

37

i

e F ST A sl s

L 5 ne



The technique for determining the spectral dispersion is the same
for all wavelengths, but the materials used vary, If the dispersion
is linear, only two points on a plot of wavelength vs rotation need be
determined, but in the usual case, the nonlinearity of the dispersion
must be measured, The gpectrum is taken of a sample of material
(either absorbing or emitting), which has a number of sharp spectral
lines throughout the region of interest, The wavelengths or fre=~
quencies of these lines are then plotted on the dispersion curve,
Polystyrene absorptioa film can be used for instruments operating
between 3 and 15 micrometers. .on dispersion calibration for instrume'ts
operating down to about one micrometer, HQO vapor and CO2 atmos-
pheric absorption lines can be identified. For instruments operating
in the near-infrared, there are many gas discharge tubes that may be
used, The dispersion curve must contain encugh points to clearly de=-
fine the spectral dispersion of the instrument,

Qccasionally, narrowband interference f£ilters are used to iso-
lat; a narrow spectral region, and the peak of the transmission curve
1s assigned some wavelength., The use of these filters for wavelength
dispersion calibrations is recommended for approximate measurements
only. If they are used at all, the shift in the peak of the trans-
mission curve must be considered. All filters are designed for normal
incidence; as the angle of incidence increases, the peak wavelength
of the filter is reduced., This shift in wavelength can be seen by

.considering the following diagram (figure 3-2).
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Figure 3-2. Variation in Path Distance for Varying Angles of

Incidence
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The incident beam enters at point A and is partially reflected
at points B and C. Neglecting refractive index changes, the two
beams travel the same distance to points € and D (BD = DC); the
path difference is CE. The above two examples show that this path dif-
ference (CE) becomes shorter at greater incidence angles; therefore,
the peak wavelength of a filter will decresase.

The equation for predicting this shift in wavelength is

v n? sin? &

A
‘a = —_ - (3-19)
A n
n
where
a = angle of incidence
Aa = peak weavelength at angle A
Aa = p2ak wavelength of normal incidence
n = effective index of refraction of the filter

For small angles, the shape of the bandpass does not change apprec-
iably except for & smell decrease in overall transmission. At larger
engles, the center of the pesk is flattened until two peaks appear.

This is due to the differing effective index of refraction for the two
L]

planes of polarization. The "p" component (pa-allel) exhibits less

shift than the "<" component (perpendicu.ar),
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The transmission of a narrzwband filter also will shift ascording
to the spectral distribution of the incident radiation. For the above
reasons the filter transmission characteristics should be measured

under the same ccnditions used when determining the spectral dispersion

of a spectrometer.

[

The resolution, or sharpness, of the-~ filiers generally 1s not
good enough t- unambiguously characterize tie transmission peqk to
sufficient accuracy for calibration purposes. For all of the above \
reasons, use of narrowband interference filters for wavelength cali-

. |
bration is discouraged.

Absolute Spectral Response

The abs:lute spectrar response is determined in much the same

manner as that of & radiometver, but because a spectrometer acts like

1
]

a narrowband radiometver, the absolute spectral response can be determined
directly. N> relztive response cusve 1S necessary. A svandard black-
i

body sourcze 15 used t: irradiate the optics of he instrument. The

Planck equation 1s integrated over a wavelength equal ty the resolutinn

of the instrument to determine irrad.ance values Thus, :n principle,

a spectrometer 1s =2asier tO Za.l0rate than a radiometer, althsugh the

mathemarics and data reduction become more complex

- s e
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A standard blackbody source should be used as the calibration

'\z:;: 'A'o*'ue;(\\- PRIREYE Y

standard. Several commercial blackbody sources are available for this

W3S ey e

]

‘purpose, all of which require frequent calibration checks. These

sources normally operate at temperatures up to 1000° C, The higher

et tpnpeagt stovey

tempersture sources are needed when calibrating visible and UV spectro-

meters. Tungsten ribbon lamps that operate at greater than 2700° ¢
! are available and are generally used ir the visible and UV regions of
the spectrum. Although the lamps approximate biackbodies, they require
frequent calibration. Any scurce of continucus radiation could be used
to calibrate speétrometers provided the spectral emission is sbsolutely
known. , However, usually it is not practical to use a source other than
a blackbedy or stanrdard lanp.
| , RESbLUTION
The resolution, or resclving pew2t, of au instrument is 1ts ability
to distinguish between two adjacent spectral lines. The ability of an
vinstrument to separate two closely spaced spectral lines rather than
blending them into one oroad line 1S limited. The resclving power can be

!

expressed as the ratio of the wavelength observea to the smallest difference

d2
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between two wavelengths which can just be resolved or distinguished as

individual lines. The ratio ——%X— is then the resolving power. Its

reciprocal is sometimes used in terms of percentages to distinguish the
highest obtainable resolution. Actual working resolution is a function
of the slit width, adjustment of the optics, time constant of the instru-
inent and detector time constant, and speed of scan, Resolution should
be measured experimentally by trying to resolve two closely spaced lines

such as in the atmospheric absorption of water vapor.

OTHER PARAMETERS

Additional parameters that apply to both radiometers and spectro-
meters must be known. The response as a function of target position

within the field-of-view, and the freguency or modulation response.

These two parameters, while being relatively simple to determine, are

extremely difficult to apply in datvs reductron. The response as a
function of field-or-view 1s determined by use of a colliimated point

source and an indexing table tc provide instrument output as & functlion
of aspect angle, Then a contsur plot of the field-dof-view response can
be constructed To apply this information ic¢ data reduction and anal-

ysis, an accurate Dboresight camera must be used. When accurate
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collimation =r the zptical axis of the camera and instrument has been
achieved, the position ot the target with respect to the optical axis
can be determined. The instrumen: designer strives to produce an in-
strument that has a uniform response a:zross the field-of-view. However,
perfect alignment o the instrument mus’, be maintained, and freguent
checks of the field-of-view re=sponse are necessary. The problem of
field-of-view response of a spectrometer is even more complex because
the target position in the field-of-view may cause dispersion tc shift
slightly.

The frequen.y, or modulatizn, response in most cases is not dif-
ficult to take inty saccount, Usually determining the time constant of
the instrument 1s sufiicient. However, when the target is an aircraft,
it 1s possible that at certa.n aspects the radiaticn emitted by the
target or backgriund will pass througn vhe rotor blades or props and
be modulatea at relatively high irequencies, which 15 a probiem that
must be considered. F.r the case ¢t brcadband radiomevers, the response
as a functi:.n ot frequency 1s usually considered te be independent of
the wavelergih oi inc.dent energy. However, this is not strictly true,

and the frequen:y response must be consi.ered when spectral measurements

are perfcrmed

!




CALIBRATI )N OF SOURCES

Since the target measuremeat is based upon the caiibration of
the instruments, it is very importznt that sztandard sources kncwn
to be accurate are used for calibraticn. Several laboratories
throughout the United States calibrate these sourcss: the Army at
Redstone Arsenal, Huntsville, Alabama; ihe Air Force at Newark Air
Force Station, Newark, Chi.; the Navy at Point Mugu, California;
the Army at White Sands Missilie Range, New Mexico; and Eppley Lab-
oratories, Inc., Newport, Rnode Is’and. The National Bureau of
Standaris at Gaithersburg, Maryland, maintains national primary
standards which are sent t> lab.ratories awsund the country beth fer
calibration of the stvmadard and certifizaticn of the laboratory.
Labcratories which have peea cectified by NBS are capable or cali-
bruting blackbody standards fo within one perceat f ezch cther and

of NBS. All tlackbody sourses vsed L.r zalibsation purp.ses must be

NBS traceable to insure -athoiie data
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CHAPTER IV

MEASUREMENT TECHNIQUES

The tvpe of test or measurement depends upon the objectives of the
progrem undertaken., Since it would be impossible to discuss in detail
all objectives that might be reguired, this chapter presents a general
discussion of infrared measuvement techniqgues before going into the
specific problem of obtaining the infrared signature of slow-moving air-
craft. The type of data which can be ovbtained in air-to-air, ground-to-
ground, and ground-to-air measurements should be chosen to fulfill the

mission requirements.

Several techniques can be utilized to measure infrared radiation.
These techniques can be generally categorized invo radiometric (broad-
band) and spectral (narrowband) measurements.

The voltage produced by radiation inecident upon @ detector can he
expressed for either a broadband radiometer or a narrowband spectrometer

by the equation:

1 A+ AA
| — R(4) t(a) L(A) aA (k-1)
d2
A
where: d = Distance from detector 1o target
R(A) = Responsivity of the instrument as a function of wavelength

=~
——
.
S
1]

Spectral radiant intensity of the target

~
o~~~
>
~
1]

Atmospheric transmission as a function of wavelength
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For the case of a broadband radiometer, the limits of the integration,
A to A + Al,span the bandpass of the instrument, One number, the total
value of the integral, is the resultant of the radiometric measurement,
Knowing the responsivity of the detector, the distance from the target, and
the voltage output does not determine the radiant intensity of the target
unless the attenuation by the atmosphere .. also known. Because the absorp-
tion of radiation by the atmosphere is a rapidly changing function of wave-
length, pathlength, absorber concentration, pressure, end temperature, its
érrect 1s not easily determined. One cannct utilize the atmospheric trans-

mission function or the respoasivity of the detecting instrument unless the

ct

spectral distridbution of the target is known., Thus, 8ince the spectral
distribution is the needed paremeter, radiometric meesurements yield only
the relative energy levels of a target ec detected by the particular
instrument, The data cannot be compered with or epplied to other instru-
ments with different responses or for different atmospheric conditions,

The fact that the total velue under the integral sign of equation 4al
is the only numerical result of a radicmeiric measurement can be more easily
understood by consldering a rediometer with a spectral response as shown in
figure hel, measuring a source with -a spectrel distridutica as shown in
figure b2, end viewing the source through on atmosphere with a transmission

aa shown in tigure he3.
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Figure 4-1, Relative Spectiral Responss.

.2 =
0 -

a -
.

1 J L L

T A ¥ L4 L L L
28 27 29 3! 33 35 37 39 41 43 45
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The irradiance incident upon the radiometer and producing thé output
voltage will have a spectral distribution which is the point-by-point
product of the curves of figures 4-2 and 4-3. This product is shown in
figure b-4. Each wavelength of the incident irradiance will cause a
response in the instrument according to the response curve and produce
a voltage output represented by the point-by-point product of figures 4-1
and }-). This product is shown in figure 4-5 and the area under this
curve corresponds to the integral which is representative of the voltage
output.,

The integral of the curve of figure 4-5 expressed mathematically is
then: X+ A
v = S R(A) t(x) E(A) ax (4-2)

A .
which is the same as equation lU-1 without the factor 1/42 converting
radiant intensity to irradiance.

Thus, it can be easily seen that the voltage will change when the
atmospheric transmission (figure U~3) or the spectral distribution (fig-
ure h-2) of the target radiation changes. The total value of the target
radiant intensity can remain constant with a change in its spectral dis-
tribution. Thus, two different aircraft employing two different types. of
fuel could conceivably produce the same total radiant intensity even
through their emissions are’at different wavelengths lying within the

bandpass of the radiometer.
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o obtain meaningful radiation characteristics of an aircraft, it is

necessary to describe the spectral radiant intensity of the target.  This

dete then shows the regivns vn which lie the aireraft's vulnerability to

v

infrared detection. The main difference in the voltage output expression
(equation b-1) for a spectrometer is that the wavelength interval,AA, is
sufficiently narrow so thay the response of the instrument is constant;
therefore, the atmospheric transmission data can be utilized., Therefore,
with the instrument responss and the atmospheric transmissivity known, the
value of radiant intensity for the wavelength intervel, AL, can be deter-
mined,  The narrower the soectral resolution, corresponding to A, the
more accurgtely ths speutral characteristics of the target can be determined.

Most spectrometers for field use are designed to scan a relatively
wide spectral region so quickly that the radiant exitance of the target
does nut chenge. The result is absolute spectral radiant intensity as I
a function of taime, aspect angle, or other parameter of interest. Spectral
date of this type is suitable for further analysis as it contains a great
deal of information. A spectrometer (or spectro-radiometer) suitable for
thiy Lype of measurement should be capable of a resolution belcow one per-
cent, of the wnstantaneous wavelength., Ir essence, a spectrometer provides
nstantaneons radiometric data as o function of wavelength.,
SPECTRAL MEASUREMENTS

To obrain the absolu @ spectral radiant intensity of a target, the
background radiation and the internal reference radiation of the instru-
ment must be considered., YWhen measuring a target, the output of a typical

spectrometer will represent an energy level given by




AE,(A) = waln(d) + wRLb(A) - w+Lb(A) - wRLR(A) (4-3)

where L, = Spectral radiance of the target
Lb = QOpectral radiance of Lhe background
LR = Bpectral radiance of the reference source
w, = Solid ungle lield-of-view of the instrument

w, = BHolid angle subvtended by the target

mguation b-3 shows that the irradiance represented by the instrn-
went output 1s the sum ot that of Lhe tarpget and backgeround, minus the
background obseured by the target, minus the irradiance of' the reference
source,

A background measurement cen be performed to determine the value of
the term mRLD(A). In the backpround measurement the spectral irradiance
observed by the instrument can be exoressed as

BB (A) = gL (A) = wth(A) (L-h)

Therefore, by measuring the background and target separately and sub-

wracting the background

BE(RY = aR.(A) - aB (A) = 0L (A) - w0l ()) (4-5)

b
Rut w,L,(}) 13 the sveclral icradiance of the target only, and this
is the result we wish Lo determine. Thus, by adding to AE(A), the amount

ol bnockground energy obscured by the target, w+Lb(A), we srrive st our

result

w. L. (r) = ar(y) + meb(A) (4-6)

e




in order to find wa(A), 1t is necessary to know the target Jdistance
and area of its projected surface since
Wy = !\,f/d‘3 (b-7)
Therefore, an abroluibe measurement can be performed only:
1. When the target cun be considered a point source, i.e., o is
very uizall ecmpared with mi
i
<. When the darsa and distence of the target are known, or,
3¢ When the buackground radiation is negligible
Any meusurament wust w ilize one of Lheve three methods for dealing
Sith o the: baskgreund radistion.
DO RAST TE.. NIQUES
Sinue. some missile seekers might operate by the conirast method, an
understanding of this technique 18 necessary, The irradiance detected by
a cuntrust seeker is the summetion of the irradiance caused by the target
wonte st , background contrast, and the reference.,
For & measurement ! the contrast between target and ‘background, the
instrument output represents an energy level given by

BE, = L) (w2 v - wg) + L, - (I 1/2 wp) (4-8)

i

Wl L Kadranve of the background

by

Tutal tield-of-view of the seeker

1)

w, = Angle subtended by the target al the seeker

L, = HRadiznce or the twerget

. o
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the purpose of designing missiles or for devising methods of sup-
pressing the the infrared radiation emitted by the aircraft. There-
tere, it is important Lo know in which regions of the infrared spectrum
the principal emissicn ozcurs. PFor hydrncarbon luels, such as JP-l, the
principal =2missi~n oo 'urd in vhe carbon dioxide and water vapor bands
taoutaned ear.iar  Thas, f.ur seekers or dstecrors operating in the
atmospheric transmession windows, this molecular emission may be unde~
tactable, bt the gisecus conbtineum thermal radiation will be detect-
atie  Conzequently, *he arrcerart may or muy not be vulnerable to missiles,

A sgratral smap of “he unattenuvated spectral radianlt intensity of
e g 4ree oVer Luer inf'rared region or intersat is required. 'The spectral
interval may be sguit up into 1 5-3.0, 3.1-5.1, and: 8.0-14.0 um meas-
u~ement regions but aa attempt shauli be made to cover the widest total
Speatenn.
Aspect Angle

«n addition to vhe spectcal distribution of the radiation emitted by
BN n.roralt, the Jpetia, diztribution must also be known. ‘Then, tuo, the
wvetaetabiiity 4 the aireraft to 2 missile approaching from the nose-on
e v L 1, &b w/e th. awrcralt, below the alrcratt, or directly behind
Ypeoairratt CiR0 saimttthoc maat be known. This knowledge may lead to
Letrer ¢, ue et ial maneuvers o the use of shields or contoured ex-
haust systems Lo ohape tne direetion »f emission., In order to control
vhe foow of infrarel ratintion from the aircraft, its characteristics .

it be known.
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Spatial knowledge must extend to range, since & kncwledqe of the ;
radiation levels at various distances from the souxcc is*nece;safy to 1
determine proper launch boundaries. Proper kn;wledge 6f-the. spatial
distribution of infrared radiation would show a sphere surrounding tﬁe
aircraft, with the radiation levels specified for each point within the
sphere in terms of range, azimuth, and elevation angieé. To acquire .
this information, various test pr;cedures must be underthkeﬁ. These ' )
procedures follow. ! .
ATTITUDE DETERMINATIONS ‘

Infrared measurements of the radiation emitted from aircraft as @

]

function of aspect angle require precise information about the posifion vy

and attitude of the aircraft rélative to the measuring instrument. Four
parameters of the airframe (heading, roll, pitch, and yaw) %nd three parem-
eters of the instrumentation pedestal (range, azimuth, and elevation) will
serve to completely define the aspect of éhe airframe relative to ”the’ ,’

meaanring instrument.
1 ) i
- :

Aircraft Instrumentation

There are two majlor subsystems .in the~airqraft instrumentation systen,
an attitude monitor and a recording or telemetry su%systém. The atgitude
monitor determines the rcll, pitch, yaw, and heading of the aircraft. If
the data is recorded in the aircraft, the system would time-multiplex the'
analog signals, convert them to digitalApulses, and record them on tape.
Digital time information is transmitted to the air'craft via the communica-

tion link for time correlation purposes. If the data is telemetered, the
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analog sigﬁaIS'would be waliiplexed, converted tc digital signals, and

transmitted to the ground station.

.
.
' v

‘ Sampling rates of a few times & second should be adequate to describe
the aircraf® as & function of time.

) .
" Atnitude menitoring of the eirscraft can be taken from e vertical
H

......

..... . - - .

sufrer from ‘decelaravion errors. Stsble platforms, although consideravly

'

- mere expensive, provide aceurste attitude informstion regardless of vehicle

[ —x

"wansuvers, Heeding iaflrmwaticn 2en be derived from a stsble platform or
! b

frim & gyro-stebilizad compass system, Barth's rate effects and other

geochysical phenomens can be compensated for eivher by the measuring device

. bl
&

cr by dana corrections based on the aircraft's flight path. X

Ground ianstrumentetiop

I? %he dack frowm the alrcraft is telemetered *n-augrdund‘receiviﬁg
station, pro;iaion for rewording and Liming thiv. .aformation must be pro-
vaded slong with inetrumenzation four ~ioeiving pedestal informstion. A
tracking radar provides the airy - ¢ <¢oordinates and, if the master instru-
mefcaiion redestal i3 slaved to it, also provides the pedestsl azimuth and
elevaﬁzc; anglesﬂ
ASPECT OEOMETRY '

By cuumon usege, the pesition of & point in spaée with respect to an

arrcraft is defined in terms of R, b, &nd ¢ where

' R = slant range

o
&

elevation angle
! & = sngle projected on the horizontal plane through the

sircreflt weasured from the noss.

o7
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The information returned from the radar shall consist of the follow-
ing:
AZ = radar azimuth angle measured from north
ALT = sltitude of the aircraft with respect to the rader
R = slent range
6 = elevation angle
The elevation engle is related to ‘the slant range and the altitude
ot the aircraft through the usual rélation
6 = arc sine ALT/R (4-11)
go that only three of thase paraméters are independent.
The informaticn returned from the aireraft shall consist of the fol-

lowing or some parametric version of these:

H = heeding angle of the aircraft measured from nsrth
ROL = 1roll angle of the aircraft
PIT = pitch angle of the aircraft
YAW = yaw angle of the alrcraft (measured deviation from

heading) ,
In terms of the above parameters, ¢ is given by the following:
¢ = 180° ~(H - AZ) ’ (4-12)
Figure 4-6 shows an aircraft in level flight being illuminated by &

radar; Pigure 4-7 shows this situation projected onto a horizontal plane,

and serves to define ¢, hesading angle, and radar azimuth dngle.
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Figure. 4-6: Aircraft in Level Flight Illuminated by Ground Radar.
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Figure 4-7. Projection of Above Figure on a Horizontal Plane.
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The easiest way to visualize the changes 1n the aspect angles 0 and
¢ 1is to imagine the aircrafr at the center of a sphere with a radius equal
to the glant range, R. Then changes in roll, piich, or yaw effectively
cause the pcsition of the radar on the surface of the sphere to change
correspondingly (figure 4-8). The analysis of these changes to yield the
new aspect angles 0" and ¢", made by Mr, E. G. Meyer and Mr. C. L. Mohre
of Rediation Incorporated, Meibourne, Florida, folilows:

Viguelization of the changes in 6 and ¢ brought about by pitch
and rill angles can be sided by considering the aircralt to be located st
the center of a sphere and the radar on the surfuce of the sphere, Thus,
e radius of the sphere 15 equal to the slant range, R. Figure 4-8 shows
a side view of the sphere with the radar av point A. Changes in aircraft
attitude can be considered as changes in ihe position of the radar with the
aireraft remaining stationary. Thus, changes in aircraft heading can be
represented as mcvement of the redaer on the heading cirele BC. Roll of the
arrcralt can be represented as moveuent of the radar on the roll circle DE.
Pitch of the airecraft can be represented as movement along the piteh cirele
which passes through print 4. A combinavion of rcll and pitech, as an ex-
ample, would be represented by movement from A along the roll circle to F,
fellowed by movement along the new piteh z2ircle to point G. The order of
the movement is immaterial; the result could have been obtained by proceed-

ing alcng the: pitch circle to pcint H and then along the new roll circle

to peint G,
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Figure 4 -8. Side View of a Sphere with the Rador at Point "A"
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With the addition of roll, pitéch, and heading circles to the sphere

additional quantities may be defined as follows:

Rp.

i

radius of the roll circle

Rp' = radius of the pitch circle
RH = padius of the heading circle = ground range ;
SR = sgeparation of roll zircle, or the distance from the
center of the roll circle to the origin of the sphere
SH = geparation of the heading circle = altitude
Sp = separation of the patch circle i
These'ﬁay be defined in terms of R, 6, and ¢ with the aid of figure 4-9. {
fws, 8 = AT = i o (3)
Ce e ﬁn - R cos s (1) %
Sp = Ry cos (¢-90) = Rcos 0 cos (¢=~90) (5) %
SR = R, sin (¢-90) = R cos 6 sin (¢-90) %
= Rcos 0 cos ¢ (6) ﬁ
Rg2 = Sp2 + 8,2 = (Rsin 0)2 + (Rcos 0 sin ¢)?
= R% [sin? 6 + cos? 6 3in? ¢] ?
= R% [1 - cog® o cos? $] (n i
RP2 = SHZ 4 SR2 = (R sin 972 + (R cos* 8 cos ¢)? %
= R? [sin? 8 + cos® 6 cos?® ¢] :
= R%2 [1 - cos? 0 sin? ¢) (8) i
Since 6 and ¢ were defined in terms of H, AZ, ALT, and R, all of %
the quantities are now defined in these terms, %
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Figure 4-9. Roll, Pitch, and Heading Quantitias in Terms of R, 8, and ¢.
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Now consider the introduction of & roll angle. Figure 4-10 shows
4 portion. of the roll circie with a roll angel, o, introduced. ‘The roll
angle moves the relative position of the radar to new heading and pitch
cireles with new hesading and pitch separations, SH' and Sp,, and & new

piteh circle radius R

P’
Syr = g sin (a4 sin”! 8y/R;] (9)
8, = Ry cos [a + sin? SH/RR] (10)
2 = 24 g2
(Rp.) (84,02 + s (11)

Now if & pitch angle, B, is introduced as shown in figure 4-11, the
pitch angle moves the relative positicn of the radar to new heading and

roll circles., This results in new heading and roll separations, SH"and

Spe+

Sy Rp, sin [B + sin”! SH,/RP.] (12)
Sgr = Ry cos [B + sin™! SH'/Rp'] (13)
Figdré 4=y may now be redrewn in terms of the new cifcleg and sepé-

ration (figure 4-12) and reszaiting " and ¢" may be determined.

sin 8" = b“"/R or 6" = aip ! SH"/R (14)
cos (¢" - 90) = sin ¢ = e $p' -
\:(SR.)2 + (s ,)?
- sP'
or " = sin
My )+ (5,0 (15)
3




AIRCRAFT

» RADAR POSITION
! IN ABSENCE OF
‘ ROLL ‘ANGLE

\J ‘RADAR POSITION AFTERK
ADDING ROLL ANGLE
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Figure 4-10. Portion of the Roll Circle.
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? AIRCRAFT

RADAR POSITION
IN ABSENCE OF
PITCH ANGLE

\l/ RADAR POSITION AFTER
ADDING PITCH ANGLE

Figure 4 -11, Portion of the Pitch Circle.
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The resulting angles of the radar with respect to the aircraft may
be obtained in terms of the basic parameters of R, AZ, ALT, H. a, and R.

AIRCRAFT

¢ 90

& Meaevale o m ax #

S A

G A e T ki

-
RELATIVE POSITION 3@
OF RADAR

YANEPIRY ; SPE A

Figure 4-12. New Separations Showing 6" and ¢" Determined.
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GROUND-TOQ-GROUND

4 ground-to-ground test will provide a mep of the infrared radiation
within a circle about the aircraft. For helicopter measurements & grid
should be laid out on the landing pad with a centering mark over which
the exhaust pipe should.-always be placed. Then, if the instrument is
in a stationary position, the helicopter ctn rotate in a circle to de~
fine the different aspect angles with respect to the measuring instru-
ment. A spectrometer, boresight camera, and an optical tracking scope
are required. The three instruments are mounted on a pedestul and bore-
sighted at the point on the landirg pad where the exhaust pipe is expected
to be. The range can be determined beforehand, but uspect angles,must be
determined each time the helicopter lands. This can best be doue by tri-
angulation using a surveyor's transit or theodolite. Spotters will be
necessary to insure that the helicopter is in a correct position before
each measurement., Atmospheric data must also be taken.

For other aircraft which are not easily rotated, it may be necessary
for the upectrometer itself to be rotated about the pad. This will iavoive
considersble set-up time, so fewer measurements would be taken. In these
cases, measurements taken every 15 degrees should suffice. Measurements
should not be spaced farther than 30 degrees.

Once an -atmospheric attenuation program has been set up, it is merely
a matter of geometry and computer ‘time bto detArmine values of radiant inten-

sity an other ranges. A background run should be taken and calibration
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procedures carried out. If feasible, it would be gquite beneficial to sub-
stitute a calibrated blackbody &t the target point to determine both abso-
lute cadiation levels and atmospheric attenuation experimentally rather
than calculaving irradiance levels and transmissivity.
GROUND-TO-AIR

This will be the most widely used prccedure and will necessitale a
flv-by of the aircraft making repegted passes across the instruments'
‘scenning region. For this reason flight patterns and instrumentation
will be discussed before descriving the actual test.

The problem of debermining range i1s easily solved by using range radar,
but the problem of determining aspect angle is much more difficult. fwo
‘methods of relying on boresight film images for later analysis of aspect

angle have been developed by the Naval Weapons Center at Chins Lake and

by the Missile Electronic Warfare Technical Area at White Sands Missile Range.

These methods are published elsevhere, but neither is sufficiently accuraie
to wvarrant its. use. The heading compass within the aircraft is not suf-
ficiently accurate %o use tc determine aspect angles. The use of an
attitude sensor, to be carried onbosrrd the aircraft, in conjuueti n with
a telemetry sys.em will provide real-time data on heading, pitch, and roll.
This Aata can be recorded at the same time v+ spectral scans ave heing
made. Th., aata and the pedestal data can then te reduced te determine the

tyo aspset anglns: azimuth and elevation. C
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As the expériment becomes more difficult to perforﬁ, the equipment
used becomes more compiéx and sophisticated: In proceedihg to ground-to-
air measuraments, a plethora of problems associated with keeping the air-
craft stable during the measuring period enters thexpicture. Fewer errors
result during hovering than during fly-by; in either case, the errors in-
volved must be carefully examined.

Instrumentation required then consists of a spectrometer, boresight
canmera, optical tracking scope, or other means of tracking the saircraft,

a range radaer, and an attitude sensing device for the aircraft and associ-~
ated electronic and recording eaquipment. There mey be other instruments
involved in specific tests, These will be dealt with in & leter chapter,
gcver Tests

Since the purpose of a hover test is to dgtermine the amount of radia-
tion emanating from the eireraft at the actual power levels to be used in
the field, the genersl test description is on the same order as for the
ground-to-ground tests. The aircraft should be hovering o#gr e point some
distance from the test instrument, perheps as much as ten metefs above the
ground, depending upon the instrumené's field of view. The aircraft should
move radially about the tavget point, hovering o 15-degree increments,
1f possible, an absolute means for determining renge ard sspect angles
should be usad. Range radar may be used for the range dsterminations, but
aspect angle determinations require more ingenuity. A varlety of hovering

altitudes should e chosen, as 10, 50, and 100 meters,
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Fly-By Tests ' o C

A fly-by should incorporate the actual ranges from infrared insprdl
H

ments which might be expected to bé encountered in the field,’which in-

)

! }
cludes the normel operating altitudes of the aircraft and normally ex-

"y, ¥

.4wc£ed renges. The flight pattern should incorporate the poesibility of
’ H
viewing the aireraft from es many aspect angles as possible,

Altitude - A normal test would usé numerouS'fiy~bys, each
¥ H

¥

sequence run at a different altitude, say.100, 500, and 1000 meters sabove

}
the test site.

’

Renge - Off-sets varying from 0.5 to 10.0 km, depending on the .

brightness of the source and visibility, should bve conducted, probably
' 1

in steps of 1 km. ‘ . Y

L) N
Flight-Patterns - A grid pattern sl,ould be.esteblished on the
!
ground showing the expected flight patterns, headings, eand trejectories
of the airecraft. This should incofporate flying over the test site at the

various aspect angles. A grid pattern'is shown in figure k4-13.

1
.
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GRID NORTH

Offsets of 0, 0.5,1,2,3,4, and 5

INSTRUMENTATION
TEST SITE

Turn Approx.
0 Km away

ﬁigufe 4 -13. Flight Pattern for Fiy-by Test.
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Depending upon the projected use of the aircraft, tests run at dif-

ferent times of the dsy or night may prove a source of valusble informa-

tion. 1If sufficient correlation exists between data gsthered from hovering

and fly-by experiments, extensive fly-by tests may prove to be unnecessary.
Since there is much better control of the pertinent variebles in & hover
test, a hover test is preferable if it alone can provide the desired in-
formation.

AIR~TO-AIR

From the above discussion it can be seen that air-to-air measure-
ments are rampant with complexities not found in other measuring modes.

The biggest difficulty is asgociated with moving all, or most, of the

measuring apparatus into an airborne vehicle., Once instrumentation prob-

lems are solved, measurement techniques are st;aight-fcrward and follow

the preceding procedures,

SUMMARY

The type of test to be conducted depends upon the objectives of the

specific program., The dato required debermines whether ground-to-ground,

ground-to-air, or air-to-air meagurements are to be performed. The dis-

cusgions in this chapter point out, however, that spectral measurements

are mandatory to meaningfully describe the radiation characteristics of

+the target. Once the target spectral cheracteristics are known, the data

can be applied to other areas.
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The obJjectives of thé specific program also influence the aspect
angles at which data is to be obtained; for instience, ground-to-air
measurements are best for obtaining data of the lower hemisphere of &an
aircraft. The specific aspect angles that will surficiently describe
the lower hemisphere depend upon. the type of aircraft. The test
decided upon should te ‘as simple as possible, consistent with the gather-
ing of all pertinent information. The test should~be‘thoroughly analyzed

to obtain good, meaningful data and to avoid extraneous data.
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CHAPTER V

3 INSTRUMENTATION

The instruments. required for a test depend upon the level of sophis-
tication of the test, The plan here is to sketch the methods which might
» be used to determine the parameters necessary for a measurement and then
describe a variety of instruments and related accessor}es which fulfill
’ these functions, The parameters which must be measured are those men-

; ‘ tioned in Chapter IV, Instruments to medsure these parameters include:
‘ Trackers and Pedestals

4 Attitude Sensors

Missile Seekers

Meteorological Devices

Range Radar

Optical Instrumeats

Boresight Cuera's

Imaging Systems

Spectrometars

Interferometers

Instruments used to measure the amount of infrared radiation incident
upon some surface consist of radiometers, spectrometers, and interferome-
‘ters; The literature on radiomsters is quite extensive, consequently

their design and function will not be deait with in this chapter,
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A spectrometer would normally consist of four main sections: a
source of infrared radiation; optics for collecting and focusing this
radiation; a monochromator for dispersing and selecting a particular
band of wavelengths; and a detection mechanism for detecting the in-
frared radiation and producing a reccrd. The source of infrared
radiation, external to the measuring or detecting apparatus, will
be known as thé target.

Sources

Sources which may be u§ed in calibration will include NBS trace~
able blackbodies and lamps such as mercury xenon, tungsten, and, per-
'haps, as a means of secondary calibration, controlled glohar .sources.
The infrared emission spectrum of a typical xenon lamp. whose emission
lines can be used for wavelength calibration is shown in figures 5-1
and 5-2.

The- globar is a rod ¢f bonded silicon carbide which: can be opera-
ted at temperatures up to 1500°C. It is important as a high-temperature
standard because bluckbodies of a cavity-type -are difficult to fabricate
beyond 1000°C. If the globar, which emits like' u graybody, iz to e
used 'as & reference source, there must be some means of accurately
monitoring .and controlling its temperature. The emissivity of globars
has been measured in the 0.5 to 15 um region; the emissivity is about
80 percent in this region. Although the Nernst glower is widely used
for relative-measurements, it {s not recommended as a standard source

because of the urstable nature of its emission.
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Cavity-type blackbody sources are used extensively as standard
reference sources, both externally and internally, within spectrometers
and radiometers, Cavity-tyne sources are made from steel, copper,
aluminum, and ceramic materials usually blackened by oxidation or by
carbon black, The different shapes of cavities used are conical, cylin-
drical, and double-reversed conical, A heating coil of nichrome wire
surrounds the cavity which, in turn, is embedded in a thermally insulated
enclosure, A transparent window in the front of the cavity preveuts
convection currents from altering the temperature, The cavity tempera-
ture is monitored by a thermistor, or thermocouple, emhedded within the
cavity, and a separate controller is generally used to maintain a con-
stant temperature, Some blackbody sourcee have an aperture plate in
front of the cavity to vary the effective area of the source, A chopper
blade 1s sometimes incorporated to modulate the radiation. A properly
designed cavity=type source will very closaly approach an ideal black-
body source in temperature ranges from ambient to 1000°C, Special
blackbodies are available that operate to a temperature of 3000°C,

A laser, such as the CO2 laser, may also be used as a source of
infrared radiation provided it operates in the required region. High
pover lasers may be quite heneficial when mak.ng calibrations over long
distances, The problem with lasers iz that they provide a check of the
calibration at only one wavelength, whereas a biackbody provides a cali-

bration over all wavelengths in the Infrared,
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All infrared systems incorporate an optical sectioh for collecting
the incident radiation and focusing it upon the detector, The optics
provide a means for varying the amount of radfation collected by the
instrument and determining a fieldwof-«wview,

FIELD=-OF-VIEW, The true field-of-view of an optical system is the

area of the target that can be imaged on the detector, The field-of=~
view is generally expressed as angular field-of-view, either a linear
or solid angle. The angular fileld-of-view 15 the angle formed by the
two extreme principal rays which can be imaged on the detectsr,

The field~of-view of the instrument is determined not only by the
relative size of the collecting optics, but also by any limits placed
on the light rays before they strike the detector, Field stops, &aper-~
ture gstops, size of the detector, and exit and entrance slits all may
affect the field-of-view, The true fleld-of-view of the instrument can
be determined by imaging a target at the edge of the field and then tra-
versing the instrument until the target is at the opposite edge of the
field, The angular displacement of the instrument (oé the target) is
then the angular horizontal field-~of-view axpressed 1A milliradia.as.
The field-of-view of an instrument is sometimes given iIn terms of a solid
angle, For amall angles, the solid angle 1s the area divided by the
distance squared, and the value (in steradians) is twice the linear field-
of-view for a symmetrical field-of«view,

The field~of-view of an optical system is proportional to the size
of the detector and inversaly proportional to the image distance, given

by the usual mirror equation

(9
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where
f = focal length
s = target distance
s' = !mage distance
Object - N ¢ Reflecling

—r—

3
Focal Point E

Image

Figure 5-3. Relation Between Object, Image, and Focal Distances
for Mirrors.

The mirror equation may also be written in the Newstonian form

£ - x x!' (5-2)

where x and x' are again object and image distances, but measured from

the focal rather than the principal point, Thus s = f 4 x, and 8' = £ + x',
The field-of-view 1s increased when the focal length is decreased, A
compromise is usually made between focal length and field-of-view in the

design of optical systems,
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SPEED. The speed of an optical system is the collecting power of a
gystem and indicates the image brightness, The speed jg proportional to
the area of the objective lens and inversely proporticnal to the square
of the focal length,

F/NUMBER, The ratio of the equivalent focal length to the diameter
of the collecting optics, the f/number, is used to describe the amount
of radiant flux collected by the optical system,

£/no = £/D (5=3)
The effective or equivalent focal length of & multi-element lens system
is the focal length of a zingle element system which would image the
incident rays at the same point asg the actual optics, The smaller the
f/numbex, the larger the lens diameter, or aperture stop, for a given
focal length and the greater the light-gathering power, or speed, of
the lens,

STOPS, A stop is an optical component that limits the radiation
passing through a system, Stops are classified as either aperture stcps
or field stops, depending uvon their location in the optical system,
Aperture stops are located in the objective, or collecting, section and
limit the amount of energy that can be collected; fleld stops are lo=
cated near the image plane and limit the field-of-view,

The field-of-view should be large enough to crapletely "see” the
infrared emission from the target, For example, in the case of an alr-
craft with twin engines, the field-of-view of the instrument should be

large enough to include both exhausts while the aircraft remains within
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reagonable distances from the detector but small enough to provide good
sensitivity and eliminate unnecessary background noisc. A variable field-
of-view utilizing selected field stops provides a reasonabl: solution.

OPTICAL SYSTEMS. For our purposes tne largest light-gathering power

for the systggywhich can be achieved within a minimum space 1s required.
The lens itself should be the limiting aperture stop, but will require
a provision for the inclusion of selected field stops, since many differe.t
targets will be measured over different ranges. Thus, a verisble field-
of-view should be included within the opties of the system. For a .given
focal length, the smallest f{/number and thus the largest speed‘of a systenm
2an be obtained by using & folded pathlengih. The Cassegrainian systeml
achieves this with the minimum amount of aberration and blur.

Different combinations of optical compcnents, both refractive and
reflective, are shown in figure S-L. The selection of a combination ie-
pends on the particular reyuirements of the system. The use of reflec- i

tive optics is preferred; however, the nature of the system mey dictate

the use of refractive components, but the user should be aware that al-

though such components can be obtained easily, they are more costly
than reflective components. Imaging systems require freedom féom aber-
rations; therefore, a Schmidt-Cassegrzin or Masksutov system probably
would be used. Size and weight are considerations in field and airborne
equipment. The field-of-view required 1s important in most gystems;

in some, it must be variable. The position of the detector or source

is quite often critical.
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OPTICAL PERTINENT DESIGA
TYPe RAY DIAGRAM ELEMENTS CHARACTERISTICS
Reflective 1. Free from spherical oberration.

2. Sutiers from off - oxis coma.
3. Avcliable in smal) and large diometers

Wy = Paraboloidal

CASSEGRAIN mirror

1 PARABOLOID | —
and f/numbaers.
M, = Paraboloidal | /
mirvor 4. Low IR loss (Reflective),
5. Detector must be locoied in front
of optics.
Retiective I. Free from spherico! oberration.

2. Shorter thon Gregorisn.

3. Parmits location of detector
behind optical system.

' M, = Poraboloida!
GREGORIAN

Mg = Hyperboloidal |4, Quite extensively used.
mirror
Raflactive . Free from spherical aberration.

2. Longer than Cassegrain,
3. Permits location of detector

mirror behind optical system.
M, = Elilptoidal 4, Guoorlov_s less common than
mirror Cassegrain.
\ Reflactive I. Suffers from off - oxis come.
2. Central obstruction by prism
M, = Poraboloidal | O MirrOr.
NEWTONIAN mirror
Mg = Reflecting
prism or plorns
mirror
Reflsctive I. Not widely used now.
2. No central obstruction by
guxilary lens.
P .
HERSCHELIAN Mp 3 urobt;m?"e.lm 3. Simpie construction
axis 4, Suffers from some como.
1
Reflective - . I. Produces o curved fiesld.
refractive 2. Free of spharicel aberralion and coma,
3. Cenlral obstruztion by its own
SCHMIDT /7, F —— Mp s Sphericel tleld surfces.
mirror 4. San obtaln low f/numbar,
5. Shorser focus over larjar area
—— - My * Ratroctivecid  than parabolold.
6. Moy ba bullt os solld unit.

Figure 5~ 40. Optical Systems.
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s OPTICAL PERTINENT DESIGN
TYPE RAY DIAGRAM ELEMENTS CHARACTERISTICS
Le Ls Refroctive I, Rodiotion gothering power less
thon reflection aystems.
IKEPLERIAN Ls = Biconvex lens | 2. Spectral response limited by lens
material,
Le = Biconvex lens
3 Not widsly used now.
M
,i" P Reflective - I. Produces flat field.
Ms Mp = Aspheric mirror 2. very short in tength.
SCH“IDT" Axis M A ph . |
CASSEGRAIN| ——-=--pP~—=——~ —— —| Mg = Aspheric mirror | )
OR BAKER 3. Covers large field.
Lp = Refractive
- corractor plate | 4. Corrector plate has lorger curvaiure
m?y than Schmidt,
Re'frocﬁvo- l. Suitable for IR source systoms
lecti
reflective 2. Fres of spherical aberration coma.
MANGIN Mp = Spherical 3 Mos! suitable for small aperiures.
MIRROR refractor
4. Covers small angulor fleld.
Ms = ’S::vl:rcug:l 5. Uses spherical surfoces.
Refractive - | Fres of soherical aberrotion, coma,
reflective and chromation.
MAKSUTON Mp = Manigcus 2. Very compact.
reflector 3. Largs relative aperfure.
Ms = Meniscus
refractor- 4. Moy also use combination of
reflector sphericol and asphoric elements.
Refractive -
reflactive 1. High aperafure system,
Mp = Spherical 2. Hos mean correction of spherical
GABOR reflector aberration ond coma.
Ms = Spherical 3. Suitable for IR source systems,
refractor -
plane
reflector
L
————— Refractive I Frae of spherical aberration.
1 2 Inhsrently Lighter weight,
F Axis
RI.E!-:SNNSEL “““““““ A= Le = Special 3, Small oxial spoge.
frasnel 1ens | 4 Smail thickneas reduces infrared
- absorption,
J
8. Difficult to produce with present
Infrared transmitting moterials.
Figure 5-4b. Optical Systems (Additional).




Reflective components have the advantage that they can dg combined to
make an overall shorter system and provide some dezrse of correction
for aberrations. Reflective systems are more tempireiure sensitive and
more difficult to mount and align than refractive sv.tems, Refractive
systems have the advantage that there is no obscut:t on of the field-
of-view, The main disadvantage of refractive sysf.:iy 1s the loss of
energy through absorptinn in the components and re‘ lections at optical
surfaces, In the infrared, the cost and delicac, £ refractive optics
makes them prohibitive, and reflective optics are to be preferred,

To obtain a large signal-to-~noise ratic of a photo-conductive de~
tector and increase the optical range, a large anerture and a short
focal length must be used, However, the qualiiy of the Image 1s reduced
as the aperture size 1s Increased and the focal length decreased, Many
systems employ a small angular Instantanecvs fteldwof-view and a low
f/number and, by some means of gcanning, t-averse this small field over
a wider angle,

Monochromator

The monochromator containa an active element which disperses, or
breaks up, the beam of radfation fntc a continuous band of radiation,
which 1s then either scanned across an aperture or the detector, The
active element used can be a prism, a grating, or a Circular Variable
Filter (CVF).

PRISMS., A prism s a transparent optical component with two
highly polished surfaces'Inclined towards each other, The deviation

produced by a prism on an fncident ray (figure "~ ) will vary with the
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angle of incidence and the wavelength of the radiation, By rotating
the prism, the dispersed rays can be directed toward the detector or
exit aperture, Common prism materials are NaCl, KBr, CsBr, LiF, and

quartz,
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Figure 5-5. Deviation of a Ray Through a Prism.

If a prism is to be used in a spectrometric application, it is
necessary to determine its resolution and resolving power--two speci-~
fications determine how accurately two very close spectral lines can
be measured, The Rayleigh criterion for resolution, as shown in fig-
ure 5-6, is the standard adopted, The problem of determining the
resolution 18 to determine the change in deviation angle for a small
change in wavelength, i.e., the dispersion, The resolving power
equals the effectlve thickness of the prism times the dispersior ~f

the prism material,
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Figure %.6. Rayleigh Criterion for Resolution.

GRATINGS. A grating consists of a large number of small equally~-
sized, equally-spaced slits, with each slit causing a diffraction pattern
The waves from the individual siits interfere, and a combined inter-
ference diffraction pattern is formed. The grating equation which
gives the location of the maximum of each diffraction is

d(sin 8 + ein §') = n) (5-4)

~A
]

slit separation

@
L]

angle of incidence

8' » angle of diffracrion

2 = the order of the gpectrunm
The dispersion of a grating is proportional to the order (the value of n)
of the spectrum. High orders provide greater spectral digpersion, al-

though &t a lower iIntensity,

a1




Grutings present a problem of overlapping of orders. [t cen be wewn
from the grating equation that all spectral lines with the same value
of n are diffracted to the same point in the image plane, The 2um radta-
tion from the first order will overlap the lum second-order radiation,
and similarly remaining orders will comtrtbute, Thus, only one order
must be allowed to reach the detector, which is achleved by filtering
the radiation bekoxe it veaches the detector, thus eliminating the lower
wavelengths from the spectrum, The intensity of a particular order can
be enhanced by "blazing" the grating, cutting the grooves at an angle,
so that the grating reflects light to a particular order, The angular

dispersion of a grating is given by

%g-'* = (n/d cos 6') (5-5)

and the resolving power, which is used to normeilze wavelength effects,

is given as

E%" uN (5-6)

The resolving power is just equal to the number of lines (N) in
the grating times the order sc that gratings with many lines used in
a high order have high rescolving power,

CIRCULAR VARIABLE FILTERS. The recent advances ir the technology

of thin films led to the production of Intarference filtera for the
infrared reglon, These are produced oy tha deposition of very thin films
of a dielectric material cn a transmitting substrate, such as germanium,
silicon, Irtran, and salt crystals, By & suitable cholce of substrate
and deposition material, varying the Chickness of the dielectric layer

allowa A f£ilter for any porticn of the infrared to be constructad,

Ha
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The circular variable filter is merely a thin-filn interference
filter whose thickness varies linearly about a circular substrate, If
the thickness at the beginning of the filter is t, then it 1is varied
linearly until it reaches 2t at some other point of the circular segment,
The CVF's can be obtained iIn either 90-, 180-, ¢r sbu-degree seguents.
Z2ince the rate of change of film thickness with angle »f rotation is con-
stant, the wavelength transmitted is a linear function of this angle,

The transmittance of a CVF varies with wavelength, but is usually in the
range from 30 to 60 percent, The resolution of the filter can be varied,
but the usual resolution achieved is in the range of 1 to 4 percent of
the spectral region covered by the CVF, The range of wavelengths covered
by commercial CVF's is from 1.3 to 15 um, but they have been constructed
for the entire infrared region from 0.4 to 25 ym, Each sector, or seg~
ment, covers only a 2:1 wavelength ratio corresponding to the same varia-
tion in film thickness, Thus, 1f the minimum wavelength transmitted is

2 ym, the maximum woulid be 4 um, Combinations of either 90-or 180-de-
gree segments are possible to extend the range of one CVF wheel,

The use of the circular variable filter, rather than prisms or
gratings, means that the active medium is not an integral component of
the optical path, Therefore, the spectrometer design can be greatly
simplified resulting in a mobile, compact system, A CVF spectrometer,
designed by G.C. Pinentel, has been used on long-range space missions
to obtain ir spectra of planets, The problem of alignment is not se-
rious, Thus, the CVF lends itsell readily to field and airborne use,

One drawback to the use of the CVF is the low resolution achieved, but
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as technology incrcases, perhaps this will improve somewhat, The spec-
tral characteristics of any interference filter vary with changes in
filter temperature, so the design of systems to be used in the field
should provida a method for temperature control, The angle of incidence,
and the width of the beam as it is incident upon the CVF 6 also affect
the performance and resolution of the CVF,

The design of a circular variable filter wedge spectrometer rew
quires the CVF to be placed at a focal point of the optics for best re~
solution, Similarly, the field stop and the detectnr will also be placed
at focal points. This necessitates a system design involving either re-
lay lenses or transfer mirrors (figure 5-7),

SUMMARY OF DISPERSIVE ELIMENTS. Three elements, each using differ-

ent dispersion techniques, have been investigated: prisms, gratings, and
CVF's. Of these, prisms are too fragile and expensgive for field use,
Gratings achieve the best sesolution and are not affectad by changes in
humidity, but sinze they form part of the optical path, they must be in
constant aligment and thus present problems in field and airborne use,
(These difficulties may be overcome by rigid mechanical mountings, bu:
this area must be further developed.) The circular variable filter may
be the best compromise considering ease of maintenance, mobility, and
its ability to withstand field use, If low resolution can be tolerated,
RAPID SCAN INSTRUMENTS

The measurement of translent targets requires that the time over
which the measurement 1s performed bz shorter than the time of large
fluctuations in the source intensity, For gpectromaters, this neans

that a spectral scan must be completed while the radiant exitance of
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the target is constant, which requires zomplete scans in the order of

milliseconds.
FOUKRIER TRANSFORM SPECTROMETERS

‘n addition to radiometers and dispersive spectrometers as detect-
ing instruments for infrared, recently an analogue from the optical
portion of the spectrum, the :nterferometer, has been added. In the
dispersicn spectrometur, polychremutic radiation is dispersed within
the monochromator. Each 1ndividuai resciunt.on element of the radia-
tion « then measured for intensity, and the result is & spectrum, or
7.0, of intensity versus frequency. 'The Fourier transform spectrometer,
on the other hand, uses the muving mirror ci an interfercmeler to pro-
duce an optical transtorm of the incoming infrared signal. The radia-
tion at high infrared f{requencies is heterodyned tc¢ produce low audio
frequency signals. The output of the interierometer i1s an interrero-
gram which ccntains the spectral information in a multipiex form.

The inconing signal and the interferogram are complementary and
constitute a Fourier pair, 1.2., by pertorming 5 suitable Fourier trans-
formation, the spectrum can be extracted from the interferogram.

The Fourier transform spectrometer offers distinct advantages dver
the dispersion spectrometer. In the dispersion spectrometer, since each
individual resoluticn element must he measured separately, the time

spent on cne measurement is a small fracticn of the total time required




to scan the spectrum, If there are M resolution elements and the time
required to scan the entire spectrum iz T, the intensity of each element
is measured for only a fraction T/M. The streugth, or intensity; of the
element is directly proportional to the length of time the detector ob-
gserves 1it, whereas noise. beiriz random, is proporticnal to the square
root of the observation time. The S/N ratio of the dispersion spec-
trometer, theoretically, is thsn proportioral to (T/M)1/2° The Fourier
transform spectrometer, on the other hand, simultaneously measures all
of the radiation components incident upon the detector so that all com=
ponents of the radiation are observed throughout the operating cycle

of the instrument, Since the detector of the interferometer sees all
resvlution elements throughout the entire scan time, the S/N ratio for

the interferometer is proportional to Tllz. The interferometer thus

has a higher S$/N ratio by a factor of Ml/z° This improvement, called
"Fellgett's Advantage," can be quite large under conditions of high
regolution, This advantage in S/N ratic ciu be used to trade resolu-
tion for rapid response, A spectrum can be measured with a Fourier
transform spectrometer in the same time as with a conventional spec~
trometer, but at a higher S/N ratio, or conversely, with the same S/N
ratio but in a much shorter scan time,

The second advantage of the interferometer is that in the disper-
sion gpectrometer the radiation beam entering the monochromator must
be defined by narrow slits, limiting the amount of rxadiation entering
the instrument and reaching the detector, Thesa entrance alits, not

required within the interferometer, greatly increase the light gathe.

ering capability of the interferometer spectrometer,
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-? Disadvantages of the interferometric method are susceptibility of
the instrument to vibration and consequent interference with the signal,

' H The mounting platform must be quitie rigid. This does not present prob-

lems in the laboratory, but is difficult to obtain in practice in the

'% field. Secondly, because the spectrum is not produced aft the same time
1% that it is scanned, it is difi cult to set up for an experiment, The
f% amount of data involved and the handling are increased immensely, Per-
f% forming the Fourier transforrm routinely requires the use of a digital
13' coaputer, However, these problems are not insurmountable, and.commercial
‘gf interferometers now use a laser [requency standard as a reference to

g; overcome vibrational interference,

? Michelson Intexferometer,

? Just as there are many optical layouts for the conventional #-ec~
”2‘ trometers, there are various arrangements of components of an inter-

?g fszuneter, The basic -components of an interferometer, mirrors, lenses,
hg: and beamsplitters, can be arranged into a Michelson, a Fabry-Perot, a
”Z} triangular, or a Mach~Zehnder-type interferometer, An optical sche-

By
'é% matic of each type is shown in figure 5.8, Because the Michelson
;§ interferometer is one of the most widely used and simplest to under-

5

stand, its operation is described below.

Referring to the optical diagram of the Michelson iaterierometer,
(figure 5-9) there are two mirrors: Ml and Mye Mirror Ml is movable,
and 8 linear actuator is responsible for the movement; mirror M2 is
fixed, An incoming beam of radiation, a, enters the iInterferometer

cube and strikes the beam-splitter plate, S, On its inner surface,

9k
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? the beamsplitter plate carries a semireflecting coat; a compensator

Q plate of the same thickness as the beam splitter is located on the op-
5
ﬁ posite side of the reflecting coat. The incoming ray divides into two
B
ﬂ‘ rays, a, and a,, at the semireflecting coat. Each ray is reflected by
b5 i
'g: one of the mirrors and returned through the compensator to the semi-

reflecting coat, At the beamsplitter, rays ay and a, are reflected and
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.tranémitted zespectively, and the exiting parallel rays, b1 and b2.
interfere either constructively or destructively, depending upon their
relative phagses, As long as these rays remain parallel, the wave fronts
remain parallel and will Interfere, The final beam exits out of the op-
tical cube and is directed towards the detector,

The phase of. ray 2, with respect to that of ray a,, can be changed

simply by moving mirror M If mirror M, moves a distance x, ray a

1° 1 1
travels a distance greater by 2x, and the intensity of the resulting
exiting radiation is given by

I=1H [1 + cos {2mv (2x)}] (5-7)
where

' I = the intensity of bl
Io = intensity of a
H = the modulation efficiency (always less ihen 0,5),
If the mirror excursion is proportional to time, the instantaneous

disélacement of the mirror is given by

x(t) = kt, (5-8)
where

k is a constant denoting the constant velocity of
mirror travel, then the intensity transmitted by the interferometer is

I=T1HI[1l+ cos 2mv(2Kt)] (5-9)

The transmission is thus periodic in time with a frequency, fv, which

depends upon the wave number (inverse to wavelength) of the entering

radiation:

£, = 2K (5-10)
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This relationship shows that the output frequencies of the interfer-
ometer are related in an isomorphic manner to the wave numbers of the
incoming radiation,
DETECTORS

The final, and probably the most important, part of the infrared
measuring apparatus 1s the detector, There are many physical phenomena
which can be used to measure the quantity of infrared radiation incident
upon a specific receiving area, These phenomena serve tc divide the
types of infrared detectors into two classifications: thermal, in which
the radiation of any wavelength is absorbed by a suitable blackened tar-
get whose temperature rises slightly, and quantum, in which the radia-~
tion of a well-defined wavelength (electronic transition) is absorbed
by the material forming the targets, The sensitive element (detector)
of the infrared system is the heart of an infrared system, and, to a
great extent, determines the instrument's resolution and discrimination
capability,

Detector Characteristics

The quantum, or photon, detector exhibits an output which depends
upon the energy of the photons incident on its surface., The absorption
of photon energy by a suitably constructed semiconductor material gen-
erates a charge carrier within the material, causing an instantaneous
change in resistance, This change in an electrical property of the
matarial can then easily be measured, Photon detectors can further be
clagsified according to mode of operation:

1, TPhotoemissive

2, Photovoltaic
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3. Photoconductive

4, Photoelectromagnetic

5. Photoluminescent

Thermal detectors have an output that is directly proportional to
the amount of incident radiation striking the detector. Because they
respond to the density of photons, they are nonselective and respond
equally well to all wavelengths, in contrast to the quantum detectors
which respond to the energy of the photon., Some types of thermal de-
tectors, classified according to mode of operation are:

1, Thermopiles

2. Thermocouples

3. Bolometers

Performance

Detectora of the same type can be evaluated only under conditions
specific for each detector, The operating conditions for the evaluation

must be specified,

TD-OPERATING TEMPERATURE. The actual oparating temperature of a

semiconductor detector must be known, since the detector's sensitivity

varies with temperature, The resistance of the sensitive element de-
pends upon the temperature coefficient of the detector material,
T.~TEMPERATURE OF SOURCE, The temperature of a blackbody scurce

S
must be known in vrder to specify its spectral properties due to the

selective nature of spectral response,

A ,-AREA OF THE DETECTOR. The sensitivity of a detector is in-

d
versely proportional to the senaitive area of the detector. A knowledge

of this area is necessary to evaluate the detector,
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fc-CHOPPING FREQUENCY, If the radiation observed is mcdulated, it

is important to know the frequency distribution of the modulatinon and the
bandpass employed, as some detector characteristics change as a function
of the modulation frequency, For example, the sensitivity of some de-
tectors 1s enhanced at higher chopping frequencies.

V£-NOISE BANDWIDTH, The bandwidth of operation for the noise fig-

ure determination,

NEP-NOISE EQUIVALENT POWER., NEP is the minimum intensity of radiant

power falling on the surface of a detector that will give rise to a sig-
nal voltage equal to the nolse voltage of the detector. The noise volt~
age (Vn) of any detector is directly proportional to its temperature
multiplied by the square root of the noise bandwidth times the area of
the detector (Ad).

/2

1/2 (Ad) (5-11)

Vn = T (Af)
The NEP of a detector with a signal-to-noise voltage of 1l:1 (that is
with Vs’ the rms signal voltage, equal to Vn. the rms noise voltage) is
given by L
NEP(l:1l) = E°Ad'Vn/V8(Vf)1/2 (5-12)
where E is the irradiance in watts/cmz. The smaller the NEP, expressed
in watts/cmz, the higher the sensitivity of the detector,
D*-SPECTRAL DETECTIVITY, Detectivity is a meagure of detector

A
gensitivity,

*
Dx, is an area-indep.ndent parameter given by

* ., 1/2 1
D, = Ay / NEP (5-13)

1t -~ TIME CONSTANT. The speed of responge of a detector is referred

to as the time constant of that detector, It is the time required for
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. a signal to decay from maximum amplitude to 1/e of its peak, The fre-

quency response and the time constant are related by

T = 1/2nf (5-1k)
where
T = the time constant in seconds,

f = the modulating frequency in hertz at the point where the response

is down to one-half its maximum output (3 db point),

4 Other parameters of interest concerning detectors are the

responsivity, R,of the detector and the spectral tesponse,_gio The re-

sponsivity 1s the response per unit radiation input, which relates the

g magnitude of the response to the quantity of incident radiation. The

'i responsivity quite often is dependent upon the bias load resistance chosen
% for the detector; the spectral response 1s merely a variation of D: vs

% wavelength,

;E DETECTOR FIELD-OF-VIEW, Detector field-of-view also must be speci-
g fied for comparison of similar detactors because D: increases as the

e

k'

fleld-of-view 18 narrowed,

The above parameters are specified whenever detectors are compared,

A typical sensitivity specification for a detector might then be

D, (3.0, 1000, 1, 30) = 1 x 10!

‘;“»;w:;.. Vano

: where

_% 3,0 « wavelength at which D: was measured (micrometers)
'i 1000 = chopping frequency (Hz)

} 1 = electronic bandwidth (noise bandwidth) (Hz)

3 30 = field-of-view of detector (degrees)
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Gocasionally detector aensitivity is averaged over the detector spectral
range of aeasitivity rather than being specified at a particular wave-
length, This averaged quantity is referred to as blackbody D*. Thus,
the irradiating source for the szensitivity measurement would he a black-
body operating at some specific temperature, The temperature of opera~
tion is specified rather than the wavelength of measurement,
Operatlon

The two principal modeas of operation for quantum detactors are
photovoltaic (PV) and photoconductive (PC), The photovoltale cetectors
offer the highest obtainable sensitivicty in a particular spectral region,
but because it is easier to manufacture photoconductive detectors, their
use 1s more widespread,

PHOTOVOLTAIC DETECTORS. Photovaltaic dstectors are constructed

from semiconductor materials in the ferm of PN junctions, When infra-

red radiation of s suitable frequency is fncident upon the junction,
photons are absorbed by the material and an emf is generated, The small
voltage developed is produced by the fntrinstc excitation of hole-electron
pairs from the valence to the conduction band. The consequent separation
of these pairs across the junction dues to the internal aspace charge (op~
posing the internal voltage drop) results in the devclopment of the photo-
voletagea,

PHOTOCONDUCTIVE DETECTORS. The photoconductive mode of operation

depends upon a marked increase in electrical conductivity which is ex-
hibited as a change in reaistance due to the generation of hole-electron
current carriers, The prodactien of current carriers can be either in-

tringic, as in the case of photovoltalc detectors, or extringic, in

1ce
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f which case electrons are excited from or to impurity levels which lie

G within the forbicdden band of the semicorductor., These impurity levels

=~
g,
"l

are controlled by the amount and character of doping material added to

&

by
) s
S ATRR NS

the semiconductor, Thus, it is relatively easy to produce new detectors

-
E. for different regions simply by changing the dopant. The use of this
Z type of detector requires a bias supply as shown in figure 5-10. The
ki
E bias should be selected to obtain the highest possible responsivity
? consonant with maximum thermal power dissipation of the detector,
} Bras Voltage
“ ”l‘BB C|
. ] e |
; 1] | | 0
3 R,
3 h L Output
3 7> |IPC | Detector Lload Resistance
£ Incident
: Radiation
I
y 0
4 Figure 5~10. Photcconduector Circurt Configuration.
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The most sensitive detector for a particular spectral region is not always
the most guitable, For example, in the 8-14 um region, mercury-doped
germanium [Ge(Hg)] has the highest detectivity, but this is not obtained
until the detector reaches 30°K using liquid hydrogen us a cool;;to The
use of liquid hydrogen as a coolant leaves much to be desired, since the
potential hazards are quite great, Similarly, the use of liquid helium
as a coolant presents operational difficulties in field use. Thus, for
field use, a mixed detector of the mercury-cadmiur~telluride (HgCdTe)
type probably should be used. The type of detector to be used depends
upon the type of experiment to be performed, If sensitivity 1s the most
important criteria, then perhaps the doped germanium detectors should be
used with liquid helium as the coolant,

Today the most commonly used detectors are indium arsenide (InAs)
and lead sulfide (PbS) in the 1-3 um region, irdium antimonide (InSb) and
lead selenide (PbSe) in the 3~5 um region, and Hu.dTe and Ge:Hg in the
8-14 ym region (figure 5-11), All of these, excepi the Ge:Hg, employ
liquid nitrogen as a coolant, which is cheap, readily available, and
easily handled, Horever, recently a new compound, lead~tin-telluride
(PbSnTe) was developed as detectors in the 8-~14 um region, The PbSnle

detector also uses liquid nitrcgen as a coolant.

Bias Conditions

Fafrared detectors which operate in the photocwndu' tive mode requirce
a get bias condition in order fo opevate properly, The <»cimum blas con~
diticn is that which revults in the largest output sireal-tr folse ratio

for a constant input signal In order to determine the proper bias, a
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,} me w-urement of the n.oise voltage, Vn, as a function of bias current must
e a

£

. be carried our with values of the signal voltage, V_. These two curves

-~

? are then plotted as a function of the different bias conditions to deter-
4

s m.re "bhe bect operating S/N ratio  Thus, tne optimum bias fc:. ‘hdat partic-
3

3 nlar deterror 1o determined as shown in figure 5-12,

f:

3 SYSTEM SENSITIVITY

P

The seraitiv_ty ot an 1nfrared system i1ncluding the optics may be

sphained trom the usual relat:ons i1avolving the figurses of meriv: Noise

ity

DA

Equ.valent P~wer (NEP) and Neise Equivalent Irradianc: (NEI)  The NEP of

4 t deroertor pu o guven as

NEP = ——t e (5-15)

o vhere

. A, is *he ares of the detector

F: A, 15 toe ¢ie.tronic bandwidth

ﬁ’ and D¥, s hr Lpecural detectivity of the detector.
The radiant power t awier-od 1o the optical system aperture Lo the

detectsr is gaven by v produ.t 21! tke Lrradiance at the aperiure , tne

oL m T oacncttancsy il the obtacar updrture area The NEL of the systrm

o
..
2l
=
[

NE! - -

Lor
P
-
=
—_
e
<
—
o
!
—
[on)
~—

AL,

A .e the lear opt.ral aperture area
o the syltem transmittance

1o the restonge of the system
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This gives the equation for calculating the sensitivity of the system:

A, Af

NEI = "'Z(dx
0 o R D*,

> e (5~

This equation may be rearranged into other more suitable forms The
uszeful area of the detector 1is related to the solid angle of viewing
(2). the system effective focal length (F), and the diameter cf the

collecting optics (Do) by

Ay = 8y - o (f/no)2 Df; {91 t5)
where
Qd = solid angle of viewing of the detector
F = effective focal length of the system
Do = dlameter of the system ccllecting optics (clear

aperture)

The area of tine ccllecting optics is given by

2
mn D
= -«‘-u--g [~ Vr)\
Aa 4 Comat
Inserting these equations ylelds
- “d of
NHET = 4f, no —smed cmmms - (“e )

oD D¥ 1 R
0 A (o]
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A voresight camera .s one of the most important tools uswed
tromenuure moeving Larpy T, [t vrovides « direct correlat:on be-
tween the act.al me.sured data and the position of the target

aleng with the *ime of the event Thus, selection of a beresight

camera ¢ oone - ! the important supporting procedures to be carr.ed

e primacy parameters Lo be incorporated into the design of
too tores.ont camer s dejend pon the Larget to be photographed  The
ey boelde teview shoitld L owvide max.man tracking ease concistent

Witt 1 olarge cb,ect amgle oun the film whea photographing 4 moving

targe, cpecd  Pothe carget and toe possabhility of Cacious ranges re-

5

PL.re o arcety ot folm teeds Vhe camera should allow rapod changs
A N AN B g, ther iadividal frames, 10 frames/second, up
oo ma.radn up .ty o 90 trames /oecond, eirther oine or pulsed,

sh frame-rated require external magazines of
P e s ety o 4l luw the continuous tilming o noent e

Lo pattern 2xpesed on the trim wile ad in
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é handl tng, user famifliarity, and enlargement requirements. The use of
E film which responds to infrared light should not be overlooked, as it
SZ may reveal otherwise unseen featrres,
ﬁé The camera ftself should provide rapid boresighting, adjustable

% shutters and aperzures, provision for iInserting filters, and timing

i' lights or coding posts for the inclusion of auxiliary data on the film,
_; Suitable cameras are readily available from a variety of manufacturers.,
IMAGING SYSTEMS

ii An imaging system provides a pictorial thermal map of the target.
i In the past, these have been used to provide qualitative information to
i locatc bot spots on the target, |

N

I
3
(X
/

An Imaging system would be used tc determine comparative irradiance
contours over and around the target to determine plume contours and spa-
tial extent, Rather than specifying temperatures, the instrument would

yield “effective" irradfance at the instrument as the parameter of meas-

urem.nt. The ideal Imaging system would be spectral, but the data out-

put would be overwhelming, so a practical system is, in essence, merely

a spatially scanning radiometer That is, the radiometer has a small

instantanecus fieid-of-vfew to provide good spatial resolution, which

7

is then scan~&d over a wide area tu allow large objects to be completely

covered

N - )
LR Tyt o et
PN Y

A total field-of view of 10 x 10 degrees/frame would be satisfactory.
An instantaneous {teld-of-view cf about 1 milliradian/element would cover

a frame with 174 x 174 resolution elements, or approximately 3 x 10A data




points. This cdrresponds to a spatial resolution of 1 ft2 on a target
1000 feet away from the instrument,
| The imaging system should scan a frame in at least 0.1 second if

the radiant exitance of the target is to remailn constant over the time
interval of a scan, This means the use of photon or quantum detectors
with time constants ‘. the microsecond region, The use of such detectors
coupled Qith logaritimic amplifiers should yfeld a useful dynamic range
of four orders of magnitude in frradiance.

At present, most imaging systems provide an oscillosccpe display
utiliziné briéhtness contours as the output format., This video picture
then can be photégraphed or recorded,

'+ The operation of one type of imaging system is detailed below,

AGA Thermovisicn

The infrared thermovision, responsive to radiation in the 2,0~ to
5.4-midrometer reglon, was developed primarily for use in medical re=-
s;arch Figure 5-13 ts a schematic of its optical unit, Instrument
parameters and character.c%ics are:

Detector: 1/2 mm dia  IuSb (PV) with &0 degrce cold shield

Total Field-of-View scanned: S degrees x 5 degrees

Number of lines per frame: 100 total

Optical Resolution: 100 elements/line

' Frame Rate: 16 frames/second

Thermal Discrimination at room temperature: 0,2°C.
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OPERATION  The irnfrared radiation is focused on the detector
through an optical train which consists of the following- a primary
sphertcal mirror, a secondary plane mirror (tilts or oscillates around
a horizontal axis at 16 cycles/seccnd, procducing 16 frames/second),
an ocrapgonal silicon prism (rotating at 200 rps so that elght lines are
scanned tn each revolution; -cesulting in 1600 lines per second), small
aperture collimating lenses, a vertical direction mirror, condensing
lenses, and a detector The signal from the detector is fed through an
amplifyfng system and dizplayed on an oscilloscope,

METEORGLOGICAL INSTRUMENTS

Vartous meteorological data 1Is required before we can account for
radfation loss due to atmospheri: attenuation. The barometric pres-
sure at the site, the relative humidity  and the temperature ave re-
quired in some special cases, it also may be necessary to record the
relative wind direction and speed, The temperature should be recorded
in degrees Centigrade to better than one degree. A psychrometer
should be used to determine relative humidity, which should be recorded
to within one percent Similarl ~ “he atmospheric pressure measurements
should be recocded to at least t. s of millimeters of mercury, Com-
merc¢ial Inscruments for these measurements are readily available from
many sources
COLLIMATOR

An off -axis collimator {s an essential part of the equipment used
to caltbrare test and align radiometric and spectrometric equipment

Tbe ~ollimator. when coupled with a standatd reference source, provides
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a laboratory point source which can simulate the spectral characteristics

LY AR

oy
e

of infrared targets It can be used to check the response of missile

ff seekers and other detective elements, and to align and measure the field-
'E of wiew of any optical instrument including spectrometers,

S An of{ axi: collimator differs from the normal collimator in that
R
A reflecting rather than refracting cptics are used, It also provides

= greater transmission without obscuring the source, The ¢ollimator con-
&
3 verts divergen: radiatfon from a finite extended source into parallel

3
_i radfation seeming to come from a point ar infinity. The collimator,

% threugh the use of an off-axis parabolsidal mirror, produces a uniformly
ks intense beam of parallel radfation, The basic design and layour of an
£ |

. off-axis colltmator is shown in figure S5-i.
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Lég Radiation from some source (such as a calibrated blackbody) enters
%% the collimator through one of a set of entrance apertures selected for
ﬁéb the particular test. The radiation {s directed onto a plane mirror which
L

i reflects the beam toward the concave mirror where it s collimated and re-
i directed towards the exit aperture,
.g The exit aperture of the collimator should be la:ge enough to com-
g pletely 1rradiate the optiss of any system being tested, The entrance
%; apertures should ofier a wide selectisn of source areas, and the reso-
g: lution of the iustrument should be at least 0.5 milliradian, and pref-
% erably better, for best suitability for all applicaticus,
.% There are many commercial collimators,but the specific type chosen
:g should alsc be capable of betng modified for possible future applica~
\? tion, The collimator design should provide for modulating the incoming
tﬁz radiation and fnrerchanging a variety of radiation sources

PEDESTAL TRACKING SYSTEM

3 The proper pedestal tracking system for a specific use is one of
E, the most important and yet one cf the most easily neglected items of

% the i{n<trumentattion jackage used for measurements. In geueral; so many
gw f types of pedestsls are avatlable that there is no problem in obtaining
? the proper type for a particular application The main problem lies in
}f specifying the particular minimum and maximum requirements for the spe-
5

i; citic applicatfon Once the system requirements have been clearly de-
‘gé fined, an ex{sting pedestal may be modif ied to meet the specified

,gf requirement

.éﬁ A pedestal that 1s rugged, reltable, rigid, smooth in operation,

and capable of high tracking accuracy is required. An extremely stiff




pedestal system must have a very low resonant frequency, which is a
function of moment of fnertia and stiffness. Smooth operation at low
speeds is a function of static and dynamic friction, Thus, the pri-
mary design consideration for static elements is high structural stiff-
ness; for dynamic elements, internal rigildity and low friction,

The important parameters to be specified before acquiring a ped-
estal include-

Instrumentation Weight

Pedestal Speed Range~Maximum and Minimum

Accuracy and Precision

Velocity Constant

Acceleration Constant

Elevation Tracking Rate

Azimuth Tracking Rate

Mechanical Vibraticns of the System

Max fmum acceptable error due to tracking velocity and tracking ac-
celeration lag.

The design 2f ihe pedestal %tracking system must be based on the velo-
ci~y of the target, the ranges cof the expecred targets, the flight pat-
terns ~xpected, and *he desired tracking accuracies. The pedestal 1s
the usual limiting factor in obtaining the desired tracking accuracy.
The method of tracking, whether it be by radar, infrared, cv video con-
trast, Is an integral part of the pedestal, but the mechanical system
involved In responding to thr electrical error signal Introduces the

grass fnaccuracies to the system The wrights of the Instrumentation and
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field-of -view of the optics influence the pedestal design., For our
system, the spectrometer will provide the determining criteria. The
following discugsion illustrates the above design parameters.

Our target is to be an afrcraft-~-engaged i{n a fly-by or a hovering
many different aspects, A sample target will have-

Ranges 0 5-10 km

Altitudes,  0-3000 m

Velocities 0-400 knots (0-200 m/sec)
Assume the worst condition to be an aircraft sweeping horizontally
across the field-of-view 1000 meters away from the pedestal at 400 knots.
This requires that the pedestal have a maximum speed of 11,7 degrees/
second or 205 milliradians/second, The tracking velocity of the pedestal
should be continucusly variable up to at least 25 degrees/second, To
determine the minimum tracking rate, assume an aircrait in the same
flight pattern, but at a range of 10 kilometers traveling at 50 knots
or 25 m/sec This requires the positioning pedestal to have a minimum
speed of 0.13 gorpems s go0r about 2.5 mr/sec., The tracking velocity
of the pedestal zhould be continuously variable from 0.05 degree/second
to 25 degrees/second Simflarly the tracking acceleration of the ped-
estal should be continuously vaxiable from 0 to 25 degrees/second/second.

The worst tracking conditifon is defined by an object at a range of
1000 meters traveling at a speed of 205 m/sec. The spectrometer to be
mounted on the pedestal has a field-of-view of 4 mr and the object (tail-
pipe opentng) to be tracked subtends @ 0 5 mr angle. Then the tolerable

error {maximum) due to target veloctty and acceleration should not exceed
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1 75 mr for the target to remain in the fleld-of-view of the measuring
fastrument. This, of course, depends upon the s1ze of the target- From
rhe above data. we may calcuiate the requized system velocity and ar

~e¢leration congtants

205 mr/ggg -
1.7 =z

2
_ 10 mx/sec

e a4 zee te
5 mx

-1
K = w'e = 117? sec C
v v

K = afe
a a
The approximate total error 13 given by the sum of the velocity and the
actrleration ersor
=g +e =175+ 25=20mr -
These errors are caused by the time delay fn the servo systems o¢f the
pedestal responding to an error signal
Accuracy will be defined as a freedom from error, whiie prcezisicn
will be defined as reproducibility Accuracy is then a measure of
total arcror Incl ding all bias (gystemat.c) and noise /jitter) rowpo
nents  Precision will be a measure of noise error oniy since notse
raponents interfere with the ability ol the pedestal to rapradu-e &
p sitton reasurement., In either case, the errors should be murh les:
tban the velocity and acceleraricn errors  The mintmum smooth :va. king
tie ¢f the positfcning pedestal 1. limited by static friction snd the
trque gain that can be achieved with the drive system At low trarki-g
rares  the pedestal executes discrate steps in following the rzeget =s
the ro-que delivered by the drive system avieeds and diminishes halay
cbe oratae fricrion  The tracking smocthnew-s will be influen-ed by
s fri~rion for target vatas that rause serwe welo~{ty lag erv-re«

aw. thae the ratto of statfc friction tc targue gain  This ratis

.




esgentially the static positfoning accuracy of the pedestal, other noice
ignored. A static positioning accuracy of 0,0l mr is easily achieved
and allows the low tracking steps to appear to be continuous,

Resonant frequency of the pedestal is a function of moment of in-
f artia and stiffnsss, The airangement of the fnstruments on the pedestal
'j shouid be chesen to minimize inertia  Resonant frequency calculations
;2 should be carrisd out in order to assure that mechanical vibrations will
4 not interfere with the operation of the fnstruments, The servc svstem
requires a very stiff pedestal with a maximum resonant frequency of per-

i haps 15 Hz fn azimuth and 30 Hz in elevatian,

9 The design requirements of our system follow-

L Maximum rracking speed 205 mr/sec
" Minimum tracking speed 2,5 mr/sec
1
- Veloc !ty constant 117 sec
% -2
& Acceleration constant 40 sec
b Maximum tolerable error 2 mr
e
H Stari{s posfitioning accuracy 0.01 my
-fz' Max imum resonant f{requenzy 15 Hiz azimuth
A
jéf 30 Hz elevation
,;i‘ Inttrumentaticn weight 1000 pounds
i
!

Basically the type of data desired determines the type of fnstru-

ments znd pedestzl to be used to collect the data.




CHAPTER VI

DATA REDUCTION AND ANALYSIS

The exact technique to be used for data reduction depends upon the
type of Instrumentation used, the particular calibration procedure for
that instrument, the method used for recording data, and the data re-
duction equipment available, The scope of data analysis is generally
limited by instrumentation parameters such as spectral resolutlon, dy-
namic range, calibration accuracies, field-of-view, and sensitivity.
Included in this chapter will be a general discussion of data reduction
and analysis and a specific example of data reduction,

ACCUMULATION OF DATA

The reduction of data might be classified into four main Leadings:

1, Real tim> data accumulation

2, Data selection by hand

3. Data selection and arrangement by computer

4, Data reduction

During experiment, the real time data which is recorded can con=-
sist of many channels of iInformation recorded on magnetic tape, photo-
graphic film record, and perhaps other types of permanent record, such
as plots and osctllograph records,

Afrer the experiment, the magnetic tape 1s played back and the bore-
sight f1lm is scanned to reject unsuitable data. The boresight film is
scanned to determine the data which corresponds to the aspects needed
for the particular experiment The data i1s played back and examined for
noise, amp.itude of signal, band edge, dynamic range, and signal-to-

noise ratio to determnine usable data-
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The selected and edited data is then digitized, formated, the tapes
are blocked, and a listing of the data is produced 4or further examina=~
tion. This prepares the tapes for insertion into the computer to be
ugsed for the actual data ana:ysis,

The spectral data_  along with data on atmospheric attenuation; and
range and aspact angles, are fed into a computer for the final data re-
duction,

The output of the computer is then examined and plots of the data
are examined to determine the validity of the data reduction, The spee=
¢ral radiant intensities and jrradiance contours (figure 6-1) are plot-
ted as functions of the aspect angle, The data can then be further
analyzed to evaluate the results of the =xperimeat. Lock-on ranges cen
be caleulated, znd the contributions of other parameters may vbe exsmined.
SPECTROMETRIC DATA

The most common quantity measured bv spectrometers is spectral
irradiance at the entrance aperture, zlthough the quantity of interest
is gpectral radiant intensity, Spectrometers recommended for use in
the measurement of aircraft,or any moving or nonstatic target, scan a
relatively wide spectral region at a high rate, thereby producing sev-
eral sample upectra per second. This large amount of data necessitates
the use of digital computer techniquzs for data reduction. The spectral
radiant intensity of the target is determined by applying instrument
calibration parameters, distunce to the target, and atmospheric trans-

misgion data to the instrument output,




The selected and edited data is then digitized, formated, the tapes
are blocked, and & listing of the data 1is produced fur further examina=-
tion, This prepares the tapes for insertion intc the computer to be
used for the actual data analysis,

The spectral data, along with data on atmospheric attenuation, and
range and aspect angles, are fed inco a computer for the f£inal data re-
duction,

The output of the computer Is then examined and plots of the data
are examined to determine the validity of the data reductfon. The spec=
tral radiant intensities and irradiance contours (figure ©-1) are plot-
ted as functions of the aspect angle. The data can then be furthe:
analyzed * =vulaate the resalt. oI the experiment Lock-on ranges can
Leeorallacated, and the Lontribution, of wther parameters may be examined.
SPECTROMETRIC DATA

The most common quantity measured by spectrometers is spectral
irradiance at the entrance aperture, although the quantity of interest
is spectral radiant intensity., Spectrometers recommended for use in
the measurement of aircraft, : any moving or nonstatic target, ~can a
rclatively wide spectral region at a high rate, thereby producing sev-
eral sample spectra per second. This large amount of data necessitates
the use of digital computer techniques for data reduction. The spectral
radiant intensity of the target is determined by applying instrument
calibration parameters, distance to the target, and acmospheric trans-

mission data to the instrument output.
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From Chapter IV (equatfon 4-1), the voltage produced by rarget rad.-
atior padsing throush an attenuuwing med.um and incident njon a4 detestor

can be expres.ed by
R
Vi) == ( ROD) t(A) I (A)dr (b-1)
&y

where

d =» distance from detector to target

R (2)

L ()

Responsivity of the instrument as a function of wavelength

Spectral Radiant Intensity of the target

1 () = Atmospheric transmission as a function of wavelength

AX = Resolutlon of the instrument

In most measuremerts, values of irradiance E(A) can be obtained

from observation of the target with contributions from the surrounding
background, and values of E(\) from the background alone, The differ-
ence of these tw» values is AE(A) and 1s the irradiance at the instru-
ment due to the radiation from the target,ET(x), minus that due Lo the
background radiation obscured by the target,EB(J\)° Therefore, ig is
necessary to determine EB(\) in order to obtain the target irradiance.
In some measurements, this correction may be negligible (Chapter 1IV)
so that

aE (A) = E_ (\) fo~

T

otherwise (Eq 4-5) we have

AE (\) = ET () - EB ) (]
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From Chapter I, equation l-~4, the source spectral radiant intensity

trav

]

rsifig through some . attenuating medium, at a distance 4 from an
irradiated detector,is given by

I () = d

E Q) /7 1)) {(=b
by the inverse of the atmospheric transmission coefficient corresponding
to wavelength,\, yilelds the spectral radiant intensity. This must be

determined from the pure output voltag ' of the spectrometer, The volt-

~age output of the instrument over a small resolution element V(A)AX,

at wavelength,), is given by
A+DR H
v(a)an = J R(A) EQ) da (€-%
If the resolution is small enough so that the responsivity of the
instrument can be considered constant, and the irradiance (or instru-
ment voltage) Is not changing too rapidly, the integration can be per-
formed
V() =R () E Q) (6-0)
so that

E ()=

<

”gll (6=1}
o)

Thus, irradiance at the instrument 1is obtained by using the jnstru-
ment responsivity and the voltage produced by the target. The spectral
radiant intensity of the source is obtained by using equation ¢ -. in-
corporating the distanze of the target and the atmospheric transmis-

sivittes for the particular conditions prevailing during the experiment.

2
o Y ) ‘
1 (A) 1(\) R (4\) (4 =)




The reduction of the raw instrument output to values of spectral
irradiance is, in general, the reverse process of the irradiance cali-~
bration as described in Chapter III, In the case of the calibration, a
known source of radiant energy produces a voltage output so the response,
or voltage output versus irradiance inpul, is determined., For the reduc-
tion of target data, the responsivity determined by the calibration is
used to reduce the voltage output of the instrument to values of irradiance.

The data reduction process then consists of determining values of
spectral {rradiance frum the instrument and calibration parameters,
multiplyfng by the target distance squared and dividing by the atmos-
pheric transmission coefficients, thereby obtaining the spectral radiant
intensities of the source.

ATMOSPHERIC TRANSMISSION

The attenuation of infrared radiation by the gases present in the
atmosphere is due to molecular absorption in vibration-rotation bands
of the individual molecules. The molecules in the atmosphere which have
absorption bands in the infrared are water vapor (HZO)’ carbon dioxide
(COZ)‘ Ozone (03)5 Nitrous Oxide (N20), Methane (CHA) and carbon mon-
oxide (CO). The existence of other oxides of wnitrogen and sulphur in
the air is well known to urban dwellers,but these constituents, thank-
fully, are temporal and local in nature. ”20’ C02, and 03 are the
strongest absorbers of infrared radiation because they exist in high
concentrations and have strong absorption bands, For measurements close
to the earth's surface, however, (where distances between the target and

the cetector will be less than ten kilometers) absorption by ozone will




be negligible. Similarliy, since NZOs CHA, and CO only absorb signifi-
cantly over long pathlengths, their absorpticn will ncv be considered in
this discussion, Thus, for ground-to-air infrared measurements of air-
craft, we have only to consider the absorption of water vapor and carbon
dioxide to determine the transmission of the atmosphere from 1 to 20 mi-~
crometers,

In general, it is necessary to specify the meteorological conditions

that exist at each point along the path between the source (target) and
the detector in order to calculate the absorption., These include the
pressure, temperature, and concentration of each absorber. For a given
wavelength interval, the location, Intensity,6 and shape of each spectral
line must be specified as well as the functional relationships between
the parameters and the meteorological conditions. I1f all this informa-
tion i{s available, then the absorption can be calculated.

This calculation using the general transmissivity equation for com-
puting slant-path molecular absorption is quite laborious and various
empirical methods and approximations are used by different laboratories
engaged in these calculations The Infrared Information and Analysis
(IRIA) Center, a part of the Willow Run Laboratories of the University
of Michigan’s Institute of Science and Technology, has been engaged 1in
atmospheric transmission studies and has cumpiled a state-of-the-art
report on band model methods for computing atmospheric slant-path mo-
lecular absorption (Report No., 7142-21 T)

This report has resulted {n a computer program which can be used to

compute molecular absorption spectrza from 1 0 to 20.0 micrometers for

e
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cact, of the pades H O, CO, ., .0, and O,. In our version of the program
‘ CA 3 ©

) 2

wnly “he HC nad )u‘ pertions wre utiilzed. A memo on the JRIA Stute-
sI=the Art Atm Cpherl. Drunsmiscion Program (2 July 1967) in.ludes a
supmary of the eqant.ons and empirocnl onotants w.cd by ~he program to
fortLrm e ranaom, it oo utal Ik o wcuapae C g, ulatoas produe d ooy
this progra.m ure shown in frgures 6= and 6-3.

The 1afr wred dbsorption speotr w ol water vapor Jhow, regions of

total absorption and reglun. ot very 1w uboorption.  [hese features of
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Curtis-Godson equivalent pressure (P), and the equivalent sea level con~

s e G Y RIS
A T Ty ot

£334

centracion (W*) be calculated separately, Computer programs and methods

g

for this calculation are detailed in the IRIA Report No. 7142-23~T re-

ferred to previously,

Absorption by 002 is calculated by the assumption of regularly
spaced Lorentz lines (Elsasser Model) and by an empirical model corre-
lating transmission with the generalized absorption coefficient (K) and
. the equivalent sea level concentration in atmospheric centimeters (W*),

The empirical relationship is used in the spectral regions 1-2,63 and

o 2

4,45-19,0 micrometers while the exact Elsasser equation 1s used in the
e intermediate region 2,63-4,45 micrometers. The cquations used are:

Model 1 T = T(KW*) (6-11)

Y
-"{ Model 2 T 1l - sinbf ro (Y)EXP(-~Ycoshf )dY (6-12)
> o

where
SW/d

0 . Y & e
L}

sinh §

Zna'o, T

B o e

For certain values of B and Y, the transmission for model 2 is given in

terms of the error function:

b 2
erf (x) =_\72-_n_f e N dx
0

The total transmission of the atmosphere at any wavelength for which
the above approximations are valid is then given to a good approximation by

T(Total) = T(H,0) x T(CO,) {(6=13)
2 2 .




As yet we have no method to account for the attenuation of infrared radi-
ation due to scattering, The atmospheric transmission function as deter-
mined above can then be used for data reduction,

The attenuation of infrared radiation caused by particles much iarg-
er than individual molecules is due both to scattering and absorption,
The extinction coefficient can be written

€rotal ~ cabs»»gas + ®abs-aerosol ¥ scattered
Pure scattering occurs if there is no absorption of the energy incident,
but only a deviation from the path,

Scattering (pure) can be treated in three ways depending upon the
relationship between the wavelength of the radiation being scattered and
the size of the particles leading to scattering. Rayleigh scattering
ig applicable when the radiation wavelength is much larger than the par-
ticle size, Mie scattering theory applies when the particle size is
comparable to the radiation wavelength, Nonselective scattering occurs
when the particle size is very much larger than the radiation wavelength,
The principal theory used in the infrared 1s the Mie scattering theory.

The scattering coefficient as given by Mie theory, caused by a dis-
tribution of particles with a range of particle sizes from ay to a,, is

given as a function of wavelength by

) 2 \
g, = ng N(a) K(a,n) a~ da (6=14;
a
1
where o, = scattering coefficient for wavelength

A

N(a) = volume concentration of particles

K(a,n) = scattering arez coefficient
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a = radius of spherical particle

n = index of refraction of particle
' Reliable scattering coefficient data in the infrared :1s Jifficult
to obtain because of the ccntributions of both scattering and selective
absorption to the measured value of the extinction coefficient. Because
the scattering properties of the atmosphere can vary appreciably, it is
not possible to state a scattering coefficient that will permit accurate

predictions over a wide range of conditions. An empirical relationship

frequently used is

o=y (6-15)

where ¢ and y are constants determined by the concentration and size-
distribution values for the aerosol. Junge observed scveral size dis-
tributions for atmospheric aerosol particles at equilibrium and gave
the distribution function for particles greater than 0,1 micron as

dN @ ., .ca8 (6-16)
d log a

where

N = volume concentration of particles
a = radius of spherical particle

YR morea o aL s o Ly o osmall oparticles

. .
FE A0S AU H VAN S P

¢ = a constant representing the total concentration

Thus, 1f the sizes of the scattering particles can be determined,
a knowledge of their size distribution 1is avallable, or vice-versa,

There are basically two methods to determine size. The simplest but




mest tedious is collection and microscopic examination, The other is
to use an instrument which measures the light scattered at right angles
from an incident beam, This is generally a function of the particle
size, shape, and refractive index, but simplifications allow particles
with diameters from 0,1 to 100 micrometers to be measured.

Currently an investigation is being conducted to establish a re-
lationship between particle sizes, distributions, and concentration
versus the infrared attenuation produced as a function of wavelength,

A sample absorption spectrum of microgram quantities of atmospheric dust
(in a KBr matrix) s sh.wn 1n ti1zure O-4 which shows the general regions
over which attenuation by dust particles might be important.

The scattering coefficient ic related to the transmission (due to
scattering) of a given optical path by the relationship

T = exp (=~ 0x) (6-17)
vwhere

x = optical path length (cm)

o = scattering coefficient (cm‘l)

Since scattering predominates over absorption in the visible por-
tion of the electromagnetic spectrum, it may be necessary to determine
scattering in the infrared portion from measurements taken in the visible
portion (about 0.5 micrometers) and to compare this with the Mie theory
and actual data on extinction coefficients to determine the absorption

in the infrared. This problem is being -tudied at many laboratories.
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DATA ANALYSIS

Data analyses is a broad area, and only that which is performed as
& matter of course will be discussed, This is:

1. The calculation of acquisition range as a function of aspect
angie and signal-to-noise ratio for various missile seekers

2, Integration of the spectral radiant intensity data to determine
the value of total radiant intensity in a given spectral band

3. Determination of the effective blackbody temperatures and
gaseous emission lines or bands.,

ACQUISITION RANGE

The infrared signal emitted from a target which reaches the infra-
red detector of a missile seeker may or may not be strong enough to
cause a sufficient voltage change recognizable from the noise level,

The maximum range at which a given signal-to-noise ratio is produced

by a specific target, which causes the servomechanisms of the missile
seeker tc¢ "lock-on"™ to the target is termed the acquisition range. Ac~
quisition ranges are measured for each particular target as a functjon
of aspect angle,

These acquisition ranges are derived from spectral data obtained
with a spectrometer The spectral data is checked for accuracy by
mezsuring acquisition ranges independently with actual missile seekers
for a given signal~to-noise ratio. This S/N ratio does not have to cor-
respoad to the actual “lock-un" S/N ratio. Because of this, a specially
designed radiometer (providing S/N ratios as output) may be used in
place of the missile seeker In either case, the gpectral data is checked

against the results of an independent measurement in the following manner:




The distance or range at which a seeker or radiometer will detect a tar-

get can be expressed by the equation \

2
S/N = —bse f IO)R () TN (6o18)
NEI (d7) A
1
which merely states that the signal voltage (Eq. ¢-1) divided by the
value of the noise equivalent i.radiance (NEI) is equal to some signal-
to-noise ratio, +# particular missile seeker will lock-on for a given

gignal~to-noise ratio, This must be determined for each individual

sevk2r’  The above equation then yields for the acquisition range

2 1 "2
d" = W 6T (/ I (A) R (A) t(x,d) dr  (6-19)
v

1

where
d = distance to the target
NEI = noise equivalent irradiance of the seeker or radiometer
S/N = signal~to-noise ratio corresponding to range d
I (A) = spectral radiant intensity of the target
R (1) = spectral responsivity of the seeker or radiometer

1(x,d) = atmospheric transmission as a function of wavelength and

Xl’ Az = wavelength limits of resjponse

The spectral radiant intensity I () 1is measured by the spectio~
meter and the response of the seeker R (A) and NEI are determined by
the calibration procedure The signal-to-noise ratio is measured for
the distance d With this information, equation '-i’' 1s solved for

range using the mea<ured spectral data and atmospheric transmission, and

the calibration parameters of the seeker or radiometers,




The ~..-. « . : range and actual range fer a given S/N ratic can
then be compared to give a degree of confidence to the measuredlspectral
data. If this degree of accuracy is shown to be acceptable the spectral
radiant intensity car be used for the calculation of range for any mis-
sile seeker provided that the NEI and spectral response are known. These
calculations can be performed fc¢r any desired signal-to-noise ratio or
atmospheric condition, or as a function of aspect angle,

This information serves to ch..racterize the respense of a partic-
ular missile to some target, The chavructerization is spatial; enclosing
a sphere around the target by means of the azimuth and elevation aspect
angles, and the range, The target can be characterized by polar plots
of the spectral radiant intensity or irradiance countnuvs, whereas the
missile seeker's respcnsec is characterized by polar plots of the signal-
to=noise ratios produced by the target, Similarly, a polar plot of
various acquisition ranges will show the effectiveness of a particular
missile seeker, radiometer, or detector against a specific target.

1

Total Radiant Intensity

Integration of the spectral radiant intensity data is simply a
summation across the spectral band of interest, This ylelds the total

radiant intensity \

2
I - L () da (e )
Y170 f

"

The value of the rotal radifant intensity i1s useful in determining the
total emission within a given spectral band, This is used in evaluating
the effectiveness of IRCM devices and in detzrmining threshold levels of

radifant emissions of selected targets.




Signal-to-Noise Ratiog of Seekers or Radicmeters

The voltage output of a seeker or radiometer is not diractly suit-
able for the calculation of acquisition ranges, It must be converted
into a signal-to-noise ratio, This signal~to-noise ratio differs from
the ratio of signal voltage to NEI by inclusion of sky background noise,
This reduction is perfcrmed as a function of both the distance (range)
to the target and the aspect angle, Signal-to-noise ratios are deter-
mined in the following manner,

The radiometer or seeker measurement is performed so that one part of
the measurement represents radiation duz to the target plus background,
and the second part inciudes only the backgrcund, These measurements
may be obtained by periodically moving the optical path on and off the
target during a measurement, The two vollage outputs are related by the
equation

v, (ms)? = v, (ms)’ + v_(ems)’ (#-21)
where

V1 = the voltape output of the seeker including tar-

P S RIS S B TS S BN

V2 = th=: voltage output of the seeker due only to

U as™ o ady WLWmrlal o and 2Xterna. Lo the LCekep
Vs = the voltage produced only by the target

This equation can be rearranged to yield

- V. 2
Vl(rms)2 = Vz(rms)2 1+ Vg' £59515-\ (6=22)
2 (rms)” -




Therefore, the signal-to-noise ratio can be defined as

v (rms)2
S/N = (= 3
Vz(rms)

2

(6-23)

The values of the voltages V1 and V2 are determined as follows:
The a-c outputs of the seeker or radiometer are digitized and the
rms values determined by the usual relation

1 g 1/2
- X 7 Al
Xems = (¥ ;Z; 1) (#=0L]

where
X = the digitized amplitude of the voltage
N = the number of samples
EMISSION SPECTROSCOPY
A determination of the components within the exhaust gases which
produce emission is essential for a characterization of the target.
A knowledge of the gaseous products and thelr absorption and emission
bands should serve to characterize the exhaust emission spectrum,
Determining the lines or bands depends upon the spectral resclution
and the dynamic range of the instrument. Each laboratory engaged in
the collection of infrared signatures of aircraft should attempt the
storage of a data bank, or library, of signatures of various infrared
emitting objects. The use of such a data bank would be quite bene-~
ficial for those engaged in comparztive evaluation of both IRCM de-
vices and missile serkers
Radiation emitted by matter carries information concerning the
physical and chemical properties of the radiating bodies; spectral

analysis of this information yields what is called the emission spectrum

of the source of the radiation
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Opectral analys:is of radiation determines how much radiation of

each wavelength is present., A plot of the intensity versus the wave-

length or wavenumber of the radistion 1s referred to as a spect m
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CHAPTER VII
TYPES OF AIRCRAFT
The following catalog of Army aircraft, both helicopters and fixed

i{s intended to give a general idea of the nature of the craft to

wing
be tested, Detailed information on specific aircraft can be obtained
from the Army Technicul Manuels -10 and -020. General information, which
includes schematics of each aircraft, covers size, shape, utility, and
engine types used in the aircraft shown in figure 7-1, Utility, armed
observation, cargo, and reconnaissance craft are described,

HELICOPTERS

UH-1

Manufacturer: Bell Helicopter Co,

Description: Military type aircraft of a compact design, fea-
turing a low silhouette and low vulnerability in order to meet combat
requirements., Wide cargo-passenger compartment allows a variety of
services. The engine is located aft of the cabin and mounted above
the fuselage in a platform to provide maximum accessibility. Fig-
ures 7-2 and 7-3 show the general construction of the UH-1,

Weights: Operating weight; 6000 pounds

Maximum gross weight: 9500 pounds

leight: 17°
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HELICOPTER SERIES OBSERVATION SERIES
DESIGNATION | ENGINE POPULAR NAME DESIGNATION | ENGINE POPULAR NAME
AH-16 T53-L-13/A/8 COBRA XY ¢-476-118 BIRD 006
THA6 | 153.L.13/4/8 &3 0-10 0-470-15
I 0-1E 0-470-11B
UR-A__ | T53-L1A IROQUOIS 216 0-470-118 N m
UH-i8 T53l9‘."/8/“- Al 10-1A 0-470-118 M ‘
UR-1C 153-L-11/B/C/G
1 270118
UH-1D T53-L-9A,11/8/C/D — TOIE s
4 % ~ Y0-3A 10-380.D
““-‘“ T53‘L'|3 AIB __l} ::'w"--y -m 7
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6’;: :*‘\_g
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U-BF 0-480-3,3A qr—o/ |
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VH-34C R1620-€40
M U-98 60-480-61B6 AERO COMMANDER
- U-9C GS0-480-B1A6
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« { v v -
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Ty RU-218 T74-CP-102 )
TH-55A H10.36081A ——:ﬁ-usnns‘ RU-21C T14-CP-102 éﬁ A2
(’ Ly o = RU-21D 174.CP-700
< RU-21E T74-CP-700
AH-56A 4 GE-) CHEY
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—-ﬂm—v‘
¥ & - “?\,{ 1418 10-360.D MESCALERD
OH 38A 163.4-700 KIOWA =
o 182 10:4104 COCHISE
~M .,_...rg{{ _‘r\,‘)‘ - i,
L1 -"'U“I'
Fagare T=lL Tecignnt Do of Avmy Alre, 0

TR

akasial SN G 3 g -
e N S e o+ s U s i T

. is 3
e FTETRAN g w o e

s

Lo Erwr ooa




Ol

o~
~— )
. -
- -
. I
o .
>

- - -
3 :, .
P
. i ¢
- * N
B - }
b
) 3 o 9
. N Py .. w
. O o - . N
- . - e 3
. B - - ~ - 2 ;
* > = - b
mn. . N o K . . N
b ] s N . s
- . T ] e i H .
- - i A
»*a ~ i . - - - > N |
- . . e - . x ¥
- . . . . - e a - . B
: . K < - - . . . f
an . - - . - . . . 3
. - R ~ ».w
-
i R . Py . R - . A . 3
) . . ] 1 1 ] 1 . N ~ . ¥
- <
» o N N - kY - . w«
. . ] 1 1 ' 1 R
- - . P o . . = ol * xs -
. = - . = . :
I~ : H . . - 4

.
N
AN - Lk

.
N
s

s

o N
T L o WS




Figure 7-2. YUH-1D and UH-1D/H Helicopter
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AH-1G
Manufacturer: Bell Helicopter Co.

- Deseription: A tandem, two-place, high-speed, conventional heli-

copter desgigned specifically for the combat role. The tactical heli--
copter is an aggressive high-speed combut helicopter designed and
built around the fighting mission. Distinctive features are the very
narrow sleek fuselage, small, tapered swept midwings, aerodynamic
dynamic cleanliness, and integral turrci. Maximum fuselage width is
thirty-six inches., The mission profiles completely cover the air-
to-ground environment with suppressive fire at an area. The heli-
copter is fast, light, highly maneuverable, and capable of self-
protection in hostile air and ground battie situations.

Weighty Basic aircraft with crew: 6000 pounds
Hax imum gross weight. 9000 pounds.

Height: 11' 7"

e

Length- 44" 6"
widehs 3

Engines: The turbine engine and its accessories are located aft

of the transmissivon and mounted on a platform deck to provide maximum
accessibility The engine is a free turbine type designed for low
fuel consumption, of a minimum size and weight for maximum performance,

The T53-L-13 engine is torque-limited to 1100 hp for normal power.




I’xhaust Gas Temperature.

400 -~ 625°C Continuous
760°C Maximum
Alrspeed: 70-190 Knots

Infrared Suppression: There are no louvers or screens in the

side of the cowling to allow a direct view of the emyine, The tail-

k. pipe 1is surrounded by an ejector shroud that extends several inches
1 past the end of the tailpipe. This ejector mixes cool air with the

exhaust gases to reduce IR radiation, The open end of the tailpipe

A is directly above the tailboom and directed slightly upward so that
lgh a view of the hot end of the turbine 1is possible only from a posi-
34 tion that is above and behind the helicopter, Figure 7-4 gives the

E principal dimensions of the AH-1G; figure 7-5 shows the engine and

transmission compartment cooling.
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Oli-6A

Manufacturer: Hughes Aircraft Company

Description: The OH~-6A aircraft basically is an all metél, single
engine, rotary wing aircraft. It is powered by an Allison T63-A-5A
turbine engine driving a four-bla’'ed main rotor and a tail-mounted anti-
torque rotor- Primarily an observation aircraft,it 1s capable of
carrying passengers, cargo, or armament subsystem. The aircraft can
be equipped with armor for combat operations, and also can be used
for target acquisition, reconnaissance, and command and control,

Weight: Mission gross weight: 2163 pounds

Height: 8' 6"

Length: 30" 3 3/4"

Widchs 4" 7" ‘

Engine: The Allison T63-A-5A 1is a free turbine turb;shaft engine
rated at 252 SHP in the OH-6A. The engine cooling system consists of
alr scoops, mounted on top of the aircraft and necessary ducting to
direct air through the air cooler and into the engine compartment.
There is also a BHlower mounted on the main transmission input shaft,
The air exhausts through an annular opening around the exhaust pipe
between the pipe and engine cowling doors.

Exhaust Gas Temperature (turbine outlet temperature)

Normal-385 - 693°C
Maximum~749°C
Alrspeed- 40-121 Knots operating speed
Figure = 1is a side view of the OH-6A and figure /-7 shows the gen-

eral construction,
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Figure /=t o<t A Helizopter
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y;' OH-584A

Description: The OH«38A 1s a single-engine, observation heli-

copter designed to land and take off from prepared or unprepared sur-

faces  The fusclage consists of the forward section which encloses

the cabin and fuel cell and provides pylon support The intermediate,

- or transition section, supports the engine and includes the equipment

" and electronics section The tailboom section supports the horizontal

@ stabilizer, vertical stabilizer, and Latl rotor

Missions: Visual observation, target acquisition, armed recon-

3
Sk

o ity
2t

naissance, and command and control

)

In its armed configuration, the

helicopter provides ground forces at the lowew.t practicable echelon

7

sk s S0
ot i

with a capability for armed reconnaissance, observation and screening

] ys
Rl

<

obovevat fons wiere high mobility 15 required

i gh

-
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Weight. Operating weight, including crew. 2000 pounds
Maximum gross weight: 3000 pounds

Height: 10

Length: 40’

uidth. 6 6"

Engine: The OH~58A is equipped with a T63-A-700 gas turbine
engine, The engine is light weight and 1s designed for low fuel con-
sumpt jon, minimum size, wmaximum relsabslity and ease of maintenance.
It is installed aft of the mast and passenger compartment to simplify

the drive system, improve the inlet-exhaust arrangement, reduce cabin

rnoise level and provide better structural iIntegrity The engine cowl

aft of the engine air inlet screen is removable Louvered openings
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are provided on both sides of the engine for cooling. The aft fairing
covers the engine oil cooler, provides an area for oil cooler exit

alr, and the center cowl section houses the engine air inlet, The

engine is rated at 300 hp.

Exhaust Gas Temperature: (turbine outlet temperature)

Continuous- 330-700°C
Maximum: 750°C
Airspeed: 120 Knots maximum.
Figure /- 1is a slide view of the OH-58A helicopter, Figure 7-9
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oi=47

Manufacturer: Boeing Company, Vertol Division.

Description: The CH-47B and CH-47C are twin turbine engines
tandem-rotor aircraft designed for transportation of cargo, troops,
and weapons. Each helicopter is powered by two Lycoming T-55 series
shaft-turbine engines mocunted on the aft fuselage. The engines si-
multaneously drive two tandem J-blade xotors,

Weights: Operating weight: 24,000 pounds.

Maximum gross weight: 40,000 pounds,
46,000 for CH~47C (F55-L-11 engine)

Height: 18

Length: 50"

Wideh: 12

Engines : The two englies are housed in separate nacelles mounted
externally on each side of the aft fuselage:

CH-47B Lycoming T-55-L-7, L-7B 2200 SHP normal

CH-47C Lycoming T-55-1-7¢ 2400 SHP normal

1=55-1-11 3000 SHP normal

Exhaust Gas Temperature,

L-7 Ergines, L-11 Engines:
230-650°C Normal 230~770°C Normal
650-700°C Hilitary 770~810°C Military

Lngine 0il Temperature:
Maximum: 138°C -- 011 coolers located on the aft pylon sectiocn,

Fuel P-4

- ——

Alrgpeed. 60-160 knots

. o -
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Figure 7-10. Overall Dimensions
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Figure T-11l. Rear and lower Views of Engine Ce~tion -- CH=UT




CH-544

Manufacturer: Sikorsky Aircraft

Description: A twin~turbine, all-metal, flying crane, It has
a design gross weight of 38,000 pounds and a maximum alternate gross
weight of 42,000 pounds. The helfcopter 1s designed to carry de~-
tachable pods for transporting personnel and cargo, and to carry
externally attached loads,

Weight- 19,695 pounds,

Lengeh- 527 57

Hidthy 7"

Hetgnt: 257 5"

Engines: The helicopter 1s powered by two axial-flow gas ture
bine engines mounted side-by-side on top of the fuselage above and
aft of the pilot’s compartment,

Pratt & Whitney JFT D124~1; 4050 CHP

T73«P~1: 4500 SHP

Power Turbine Inlet Temperature-

JFT Engine  515-~565°C Normal

T~73 Engine: 515-655°C Nermal

Airspeed: 115 Knots.

Figure [-lc shows the gzneral construct,on of the CH-54A, and figure

’

- 15 a diagram of the engine fntake
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SEPARATOR ASSY
{f.H. SIDE)

SCAVENGED DIRTY AIR EXIT

BLEED AIR DRIVEN BLOWERS

SEPARATOR ASSY,
(L.H. SIDE)

“SBYPASS DOORS
CONTROL HANDLE

Figure 7-13. Diagram of ingine In*ake =-- CH Sh-A




OH~13H

Manufacturer: Bell Helicopter Company.

Description: The helicopters are designed for observation, recon-
naissance, rescue, and general utility missions. Power is supplied by
a vertically-mounted, six-cylinder, opposed-type air-cooled, nonsuper-
charged engine,

Height: 8 10"

Weight: Operating weignt: 2000 pounds maximum,

Length: 41° 5"

Width: 77 6"

Engine: The OH-13H helicopter utilizes a 250 BHP 0-435 engine.
The engines are six-~cylinder, horizontally-opposed, forced-air, fan-
cooled aircraft units. The engine is located aft of the cabin and
is mounted in the center section,

Hovering Limitations: Hovering between 10 and 400 feet shall be

avoided since a power failure under these conditions is likely to re-
sult in an extremely hard landing.
Airspeed: 91 Knots maximum,

Figure /~-i% is a diagram of the general construction of the OH-13H

helicopter.




1. Entrance door 12. Synchronized cievator
2. Seat belts 13. Tail boom
3. Shouldcer harness 14. Fuel tank
4, Stabilizer ‘sz 15. Engine hand crank
5. Carburetor alr intake 16. External pawer receptaclo
6. Oil tank 17. Forward naviyztion light
7. Battery 18. Ground handling whoels
8. Rotating beacon (fore anid aft) 19. Cabin ventilstor
9. Aft navigation light 20. Landing light

10. Blade mooring block 21. Pitot tube

11. Ventral fia

Figure 7-14. General Arrangement Diagram =-- OH-13H Aircraft
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OH~23G

Manufacturer; Fairchild Hiller Corp.

Description: Multipurpose helicopters designed for reconnais-
sance, observationl9 training, and medical evacuation, Power is
supplied b& a Lycoming six~cylinder, opposed~type, air-cooled engine.
The basic body secticn and tailboom are all metal, stressed-skin
construction° .

'y Length: 40 8"
Heighes 10V 2"
Widths  7¢ 6"

Maximum Gross Weight: 2750 pounds

Basic Operating Welght: 2100 pounds

Engine; These aircraft are powered by Lycoming direct-drive,
, six-cylinder, opposed~type, air-cooled engines, mounted vertically.
K The engine is located directly below the center of the main rontor
drive shaft, Cooling air from the fan mounted on the fan gear box
is forced over the engine cylinder fims.
Power; 305 BHP
Airspeed: 83 Knots maximum,
Figure 7~.) shows three views of the aircraft and the engine-cooling

fan,




Diagram Showing Three Views of OH-23F Aircraft and

Cooling System

Figure T-15.

F N 4
Fan drive coupling

Fan gear box
Fan shroud
5. Engine

1. Cooling fan

2.
3.
4.




CH-34A, C

Manufacturer; Sikorsky Aircraft

Description: Designed for transportation of cargo and per-
sonnzl, Configuration is single-engine, four-bladed, main-~lifting
rotor, The fuselage is of all-metal construction.

Length: 377

Height:s 14' 10"

Width: 137

Gross Weight: 52,060 pounds

Engire: The CH-34 helicopter 1s powered by a Wright R-1c20-84A,
~84C air-cooled, nine-cylinder, single-~row, radial engilne with special

provisions for installation with the drive shaft inclined upwards.

Figure -1t shows the general construction of the CH-34A, C helicopter.
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UH~19D

. Manufacturer: Sikorsky Aircraft

AP

Degscription: Primarily designed for rescue operation, but be-

%

g

i cause of its versatility is used for observation, cargo transport, and
,i‘ e l assault operations,

i Gross Weight: 7500 pounds

\;, . ' ——

v , Length: 14' 3"

] —engLh

™

RSN

Height: 13' 4"
Width: 11' 6"

Engine: A Wright R-1300-3 seven-cylinder engine,

Figure 7-17 shows its general construction,
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FIXED WING AIRCRAFT

el It

3 QV-1

E; g Manufacturer: Grumman
.',gi g Description- The OV-1 aircraft (fchawk) 1is a two-place twin
b:gi turboprop aircraft capable of operating from small fields and un-
; ! improved runways. The aircraft is capable of performing missions
'3? of observation, surveillance, artillery gun-fire spotting, air-
f:% | control, emergency supply and radiological monitoring, The armed

version of the aircraft is capable of carrying a wide variety of
tactical weapons at low-speed and low-altitude.

NWeight: Normal takeoff: 13,800 pounds

Length; 41!

lieight; 137

Width: 48’

Engines: The aircraft is powered by two Lycoming gas turbine
engines turning three-blade Hamilton standard hydromatic propellers,
Additional power plants used by the atrcraft: T53~L~3, T53-L~3A,
T53-L-7, which are single~stage, and the T53 L-15, which is two-stage,

Exhaust Gas Temperature;

T53-L-3:  300-590°C
T33-L~3a: -« .-c .

T53-L-7:  300-605°C
T53-L-15: 300-625°C
Airspeed. Maximum, 385 Knots

Figure - shows the general construction and d fmensions of the 0V-1
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Menufacturer  Beechcraft
Description. A six-place, all-metal, low-~wing monoplane powered
by two supercharged engines (Beech) with fuel injection, Mission is

personnel transport and light cargs

Gross Weight. Maximum gross takeoff weight for the U-8F is 7700

it nrn o] xensd e

pounds. Nermal operating weight is 5550 pounds.

Length. 33.3°

Hefght: 16.2’

Width:  45.9' wing span

Engines: Two Lycoming Model 0-480-3 fuel injection engines are
used for aircraft pcwer. The engines are six-cylinder horizontally
opposed, and supercharged, Added thrust is derived from the two-
stage augmentor tube exhaust system whith provides adcyuate cooling
under all conditions and eliminates the need for cowl flaps.

BHP-  150-200

Airspeed  130-234 knots operating range The ailrcratt will op-
erate efficlently at takeoff gross weight du ing single-engine flight.

Engine Cooling The augmentor-type exhaust system employs the
velocity and pumping action of the exhaust gases being ejected into the
augmentor tube throat, from each bank of cylinders, to induce airllow
through the engine nacelles and to vary the flow of cooling air around

the engine.

Figure ~-.J shows varisus views of the afrcrafte
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Manufacturer. Beechcraft
Description The U 2?1 series are unpressurized low-wing, all-

wetal . urality arwrcralt ¢t versatile design with an all-weather

capabiliey Ihe bastc mission 1s > provide a diversified utility

service 1n Lhe combal ¢one
l Weight  Maximum takeoff gross weight is 9650 pounds
Maxfmue landing weight ts 9168 pounds

cengid o

Heght- 147 37

Width- 45" 11" wing span

Engines  The aircraft i< powered by two T74-CP-700 turboprop
engines rated at 550 .-, This engine is a reverse-flow, free-
turbine type

Interstage Turbine Temperature  750°C maximum

Airspeed  92-208 knots normal

Figure ;hows three external views of the aircraft
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Four Views of the 0-1 Aircraft
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Figure 7-21.
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ig ‘ Manufacturer: Dellaviliand Aircraft of Canada

i ‘ Descriptiony The U~1A aircratt is an all-metal, high-wing mono~
Sé . plane powered by a single Pratt and Whitney Wasp engine driving a

i | Hamilton standard constant-speed propeller, The aircraft is designed
g to carry ﬁp to ten passengers.

Gross Weight: 8000 pounds

k Length: 41' 10"

2 Height: 12' 5"

i | Wing Span: 58!

g} | Engine: The uircraft is powered by a Pratt and Whitney 1340-59,
bz

'; | or 1340-61, radlal, single-row, nine-cylinder, air-cooled, supercharged
i , engine rated at 600 BHP,

‘; ) | \ Figure 7-22 shows various external views of the aircraft,
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Various Views of the U-1lA Aircraft

~22.

Figure 7




U~hA

Manufacturer; Deliavilland Aircraft of Canada

Description: The U-~6A aircraft is an all-metal; h:3h-wing mono-
plane powered by a single Pratt and Whitney Wasp junici engine driving
a Hamilton standard constant-speed propeller, It is raesigned to carry
five passengers.

Gross Weight: 5100 pounds

Length: 30' 5"

Height: 107 5"

Engine: The engine is a Pratt and Whitney Wasp Junior (Model
R-985~AN-39A) nine~cylinder, air~cooled radial-~type,

Figure 7-23 shows various external views of the aircraft,




Various Views of the Beaver Aircraft

Figure T-23.
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