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Preface

Origins

Infrared techriques, particularly as applied to military problems, have been
develcping in a gradual way for many, many years. One of the first main
uses was in World War II in such applications as the DOVE guided bomb and
the German Lichtsprecher. Since then, the Sidewinders, the Midas satellites,
communication devices, and a myriad of other instrurnents and systeras nave
been proposed, designed, developed, and used. Wheieas in the early 1950’s
a small group of resesrchers could convene and discuss most of the infrared
problems that were then facing the nation, now such meetings encompass
betweun five hundred and a thousand people. The techniques have changed,
the components have improved, and th2 means of use for thcse components
have become more sophisticated and more complicated.

Early in 1961, Al Canada, who was then at ARPA —the Advanced Research
Projects Agency — and the editor of this Handbook had a series of conversations
including discussions of ways to improve communications among infrared
workers and of methods by which the talents of these workers could be used
more effectively. Both of us were aware of the capabilities of organizations
like IRIS (the Infrared Information Symposia) and IRIA (the Infrared Informa-
tion and Analysis Center), but we felt that something different would be
useful.

In the field of microwaves and radar, one of the first unclassified treatments
of their application to fairly complicated guidance and control and related
problems was a series of books written by staff members of the Radiation
Laboratory of Massachusetts Institute of Technology. Many of these became
classics. We felt that the infrared field could benefit from a similar publica-
tion program. Unfortunately, monetary problems forced us to modify our
first hopes drastically. The result is this Handbook.

ARPA, via the Office of Naval Research, contracted with the University of
Michigan to supervise writing of this book, and ONR requested the Naval
Research Laboratory to arrange for its publication. ARPA suggested that a
technical writing firm be retained for assistance, and the University, after
evaluating competitive bids, selected the McGraw-Hill Book Company,
Training Materials and Informatior: Services Division — now Information and
Training Services Division of the F. W. Dodge Company, a Division of
McGraw-Hill, Inc. This group, whose responsibilily was to the University,
selected the authors for the several chapters and sections; they were in turn
responsible to this McGraw-Hi'l division.
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The project was initiated in August of 1962. Much manuscript was pre-
pared during the ensuing year. In June of 1963 The University of Michigan
elected to complete the final editing and writing without the assistance of
McGraw-Hill. Some chapters we.e ihen finally prepared, and all chapters
were revised somewhat, edited, and copy edited. The first portion of the
manuscript was sent to the Naval Research Laboratory on February 25 ~-.d
the last in August of 1964.

Credits

Hundreds of perpie have helped. The people whose help should be ac-
snowledged in this preface are those who have made the most substantial
cont ibutions to the Handbook, altheo igh this should in nc way indicate that
the less s:bstantial contributions were not valuable. The list of cantributors
(page iii) gives the chapter authors with their present affiliations, and the
titles of their chapters.

People at The University of Michigan who should receive particular credit
for their 2ndeavors on this Handbook are Mrs. Hilda Taft and the IRIA clerica!
staff. Mrs. Taft painstakingly copy edited virtually the entire manuscript
and it was she who brought to my attention all the idiosyr.cracies, irregu-
larities, and inconsistencies in symbols and equations. If they are incorrect
it is because | failed to take proper action after they were brought to my
attenticn. The IRJA clerical staff, Dorothy Curtis, Beatrice Godin, Myrtle
Kreie, Beth Larson, Marie Nichols, and Sonya Kennedy kept track of all the
correspondence and the many, many revisions and different versions of each
of the chapters, as well as the stray figurec and reference checking during this
work. I am &lso indebted to Dr. George J. Zissis, who critically read a great
deal of the manuscript and provided useful comments about many chapters
but particularly about Chapters 2, 3, and 4. J. P. Livisay and John Duncan
criticized Chapter 6, and John Duncan wrote cne section of Chapter 6; Donald
M. Szeles provided some additional material for Chapters 9 and 19; Roy J.
Nichols criticized Chapter 21; John Gebhardt ca.cu'ated considerable material
for some of the tables in Chapter 22.

We received criticisms and comments from msny workers not associated
with The University of Michigan. Lucien M. Biberman, L::stitut= for Defense
Analyses, Weshington, D.C., and Dr. E. D. McAlister Director, Applied
Oceanography Group, University of California, Scripps Irstitution of Geean-
ography, San Diego, California, rrovided criticiams for Cliapter 5; Dr. Stanley
S. Ballard, University of Florida, Department of Physics, Ciainesville, Flurida,
provided useful comments about Chapters 7 and 8; Dr. R. Clark Jones,
Polaroid Corporation, Cambridge, Massachusetts, Dr. Henry Levinstein,
Physics Department, Syracuse University, Syracuse, New York, and W. L.
Eisenman, Naval Ordnance Laboratory, Corona, California, criticized the
tables of Chapter 11; Dr. J. Stanley Buller, Santa Barbars Research Center,
Goleta, California, provided useful crii.  ns for Chapter 12; K. L. DeBrosse,
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ITT Industr’ . Laboratories, Fort Wayne, Indiana, commented on Chayter 14;
and T. P. Tackson, Aerojet-Genera! Corporation, Azusa, California, provided
useful criticisms for Chapter 20.

All these people have helped by their comments, criticisms, or creative
writing. It is only fair and truthful to add that in the end I nave taken it
upon myseif to make some changes either as a result of what was written, as
a result of the criticisms, or in spite of both. I hope that my changes have
improved the Handbook. If you find that you argue with or take exception to
either what is in this book or what is not, you are arguing principally with my
decisions.

The following individuals and companics provided information that was
useful in preparing this Handhook:

J. G. Sample, Rnyineon Co. Richard Rossi, Malakar Laboratories

L. D. McGilauchlin, Minneapolis-Honeywell J. Harkness, Librascope Division, General
Regulator Co. Precisior Co.

R. W. Weidrer, Westinghouse Electric John Harvell, A. D. Littie Co.
Corp. L. L. Reynolds, The RAND Corp.

J. R. Kittler and P. L. Rice, Garrett Corp.  George R. Pruett, Texas Instruments
Allen Olsen, I<aval Ordnance Test Station Incorporated

Fr..uk Kocsis, Barnes Engineering Co. Stanley Walluck, Leesona Moos Corp.
Joseph Jerger, Servo Corporation of Radiation Electronics, Inc., /nfrared
America Detector Department
Wayne McKusick, Eastman Kodak Co. E. M. Scott, Engelhard industries, Inc.
G. C. Higgins, Eastman Kodak Co. Ralph Stair, National Bureau of
John Howard, Air Force Cambridge Standards
Rescarch Laboratories Fish Schurman Corp.

WiLLiaM L. WoLFE

Ann Arbor, Michigan
April 1965
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Chapter 1
INTRODUCTION

William L. Wolfe
The Universiiy of Michigan

—aP-

The chapters of this Handbook are arranged in a sequence that is now almost tradi-
tional, and it is logical. The radiators come first, then the medium of propagation, the
receivar system, the transducers and electronics, and finally a number of special app!i-
zations. Thus Chapters 2, 3, 4, and 5 deal with basic radiation laws, blackbody simula-
tors, and the properties of targets and of backgrounds. Not very much attention is
paid to the more difficult prcblem of calculatirg the amount and kind of gaseocus radia-
tion because it is not g2nerally a problem for the gystems engineer, whereas envelope
caleulations based on shde rules and formulas moat certainly are. Traceability of
instrument performance to the Nativnal Bureau of Standards is more and more a reul
question; therefore the entire problem of radiometrics has besn dealt with in more
detaii than is usual for a handbook.

Chapter 6 deals with atmospheric absorption and contains some meterial on scat-
tering and scintillation. Absorption processes and the calculation cf absorption are
relatively well known, and a detailed explanation of the theory and methods of calcula-
tion are given. The chief problem here is xnowing the atmospheric ecomposition.
Much must still be done concerning the loss due to scattering, and with scintillation;
here the terms are not even well defined.

The next group of chapters deals with optics and optical design. Considerable detail
is given on design techniques because so little is available elsewhere. The basic
nomernclature of Conrady is followed. Components and materials are discussed. A
condensation of material contained in an IRIA* state-of-the-art report is given, with
an augmentation on glasses. Although many ontical compenents are bought by
specification and fabrication to order, some and even some lenses do exist “on the sheif.”
As many as possible of these commercially available optical components are listed.

The chapter on detectors is relatively short, but the design engineer chould find the
extensive table of considerable use. For the first time a rcadily available useful displav
ot .most detector concepts appears in print. Methods of te~t v -v, but those listed here
have some measure of acceptance.

Detectors are often cooled, of course: Chapter 12 presen. e inost compre iensive
tuble of coolers for infrared detectors ever published (more have probably come on the
market since tnis book went to press;. In addition, Stirling cycle systems und tech-
niques u..ng semples of solid hydrogen, helium, and tlie like are being developed, but
they are not sufficiently well along for inclusion.

‘Infrared Informaiion and Analysis Center, a part of the Infrared Laboratories of the Inatitute of
Science and Technology at The University of Michigan, Ann Arbor, Michigan. The report referred
to is 2389-11.S, Jaruary 1959.
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2 INTRODUCTION

The chapters on fiim and preamplifiers conclude the treatment cf the usual "parts”
of an inirared system. Although there are many brochures on film and its performance,
none has ever appeared that was couched 1n radiometric terms. It is apparently true
that all infrared film is manufactured by the Eastman Kodak Company.

The remaining chapters deal with certain special features of infrared engineering.
in this connection, the method of writing on systems design is of particula: note It
should be self-evident thut no two engineers do system design in the sane fashion.
Some general approaches have been discussed by such texts as Goode end Machol;*
these usually include a respectable amount of probability mathematics and concepts,
game theory, and block-diagram operations or signal-flow graphs. They also describe
certain common-sense approaches to the simplification of the problem by dissecticn.
To a large extent Chapter 18 is just such a description for infrared systems.

The authors hope that this Handbook will be used like most other handbooks. Oc-
casionally the user will browse for ideas. More often he will be searching for the answer
to a specific problem—the necessary data or the required formulas or techmnigues.
The index should be the key to the answer for this need. It has been laboriously pre-
paied to include references, cross references, and other helpful clues. The organization
should serve those who browse and should help in specific searches by having, near the
referenced, searched-for itern, others that are closely associated with it.

This Handbook is not a state-of-the-art report on all phases of irfrared systems and
components; it is not and was not meant to be. But in some senses it has to be. A
handbook is usually a source of useful information —data, equations, concepts, and
techniques. Ii includes thouse things that are useful for undertaking, certain develop-
ment and research tasks, but it is not the last, up-to-the-minute word on &ll subjects.

As is so for every handbook, this one is neither completely up-to-date nor entirely
comprehensive. The field is dynamic. and the sum of all maierial of interest to every-
one in the field is an appreciable per cent of infinity. The references provide one clue
for obtaining more information on any given subject. Another source is the various
information centers dealing directly with infrared topics or touching upon infrared as a
peripheral interest. Some of these centers are listed below. The Science Information
Exchange, Suite 313, Universal Bldg., 1825 Connecticut Avenue, N.-W., Washington,
D.C. should be consulted for further lists of Centers in existence and their topics.
1-4. At the Institute of Science and Technology, The University of Michigan, Box 618,

Ann Arbor, Michigan: IRIA, the Infrared Information and Analysis Center;
BAMIRAC. the Baliisti~ Missile Radiation Analysis Center; TABSAC, the Target
and Backgrounds Signature Analvsis Center: BAC. the Background Analysis
Center.
5. SIIA-LPIA, the Solid and Liquid Propellant Infermation Agency of the Apphed
hysics Laboratory of The Johns Hopkins University, 8621 Georgiz Avenue,
ilver Spring, Maryland.

6. RACIC, the Remcte Areas Conflict Information Center, Battelle Memorial In-

stitute, 505 King Avenue, Columbus. Ohio.
7. CINFAC, the Counterinsurgency Information Analysis Center, at American
University, Washington, D.C.

8. IRIS, the Infrared Information Symposia, an organization devoted to appropriate
timely dissemination of research and development results L+ :neetings. Atitend-
ance is possible through Mr. Thomas B. Dowd, Office of Nava! Research, 495
Summer Street, Boston, Massachusetts.

*H. Goode and R Machol, Systeris Design, Control Systems Engineering. M(Graw-Hill Book
Company, New York, 1957




2.1

2.2
2.3.

2.4,

2.5.
2.6.
2.7.

2.8.
2.9.
2.10.
2.11.

Chapter 2
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2. Radiation Theory

2.1. Radiometric Quantities, Symbols, and Units

The nomenclature, eymbols, and units of the .08t important radiometric quantities
are listed in Table 2-1, which is based on the recoinmendations of the Working Group
on Infrered Backgrounds (WGIRB) [1,2]. They include and are consistent withh Amer-
ican Standard Z58.1.1-1953.

TaBLE 2-1 SymBors, NAMES, ANC UNITS OF RADIOMETRIC QUANTITIES
Symboi Name Description Units
A Ares Projected area cm?
(}] Solid angle = sr
|%4 Volume - cm3
U Radiant - joule
energy
u Radiant Radiant energy 9U joule cm—3
energy per unit volume 3y
density
P Radiant Rate of transfer oU w
power of radiant energy at¢
W Radiant Radiant power per unit aP w cm~?
emittance area emitted from A
a surface
H Irradiance Radiant power per unit 3P w cm~2
ares incident upon 9A
a surface
J Radiant Radiant power per .ait 9P w sr-!
intensity solid angle from a a0
point source
N Radiance* Radiart power per unit 3P wsr-'cm-?
solid angle per unit ces 0 34 30
pirojected area
b, Spectra! Radiant power per unit 9P wu!
radiant wavelength interval I\
power
b, Spectral Radiant power per unit 3P w 8ec
racdiant frequency interval v
power

*Sometimes radiance is defined instead as the radiant power per unit area (not projected arza) per unit solid angle

. IP
(N 8 ) This is equally correct, but it is then neceseary to insert the cos @ factor differently, eg ., it is then

- —
A 3l

N cos 8 which i1 invanant along a ray, and the radiance of a Lambertian surface variee with the cosine of the angle

from the normal
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TaBie 2-1. Symsors, NAMEs, AND Uwnits oF RabiomeTRIC QUANTITIES (Continued)
Symbol Name Description Units

P, Speciral Radiant power per 3P W cm
radiant unit wave o
power number interval

W, Spectral Radiant emittance per 3W wem™? !
radiant unit wavelength EYN
emittance interval

H, Spectral Irradiance per unit aH wem'? !
irradiance wavelength interval 3)

J Spectrai Radiant intensity per 3J wsertpu!
radiant unit wavelength A
intensity interval

N, Spectral Radiance per unit aN wser'cm®pu!
radiance wavelength interval )

A second set of symbols and unity (Table 2-2) is as written by Penner [3] and pat-
terned after Worthing. In this system, a cuperscript 0, e.g., R¢, indicates that the quan-
tity is for a blackbody, and a subscript like .- or A indicates partia! differentiation.
Thus, in this terminology R,° is the spectral radian:v of a blackbody in w cm~2 u-%;
R,° is the gpectral radiancy »f a blackbody in w cm 2 sec. Other investigators prefer
to use the superscript or subscript &b or b te denote blackbody.

TaBLE 2-2. PENNER RADIOMETRIC SYMBOLS

Symbol Definition
& Radiant energy
p Radiant energy density
o0&
Fe = i Power
aF. . .
J= 30 Radiant intensity
_33. Radiancy: radiant flux per
T A, unit area from a source
into a hemisphere
W= Y Radiant flux density
T BA, (not of a svurce)
1 3 &9. . .
B, = o8 6 94, 30t Steradiancy or radiance
Ior Hor R=23! Irradi
or H or A adiancy

Proposais have been made for altering the present names and symbols. The two now
most in favor are those of R. Clark Jones and those of some NBS personnel. The latter
would retain the words radiaidt emittance, radiance, irradiance, and radiant intensity.
The system would, however, use the suffix -wnce to describe measured properties of a
particular sample and -ivity to indicate a property that is intrinsic with a material wheii
used in connection with material rather than fieid quantities. Thus the recipracal of
the ratio of incident power (from a plane wave st normal incidence on a Aat surface)
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to the reflected power perpendicular to any sample is the normal reflectance. If the
sample =3 optically flat poiished suxfaces the quantity is reflectivity. The obvious dif-
ficulty is in the words emittance and emissivity, although there are other difficulties.

Jones proposes a more general set of specifications. He deals with ge metrical
concepts. He calls the rate of luw of any quantity from . body per unit area exitance,
the rate impinging per unit arca incidance, the rate per nnit area per unit solid angle
sterance, and the rate per unit solid angle from a point source intensity. Thon appro-
priate adjectival modifiers are used. Table 2-3 illustraies this aystem.

TABLE 2-3. JoONES' PROFOSED TERMINOJOGY*

Geometric Radiomeiric Radiomeiric
Qu ntity Quantity Quantity
{Jones) (Jones) (Standard)
Emittance Radiant exitance Radiant emiitance
Incidance Radiant incidance Irradiance
Sterance Radiant sterance Radiance
Litensity Radiant intensity Radiant intensity

*R. C. Jones, “Terminology in Photometry end Radiometry,” J. Opt. Soc. Am., 53,
11, 1314 (November 1963).

Another set of symbols (Table 2-4} is used in the thermal control industry and is
gaining favor in a segment of the aerospace industries. It is also patterned after
Worthing [4]. The systems are compared in Table 2-5.

TABLE 2-4. AEROSPACE RADIOMETRIC SYMBOLS

Symbol Term Definition
R Radiancy Power emitted per unit source
area to a hemisphere
- Steradiancy Power emitted per unit area

per unit solid angle.

TasrLe 2.5. COMPARISON OF SYSTEMS OF TERMS*

WCOIRD Penner Aerospace Jones
Energy, U Energyv, & Energy, Q =
Energy deusity, u Energy density, p - -
Power, P Emitted powe: F. Heat rate, ¢ -
Radiant Radiancy, R Radiancy, R Radiant

emittance, W einittance
Irradiance, M Irradiancy, I or H - Radiant
or R incidance
Radiant Radiant intensity, J - Radiant
intensity, J intensity
Radiance, N Steradiancy or Steradiancy Radiant
radiance, B,,, sterance

Radia.:t fux density
(not scurce), W

*!ors Apomo IN Proor: The Nomenclature Committee of the Optical Society of America has 1 scently r acommended
that the fiux density radisted from: a source be czlled radiant exitance; tie ratio of such flux frem a sample to that
of a blackbody be caliad emittance; and that of an opaque sample with perfact surfaces be called emiwivity.




RAMOMETRIC QUANTITIFS, SYMBOLS, AND UNITS 7

2.1.1. Rediometiic Quantities as Field Concepts. The extension of the defini-
tions of radiart emittance, radiant irtensity, radiance, and irradiance to describe the
propertics of a radiant field, as well as the properties of a source, is of great utility.
In particular, geometrically (neglecting attenuation by absorption, reflection, or scat-
tering) the radiance at any pcint along a ray, in the direction of the ray, is invariant
within an isotropic medium. In general, N/n? (where n is the index of refraction) is
similarly invariant across a smooih boundary between two different media [5]. How-
ever, the determination of the radiometric properties of a source in an attenuating
medium, from measurements made at ¢ distar.._, a’'ways involves some assumptions
about the nature of t5.2 attenuation, erzission, and scattering of the intervening medium.
Thus, source characteristics calculated from field quantities rnay be in error by an
unknown amount. If no attempt is made in the calculation of the source characteristics
to include the effects of the intervening medium, then the calculated quantities should
have the adjectival modifier apparent, or they should indicate that the radiant fiela
at the point of measurement is described.

2.1.2. Other Radicmetric Quantities. Radiant absorptance, a, radiant reflectance,
p, radiant trensmittance, 7, and radiant emittance, ¢, can be defined as:

\
R absorbed
o = ————

Rlnddenl

r
4. ~rflected

'0=

R incidrnt

? (2-1)

. erammmrd

R incident

— R emitted

6 =1
R blackbody J

where R is the appropriate radient quantity J, W, H, or N.

Table 2-6 provides a list of definitions for the “other” radiometric properci:z. The
symbolism is still in a transitory stage. The symbols A, T, H, N, otv., shown as sab-
scrints (en and a, are also found elsewhere) do not indicate differentiaiion, esr., €, #
d€/d\, and for this reason WGIFB i.as recommended the use of €(A) rathar taan e,
for spectral emissivity, etc.

Radiant absorptance should not be confused with absorption cuefficient, which is
often represented by the symbol «; however, the symbol a for absorption coefficien®
is preferred.

The processes of absorption, reflection (including scattering), and transmissi
account for all incident radiation in any particular situation, and the absorptance,
reflectance, and transmittance must add up to one:

atptr=1 (2-2)

If a material is so cpaque that it transmits no radiation, v = 0 and
atp=1 (2-3)
No specification has been made as to whether specular or diffuse quantities are in-

dicated, and therefore the relations hold if the same specification is made for each of
the quantities.
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‘TaBLE 2-6. "OTHER” RADIOMETRIC QUANTITIES"

€ Ymissance The raliv of the rate of radiant energy
emission from a body, as a consequence
of its temperature only, to the cor 2spond-
ing rate of emission from a blackbody at
thie samne temperature.

a Absorptance The ratio of the radiant cnergy absorbed
by a body to that incident upon it.
p Reflectance The ratio of the radiant energy reilected
by a body to that incident upon it.
€, a,p Emissivity. Special cases of emissance, absorptance
absorptivity, and reflectance; each is & fundamental
reflectivity property of a material that has an opti-

cally smooth surface and 1is sufficiently
thick to be opaque.

T Transmittance The ratio of the radiant energy transmittec
threagh a body to that incident upon it

T Transmissivity Trarsmittance for a unit thickness sample.

€. 0, p, and 7 require additiona  <ualifications for precise definition. The
terms total »nd spectral, and the ierras hemispherical, normal, and direztional,
are used and are iadicated by subscripws, as illustratad here for emissance, €.
In each case the emissance is the ratio of radi= . from a surface, us a con-
sequence of its temperature, to that from a k:ackbody at the same temperature.
The subscript indicates the way(s) in which this radiation is limited as to
wavelength and/or direction.

€\ Spectral 210 of spectral radiancy (or moriochromatic
emissance radiancy at a given waveleng-h) ~om a
body te that of a blackbody.
€r Tontal emissance Ratio of total radiancy fru.a a body to that
of a blackbody.
€ Hemispherical Ratio of radiancy from a body te that of a
emissance blackbody.
€ Directional Ratio of steradiancy from a body to that of
emissance a blackbody.
€5 Normal The special case of directional emissance
emisssasice when the emissance is in a direct:.n normal

to the -urface.

Therefore. precise definitions of emisgance will take ti.e foiiowing nomenclature:

€rn Total heinispherica! emissance
€ry Total normal emissance

€0 Spectral hemispherical emissance
s Spectral normal emissance

*Thes: defnitions follow the recent recormnmerdation of NBS perscanel wno prupose the suffix -ance for specimen
properiies and -iwity for intrinsic material props-iies. Emissance follows “he suggestion of Judd to avoid confusion
with 2 power fiux. ‘[he inore recent O & recotnmendation wouid change emiru noe to emittance.

Ta
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2.2. Kirchhoff's Law: Emissivily and Blackbodies

Kirch,off’s radiation law is

=

o W= We (2-4)

Kirchhoff’s law can also be stated as:

€ = a (2-5

Thereby €18 W/Wno.
For the limiting cenditions of an opaque material (r = 0) to which Kir~nhhoff's law
applies:

«=1-p (£-0)
A blackbody is a perfect absorber and thereiore can be characterized by:
a=e¢=1, p=C, =0 (2.7

2.3. Radiation Laws

Planck'’s law is the basis for almost all radiometric considerations; other expressions
are derivable from it.

2.3.1. Planck’s Law. The blackbody spectral energy density for unpolarized radia-
tion ig given as
WA - 2.’rc2hk—5(ehr’Al'T — 1)-]

W, = %' A 3(eftAT — 1y (2-8)

This pair of equations also defines ¢, and ¢ as

¢ = 8nch

c: = chlk (2-9)
The literature sometimes contains alternative definitions for ¢; ihat take geometrical
factors ir*» account. Usually ¢, = 8mch for the energy deusity expression, = 2mwcth
for radiant emittance in a hemisphere, and == 2¢*h for radiance. The first (¢, = 8wch)

will be always used here.
W, can be related to u, as follows:

u, =4W,/c (2-10a)
where W, is the radiant emittance in a uniform enclcsure;
u, = 2W,/c (2-10b)

where W, is the radiant emittance into a Lambertian hemisphere.
Wavelength and frequency are related as follows:

drn A2 —c
U, = U, 53— =" Ur="7 U, t2-11H)
dv c 12
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Another useful form for W, is

4 L
WydA = W.dv = Mk_’{')_(_{_ax ,) (2-12)
cths \er -1

hv
r=77 (2-13)

1

+.1s0,

alNy = W, (2-14)
4‘.TTN;. = CclUux (2-15)

2.3.2. Quantum Rates in Bluckbady Radistion. The energy of a quantum is
hc (20 X 107 joule u) _ (1.2398 ev u)

U= hv= =5 5 N (2-16)

The monochromatic flux n is
n, = W,/hv = 27c-tp2(er*/*T — 1)-1 photon ¢cm -2 cps ! 2-17
ny = Wiklhc = 2ircA~4(e*</*T — 1)-! photon cm-3 (2-18)

The mean square fluctuation rate is

1
(An) = n(l +;_.hvlk—T_I> (2:19)

When ¢**/*7 ig large enough, the classica} result is obt.incd:

(An)*=n (2-20)
2.3.3. Stefan-Boltzmann Law. “Vhen the Planck equation is integrat:d over ail
wavelengths the Stefan-Boii.sann expression is obtained:

W=aT* (2-21)
where
W is tota] radiant emittance, w cm-?

o i8 the Stefar Boltzraann constant, 5.67 X 10-* w cm-? (°K)-*
T is absolute temperature

2.3.4. Rayleigh-Jcans and Wien Laws. These two expressions 2ntedated Pianck's
formulation. They are incorrect but scmetimes give - seful approximations.
The Rayleigh-Jeans equation is

Uy, = Clkxs(l-\T/Cz) = 81T!¢TA-‘ (2-22)
The Wien expression is
u, = C|A'5 e~ NCIAKT = 8o\ -3 o Ac/ART (2_23)

2.3.5. The Wien Displacement Law. This simple expression tells where the peak
of the radiation curve falls at any given temperature:

AmarT = 2897.9u (°K) (2-24)

23.6. Maximum Difference Expressicn. An expression for the wavelength at
which the maximum moncchromatic raciation difference for a given temperature
difference occurs is found by writing

PW 0
naT (2-25)
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The resultant condition is
Amar de.T = 2404# (OK) (2-26)

2.4. Blackbody Slide Rules

Rules have been devised for rapid, fairly accurate calculations of radiometric quan-
tities.

2.4.1. The General Electric Rule [6]. This rule, designated GEN-15C, is available
from the General Electric Company, 1 River Koad, Schenectady, New York; it costs
about one dollar. Calculations which can be made on the rule are as follows (see
Fig. 2-1):

1. Conversions of tempe.etures among Celsius, Kelvin, Fahrenheit, and Rankine
by satting the temperature on one scale and reading it on another — scales ABKL.

2. Multiplication by the use of standard C and D log scales.

3. Total blackbody radiant emittance by setting the temperature of the blackbody
source on a temperature scale aad reading on the E scale (wcm%). An emissivity
scale associated with the E scale permits direct calculation for graybodies; read
the value on the E scale under the appropriate emisasivity.

4. Incremental blackbody radiant emittance W, at maximum. The power density
for a 1-u bandpass can be read directly from the W,,,,. or F scale.

5. 'The ratio of W, at any wavelength A to that at Anar, Wa/Wy .. The tempe: -
ature is set on a temperature scale; then W,/W, .. ia read from the G scale
opposite the desired A on the H scale. Thus one can .ind W,,,, for a given A
on the W,,,,, scale and then calculate the value of W, at any wavelength on the
Wi/W s 8onle.

6. The blackbody radiation in any spectral interval. 3et the temperature scale
at the appropriate temperature. Then on the Wo_,/W,_. or J scale read the
percentage radiation that lies below a particular wave length A, (on the ! scale).
Do the same for X, and subtract.

7. Conversion of range in nautical miles to range in centimeteis with the aid of

a straight 2dge, and vacuum calculation of irradiance. These can be made with
the QRST scales. -

8. Conversion from w in."? to Btu ft-* hr-1.
9. Number of photons sec~! cm~? from a blackbody at index teraperature.

Useful constants and other combinations of these calculations are also available.

2.4.2. The Block Rule. This rule, available from Block Associates Inc., 385 Putnam
Avenue, Cambridge 39, Massachusetts, at cost of about two dollars, consists of two
curves of blackbody spectral radiance (Fig. 2-2); one is plotted as a function of wave-
length and ti:e other as a function of wavenumber. By shifting the curves along the
lines marked, binckbody curves for any temperature can be obtained. The curves
are made to croes the index line at the appropriate temperature. Then the values
for the spectral radiance (unfortvnately designated as i, and I,) are read from the
right-nand scales. On the reverse side a curve of Av and AA vs A and v is given. Thus,
if one knows a spectral resolution is Av at a given » he can find the resolution Av at
thit » and the corresponding A. Of -~ourse, calculations from A\ to Av can alro be
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made. Although the curves are correct, there are slight errors in the text: the table
which i3 an insert to the spectral resolut’on calculator should have

—kAy ANAv —

A'\ = _l:;— = e -T-—— (4“21)

By e SHER B (2-28)
A2 A )

2.4.3. The Aomiraity Research Laberatory Rule [7]. This more precise, mnore
expensive (about $150) rule provides essentially the same calculations ag the General
Electric rule. It can be chtained from: (1) A. G. Thernton Company, Ltd., P.O. Box 3,
Wythenshawe, Marchester, England; (2) Jarrell Asii Company, Boston, Massachusetts;
or (3) International Scientific and Precision Instrument Company, Inc., 910 Seventeenth
Street N.W., Washington 6, D.C. The symbol H, rather than W, is used for flux density
{possibly indicating irradiance). The fllowing calculations can be made (Fig. 2-3):

1. The total irradiance (w cm-2} for a [iven temperatuse T can be read from scale
a under a hairline set a‘ temperature " on scale ¢ (°C) or d (°K).

2. The spectral irradiance for a 1-cm wavelength spcotral handwidth 24 the naxi-
mum of the curve H,,,., (w cm~?) can be read from scale b under the hairline
for the same setting of T on scales ¢ or d.

3. Siailar quantities in terms of the number of photons @ can be obtained on scale
f fcr @ (photons sec’ cui~4) and on scale g for Q... (phutons sec™! em~2 cm ).

4. The ratio of H, to H,,,, can be found by placing the arrow marked TEMPERA-
TURE at the appropriate temperature and using the hairline to finrd H,\/H.\,,,
on scale a for k on scale i. Similarly, H,-,/H can be read cn scale ¢, H,_ ./H on
scale m, @./Q\ .., on scale n, @,-../Q on scale r, or Qo ,/Q on scale s.

[32)

Scale e is the wavelength scale on wnich one can aiso read, wavelengths at which
H,, @\, H,, and &, have their maximum values.

The temperature scale runs irom 100°K to 10,000°K, but if higher or lower temper-
atures are desired, the ruie can be extended by ihe use of the muitiplicat on tabies &
and /. The instructions given here and more are provided on the reverse side of the
rule, which also gives wavelength, waverumber, and energy scales (but no hairline for
conrversion!).

L

2.5. Blackbody Curves (8]

Figures 2-4, 2-§, and 2-6 provide information sbout the spectra! distribution of black-
body radiation. The first of these is a linear curve with wavelength as the abscissa
and W, as the ordinate. The second ‘s semilogarithmic but tor a different range of
temperatures. The third is a curve piotted on a logarithmic wavelength scale and
linear emittance ecale in terms of the variable AT

Another useful curve 18 a log-log plot of the Planck equation. The shape of the curve
is iderntical for all 7 and need only be shifted along the line representing the Wien
displacement law. Such curves are shown in Figs. 2-7 and 2-8. The straight lines
are the “sliding lines.” Every blackbody curve for any temperature can be obtained
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by ioving a curve of the same shape along this line. Thus a “do-it-yourself” slide rule
cah be constructed by putting an overlay on this figure, tracing the curve and the line,
and placing an index marker at 6000°1., the temperatire of the top curve. Then by
keeping the lines ovciiapped and setting the index marker at the desired temperature,
the template becomes the blackbody curve for ihat temperature. Figure 2-8 is the
same sort of curve but for a different temperature region. These are similar to the

Block slide ruie.
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Fic. 2.4 Deviations of V/1en and Rayleigh~’eans
&1 pressions from Planck's law.

Often blackbody calculations can be made on the bagis of eithier the Rayleigh-Jeans
or the Wien expression. Thus, when hc/AkT 1s large,

Ny =2cthh 3 e he/MT (2-30)
When Ac/ART is small,
N\ = 2cka T (2-31)

Figure 2-9 provide: information about errors inkereant in using these expressions.
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2.6. Biackbody Trbles

For very careiul work it is necessar;, to use tables of blackbody functions with their
additiona! precisicn and attendant difficulties. Since er¢™ set of tables is a thick
book in itself, only references to these works are given here.

S. A. Golden, Spectrul and Integrated Blackbody Radiation Functions, Research
Report 60-23, Rocketdyne Division, North American Aviation, Inc., Carnoga Park,
Calif. (1960) [9".

Table | provides W./W,,,.. and W,_./W and their first derivative as functions
of cs/A7. The intervals are as follows:

Cz/AT ACz/AT
0-2 0.01
2-5 0.02
5-10 0.05

10-25 0.10

25-50 0.20

Tal ie II provides W,,,., and W as functions of T from 0°K to 10,000°K in 16°K
intervals. Values of the radiation constants are

¢; = 2rhc?* = 3.7413 X 10-% erg cm? sec!
c: = he/k =1.4388 em °K

M. Pivovonsky and M. Nagel, Tables of Blackbody Radiation Fi:nctions, Macmillan;
New York (1961) (10].

Teble I is a tabulation of (1) N, us A and T, (2) the ratio NA(AT )1V (0.569 u, T,):
(3) No-1/N. These are tabulated to five significant figures for A = 0.2 u to 0.590 u
in 0.005-u intervals and between 0.590 u and 1.2 x in 0.01-u intervals from 800
to 40,000°K in intervals varied to meet the need.: of the range.

Table IT continues Table I for A = 1.1 u to 1100 u at temperatures from 20 to
13,000°K with fovr-figure accuracy.

Table III includes: (1) N,/N,,,..., (2) a restatement of the wavelength ratioe of
Table I and II: and ¢3) a function for computing derivatives of the Planck function.
These are plotted tor AT from 0.01 to 0.98 u °K. P-ocedures for evaluation at
higher values of AT are given.

Tabie IV has: N, N, ..., Ama. tor temperatures from 1000° tc 2500°K at 2°K inter-
vals, from 2500 to 5500°K in 5°K intervals and from 5500° to 10,600°K in 10°K
intervals.

'Table V reve.ts Table IV but f - wavenumbers, and Tsble VI repeats Table IV
fur reciprocal teiaperatures.

Table VII gives luminance from 800° to 1796°K in 4°K intervals and a table of
luminance and chromaticity cocordinates.

Table VIII is n temperature correction table —for revised physical constants.
M. Czerny and A. Walther, Tables of tF Fractional Fr:nction for the Planck Radi-

atior: Law, Springer-Ve: lag, Berlin (1961) [11).

Deals with W._,/W plotted vs AT/c;. The tablee are independent of ¢;. It also

includes the first and second derivatives of this functicn and
L/Eh  BIVE G (ﬂ_x
W 4 Cs d). W )

and ita first derivative.
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Other tables in print are as follows:

Parry Moon, J. Opt. Soc. Am. 38, 291 (1548) [12].

A. N. Lowen and G. Blanch, J. Opt. Soc. Am. 30, 70 (1940) [13}.

E. Jahnke and F. Emds=, Tables of Functions, Dover, New York (1945) [14].

A. G. DeBell, Rocketdyne Research Report 59-32, Rocketdyne Division of North
Ainerican Aviation, Inc., Canoga Park, Calif. (1952 [15]).

Still others exist for special uses: >. C. Ferriso of Convair prepared a set for flame
calculations (in terms of wavenumber' and S. Twomey of NASA prepared a set (180°
to 315°K and 20 em-! to 3400 cm™"), mostly useful for meteorological work.

2.7. Radiation Geonieiry
The differential solid angle is (see Fig. 2-10):

2 o
dQl = Lw (2-32)

r!
The solid angle of a sphere is 4 sr.
The solid angle of a hemisphere is 27 sr.

For smal! angles the solid angle is the product of the plane angleas of two sides of an
area, and is equg! o the area divided by the distance squared.

r sin 6d¢
N\,
\\

N rdé

- r sin 9dé rd¢

2
r

= 8in 6d¢ dé
¢
Q= f! sin §dedé
proper

limits

dan

Fic. 2-10. Radiation geometry.

2.7.1. Lambertian Sources. When radiance is defined, as in Table 2-1. a»

- wem-tsr! (2-33)
cos 034N )

a Lambertian surface hes ¢ constant radiance, which is the same in all directions.
In general, when the radiance of a surface at a point is expressed as a function of
direction, N = N(6. ¢), the radiant emittance at that point is given by

. P [
V- — =
¥ o JNcosodﬂ

= fj N(8, ¢) cos 8s8in 8d6 de¢ wcm? (2-34)

where t.1e integration covers the entire solid angle containing the radiation beam of
interest. If this is a perpendicular invcrted circular cornc of half-argle a.

L8 4 o
w =j f N8, ¢) cos 8 sin 8d8dy wcem ? (2-35)
(J [}
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If the surface is Lambert.an (N = constant),
W =2nN j co8 # ,in 8d8 = wN sint a wcm-? (2-36)
[}

The radiant emittance into a hemisphere (x = 7/2) from a Lambertian surfnce is then

W==N wem™? (2-37)
It is not

W=27#N wem™!? (2-36:
2.8. Distributed Radiators

If a volume rather than a surface is the scurce of radiation, then when pressure and
temperature along the path are constant,

Wy=W,\(1—e ") (2-39)
where W, = spectral radiant emittance of the radiator
W,' = spectral radiant emittance of a blackbody
a , = apectral absorption coefficient
x = rediating path of the material
The emissivity of such a purtially transparent body is
€&,=1—e9r (2-40)

2.9. Selective Fadiators

The radiation from selective radiators can be calculated only by complicated processes.
Below are listed some of the useful relations. Penne! [3]is a good source for the theory.

2.19. Directional Reflectanc: and Emissivity

The basic interrelationships smong the six quantities, normal and diffuse reflectance
and transmittance, and hemispherical and directional emissivity, are concisely stated
in an appendix to a paper by Richmond beginning nn page 1t'1 of {16]. These relation-
ships are not easily visualized, and some readers may find the following alternative
approach and terminology helpful. Oniy opaque budies of zero transmittance are
treated.

The radiance N, a function of both position and direction, is incident on the surface
of an opaque body where some of the radiation is abscrbed and the iest is reflected
(as used here, reflected includes diffuse reflectance or scattering) to form a second radia-
tion field, where the radiance N, of the reflected radiation is also a function of position
and direction. N, ig directly proportional to N, in the sense that, if the value of N, is
multiplied vy a constant that is independent of position and direction, the resulting
values of N, will all be multiplied by the same constant factor. However, it wili be
seen beiow that the interdependence « the spatial and directionai distributions of
N.and N, is more complex.

The radiant power incident or a particular elament §A of the reflecting surface
shown in Fig. 2-11, through an ¢lementary beam of solid angle &1}, from a direction

(84, ¢1), ia given by
5P(6, ¢l) = N,(8,, ¥1) Co8 8, 8A3Q,

= N8, ¢)601' 6A w (2-41)

where 802’ = cos 8, 81
= sin 8, cos 6, d6, d¢.'.
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Fic. 2-11. Geometry of incident and
refleacted elementary beams. The 2
axis is chosen along the normal to
the surface element at O.

The quantity 6Q’; is the projected solid angle (5,17) of the elementary beam. Cor-
respondingly, the irradiance at 84 is

8Hi(0i, ©i) = N0, 0i)80)'; wem'? (2-42)

Then the radiant intensiiy of the surface element §A, due to reflection (scattering} of
ragdiation from this incident elementary beam, in the direction (8,.¢;) is

8. (8;, ;) = p'(8i. ¢i. Ur, ¢r) cOR 0,8Pi(8;, ¢:) w sr-! (2-43)
and the reflected (scattered) radiance
8N (6,.¢;) = p' 8., ¢i. 0r, ¢ 8H(6i, @) wem? gro! (2-44)

where
8. 0 o) = 8N.(8,.¢:) _ 3N.(6,.4) -
p i, Qi Ur,@Qr 8H‘(0|',¢|‘ Ni(ahd’.‘)&ﬂ'; (2‘45)

p' i8 the partial reflectance, or reflection-distribution function [18] of the surface ele-
ment 8A for radiation incident from the direction (6., &;) and reflected (scattered)
in the direction (8., ¢,). Furthermore, by a reciprocity thecrem of wide generality
(19, 20] “rst enunciated by Helmholtz:*

p'(6). ¢y, 81, 1) =p'(0:, b2, 0,,¢,) sr! (2-46)

Thus p'(9.. ., 01, 1) is the partial reflectance between the two directions (6,, ¢,
and (6:, ¢:), where either direction may be that of the incident elementary beam and
the other that of the reflected (scattered) elementary beam.

Hence the radiance at a point of the reflecting surface (taken as the origin for spheri.
cal coordinates) in the direction (6., ¢,) and due to reflection (scattering) of all beams
of incident radiation is

*A search for a proof (in English’ of this importar.t theorem also turned up a number of authors
who referred to cr made use of the theorem in various ways without giving a proof [21-24}, includ-
ing von Helmholl: himself (25), although Planck [26] states, without specific citation, that von
Helmholtz "; oved” the theorem. DeHoop (20] not only gives a proof (essentially the same as that
of Kerr [19)) bu. also includes an explicit statement of the requisite c.nditions.
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2w /2
N (8. ¢,) = f f p'N, 8in 8 cos 8, d6, d¢,
0 0

=f p'N;dQ', wem foar! (2-47)
[

The following notation is used to designate integration over a hemisphere:

2 /2
fﬂo,wm -z£ L A6, ¢) sin 8 d8 dy
A

and

2n w2
J‘- 8, p)dQ' = f f fl8. ¢) 8in 6 cos 6 dB d¢
n (1] (1]

Relation (2-47) is for a particular point, or for the surface element 54 at that point.
For 2 more general expression, one must also establish the reflected radiance from other
points. When p' and N; are expressed as functions of spatial locatior: (a2 well as di-
rection) for &ll points on the reflecting surface, Eq. (2-47) yives the reflected radiance
N, as a function of position for these same points on the reflecting surface, as weli as
for direction (@., ¢, at each such point. It is important here to recegnize that Eq.
(2-47) is written above in coordinates which, for convenience, are specially ¢ iented
with respect to the surface element 8A. Appropriate adiustments must be made when
dealing with irregular surfaces where the direction ¢. .he normal cnanges in going
from one surface element to another.

Wl.ether surface irregularities are treated as micregcopic [in che sense that their
sifects are inteziated or averaged in tl.e distribution function or partial reflectance
£'(0i, @1, 82, ¢2)], 0r a8 nacroscopic (in the sense that they may be analyzed into
smaller sviface eleinents 84 for treatment as above) can be arbitrary, depending on
the degree of resolution desired, or can be dependent on circumstances limitirg achiev-
able resolution. For example, in examining the reflectance of a highly irregular sur-
face containing deep cavities, such as a piece of volcanic scoria, or a coarse, blackened
cellulose sponge in the laboratory, it may be possible to consider the reflectance of
different portions of the walls of single cavities (which are then regarded as macroscopic
irregularities). But when one studies the possible effects of similar surfaces which
may exist on the moon, where such fine detail cannot possibiy be reaolved by the best
telescopes on earth, these are necessarily treated as microscopic irregularities [27,28).
Still more complicated considerations are introduced when micrascopic irregularities
are small enough to have dimensions of about, or less than, the wavelength of the
incident light or other electromagnetic radiation {29-32].

The wtal reflectance p of a surface element 84 is definea ‘n general as

p = 8P,/6P;  dimensionless (2-48)

where 8P, is the total radiant power incident (from all directions) on { 1, and 6P, is
the total resulting reflected radiant power (in all directions). As stated above, the
value of p depends on the geometry and spectrum of the incident beam of radiation,
which may be different in each particular case. Here, for the moment, the primary
concern is the geometry. Hence spectral considerations will be eliminated for the
remainder of this section by restricting the spectrum of the incident radiaticn, except
where otherwise stated, to a region over which p does not chenge significantly with
wavelength. It is then useful to consider some special cases of incident-beam geom-
etry.
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If the incident radiation is well collimated, within a small element of solid angie 5},
= gin 8 d8, d»: from the direction (6, i), th2 total radiant power ircident on 54 is

8P; = 8H (6, g}() S5A w (2-49)
Then. from Eq. (2-45),

8.(6,, er) = P' 8H (6, i)

= p’' 8P/BA w cm? sr-! (2-50)
But
&P, = §A J’h ON,(9,, ¢,) di¥',

= 5P, fh p'(g,', Ci. Bry0r) daq’,

= &Ppqi(9i, ¢ w (2-51)

where p(8:, ¢/) is the (total) directional reflectance for a well-collimated incident beam:
pand., o) = J 2'(8i, @1, 6r, @r) dQY', dimensioniess (2-52)
L]

For isotropic surfaces, there is no dependence on the azimuth ¢, and Eq. (2-52) simpli-
fies to the frequently recognized dependence on 6: pai(8, ¥i) = pai(9:). If the well-
collimated beam is incident perpendicularly on a plane surface, this becomes the com-
monly reported normal reflectance p» = pqi(0). If a point on the surface of an opague
solid is uniformly irradiated from all axternal directions, i, if N, is a consiant, the
reflected radiance in the direction (6,, ¢,), from Eq. (2-47) is given by

N:(6,,¢:) =N J’ p' dQV
h

= Nipar(6;, ¢r) wcm-? sr-! (2-53)
where

Par(8r, ¢r) = f p' (64, ¢i, 8:, ¢r) dil’, dimensionless (2-54)
A
But, from the reciprecity relation, Eq. (2-46), and Egs. (2-52) and (2-54),
pm(O,. ¢|) = par(B., cpl) = p¢(0.. cpl) dimeansionless (2-55)

Thus the (tots!) dircctional reflectance p4(8,, ¢;) for a well-ccllimated beam: incident
from the direction (8,, ¢,) is also the ratio between the reflected radiance N, (8., ¢1)
in that same directicn and the incident radiance N; when the surface is uniformly
irradiated from all directions (heinispherical irradiation). This relation [Eqs. (2-53)
and (2-565)] is the basis rfor a reflec'cs  y technique described by McNicholas [22].

More important, Egs. (2-61), (2-53), and (2-55) are the basis for evaluating and
equating the directional absorptance and directional emissivity of the surface ele-
ment 54 in a simple relation which has the same form as the Kirchhoff’s law relation,
Eq. (2-6). If, in Eq. (2-53), the uniform incident radiance N, is equal to Ny(T), the
blackbody radiance (either total or spectral, i.e, in a smsall wavelength interval at a
given wavelength) in an izothermal enclosure at 7°K, and if, in fact, the reflecting
surface forms the wall of such an enclosure &~ that it too is at this same temperature,
then the radiance in the direction (8,, ¢} frem the element of wall surface §A4 is made
up of an emitted radiance and a reflected rr.diance, as follows:

N.+ N, = €4(6,, 0 )INo{Ti + par(61, 01 )No' T} = NuT) wem-ter-! (2-56a)
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Similariv, the radiance from the direction (8, ¢,) incident on the element §A 18 made
up of an absorbed incident radiance and a reflected incident radiance (scattered in
all directions):

Nia + Nir = aq(81, @) No(T) + paif8,, 01 )No(T)

= Ny(T) wcm-? sro! (2-56b)

Here, €4(0;, ¢1) i8 the directional emissivity (at temperature T') of the element §A for
radiation emitted in the direction (6;.¢;) &1d aq4(6:, ¢:) i8 the absorptance (at T)
for radiation incident from that direction. Consequently, from Eq. (2-55),

€q4(6y, d),) =1- Pdr(on. @)

=1 — 0p4i(0:, ¢1) = ad(8:, @)) dimensionless (2-57)

Noie that equilibrium wmaintenance with conservation of energy (Kirchhoff's iaw)
by itself would justify enly each line of Eq. (2-57) independently, and the Helmho!tz
Reciprocity law {which is the basis for Eq. (2-46) and, in turn, Eq. (2-55)) must alsc
be invoked in order tu equate them to each other and so0 to relate emissivity for radi-
ation emitted intc a given direction w the abeorptsnce for radiation incident from
that samc direction.

In the more familiar form of Kirchhoff’s law,

e=1—-p=a dimensionless (2-6)

diractional quantities are not considered. Instead, the total emissivity for radiation
emitted in all directions (into a hemisphere) is related to the total reflectance (in all
directions into a heniisphere) for un’ ~’...% radiance (from all directions, ie,
from a hemisphere) and to the tot i abscrptance for uniform incident radiance (from
ail directions, i.e., from a hemisphere). Ths total reflectance p in Eq. (2-€), for uni-
fonia incident radiance (N = a constant inaependent of direction) is then

aA]N,sn' N.f 248, ¢) Q'
A _ A

p =) 8Pr/8P| = rd -
BAJ N80’ N.f da’
A L
=.11; f pda(0,9)dQt’  dimensionless (2-59)
A

The quantitiez in Eq. (2-6) are those involved in heat-transfer computations where
the interest is ia the net flow of energy acrees a bounding surface, involving radiation
received, emitted, or reflected in all directions.

Equati.'\ns (2-6) and (2-57) apply in all cases to spectral radiation (i.z., the radiation
in a very small wavelength interval about a specified wavelength) and hence also to
any spectral interval in which p or p4 (and therefore also € or ¢4 and a or ay) do not
change significantly with wavelength. When thermal equilibrium exists, i.e., when

AV( = Na(T) - f- NAb(T, .\) dk
[/}

where N,»(T, A) is the spectral radiance of a blackbody at T°K, they also apply to total
radiation (all wavelengths), even though the spectral reflectance varies with wave-
length. However, if the spectral reflactance is not a constant and the spectral distri-
bution of the incident radiation is arbitrary (nonequilibrium condition), Eq. (2-6)
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and (2-57) do not neceesarily hold for the total (ali wuvelengths) reflectance, absorp-
tance, and emissivity.

The significance of the partial reflectance p’ and directional refiectance ps can be
clarified by relating them to the more familiar ideas o1 diffuse and specular reflectance.
First, a perfectly diffuse reflector is one for which p’ = a constant, so that

pa=p’ f d)' = mwp’ dimensionless (2-60)
A

Hence pq i8 also a constant, i.2, the same in all directions, 8o the total reflectance p = pq =
mp' for any arbitrary con” guration of incident radiation. Second, a perfectly specular
reflector is characteried by

N, (8, ¢x7) = pa(6, )Ni(8,¢) wem2gr! (2-61)

By comparing this with the general relationship between incident and reflected radi-
ances, it can be seer. that Eq. (2-61) will result if the partial reflectance p’ in Eq. (2-47)
has the form

p' = 2pd(6:, ¢i)8(gin?® 6, — gin? 8)8(¢, — pixT) sr-! (2-62)

where 8(8in? 6, — 8in? 6;) and 8(¢, — i m) are Dirac delta functions which satisfy the
defining relations

(u)=0 foru # 0

{
J Su)du=1

and

ff(u)&(u) du = f{0)

when the integration is rarried out over the full range of the vanable, 0 < 8 < /2
and 0 < ¢ < 2, in each case.

Only what might be termed the external radiometric relations have been considered
in the feregoing treatmeni, and no attempt has been made to deal with the deeper
theory relating reflectaice, emissivity, and absorptance to the optical constants of the
materiais. A good summary of the moet imoortant aspects of that approact is given
in [33).

2.11. Summary of Eguations and Constants
W=0cT* (2-21)
Wi = 2mcthA-3(ehe/A7 — 1)-! (2-8)
W, = 2nc-thyd(er*/*T — 1)-! [follows froin (2-8) and (2-11)]
N.=W./n (2-19) (onily Lambertian surfaces, ¢g., blackbody)
Ur=12398ev u (2-14)

ur=4W,/c (2-10a) (within isothermal enclosure)
u. =2W,/c (2-10b) (into Lambertian hemisphere)
n, =W,/ hv = 2nc-tpi(e*/*T — 1)-! (2-15)
ny=Wi/he = 2meh 4(ere/AaT — 1) (2-16)
Widra=W, dv (2-12)
{An)* =n[l1 + (e**T — 1)1} = n (2-17) and (2-18)

AmesT = 2897.9 (u °K) (2-24)
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Amas agy. T = 2404 (4 °K) {2-26)
C= VA

o= v =k/27 = 1/\ (wavenumber)

dv = —c dA/A\?

d\ = —c dv/v?
dA/N = dvlv

J=Pqa = aP/aQ

W=P,]

= 3P/3A
H=P,4
b 2
N=Pug =—2P 0P here d’ = cos 0.0

cos 00A 30 34 Q)
h == 6.6252 X 10-% w sec!

= 3.1416
c=2.99793 X 10® m sec™!
278kt B Ly otrad )
O =g 5.6686 X 10~ watt cm-? (°K) ° (Stefan-Boltzmann constant)

k=1.38047 x 1C * erg ("K)™' (Boltzmann’s constant)
e = 2.71828 (base of Napierian logarithms)
hik =4.079 X 10! sec °K

Quantity C ()
Energy density 8mch 4.99 joule p* m3
Emittance 2nmeth 3.7413 X 10 v, u* m-?
Radiance 2¢2k 119 X 10* w pu* m 2 sr-!

ce=ch/k =1.4388 x 104 u °K
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3. Artificial Sources

5.1. Theory

Tne classic blackbody simuiator is a spherical cavity made of an opaque material
and pierced by a smaltaperture. If the enclosure is insulated from outside thermal
influences, all parts of the internal cavity walls eventually reach the same temperature.
When equilibrium is reached, all points inside the cavity have equa! energy regardless
of the noture of the walls, and tie radiation passing out of the small aperture approxi-
mates blackbody radiation; the smaller the hole the better the approximation.

A practical cavity approaches ~ blackboay to the c<zxtent that the radiation ontering
through the aperture is absorbed within the cavity. Since all practical materials have
absorptivities less than unity, the performance of a blackbody-simulating cavity is
based on the number of refiections that radiation entering the cavity through the
aperture can make befor: returning through the aperture to the outaide.

DeVos (1), Edwards [2], Gouffé |7}, Williams [4], Sparrow (5], and Zissis .~ have
written theoretical analyses of cavity radiation. Wiliiams’ paper contains & criticism
of the others. The most thorough treatment seems to be that of DeVos, although
YWilliams' criticisms of it are valid. Truenfels [7] has also written a pertinent orticle.
Three techniques are given below (DeVos, Gouffé, and Sparrow). No direct detailed
comparison of them is available.

3.1.1. 7The Method of Gouffe. For the total emissivity of the cavity forming a black-
body, Gouffé gives:

ca=¢€o(1+ k) (3-1)
where
.o €
Tl — /] + (/9 (3-2)
and k-~ (1 = & [(s/8) — (s/S4)], and is always nearly zero; it can be either positive or
negative

€ = emissivity of matcrials ferming the blackbody surface
s = area of aperture
S = aree of interior surface

S, = the sunace of a sphere of the same depth ..; the cavity i.. the directicn r yrmai
to the aperture

Figure 3-i 15 a graph for cetermining the emissivities of ¢-.vities with s1mple genmet-
ric shaves. (Values not legible can be calculaied without grzat difficulty.) Ir the lower
section, the value of the ratio s/S as a furction ot the ratio L/R is read (L and R are
defined ir Fic. 3-1;. Reading up fro:n this valuz to the value of the intrinsic emissivity
of the cavity ms~rial, the vaiue of €, ie found. Multiplying €'s by the factor (1 + k)
then yields the emissivity of the cavity. Values of s/S, etc., are given in Table 3-1.

When the ajcrture diameter is smaller than the interior diameter of the cviindricai
cavity ot the base diaineter of the cone forming a conica! cavity, 1t is necessary t.
multiply the vajues of s/S determined from the graph by (r/R)?, which is the ratio of
the aquares «f the apertur and cavity radii (Fig. 3-1).
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Fic. 3-1. Emissivities of conical spherical and cylindrical cavities.

3.1.2. The Method of DeVos. DeVos considers a cavity of arbitrary shape, with
opaque walls, in a nonatteruating medium, initially at a uniform steady temperature,
with one small opening. He adds additional openings and temperature variations along
the cavity walls, and indicates several practical approximations which are necessary
for calculati~n of numerical values. See Fig. 3-2 for definitions of terms.

The power emitted from d0 is

emP¥ = ¢, %\, T)N\.alA, T) dw cos 6.0 d02.° (3-3)

whe:  &.°(A, T) = the spectral cmisaivity of dw in the direction of d0 (indicated by sub-
and superecripts throughout) for temperaturz T and at wavelength A

Ni.a(A, T) = the spectral radiance of a blackbody for temperature T and wave-
Jength A, given by either modification of Eq. (3-2) ¢ approximately
by the Wien law,

N..s = (constant) e~/ (3-4)
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Fi1c. 3-2. De rition of terms for the DeVos method.

dw = area of the emitting infinitesimal element
6.° = the angle of the direction from dw to d0 witk: respec to the normal to dw
d,° = the solid angle subtended by d0, the hole, as seen from cdw

The power from dw through d0 which is due to the reflection of the power received
at dw fromn some arbitrary elemental wail area dn is

refiPer® = Ny 2*(A, T)dQl* dw o8 0™ re™(A, T 1,0 (3-5)
where  P,*° = the power f...m dn to d0 via dw

Ny .»*(A, T) = the spectral radiance from dn toc dw for a temperature T and at
wavzlength A

d1.* ~ the solid angle subtended by dn &s seen from dw
8. = the angle to the normal to dw made by the direction frcm dw t~ dn

re*%{A, T) = the partial reflectivity of dw for radistion from dn at 6.* reflected
froni du toward dO ai 6.° at wavelength A and for temperature T

Partial reflectivitv can be defined as follows:

ponr = N*0 cos 6.° (3-6)
* N.* cos 6.2 d).*

As shown in Fig. 3-2, the 1eflecteo rays are not necessarily in the same plane. How-
ever, symmetry of the partial reflectivity about the plane containing the normal and

the incident direction is assumed.
no

re®t = %—i: con 6,° (3-7
To obtain the power from dw due to the reflection T-m Jw of the radiation from all
parts of the cavity walls except d0, integrate Eq. (U-5) over the walis excluding d0:
reflip 0 = dy dN,° I Nua®A, T) cos 8,*r ™A, T) (3-8)
all d»
The reciprocity relacion is:
red (o8 0 = ¢ cog 9 (3-9)
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By using the reciprocity relation in Eq. (3-9):
reflp 0 = . wd{l,° cos 6.° f Ny %A, TYr.o%N, T)dQ " (3-10)
To a first-order approximation the follow ing relationship is true:

Niao®¥A, T)= Ny s\, T}
Thus

Jr ,.wou()‘, T) dnw' _—_-PH‘O(A, T) — re=(A, /8] dnwo (3-11)
all dn
Therefore

totalp 0 = N, 5 dw cos 6,°df2,%(1 — r.= d(1,.%) (3-12)

The hole can be considered to have an emissivity given by
c=1-r.~dQd.,° (3-13)

to a first approximation. If additional holes exist, or an opening like & slit which
should be considered as several holes, then the refic ~d contributions cf these elements
must also be excluded. This leads to:

€ = 1 - 2 erR dﬂrh (3'14)
A

for the emissivity of dO in the direction from dw when there exists several holes num-
bered from k = 0 {0 sorae finite integer.

For the second-order approximation DeVoe considers the use of a value for N, ,*
which is not N,,s, but which is calculated by considering the effects of the holes on
this spectral radiance (from each element dn) and the effect of T\ # T.. The calcu-
lation neglects variation, due to temperature differences, of the emissivities and re-
flectivities of the wall elements.

The second-crder approximation for the quantity ‘°f*'P,° is

wiatp,® = Nyah, T) dw cos 0.°df (1 - T o det = 3 f e
h L]

dQurrordQ — J' RnenEros dﬂ.,"\, (3-15)
where the integratiou is over the entire surface excluding the holes.
DeVos uses Wien's equation to evaluate k, for cases where T — T, << T. Thus,

Nig ~ e /AT (3-16)

and

Vs AT 317

ka = - —— (3-18)
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DeVoe applied this theory to the V-wedge, cylindrical (closed at one end), spherica!l,
and tubular shapes. He did not treat the cune, a combination of cones, or a cone-
cylinder. He included temperature gradients only in the tubular calculation.

For a cylinder of radius R and length L (see Fig. 3-1), the value of ¢, to first-order
approximation is:

2
€0 = (1 -R.” 1'—) = (1 - R, 1) (3-19)

Lt a?

where a is the cone angle.
For the second-order approximation (negiecting temperature gradients), one needs
dl.* and d}.’. If dn is an annulus of the cylinder with a length dx, then

2nrtdx

N T F T (3-20)
and
ri
di,® = = (3-21)

if x/r = y, then

rw()yr"\oo

G+ D (y— a2 +1)1

€=1=rpe T —om f dy (3-22)
0

a?

DeVos evaluated this expression by numerical integration. His values, corrected
by Edwards [2] for a small numerical error, are given in Table 3-1. For a similar
calculation for a sphere, DeVos ootained the results in Table 3-2.

TasLE 3-1. DeVos' EmissiviTizs, CYLINDRICAL BLACKEBODY [1]

(Emissivity values for a cylindrical blackbody with second-order correc-

tions for various values of a (= D/r = depth of cylinder/radius of cylinder)

and e urfaces of different smoothness. These are DeVos’ values corrected
for a numerical error. DeVes’ figure numbera head the columns.)

a Fig. 2 Fig. 3 Fig 4 Fig 5
6 0.970 0.954 0.865 0.668
10 0.990 0.985 0.953 0.864
15 0.995 0.994 0.980 0.947
20 0.297 0.997 0.989 0.972
30 0.999 0.999 0.996 0.988

TABLE 3-2. DzxVos' Emissiviries, SPHRRIC vi. BLaCKRODY [1]

(Emisaivity values for a spherical blackbody with sacond-order coirec

tions for various values of a (= D/r = diametcr of sphere/radius of hole)

and surfaces of different smoothness. These are DeVoe' values corrected
for a numerical error. DeVoe' figure numbers head the the colvmns.)

a Fig. 2 Fig. 3 Fig. 4 Fig. F
10 0.992 0.986 0.963 0.8\4

20 6.998 £.398 0.921 0.976




unmﬂm

THEORY 37

3.1.3. The Mecthod of Sparrow (8]. "The starting point of the ana:iyvsis is a
radiant flux balance at a typical position x, on the cylindrical wall. Such a balance
states that the radiant energy leaving a location is equal to the emission plus the re-
flected incident energy.

55 e o o e 2(x' — x'0)* + 3
W) S et e))u ea(x)il 1o = &'| 2{ix’ — x'o + 1]31

(o5 en)' r1 - s

} dx

L 1
+ 4(1 — €) (-—x'o)f €,.(r) dr'  (3-23)
d 0 {[ (L .\, ., ]:_ L1
4\d xo/+;+r’ 4r}
€ (r') = L 2
o L ' 4(-‘-1-—1)+1_r’ ' |
e+8(l-—e)f ca(x)(;i--x) I 3 . Y dx (3-24)
¢ ”4 (—‘—x') -!-1+r"] —4r"J

where ¢, = N/oT4, x' = x/d, r' = r/R.

“It may be seen that e,(x’) and €,(r') appear in both Eas. (3-23) ar.d (3-24), which
therefore require simultanecus solution. Additionally, since tle unknowns
appear under integral signs, these - *uations are integral equatiois. Further
inspection reveals that there are iwo parameters which may be independently
prescribed: L/d, which describes the relative length of the hole; and €. which
characterizes the radiation properties of the materials.

“The mathzmatical problem as represented by these equations is complex, but
this is the price which must be paid in order to achieve a complete formulation of
the physical occurrences within the radiating enclosure... . By assuming eq(r’) =
constant, the system was reduced from two simultaneous integral equations to a
single integral equation. Further, all angle factor» were written approximately
in terms of exponentials of the form e~ /Fe-! ety., rather than as the precise, but
more complex, expressions which appear in Eqga. (3-23) and (3-24). The effect of
these simplifications has heretofore remained unevaluated for finite-length cavities.

“The formidable mathematical problem here is not amenable to a closed-form
solution, and it was necessary to use numerical means. The calculation scheme
was easentially a direct iteration, the steps of whichk may be outlined as follows:
First, values of the parameters L/d and ¢ were chogen in order to specify the prob-
lem. Next, a trial solution for €.(x') was guessed over the range 0 < x' < L/d.
As will be described later, it was possible to make very favorable guesses by taking
advantege of prior solutions. These guessed values for e.(x’) served as input data
to the right side of Eq. (3-24). For a given value of radial position r’, the integra-
tion was carned out numericaliy to yield the value of ¢, at that r’. This couid be
repeated for each point in the range § < r' = 1, and in this way there was gencruted
a function €.(7 " corresponding to the guesesed distribuiion ¢€q(x’). The €,{7") and
€o(x’) were then utilized in evaluating the iunte,nwis of Eq. (3-23). For a fixed
x’s, numerical integraticn of Eq. (3-23) r cvide. &n ¢, corresponding to that
x's. By iepeating the process for all x'; in the range 0 < 1’y = L/d, a new func-
tion eJ(x’) Or €q(x's) was obtained which cculd be used as input data to Fq. (3-24),
thereby beginning another cycle in the iteration. This procedure led to a steady
convergeace to the final result, and stakbility probl:ms were not encountered.
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“after 4 fow solutions werc carried out, it was found that, for a fixed ¢, the distribu-
*ion of ¢, along the cylindrica! wall was not highly sensitive to the L/d ratio. Thus
the L/d = = results from Reference [91 were utilized as the first guess for €,(x) for
the L/d = 4 case; the converged results for L/d = 4 were utilized for starting values
for €.(x) for the L/d = 3 case; etc. This ordering of the solutions — from high to
low L/d values — helped sornewhat to ease what still remained a formidable com-
putational task.

“The actual numerical calculations were performed on an IBM 704 alectronic
digital computer. Solutions were carried out for L/d = 4, 3, 2, 1, 0.5, and 0.25 for
€=0.9,0.75,and 0.5. For this emissivity range, it was found unnecessary to exter.d
the calculations to lengths beyonr. L/d = 4, since nearly blackbody conditions
already prevailed over the end disk.”

The article presents resuits only for cylindrical cavities, shapes which are nct of the
greatest practical importance.

3.2. NBS Standards

The Naticnal Bureau of Standards does not have an official standard blackbody which
it uses for comparison tests. It does, however, check therrmocouples and other tem-
perature-measuring decvices. As the section on theory (Sec. 3.1.3) shaws, it is easy
to design a blackbody which gives high emissivity, but the temperature nust be known
accurately. The Bureau does prepare and issue secondary standards in the form of
total radiance and irraciance lamps. Instructions for the use of these sources are
given below:

3.2.1. “Instructions for Using the T'otal Radiation Standards
(Revised February 24, 1966

“These instructions cover the use of our small carbon filaraent standards of
thermal radiation. The iamps employed (sbout 5C watts) have been seasoned,
marked for orientation, and calibrated for density of radiant flux at a fixed distaiice
in a specified di-ection from the lamp. Svitable markings (a line on one side and
a line through a circie on the opposite side) have been etched into the glass of the
lamp bulbs to assist the cperator in setting up the laraps relative to the radiometer
in 2 psaition identical to that under which the standards were calibrated.

“In operation the lamp is to be screwed into an ordinary metal socket that is held
upright by a support, which cannot reflect light into the radiometer. The lampis
to be oriented so that the etched line on one side and the line and circle on the
oppusite side are in line with the radiometer. The circle on the lamp is to be
situated away from the radiometer and on the horizontal axis through the radiom-
eter. The entire lamp bulb is to be exposed to the radiometer. Sufficient ime
must be given (say five minutes) for the glass bage, which supports the filament,
to become thoroughly warmed, otherwise errors will be introduced into the radiant
energy messurements. The distance of the lamp is measured from the radiom-
eter to the center (glass tip 1If present, the ot-hed mark, or other special mark
noted in the 'Report’ on a particular standard lamp) of the lamp bulb.

“A black cleth, of about 1 meter by 1 meter edge, should be placed about 1 meter
to the rear of the lamp. An opaque snield about 1 m by 1 m, having an opening
about 10 cm wide and 15 cm high, is placed at a distance of about 25 ¢m in front
of the lamp. To screen this opening. a shutter, about 20 by 20 cm, is placed be-
tween this shield and the lamp. Facing the opening in the shieid, the radiometer
is placed at a distance of 2 m from the lamp. In this manner constant extraneous
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conditions are maintained between the lamp and the radiometer when the shutter
is opened and closed. The shield and shutter may be made of air-separated sheets
of cardboard, asbestos board, metal or other suitable materials.

“Betore the lamp ig lighted, the shutter should ke onened and closed to determine
the amount of stray thermal radiation falling upon the radiometer. This test
may be applied at any time provided the lamp has beeu given sufficient time to
come to .oom temperature. The wall and screen to the rear of the lamp may be
cooler than the shutter. which will cause a negative deflection. The correction
to the observed lamp deflection is, in that case, positive. It is decirable to make
the calibration in a dimly lighted room to avoid errors from sunlight which is
continually varying with cloudiness, thus varying stray radiant energy within
the room as well as the temperature of the walls, and aiso causing air ciirrents
near the radiometer.

“The values of radiant flux of this Bureau’s primary standard of radiation are
based upon direct measurements in absolute value; and upon a direct comparison
with a blackbody using the Stefan-Bolizrnann constant of total radiation of a
blackbody 8 = 5.7 X 1§ 2 watt per cm?, as described in NBS Bulletin No. 227,
Vol. 11, p. 87, 1914 [10], and NBS, Journal of Research No. 5§78, Vol. 11, p. 79,
1933 {11]. The absolute values of the primary standard are accurate to about
1 percent. The values of the secondary standards, compared with the primary
standard. are in agreement within about ¢.5 percent. The overall accuracy in
the use of these standards is scmewhat dependent upon the conditions of tem-
perature and humidiiy existing during their operation. Highest acruracy will
appear fer a room tempersture of about 25°C and a relative humidity of about
60 percent near which the original calibrations were made. For extreme condi-
tions of temperature and oi relative humidity, corrections may be required, but
can usually be neglected (see NBS Journai of Research, Vol. 53, p. 211, 1454) [12].

“The best results are to be obtained by operating the lamp on 0.30 to 0.35 ampere.
This is the current through the lamp. If the measurement of current be made
when a voltmeter 1s in the circuit with the lamp, then a correctionn may have to
be made to the observed current.

“The measurement of current through the lamp is, of course, sufficient to deter-
mine the radiant fiux, the voltage being useful maiily tc determine whether the
lamp has remained constant.

“To conselve e calibration, which gradually changes with use, these lamps
should be kept us reference standards only, and other lamps used as working
standards in all cases where exiensive radiometric comparisons are made.

“These instructions and standards of radiation apply to radiometers used in air.
If a window ke used on the radiometer, as for example in a vacuum radiometer,
then a correction has to be made for the radiant flux absorbed by the window,
for the particular lamp used as a standard and for the source measured. This
absorption is a function of the ternperature of the lamp filament. For example,
it was found that for a glass ¢r quartz window about 1.5 mm 15 thickness, the
transmission amounted to about 83 percent when a certain standard lamp was
operated on 0.35 amp., and increased to 84 percent when the lamp was operated
on 0.40 amp. Using a fluorite window, the transmission is higher {about 91.5
percent) and varies but little with the current ordinarily used in the lamp. For
examgle, using a certain standard lamp, the transmission through 2 fluorite
windew varied from 91.0 percent on 0.25 am:. to 92 percent on 0.4 amp., with
an average value of 91.6 pe:vent on 0.35 amp.
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“The transmisgion of the window varies also w..u the spectral quality of the
radiant flux emitted by the source unde.' investigation. This must also be taken
inte consideration.

“The thermal radiation sensitivity of a surface thermopile varies with the degree
of evacuation; when highly evacuated this sensitivity may be several times as
great as in air. Since at low air pressures the sensitivity is variable with the
pressure, great care must be taken tc test the thermopiles sensitivity under the
exact conditions existing during its use.

“The same area of the radiometer recciver should be exposed to the standard of
radiation as is used in the measurements of the unknown source.”

3.2.2. “Instructions for Using the NRS Standards of Speciral Irradiance
(May 31, 1963)"

“These instructions cover the use of tungsten-filament quartz-iodine lamps issued
as standards of spectral irradiance for the wavelength range of .20 to 2.6 microns.
The lamps employed are commercial G.E. type $.6A/T4Q/1CL-200-watt lamps
having a tungsten ooiled-coil filament enclosed in a small (1/2 inch X 2 inches)
quartz envelepe containing a small amount of iodine.

“The spectral radiant intensity of the entire lamp as mounted in the manner
prescribed below is measured and reported. The spectral irradiance from these
lamps is based upon the spectral radiance o’ a blackbody as defined by Planck’s
equatiou and has been determined through coniparison of a group of quartz iodine
lamps with (1) the NBS standards of rpectra. radiance, {2) the NBS standards of
iurninous intensity, and (3) the NBS standarcs of total irradiance.

“The lamp is mounted vertically with the INBS-numbered end of the lamp down
and the tip away from the detector. Measurements of dista:xce (from lamp fila-
ment) are made along a horizontal axis passing through the center of the lamp
filament. The correct vertical position is determmined by setting the centers cf
the upper and lower seals along a plumb line as viewed from one side of the lamp.
The plane of the front surface of the lower press seal is set to contain the horizontal
perpendicular to the line connecting the iamp Jlament center and detector.

"The lamp i3 mounted in the suppiied holder which is constructed in such a man-
ner as to reflect a negiigible amount of radiant flux in the direction of the radiom-
eter or spectrometer slit. A black shield should be placed at a distance of about
3 feet to the rear of the lamp to intercept stray radiant flux along the radiometric
axis and adzquate shielding should be provided to intercept stray flux from other
directions.

“If there is excessive water vapor in the laboratory almosphere, errors rnay result
at the wavelengths of water-vapor absorption bands. In the original calibrations
the comparisons or the lamps with the other NBS standards were made in such a
manner that the effect of water-vapor absorption was aliminated. |

"Values of spectral irradiance for these lamps are tabulated as a function of wave-
length in microwatts per (square centimeter-nancmeter) at a distance of 43 centi-
meters from center of lamp to receiver. Values of spectral irradiance for wave-
length intervals other than one nanometer, say x nanometers, may be found by
multiplving the tabulated values by x.

Use of the Standards of Spectral Irradiance

“These staudards require no auxiliary optics. If any are emyinyed proper correc-
tion must b rmade for their optical characterisiics. The lamp is simply plecad
at a measured distance from the detector or spectrometer slit. If a distance other




o

”
W

Lt

NBS STANDARDS 41

than 43 centimeters is used, the inverse-square law may be used to calculate the
spectral irradiance (the inverse-square law should not, however, be used for dis-
tances shorter than about 40 centimeters).

“In rneasurements wherein two sources (a standard source and a test source) are
being compared by the direct substitution method (slit widths kept unchanged,
use of the same detector) no knowledge of the spectral transmittarce of the spec-
trometer, nor of the spectral sensitivity of the detector is required. It is necessary,
however, to make suie that the entrance siit of the spectrometer is fully and uni-
formly filled with radiant flux both from the standard and from the test source;
and if at any one wavelength the detector response for the standard is significantly
diiferent from that for the test source, the deviation from linearity of response of
the detector must be evaluated and taken into account. Furthermore, if the stand-
ard and test source differ in geometrical shape, it must be ascertained that the
instrument {rarsmittance and detector response are not adversely affected thereby.
Many detectors are highly variable in sensitivity over their surface area and may
require diffusion of radiant flux over their surface to insure accurate radiant
energy evaluattons.

“All calibrations were made by the use of alternating current and it is recom-
mended that they be so used in service. Te reduce the line voltage a 10-amper>
variable autotransformer may be employed for coarse control. For fine control a
second (5-ampere) variable autotransformer inay be used to power a radio-fiiament
transformer whose secondary (2.5-5 volt) winding is wired in series with the
primary of the 10-ampere transformer. It was found that this method is very
effective for accurate control of tne 6.50-ampere current.

“These standards of spectral irradiance are expensive lahsratory equipment
and it is suggested that they be operated sparingly and with care in order to prolong
their useful life. They should be turned on and off at reduced current and great
care should be taken so that at no time will the current appreciatly excsed 6.50
amperes. It is recommended that for general use, workirg standards be prepared
by calibrating them relative to the iaboratory standard supplied by NBS.

“These lamps operate at high temperature such that the quartz enveicpe is above
the fiammable poiut of organic materials. They may thus cause fires, and also
the burning of lint, etc. on the enveloper which may result in optical damage to
its surface. In no case should the fingers come into contact with the quart: en-
velope, either hot or cold, as the resulting fingerprints will burn into its surface
during lamp operation.

3.2.3. “Instractions for Using Standxrds of Spectral Radiznce
(Revised February 21, 1961)°

General Discussion

“These instructions cover the use of r'bbon-filament laumps issued as standards
of spectral radiance for the wavelength ranges of 0.25 40 0.75, 0.5 to 2.5, and 0.25
to 2.5 micrcns. The lamps employed are commercial G.E. Type 30A/T24/7 lamps
having a tungsten ribbon filement (SR-8A type) centered about 8 to 10 cm behind
a fused siiica window 3 cm in diameter.

"The portion of the filament whose spectral radiance has been determined is the
central portion visibie through the fused-silica window This determinaiicn was
made by direct substitution of the !omps for working standard lamps vhich had in
1urn been calibrated by this substitiution methed relative to blackbedies operated
from 1400 w 2300°K) through the use of a double quartz prism spectroradiometer
and associated electronic equipment.
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“Iln operation the lamp is mounted vertically and the beam of radiant flux with a
horizontal axis passing through the center of the filament is measured. In the
original determinations no portion of the beam measured departed from this axis
by more than 2.5 degrees. Hence, if an aperture subtending a larger angle is
required in eny application of these standards of spectral radiance, it should be
ascertained that the irradiance is congtant over the whole aperture.

“If there i+ excessive water vapor in the laboratory atmesphere errors may result
at the wavelengths of water-vapor absorption bands. In the original calibrations

~omparisons of the lamps with the blackbodies were made at the same distance

n such manner that the effect of water-vapor absorption canceled out.

the alibrations wherein the blackbody was heaied within a wirewound fur-

. 1wce and temperatures around 1400°K were reached, the temperatures were meas-

ured with: Pt-Pt 10% Rh thermocoupics. Tests using couples placed at various

positions and observations with an optical pyrometer indicated closely uniform tem-

peratures within the blackbody enclosure. A ratio of blackbody opening to total

internal surface area equal to approximately 0.003 and an internal surface re-
flectance less than 0.10 indicate an emisaivity of 0.999 or higher.

“For the blackbody temperatures above 1400°K a graphite enclosure heated by a
radio-frequency generator was employed and the temperatures were nieasured
by an optica! pvrometer. The physical characteristics of this blackbody indicated
an emissivity approximating 0.996.

“The spectral radiance of the blackbody is based upon the Planck radiation law in
which the constants, based upon the most recent atomic and other information,
are set down as follows:

¢; = 1.19088 x 10-'? watt cm? per steradian
c: = 1.4380 cm degree K

“Values of spectral radiance for these lamps are tabulated as  function of wave-
length in microwatts per (steradian-millimicron-square millimeter of filameut).
Values of spectral radiance for slit-widths other than one millimicron, say x milli-
microns, where x is less than 100, may be found by multiplying che tabulated
values by x.

Use of the Standards of Spectral Radiance

“It is suggested that the auxiliary optics ernployed with these standards be com-
posed of two units: namely, a plane mirror and a spherical mirror (each aluminized
on the front surface). If the spherical mirror is placed at a distance from the
lamp filament equal to its radius of curvature, and the plane mirror set about
1/3 to 2/5 this distance from the spherical mirror, facing it and so placed that
the angle between incident and reflected beams is 10° or less, a good image of
the filament itself may be focused upon the spectrometer slit. Little distortion
of the filament image occurs provided precise optical surfaces are employed and
angles between incident and reflected beams are kept to less than 10°. Various
optical arrangements may be employed.

“The solid-angular aperture of the auxiliary optics should be smaller than the
solid-angular aperture of the spectrometer emploved so that no loes of radiant
energy will result through over-filling the spectrometer optics.

“The spectral radiant flux, P,, in microwatts per millimicron, which enters the
spectrometer slit is computed from the formula:

P, = R\N\sA/D?
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where R, is the aspectral reflectance of the combination of mirror. used, N, is the
reported spectral radiance of the standard, s is the area of the spectrometer slit
in mm?, 4 is the area of the limiting auxiliary optic, and D is the distance of thig
optic from. the slit.

“No diaphragm or other shielding is required in the use of these standards, except
for a shield to prevent radiant energy from the lamg from entering the spectiom-
eter directly without first falling on the concave mirror. An image of the filament
should be focused upon the spectrometer slit, and only the energy by which this
image is formed should enter the slit.

“In order to calibrate a spectroradiometer with one of these standards of spectral
radience, a knowledge of the spectral reflectance of the mirror surfaces is required.
A good aluminized surface should have a spectral reflectance considerably above
0.87 throughout the spectral region of 0.5 to 2.6 microns, increasing slightly with
wavelength except possibly for a slight dip near 0.80 micron. In practice the proper
reflectance losses can best be determined through the use of a third {(similar)
mirror (a second plane mirror) which may be temporarily incorporated into the
optical set-up from time to time.

“In measurements wherein two sources (a stand:-d source and a test source) are
being compared by the direct substitution method (1se of the same auxiliary optics,
slit-widths, areas and detector at any one wavelength), no knowledge of the spectral
reflectance of the anuxiliary mirrors, nor of the spectral trunsmittance of the spec-
trometer, nor of the spectral sensitivity of the detector is required. It is necessary,
however, to make sure that the entrance slit of the spectrometer is fully and uni-
formly filled with radiant fux both from the standard end from the test source;
and, if at any one wavelength the detetor response for the standard is significantly
different from that for the test source, the deviation from linearity of response
of the detector must be evaluated and taken into account.

“Operation of these at.ndards should be on alternating current to obviate fila-
ment-crystallizing effectz that occur when the operaiion is on diiect current. The
filaments are massive and “iron out” sll effects of the normal fluctuaiions present
in a commercial ac supply. All calibrations werc made by means o: alternating
current. To reduce line voltage a step-down transformer (1 kva) having a ratio
of 10 to 1 or o 50-ampere variable transformer may be emplc; 2d. Then to give
fire control a second variable transformer (10-ampere ~apacity) is wired into the
circuit to contr )l the input of the heavy duty tzansformer. #er still finer control
a third var‘able trans.ormer may be employed witk a radio-fi;ament transformer
to add (or subtract) voltage fed into the step-down transformer. It was found
thet this methad is very effective for accurate control of large lamp curzents. The
heavy duty (1 kva) step-down trancformer is preferred to the 50-ampere variable
transformer since the latter ia subjec’ to contact damage when operated for long
intervals of time at high currents.

“The lamp standards of apectral radiance are expensive laboratory equipment
and it is sugges’ea that they be operated sparingly and with care in order o pro-
long their usefiil life. This precaution applies especially to the standards cali-
brated in the short-wave 1egion and operated at 35 amperes. They should be
turned on and off slowly and only for short intervals should they ever be operated
at or above 30 amperes, and then only to calibrate a similar lJamp as a workiny,
standard. In general even at lower cwrents a workirng stardaxd ghould be pre-
pared and used except for purposes of checking the operation of such a woraine
standard.”
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3.2.4. Other NBS Sources. Figure 3-3 shows a blackbody furnace used at the
National Bureau of Stanlarcs as a comparison standard i» emissivity determinations
{13). The core, made of Inconel, has an outside diameter of 3 ¢m and a cylindrical
cavity 2.06 ~m in diameter and 7 cm deep with inner walls roughened by a very fine
tap and treated to produce an opaque, oxidized layer. The fuinace iz heated by an
80% platirum-20% rhodium resistance element surrounding the core. The core and
hcating element are coversd with thermal insulation 3.6 cm thick and are mounted
axial.y in a water<ooled tube of 11.4 cm outside diameter. Power input to the furnace
is adjusted manually by an autotransformer. The temperature of the furnace is
measared by a thermocouple inserted in a hole drilled from the back of the core to
within 0.68 cm of the inner surface of the core at the rear of the cavity The emissivity
of the inner surface is greater than 0.90 and that of the furnace was computed ic be
grecter than 0.99 in the temperature range for which it was designed, §10° to 1360°K.
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Fic. 3-3. N3S blackbody furnace.

Figures 34 and 3-5 show two other blackbody cavities designed by NBS. They are

probably the cicsest approximaticr: to blackbody radiators in existence. These cavities
are primarily used in optical pyrometry is gold-pcint blackbodies to determine the
Inter.;ational Practical Temperature Scrle (IPTS) above 1336°K [14].

The vertical blackbody assembly shown i1n Fig. 34 is hested in a wire-wound muflle
furnace or in the coils of an rf generator. The estimated emittance of this blackbody
is 0.999, assuming the wallg are at a uniform temperature. The horizontal blackbody
shown in Fig. 3-5 has three independently controlled heater windings that are embedded
longitudinally in cylindrical graphite muffles.

The graphite, having high thermal conductivity, tends to reduce longitudinal tem-
perature gradients. The power inputs to the two end windings are adjusted to maic:ain
the end sections at a specified temperature, i.e, the IPTS [i5], us determined by two
thermocouples positioned near the inner surface of these sections. The center winding
is used to control the temperatures of the gold during gold-point calibrations.

Another high-temperature blackbody, used £t NBS for accurate spectral calibrations
of monochromators and spectrographs, has been used up tc tempe-atures of 3273°K.
It consists of a graphite cylindrical tube resistively heited in an argon atmosphere
and surrounded by a number of graphite radiation shields. The tube is 2abuut 200 mm
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long, has a wall thickuess of about 3 mm, end an inside diameter of about 9 rnm. A
smail hole in the cenier of the tube and correspondingly larger holes in the shields
permit the radiation 10 exit. A current of about 830{} amp is required to reach a tem-
perature of 3073°K. The tube can be used for abcut 50 hours at this temperaturc and
the radiance can be stabilized for several hours to batier than 1 percent by automat-
ically controlling the current in the tube [14].

3.3. Laboratory nnd Field Sources

3.3.1. A High-Temperature Source {16]. “The high temperature element of
the source is a graphite tube, with a small slit in orve wall, heated directly with an
alternating current. The arrangement is shown in cross section in Fig. 3-6. The
graphite tube is rigidly supported at the upper end, ard electrical conrection is
provided by means of a standard compression tub2 ‘sting modified by slightly
enlarging its bore. At the other end, electrical cornection: and iinear motion to
relieve thermal stress are accomplished by a pistcn and kellows arrangement.
The piston itself acts as the nut for another modified tube fitting; ¢lectrical insula-
tion hetween the piston and the cylinder wall is prcduced by two O-rings, which
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further serve as a fluid barrier. The bellows is mounted on a buslung of insulating
material; electrical connection is made both to the central screw and the body
wall. Both eisctrodes are cooled by water flow.

“The heated eleinent was made from National Carbon Company type AGR graph-
ite as a tube of 0.250-in. O.D. with & ¢.0580-in. wall; a s:it of 0.25 X 0.03 in. was
milled through on:ic wall at approximately halfway between the points of first
thermal or electric . - ontact. Erosion and oxidation of the Fot graphite is reduced
te a negligible rate by a flnsh and a sliglit flow of dry argeu, which escapes through
the bedy opening in frant of the slit. The ends of the graphite tube were copper-
plated to provide bettzr contact.

“The power su;ply cons.sts of two 20-amp toroidal autstransformers, one of which
was converted into a conventiona! step-down transformer by removing the siider
and adding a secondary winding of a few turns. Connection betwsen this unit
and the source boiy was made by means of a standard type of single-conductor
insulated welding cable enclosed in 3/4-in. brass pipe wnich was connected to the
base of the body. By this means, concentricity of the high current psrt of the
electrical system is maintained; magnetic fields which would create spurious sig-
nals in nearby measurement cir:uits 8:e thereby minimized.

“The current through the graphite and he..~ ite temperatur: is controlled by
manual adjustment of the unmodified autotransformer, the output of which is
connected to the primary of the modified «.cit. The seccndary current of the
latter, i e, the current through the graphite tube, is measured using a 0-5 amp ac
ammeter with a 40/1 current transformer. The fime constant of the graphite
tube is of the order of 10 sec 8o that no 60-cycle ac ripple is detectable in the rediant
output. Constancy in source cemperature is maintained by closc sontrol of line
voitage with an electronic regualutor, and by careful regulation of the argon flush.

"Calibrations were made with an optical pyrometer which in turn was checked
against an NBS-certified tungster. ribbon lamp. The blackness of the source was
not ascertained by experizuent. However, an emissivity of 0.975 wae computed
assuming a uniform wall temperature, diffuse reflection from the inn - wall, and
an average surface emissivity of 0.85 for the graphite. (Sourc: cmissivities
closer to unity can of course be cutained by reducing the ratio of the slit width
to the internal tube diameter.)

“The highest temperature of operation 18 at present limited by the power supnly
to about 2400°K at which approximately 2 kw are being dissipated. During
repetitive operation over periods of a few hecurs, the calibration has been found
t0 be very stable following the first few heating and cooling cycles, duriag which
a slight amount of further graphi‘ization is presumed to have occurred. On
occasion, over longer periods of many hours, appreciable drifts in the calibration
have beep observed. These shifts were found to be due to a gradual ablation of
the graphite at a rate primarily related to the temperature of the graphite and
the dryness of the argon. In the intermittent sc+vice for whicit the source was
designed, however, the calibrations of the several units in use at Rocketdyne ex-
hibit only very slight changes, which are monitcred by occasional recalibrations.”

33.2. Low-Temperiture Large-Area Sources. Large-area thermal radiation
sources used for coreparison with field sources have been constructed [17). One is
an ambient-temperature conical field source, and another is a temperature-controllable
mnical field source. The ambient-temperature scurce consisis of a simple sheet
metal core coated internally with Sicon-black enamel. This source quickly assumzs
the ambisnt air temperature and is not temperature controlled. A thermometer
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mounted g as to insure good thermal contact does the monitoring. The temperature
distribution on the inner surface of the conv under no.mial conditions was determined
with a surface pyrometer to be uniform within 0.5°C or less.

The temperature-controilable source consists of a similar cone with a water jacket.
Prevision is made for circulation and heating of the water. The impeller mounted
nesr the &pex and a stirrer blade are arranged such that a temperature uniformity of
1°K is maintained from the rear to the front of the come aa well as from top to bottom
of the froni portion of the source at an average temperature «f 323°K.

Although no accurate experimental determinations have been made of the emissivity
of these conical field sources, calculations heve been made using the methods of DeVos
[1] ag anplied ¢ a conical source by Edwards [2]. The resulting value is 0.99.

Other field sources have been constructed commercially for use in comparing the
radianca of larg2 area targets. One in particular that has been used in the past is a
1 ft* fiat metal surface covered with Zapon paint and temperature controlied, by means
of a winding on the back, to & maximum temperature of about 250° C. The use of this
“blackbody,” manufactured by Barnes, and of most fiat ones, is 1estricted because of
the nonnegligible gracients of temperatures across the surface.

3.3.3. Nernst Glower. The Mernst glower is a hollow rod cr filament about 3 cm
long anZ 1 mm in diameter made from ZrO; (zirconia) and Y,0; (yttria) mixed with
ce0; (ceria) or ThO, (thoii:). It is heated by an electric current from an approximately
180-w 50-v power supply. When used as a spectrometry source, the Nernst glower is
intended io match entry slits about 12 mm high. The Nernst glower is generally
operaicd at temperatures between 1500° and 2000°K, and has an expected life of
about 200 to more than 1000 hours. Platinum wires are used as electrodes; therefore
water cooling of end connections is not required. The connections are critical; con-
struction details are given in Reu. Sci. Inst, Vol. 11, p. 429 (1940) (18] and Pkil. Mag.,
Vol. No. 50, vi, p. 263 (1925: [19]. Because of its negative temperature coefficient of
resistance, the Nernst glower raust be heated to start and wili continue to heat up
untii it burns out unless it is connected in sevies with: a resistance to limit the current
(ballasted).

The Nernst glower can be used for wavelengihs up to sbout 30 u; beyend 15 u its
emissivity decreases and its performaince ie comparable to that of the Globar or the
Welsbach mantle. Low mechanical st-ength, small size, and susceptibilicy to tem-
perature variations caused by air currents are disadvantages of the Nernst glower {20,
21].

3.3.4. Globar. The Glcbar 18 a rod of bonded silicon carbide. In itse most common
form it is about 5 ¢cm long and 5 mm :n diameter. It is keated electrically frem a
power supply of appreximately 180 w at 50 v, and has a lifetime of about 253 hr when
operated at 1500°K in air. It can be operated a temperatures up to 2200°K by & tech-
nique described by Strong (Zi]. Silver electr«des are used, and the ends of the Globar
are coated with silver. A water-cooled jacket. is used to prevent overheating of the
end connections.

The Globar closely approximates a graybody, ita emissivity being about 39% from
4 to 15 u as shovm in Fig. 3-7. Globar rods are available in large sizes for “ss. »5 ex-
tended scurces and for heating elements in furnaces and ovens operating up to zbout
LECO°K [20!.

3.3.5. Welsbach Mantle. The Welsbach mantle is a gauze similar to that used in
gasoline lampe and larterns. The gauze is impregnated with ThO. to which 6.75
to 2.5 percent CeO, is added. The gauze, or mar.tle, is heated either by burning gas
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or an electric current (or bot!,). The emissivity of the Welsbach mantle ia relatively
low up to about 6 u, but between 10 and 100 p it approximates a blackbody and is
comparable to most octher sources. At wavelengthe exceeding 150 u the eminsivity
falls off to the point where it is no longer usable. The Welsbach manie can be operated
at temperatures up to about 2400°K (20,21].
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Fic. 3-7. Spectral output of Giobar [22].

3.3.6. Carbon Arc. High sonrce brightness is attained with the carbon arc, of
which there are two main types: low intensity and high intensity. In the low-intensity
arc, the radiation comes mainly from solid incandescent carbor in the shallow crater
created on the face of the positive electrode. The temperature in this region is ap-
proximately 3900°K. In high-intensity arcs, a deeply formed crater appears in the
specially cored positive electrode. This crater is characterized by a higher tempers-
ture and a higher current density than that in the low-intensity arc. Emission from
vaporized core materials adds a dense visible line spectrum to the continuous spectrum
emitied by the crater. The color temperature of the high-intensity arc can be as low
as about 5000°K to as high as about 9000°K dependisg upon rore material and current.

The electrode size, and therefore t-  urrent ratiag of = low-intensity arc, is optional
since all low-intensity arcs have cssentially the same positive crater temperature.
The larger the electrode size, the larger the crater and the greater the zase of illuminat-
ing a ;iven area, such as a spectrometer entrance slit. Typical carbon electrodes
are 12 'nm for the positive and 8 mm for the negative. A ballast resistor provides
current staoility with the negative coefficient of resistance of carbon.

The carbon arc is an exceilent source i the wavelength range of 10 to 100 u; beyond
160 p a high-pressure mercury ar.: is better. Best source stability (better than +3%)
is achieved by masking all but the crater; this 1s the most uniform part of the source.
Details of operation of these sourcss are given in [23) and [24].

3.3.7. Tuagsten Filaments. The tungsten-fiizient lamp, which operates at about
2800°K, is a source of high brightnoss. Because ita glass envelope i not transparent
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beyond about 3 u, the tungsten-filament lanip, as normally used, is limited to about
this wavelength. If, however, a tangsten filament is mounted in an enclosure behind
& suitable infrared window. its useful range is limited only by the long-wav ‘length
cutoff of the window. The signal froin a tungsten filament mounted behind an alkali
halide window was found [25] to be about one-half that of a carbon arc at all wavelengths
from 2 to 14 . The ratio of the tungsten lamp emittance to that of a Globar is shown
in Fig. 3-8 [25].
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F16. 3-8. Rativ of the output of a
tungsten lamp 8t 2900°K to that of
a Globar at 1330°K (replotted frem
{25)).

Another type of tungsten lamp called s sirip- or ribbon-filament lamp is ofter vsed
by NBC for spectral radiance calibrations ¢f monochromators or : pectrographs and as
A cornparison standard.

The G.E. Type 304/6Y/T24 tungsten strip lamp has a glass envelope about 76 mm
in diameter and 300 mm leng and & tangsten ribbon filarcent about 0.075 mm thick,
3 mm wide, and 50 mm long. The envelope coniains argon at a pressure of about
0.3 atm at room temperature. This lamp requires a curreni of about 14 amp for a
brightness temperature of 1273°K and about 45 amp fer 2673°K. The change of
brightriess temperature with current varies from about 30 to 160°/amp from 1073°
to 25073°K. Direct current is usually used so vhat standard potentiometric methods
ran be employed.

Tungsten lamps are commercially aveilable from the General Xlevtric Co. in the
United Stetes, the General Electric Co., Ltd., in Engiand, and Phiilips Luinp Works
in the Netherlands.

3.3.8. Mercury Arce. The chief laboratory source of far-infrared radiation is
a commercially available high-pressure mercory arc operating in a fused-silica en-
velope. This source can he used for wavelengtus ™m about 50 to 1400 n. The
high pressure (from 1 to 100 atm) of the arc brmadens the disc.cis linn - wctrum into
a continuous series of broad peaks. As the vepor pressure is increased, inore of the
emitted radiation occurs at longer wavelengtns {21].
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Figure 3-9 shows the ratic of the intensity of a quartz-mercury lamp compared
to a Globar source. It can be scen that tne energy of the mercury lamp is about six
times greater at 2X) . and about three times greater at 170 . Between 20 aud 59
cm ! very littie cnergy is emwitted by the Gichar. The quartz-mercury lamp used to ob-
tain the curve was designated HPK 125 W and was 1aade by Phillips’ Lamp Works in the
Netherlands. It had a working pressure of 3 atm. The lamp was operated at 135 v
e and a current of 0.98 amp. The Globar source was the usuai type for commer-
cial infrared spectromeiers and was operated at 1250”K [26]. Other types of discharge
lamps, notably H, Hg, and Xe lamps, can be used also as infrared sources.

12 pty
\
10?"“
L\
Bls [N
:Q-E 5.—\
;O 4 - \
2 IN"
i i r ¢+ 1 1 1

40 60 80 100 120 140 160 3180
FREQUENCY (cm”l)

Fiz. 3-9. Tatio of quartz-mercury larnip
output io that of a Globar (replotted from
[261).

3.3.9. Zirconium Point Sources. An interesting type of arc, useful when a very
small source of light is needed, is the so-called concentrated-arc lamp. The cathode
consists of a small metal tube packed with zirconium oxide and the anode consists
of a metal plate containing a hole slightly larger than the end of the cathode. Tur.gsten,
tantalum, or molybdenum, because of their high melting points, ore used for the metal
paris. These are seale:d in a glass bulb whica is filled with an inert gas Jike argon
to a pressure of nearly 1 atm. The arc runs between the {fused) surface of the zir-
conium oxide and the surrounding anode. The tip of the cathode is heated by ion
bombardment to 2700°C or higher, giving it a surface brightness almost equal to
that of the carbon arc. The light is ohserved through the hole in the snode. Lampe
of this type can be made in which the source diameter is as small as 0.007 cns. These
Jamps are listed on pages 336 and 337 of Cenco Catalog J200. (They are probably
also availab'e elsewhere.) They come in powers rated from 2 to 300 w. These lampe
must be ballasted; the Sylvaria lampe come with cperating instructions.

3.4. Commercial Cavity-Type Sources

Data on cavity-type blackbody sources currently available from various manu-
facturer~ are given in Table 3-3. Some can be obtained witn aperture plates and
other fitiings.
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TaBLE 3-3.
Type of
Mfr.* S
Model No. Rgdwu‘mn
ou e 0
Barnes 14° 60-230
11-100 conical
cavity
Barnes 14° 0-232
11.101 conical
cavity
Barnes 28° 200-600
11.110 conical
cavity
Barnes 14° 2J0-600
11-.120 conical
cavi’y
Barnes 14° 200-600
11121 conical
cavity
Barnes ie° 200-1000
11-131 conical
cavity
Perkin-Elmer 15° 50-6G0
PE 521-4 cor.ical
(Source) cavity,
PE 521-5 blarkened
{Centroller) silver cone
Peckin-Elmer 15° 200-200
PE 521-6 conical
{Source!} cavity,
PE 521.5R blackenad
(Controller} silver
cone
Perkin-Eimzr i5° 200-600
PE 521-1 conical
(Sourc. 1 ravity,
PE 521.5 blackened
(Controller) silver
cone
ITT 15° 200-600
blackened
conical
cavity
ITT Blackened  40-300
conical
cavity
1R ind. 20° 50.710
IR} 403 blackened
(Source) stainless
IRI 101 steel
(Controller) onne

ARTIFICIAL SOURCES

Temperature

(9]

2]1¢

*3e

=3

i+

—

é"i
)

Field

& Vi Af.w-!ure
Diameter
(degrees)
20 G.50 in.
12.7 mm

20 0,625 in.

16.9 mm
20 0.50 in.
12.7 1inm
20 0.015 in.
0.38 mm
20 0.04 in.
1 mm
20 0.40 in.
10.2 mm
20 0.50 in.
12.7 mm

20 0.0087 in.

0.2 mm

0015 in.
0.38 mm

0.049 in.
1.02 ma

20 0.04C in.
1.0Z t1ym

0.015 in.
0.38 mm

0.33 in.
84 mm

0.37€ in.
9.5 mm

4 0.0200 in.

5.08 mm

0100 in.
2.54 mm

0.05( in.
1.27 mm

0.025 in.
0.64 mm

0.0125 in.

0.32 mm

Emissivity Time (mipy,

0.99
*1%

0.99
+1%

0.29
*1%

0.95+

0.95+

0.99
*1%

0.99
+0.01%

Warm-Up
Temp. °C)

30 min
230°C

30
230

120
600

80
1000

20
600

<3
€00

<3

30

Max.

Input

Power
(w)

25
100

400

55
200

180

55

250

CunranTtLY AVAILADLE CAvVITY-TYPE BLACKBODY SOURCES

Temp.
Measuring
Element

Th

Pt
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TaBLE 3-3. CURRENTLY AVAiLABLE CaviTy-TYPE BLAckBODY Scuaces (Continued)

Mt
Modet No.

IR Ind.

[R] 404
(Source)
R} 101
(Controller)

IR Ind.

IRI 405
(Source)
IRI 101
{Controller

1R Ind.

IRI 406
(Source)
fRI 102
(Controller)

AR Ind.

1RI 407
(Source!
fRI 102

(Controller)

Type of Tcmperature Field

Xadvwion “Ronge  Accuracy
Souivce Q) CC) {degrees)

T

20° £0-1000 =1 14
blackened
stainless
steel
cone

20° 50-710 *1 30
blackened
stainless
steel
cone

Blackened 200 "J9 *1 30
conical
cavity

Blackened 200-600 *1 10
conical
cavity

Aperture
Diameter

0.200 in.
£.08 min

0.100 1n.
2.54 mm

0.050 in.
1.27 mm

9.025 in.
0.64 m:n

0.6125 in.

0.32 mm

0.600 in.
15.3 maim

0.400 in.
10.2 mm

0.200 in.
5.05 mm

0.100 in.
2.54 mm

0.050 in.
1.27 mm

0.025 in.
0.64 ium

0.0125 in.

0.32 mm
0.600 in.
15.3 mm

0.409 1n.
10.2 mm

0.200 in
5.05 mm

0.100 in.
2.54 mm

0.050 in.
1.27 mm

0.025 in.
0.64 min

0.0125 in.

0.32 mm

0.039 in.
0.99 mm

Equssivity Time \miL);

(]
L8.01%

0.99
+0.01%

0.99
*0.01%

0.99
+0.01%

Warm-Up
Temp °C)

45

Max.
Input
Power
(w)

525

525

Temp.
Measuring
Element

Fe
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TABLE 3-3. CURRENTLY AVAILABLE CaviTv-TYpE BLAacKuoDY Cources (Continved)

3 . . Viax
ore e sture ‘arm. *‘
wp Dol TN Fed o Wamlp i e
Radigtion  Range  Accumey Y View . Emissivity Time (min); Measuring
Model No. ha - Dic:teter . R Power
Source °C) °C) (degrees) Tenp. °C) (%) Element

iR Ind. Blackened 200800 3 90 0.100 in. 0.99 5 60 Pt
IR] 408 conicai 2.54 mm *0.01%
(Source) cavity
1R1 162 0.060 1n.
{Controller) 1.27 mm

0.025 in.

0.64 mm

G.0125 in.

0.32 r.m
IR Ind. Blackened 718-1700 *1 14 0.99 90 550 Pt
IFI 411 coaical +0.01%
(Source) cavity
iRI 101
{Controller)
L Ind. Blackencd  50-900 *1 %0 45x45in.  0.90- 60 800 ™
IRI 412 conica! 114.3x 0.97
(Source) cavity 1'45 mm
IRI 106
(Control'er)
IRI 'nd. Bluckenea  50-1000 +1 18 2.0 in. 0.99 90 1100 Pt
IRI 417 conical 5CG.8 mm *0.01%
(Source) cavity
IRI 103 1.5in.
{Centrolier) 38.1 mm

1.9in.

25.4 mm

IR Ind. Blackened 200-1200 *1 14 0.200 1r. 0.59 45 380 Pt
IRI 420 cotical 5.08 mm +0.01%
(Source) ca ity
IR) 171 0.100 in.
(Controlier! 2.54 mm

0.050 in.

1.27 mm

0.095 in.

0.64 mm

0.0125 in.

0.32 mn
IR Ind. Lisckened 710-1700 =1 1« N 058 in. 0.99 90 550 P
IRI 424 oonicsl 1.27 mm *+0.0%
{Source) cavity
IRI 161 0.045 ir..
(Controller® J.84 nm

9103 in.

.32 mm
1Ri Ind. Bla:ened fia180C >\ 14 1.0%0 in. LA b 15 Fi
IR L2V cr.nical D3 mn +00%
+Srutree ) cavity
Wi 102
SR TS
Hudiution Vgreoved  60-520 2 2.125 in. 0.99 20 225 ne
Elec. metal $4.0 mm 20.01% 1000°F (Fe-

block oonstantan)
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TaBLE 3-3. CuURAENTLY AvVAILABLE CaviTY-TYPE Bracksopy Sources (Continued)

Mfi;* Rz’:t"’f -M__ F;I‘f Aperture . . . ‘.Varm-(.lp an::t Temp..
Model No. ion Range Accuracy of Viw Diameter Emissivity Time (min); - Measuri
Source °C) C) (degrees) Termp. (°C) (w) Eleraent
Elec. Cylindrical Ambient =1 1.125 in. U 995 70 700 TC
Communi- blackbody to 1000 28.6 mm 1000 L\AX. in air
cations cavity continu-
ousiy ad-
justable
Eppley Blackened 600-1100 +1 0.75 in. 0.97 120 appr~:. 1500 TC
Labe. stainless 19.1 mm 1000 iPt-Pt
steel 12% Rh)
Cavity
Wiil.amson Cylindrical Ambient *1 0.75 in. 60 <10 Mercury-in-
blackbody to 65 19.1 mm 65 glass ther-
cavity mometer

*Barnes = Rarnes Engineering Comapany.
Perkin- #..ner = Perkin-Elmer Corporation.
ITT = It >uational Telephone and Telegraph Corporation.
IR Ind. = Infrares Industries.
Radiation Elec. » Radiation Electronics Company.
Elec. Communications = Electronics Communications, Inc.
Eppley Labs. = Eppley Laboratorice, Inc.
Wi'l.ameer; ~ Williamson Development Company.

¢\ u:mum error due to combined shift of calibration, amtient temperature (0° to 40°C) and line voltage
(1n5 to 125 v).

*Temperature variations from 16° to 38°C and line-vcltage variation from 165 to 125 v, 60 cycles ac.
cTemperature variations from 20° to 40°C ¢nd line-voltage variation from 105 to 125 v, 60 cycles ac.
YAt 300°C with smaller variation at lower temper. lure.
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4. TARGETS

4.1. Introduction

Although a great deal of military infrared technology does not differ greatiy from
infrared technology in general, and can be freely treated in an unclassified viork such
as this Handbook, secunity classification forbids such discussion in certain &reas.
The characteristics of military infrared tarsets is just such an area, so that this chaptor
is unavoidably incomplete. About all that can be said is that, within this severe limi-
tation, an attempt has been made to include as much information as poesivle.

In the first part of this chapter are data concerning rocket engines, which may he
helpful in attempts to estimate their characteristics as infraved targzts. in the second
part radiometric principles arv: discussed as they apply to the radiation from a wide
variety of targets, particularly of suriace iargets as they appzarc in the output of an
infrared scanner. Also included are data regarding the eriiesivities of a number of
common objects and surfaces.

4.2. Aerizl Targets (Rocket-Propulsion Systerns)

Aerial targets may be military objectives; they r.ay be aircrft or rockets which are
a threat to security, or they may be spacecraft which must rendezvous or track and
hom: on a planet. The power plants can b piston engincs, jets, or rockets. The
raciation comes from the exhausis of the engines, from frictional heating of the struc-
ture passing through the air, &nd from the air heated by very aigh speed objects like
reantry bodies.

4.2.1. Symbola, Definitions, ans Exnations

A = nozzle cross-section ares (in.?)
¢ = effeciiv > exhaust velocity (ft sec™?)
¢» = Stanton number (prvportional to local skin-friction coefficient, highly dependent
on state of flow, i.¢, laminar or turbulent; usuelly 1 ¢0 2 x 10-%)
¢ = specific heat at constant pressuce
d = nozzle diameler
F = thrus. (Ib)
H 4 = specific enthalpy (total internal energy per unit mass) of erabient atmosphere
H i = specific enthalpy of unmixed jet
H; = sperific enthalpy (iotal internal energy per unit niass) of miced jet
1., = specific impulee (ib-sec Ib-'). Varies approximately as T/m ~'/2.
K, =+ chemricai-e juilibrium constant
m = proportion of entrained atmcephere
M = Mach numbe:, unless otherwise noted
M = molecular weight
P = pressure (Ib in."*)
R == spacific ges constant {(it-lb 1b-* °R-!), valess otherwise unte

£8
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T = absolute static temperature in °R unless otherwise noted
v =: velocity (ft sec™?)
V.. == the differential velocity between the initial jet and the atmosphere

W= exhaust-gas weight flow rate (Ib sec™")

v == ratio of specific heats (c,/c.); depends basically on the numnber of atoms ir:
the molecule. For monatomic gases, y = 1.66; for diatomic gasca, y = 1.30.

p == air density cuwide boundary layer

u == air velocity outside boundary layer

Subscripts

a = ambien!
¢ = combustion chamber
e == nozzle exit plane
¢t = nczzle throat
w = wall

THRUST AND Mass Frow
W Ve
g

Fe—f==F+AF -P)=LW

ExHAusT VELOCITY
i
vi= (ygRT))?

Ve = Cc=[pg

M= v/(ygRT)

1
v= [_2.158_ (T. - T)]!
y—1

TEMPERATU. -

vl
71_7+1Tt

- y—1,.1°
T T,[1+ M|

= To(P/P)tr - Di¥

These three equations, reiating temperature of the jet erhaust to internal condi-
tions of the motor, are not precisely fulfilled in practice because of factors such as
conductive and radiative heat lceses, changing chemical composition, and nonideal-
gas behavior.* Boynton and Neu [1]) found that actual exhaust teirperatures were

*The energy budyct of a typical rocket engine is as follows: 1% loss due to incomplete combaation,

2% heat loss to engine walls, 27-37% in unavaileble jet thermal energy, the balgence in usefizl pro-
auleion energy and residual exhaust kinetic energy.
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best predicted by assuming shifting chemical eguilibrium down to a certain pressure
and frozen composition thereafter; this so-called “freezing pressure” was determined
by fitling to empirical data. Eithes process assumed alone would have incurred errors
of about 200°K.

M: 1 3G AND AFTERBURNING. The energy Lzlance of an exhaust jet of frozen compo-
sition, mixing with the ambient ntmosphere, has the following forr (1]:

_ Ii‘i +mH, miy;— un)?
1+ m 2g(1 +m)®

H;
More hes: may be addeu to the jet by further reactions with the entrained atmosphere
{afterburning). Teable 4-1 gives the calculated heats reteased by afterbur:.ing processes

for several fuels [2].

TABLE 4-1. CaLcULATED HEAT RELEASE DURING AFTERBUANING

Propellant C/F P.P.  %H,  %CQ  [leat Releaset
Cormbination (hy wt) (peia)* (by wt)  (by wt) pri;B;;tel;{latrjlt)
L.O1;JP-4 2.127 600/14.7  18.7 37.7 3117
N:043UDMH, ; N.H, 2.01 766/14 3.1 3.4 358
LO:/NH, 1.41 600/14.7 4.8 - 305
LO./C:H ,OH 1.5 300147  10.2 24.7 1916
LO/N; H, 0.66 600/14.7 22,0 - 1540
WFN A/aniline-alcobol 3.0 315/14.7 5.1 21.9 1234
RFNA/N,H, 1.139 300/14.7 144 - 914
LOW/LH, 5.556 600/14.7  29.4 - 2830
LF»/LH, 5.65 600/14.7 5.4 - 5420
LF,/N,H, 2.4 600/14.7 0.3 - 20
Sclid C.Hsn - 1600/14.7 414 29.8 3706

Al, NH;C10,

*Uderline indicates prosauze to which the given gae composition pertains.
tConsidering compiete cornbuation of He and CO.

StacNaTioN. Idenlly, stagnetion temperatures of an isentropic exhaust stream
would equai the initial or champer temperature, T.. Figure 4-1 illustrates repre-
sentative stagnation temperatures {3].

4.2.2. Jet Structure. The region behind a rocket or jet engine is an extremely
complicated chemical and thermodynamic entity. This jet structuie has been analvzed
in great detail because xnowledge of how much of what kind of gas is where and at what
temperature makes possible celculations of the radiation field. This region, also called
the flow field, is iliustrated in Fig. 4-2. The flow-field charocteristics are functions
of both the engine and nczzle characteristics 88 well as the atmosphere in which the
motor is operating.

-
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Thrust in Vacuum 171,000 1b
Thrust at Sea Level 150,000 Ib
Nozzle Area Ratic 8.1
Nozzle Exit Diameter 4.3.14 in,
Propellants LOy-RP-1
Chamber Pressure 558 PSIA
Nozzle Exlt Fressure 10.3 PSIA
Nozzle Exit Static Temp 3400°F
Nozzle Fxit Stag-ation Temp 60000F 2500F
e e
A4 == 5000
~ T T ———
ol =
'_//_,CC—\QOOF—Stagnation Temp
=== T TT15000 | O\ !
\ N N L
S -

RADIAL DISTANCE, It

100 150 200
AXIAL DISTANCE, fi

FiG. 4-1. Stagnation temperature (°F) distribution
in exhaust at sea level.

Tangent to Jet Bovadary .~ Aet Boundary
~ P

Undisturbed Cone
\)( Mach Shock Disc
d Y
,\\.<

| ¢ — ' —
r— First Pericd, A «‘

Fi1G. 4-2. Features of the flcw field.

4.2.21. Flow Field Within the Atmosphere. Figure 4-2 actually illusirates the
fdow field for operation in the atmosphere for different nozzle expansion ratics and
pictorially defines the shock, first period, and undisturbed cone.

Aerodynamic heatiny is discussed in Chaptor 21.

DEPARTURE OF THE . ET FROM THE NozZLE. § = the angle at ihc nozzle exit between
the tangent to the nozzle and the tangent to the jet boundary.

Underexpanded nozzle P.>P, 5>0
Optimally expanded nozcle P.+P, &>

Querexpanded noz:le P. < P, §<0

Swacks. For shock formation in supersonic jets, see Fig. -2 The theory of shock
formatcion i8 covered in (5] and [6).

Fizst Periop. The first period of the jet is mcasured fro.: the .;02zle exit to the
beginning of the reflacted sho'k  See Table 4-2.
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TaBLE 4-2. LENGTH IN NozzLE DIAMETERS (4]

Exit Macn No. _ P./P,
(y=14) 0.5 10 20 4.0 7.0
1.5 0 1.2 4.0 5.0 8.0
2.5 0.8 2.4 4.0 5.6 8.8
3.5 1.6 3.4 5.¢ 8.4 -
4.5 2.1 4.4 7.2 - =

UNDISTURBED COoNE. The undisturbed cone is a region whose temperature, com-
position, and length remain relatively const.nt for a given nozzle configuration (1
=~ 3/2d) under !l conditions of P, [7].

4.2.2.2. Flow Field in a Vacuum. Figure 4-3 illustrates the expansion of an ex-
haust in a vacuum under several conditions (5].

E D Conditions
M

Mach No. Ae/A! M,
4 A 10 50 4.86
e B 10 20 3.93
% C 10 10 3.40
(-4 D 20 50 4,66
-:’i E 20 20 3.9%
u F 20 10 1.40

2 e

¥y = 1,24
s
/

L | 1 1 |
30 49 50 60 70

LENGTH (Nozzle Radil)

Fi1c. 4-3. Exhaust expansion into a vacuum,; line
of constant Mach number [6].

4.2.3. Exhaust Composition

4.2.3.1. Gases. Table 4-3 lists a nuinber of liquid vropellants and their combustion
products. Lox/RP-1 exhaust composition vs mixture ratio ic plotted in Fig. 4-4; 1 i
4.5 is a similar plot for N;0./0.5N;H, + 0.5UDMH.
CuemicaL EquirnisriuM. The balance of rcactants and products achieved in chemi-
cal equilibriuin is expressed as
P, Py Py

Kp =5

PI'PN'Pn"‘

where the P terms intl.. ‘v wr are the pr  al pressures of the individual exhaust
gases and the P termu in {hv derominator are th« partial press.ires of the reactant gases.

Figure 4-6 {6} shows the equilibrium conditions as a function of temperature for
a number of important reactiors.
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TABLE 4-3. REPRESENTATIVE LiQUID PROPELLANTS

Conditions
Oxidizer Fuel - —
O/F P. P; A.iA, T T I
Cualorine Trifluoride Hydrazine 2.6 300 14.7,3.8 6597°A 4139°R 258
(CLF,) (N,H,) 0.3;563 6597°A 1588 330
Fluerine Ammonia 3.2 300 14.7:5.9 7760 5521 312
(Fy) (NH,) 0.6;37 7760 2829 403
Fluorine Hydrazine 2.2 300 14.7,3.9 4416 3179 316
(Fy) (N,H,) 0.6;39 4415 1710 411
Fluorine Hydrogen 8.0 100 14.7;1.8 5913 4482 303
(¥s) (Hi) 0.2;149 5913 £10 484
98% Hydrogen Peroxide Hydre.ine i.8 200 14.7;3.7 5162 3249 253
(H,Op? (N,H,) 0.6,38 5152 1718 325
Nitregou Tetroxide i/2 UDMH, 1/2 Hydrazinc 1.8 80G 14.7,7.5 5946 3248 282
(N,0,) [(CH ) N-H,, I5a) 0.8,66 5946 1830 344
2.0 30 14.7;1.02 5389 5079 £27
0.3;76 5389 2143 3356
Nitrogep Tetroxide Pentaborane 3.2 300 14.7;4.1 6812 5298 259
{N:04) (BsH,) 2.3;98 6812 3754 364
Oxygen RP 1 2.2 800 14.7;1.6 6287 3474 291
(Cn) (CieHs) 1.6;40 6287 2306 339
Oxygen Hydrazine 08 500 11754 5915 3567 292
(Ox) (N:Hc) 10,38 5915 2068 354
Oxygen Hydrogen 30 300 14.7,3.4 4837 2660 364
(On) (Hy) 0.3;51 4837 1033 482
3.0 50 14.7;1. 4734 3862 251
0.05;51 4734 1036 481
Oxygen Ethyl Alcohol 1.5 30C 14.7 5705 3170 242
(0:) (CsH;0H)
IRFNA UL MH 2.8 206 14.7,2.9 5400 3867 226
(HNO, + NO,; + H;O + {{F ((CHy:NsHy) 21,54 1075 293
Nitrogen Tetrexide 16% Nitric Oxide, 85% 21 30 14.7;1.02 5454 5135 129
(N.Q,; Mono Methy! Hydrecine 0.01;252 =454 1487 359

{(NO, N;H,(CH;)}




AERIAYL. TARGETS 65

TABLE 4-3 REPRESENTATIVE Liquip ProPELLANTS (Continued,
Combusticn Products (role percent)
H:0 H, H OH i\ NO N CcO, (&, HF  HCi Other
- 43 02 = - = 20.7 = = 56.1 181  061C!
= 4.1 = = = = 20.8 - = 56.3 18.8 -
= 133 222 - = - 14.3 = = 81.0 - 111 F
! = 118 — = = = 14.6 = = 83.5 = -
- 1.82 357 - - - 201 = = 731 = 14F
- 297 0.0: = = = 20.6 = = 76.4 - -
= 504 171 = = - = = = 47.9 = -
- 51.7 = = = = = = = 8.3 = =
72.2 648 001 002 - - 21.3 = = - = =
72.2 648  — - - = 21.3 - - - - -
42.3 945 0.01 = = - 349 716 520 = - -
388 150 = = = - 349 107 2.70 = - -
383 681 230 332 084 075 335 543 69 = - 1.8 O,
445 632 - - = = 360 109 2.19 - - -
307 251 682 023 004 002 223 = = = = 5.29 BO, !.41 B,O;
101 333 115 ¢o1 - = 23.7 = = = = 28.3 HBO,, 6.87 P,0,
0.47 RO, 0.56 R,0,
27.3 B0y, 12,5 B0,
32.1 178 004 5.01 - = = 143 357 - - -
267  23u = = = = = 197 303 5 - -
53.4 132 005 002 - - 233 = - - -
53.4 13.2 - = - = 33.3 = = = = -
378 622 - - = - - - - - . -
378 622 - - - - - - - - -
377 6l% 032 0.1 - - - - - - _ -
! 378 w22 - - - - - - - - - -
49 102 180 237 04l = = 138 247 - 0.67 O,
480 624 016 9008 — 002 220 474 175 055 - -
353 191 059 €24 00i 002 290 474 178 TN -
i 34.8 355 288 306 07¢ 062 327 563 982 - - 1.18 Oy
352 137 - = = - 252 147 1.63 - - -

3 T A SRV IS W, €

ot
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Movurcuitakx EMission. Table 4-4 is a tabulation of the iiirared emission bands of
the principal exhaust gases.

L ABLE 4-4. MaJor INFRARED EMig;1oN BANDS or ExHAuST GasEs [8)

Gas Approximate Center of Major Emission Bands (u)

H.C 0.94, 1.14, 1.38, 1.88, 2.66, 2.74, 3.17, 6.27

CO, 1.96, (.01, 2.06, 2.69, 2.47, 4.26, 4.68, 4.78, 4.82
5.17, 15.0

CO 4.663, 2.345, 1.573

HCI 3.465, 1.764, * 198

NO 5.30, 2.672

NO, 4.50, 6.17, 15.4

N.O 2.87, 5.90, 4.06, 4.54, 7.78, 8.57, 15.9€

OH 1.90, 1.03, 1.08, 1.14, 1.21, 1.29, 1.38, 1.43, 1.50,

1.58, 1.67, 1.7, 1.87, 1.99, 2.15, 2.80, 2.94, 3.08, 3.25
3.43, 3.63, 3.87, 4.14, +.47

SO, 4.0, 4.34, 5.34, 7.35, 8.69

4.2.3.2. Particles ‘n Exhausts. Boynton [9] measured the carbor particle size dis-
tribution in the exhaust of a small rocket engine. The diatribution is shown in Fig. 4-7.
It shows the apparert diameters in 22,0000x micrographs.
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FiG. 4-7. Size distribution of cerbon particles.

Kurtovich and Pinson [10] measured the particle-size distributicn in the exhaust
stream of a scale-model solid-propellant rocket. In this case, the pa:ticies were oxide
products cof the pulverized aluminum used in some high-energy solid fuels. The
disiributions at two points downstream of the exit are given in Fig. * 8. In Fig. 4-9
the computed effect of particle size on the overail exhaust emissivily 18 given, for the
distribution indicated by the aolid hine in Fig. 4-8.

Ir. Fig. 4-8 the particle size distribution 8’. .wo distances from the nczzle exit plane
is given. The volumetris particle concentration was 1.14 ¥ 10-%. The solid curve
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in Fig. 4-R represents a distributicn for which the emissivity cf a particle cloud 1 ft thick
has been calculated.  This is shown ia Fig. 4-9 as a function of an upper limit to particle
size.

4.2.4. Heating During Exit. Heating during exit, as a result of supersonic veloc-
ities in the atmosphere, may be calculated, though certain data, particularly those
regarding the boundary-layer flow, are not completely determined. The heat flow,
g,into a surface is calculated as follows:

G = CapucCp [T(l + Ry_'g‘lM’) - Tu-]

In this equation, T = boundary-!ayer temperature an:l E is the recovery factor (0.82
to .88 [11] depending 11086tly on the siate of flow).

RADiATION Procrsses. Aerodynamic heating is discussed in Chapter 21. Figure
4-10 is an example of a time-temperature curve of a nose fairing.
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4.2.5. Heating During Reentry. Reentry heating is caused by aerodynaniic
friction and shock effects. The radiation contributions are thus from the heated body
and the shocked air.

Ag a body enters the earth's atinosphere, considerable energy is released through . he
interaction of the bocy and the atmosphere. The optical radiations 1eleased are func
tions of the original condition of the cvent, e.g., velocity, mass, material, angle of attack,
and vchicle shape.

Below 70 or 83 km, the ati.nspherz may be considered ¢ be a continuum, and flumid-
dynamics principles may be applied.

A blunt body has a comparatively large noimal shock, with the result that consider-
able air is heated and dissociated. Much of the cnergy stored curi.g dissociation is
not released until the air has passed into the w.ke. A slender vehicle, on ihe other
hand, has little or no normal shock, so that there is less heating and little dissociation
of the air. The frictional drag of the surface does cause the air 1n the boundary layer
to decelerate, but the energy thus made available can in large part be efficiently cor:-
ducted to the body.

The radiation from the surizce may be calculated i the temperature and spectral
emissivity of the surface are known. Empirical relationships have been developed
which permit one to calculate the heat input for spheres, cones, cylinders, and combina-
tions therect These relationships depend upon vehicle velocity, ambient density,
and of course the shape of the vehicle. The temperatures reached are functions of
the thermal properties of the ruaterial of the body. However, the contributions from
cuontaminants in the wake often completely overshadow all other contributions.

4.3. Surface Targets

Infrared surface targets include a wide variety of radiaticr. sources which can be cat-
egorized in a number of different ways. There are land targets and sea targets: there
are strategic targets and tactical targets; *here are fixed wargets and mobile targets;
there are active targets and passive targets. The wide differences between types of
surface targets are evident frou. a listing of just a 1ew examples: rivers, lakes, woods,
fields, roads, railroads, airstrips, buildings, bridges, factories, shipping facilities,
power plants, ships, submarine wakes, vehicles, and personnel. I~ spite of the diver-
sity, it is apparent fromn this list that mos! suriace targets are opague, or nearly opaque,
bodies and that many of them (though certainly not all) are at close to ambient tem-
peratures tapproximately 300°K). While some surface targets (eg. the exhaust
manifolds of tanks or other vehicles, power plants, or hlast furnaces; can be distin-
guished by temperatures which are definitely higher than any of the surroundings,
many passive objects near anibienit temperature must be recog:iized by other charac-
teristics, such as shape, size, nosition, ind contrast, in the spatiai-distribution pat-
tern of radiance.

4.4. Radiometric Analysis and Discussion

See Chapter 2 (Radiometry:, Chapter 6 (Atmospheric Phenomena), and particularly
Chapter 5 (Backgrounds) for more complete discussions of these topics. Note that
atmespheric phenomena enter into the situation not c¢niv because of atmospheric
attenuation of source radiation but also through the meteorological effects on the
surface temperature and emissivity of radiation sources. This is strikingly illustrated
by the "washout effect” [12,73]. Chapter 5 is particularly pertirent because, in gen-
eral, there is no inherent difference between a background source and a target source
of radiation. The designation as one or the other reflects only the interest of the
moment - the source of interest is 2 target; other sources, frum which radiation is
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received along with target radiction. are the background. Also, for w:ust applications
the important cousidersticns are those of target-background contrast, not just of tar-
get radiation alore.

The radiance NV of an opaque body (which includes mnost suriace targets) consist: of
tha', due to self emission N'. and that due to reflection or scattering of incident radi-
ation N,:

N=N.+N. wem~? sro! 14-1)

The relative magnitudes of N. and N, depend upon a number of factors, of which the
two mosat important are: (1) the surface properties of the body (including the surface
tomperature) and (2. the incident radiation. N, will be more likely to predomirate
over N, when the surface has high emissivity and low retlectance (rough and dari},
and conversely N, will tend to be greater when the suiface has high reflectance and low
emissivity (bright and shiny). The interreiationship is examined in more detail in
Section 4.4.3. Considerations of specular vs diffuse reflectance and the relative spatial
positions of illuminating source, target, and detector also may greatly affect the rele-
tive magnitude of N, which, of course, depends directly upon the incident radiation,
especially its magnitude and its distribution in wavelength and in direction.

At night, self-emission N, usually pred minatcs for military targets in the field
and N, may be neglected, except when the target is irradiated by the source of an active
or serniactive detection system (usually operating at wavelengths of 1 u or less). In
sunlight the rzlative importance of N. and N, depends greatly on the wavelength
range as well as on target surface conditions (including temperatures). At longer
waselergths, greater than about 4 or 5 u, reflected or scattered sunlight is relatively
unimportant and N, may usually be nsglacied; at shorter wavelengths, less than about
1 or 2 u, self-emission becomes unimportant except for very hot targets, such &8 an
exposed red-hot exhaust pipe, so that lor bodies cicte to ambient temperatures V.,
may be ignored. At intermediate wavelengths, from ahout 1 to 5 u, either or both
N, and N, may be important. Reference [14] is an annotated bibliograpby on emit-
tance and reflectance in the infrared, listing 910 pertinent references.

443, Thermal Emirsion. The simplest, and probably the most frequently used,
approach to the evaluation of N, is to consider an opaque solid as a graybody vraich,
at a uniform surface temperature of T°K and in a direction in which its erm.issivity is
€, will radiate according tn the Stefan-Boltzmann law:

N.= _oTYn w cm-? sr-! (4-2)

where o = 5.67 x 10-1* w cm~? (°K)-*.

If the surface is rough or weathered, so that it approximates a perfectly diffusing or
“Lambert law” surface, the emissivity ¢, and Lence .V, will be the same for all directions,
but in general it is a func.ion at least of che angle A fram the norma: to the surface, € =
€(8). If the surface is not unifurm. ic may aiso vary with azimuth direction  and with
position. The exact reiationshipe are summarized in Section 4.4.3. Nevertaeless, the
Lambert law assumption i# often made for lack of any data to establish the variations
of € with respect to direction and/or position.

Jf € i8 constant with respect to both direction and wavelength, and the en~ g sur-
face is at a unifurm temperature T, the radiant. intensity of the entire targe: in & given
direction is

2o=N. [ cos0dA=N.A, v s (4-3)
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where A, = [ cos @ dA is the projected area of the ta:get perpendicular to the given
direction (@ is the angle between that direction and the normal to the surface element
dA and the intey:ation is carried oit over all of the “exposed” surface of the target,
ie, all that can be "seen” from the given direction). If, however, there are temper-
ature gradients, and different aress of the exposed surface are at different temperatures,
the radiant intensity .s given instead by

Jeo = f N.cos 8§dA w sr! 4-4)

where N. is expressed s a function of the temperature T of the eleiment dA by Eq (4.2)
and the temperature T, in turn, is expressed as a function of the surface coordinates
which define dA. The integration may be replaced by, or approximated by, a summa-
tion if the surface can be divided into uniform regions each of which radiates in accord-
ance with Eq. (4-2). In that case the radiant intensity of each exposed region is cori-
puted separately by Eq. (4-3) and the resuits are simply added to obtain the radisit
intensity of the entire target.

It is only when the target surface has constant emissivity and is alsc everywhere
at uniform temperature that the value of its radiance N., or its radiani intensity J,,
as measured with a nonselective radiometer (with equal response at al’ wavelengths),
can be vniambiguously associated with its temperature. It is for this reason that the
WGIRB (Working Group on Infrared Backgrcands) recommendexi str. ngly against the
unforiunately all-too-coinmon practice of using temperature ans a radiometric unit
in iteu of 1adiance [15].

Even when temperature gradicnts and differences exist and/or the emissivity is not
constant with location and direction (but is constant with respect to wavelength),
the radiance of each portion (possitly intinitesiingl) of the surface of an opaque body
is directly assaciated with the surface temperature of that portion by Eq. (4-2) 1t
is then possible to evalua‘’e or estimate the contrast between different areas with
slightly different curface temperatures and/or emissivities by the relation

dN. o(4eT* dT + T'de)im

M. coTm

= 4dT/T + defe dimensionless (4-5)

Larger differences are evaluated by diractly coinputing N. for each portion by means
of Eq. (4-2) and then taking the difference or iraking the comparison. Contrast is
then measured, by analogy witi: the expression dN/N, by

C= (N, —N)/N=2(N, ~ N;)/ (N, + N,) (4-5)

If the background radiarce N, is regarded as the reference level aid one wishes to
designate the contrast, with respect io this background level, of o target of radiance
N7, one may instead compute i.ae contrast as [16]

C = {(N-— Nj3)iN, dimersion. (4-7)

It must be strongly reemphasized that the foregoing reiations, ir. terms of total
radiation (ail wavelengths) have all been based on the graybcdy (constunt-spectral-
emissivity) assumvtion, which is usually only approximately true of reai targets.
Furthermore, apriication of these relations also implies a detector response to total
radiation, ie., nonselective response or constent spectial responsivity. Svectral
distribution has been ignored, althuugh the strong wavelength dependence of atmos-
spheric atteruetion and the frequent use of speciral filters and spectrally selective
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detectors makes it & very iinportant consideration in many, if not most, applications.
Accodingly, these relations will ordinarily give only approximate o~ qualitative re-
sulis for real situations, and often the approximation may be very poor. Ob the other
hand, any evaluation of spectral effects &s fuuctions of sourre temperature, based on
the Planck law (see Chapter 2}, is best carried out in terms of each particular situ-
ation. Attempts to write expressions which will apply generally in a wide variety
of circumstances raj.idly become prohibitively comnplex.

4.4.2. Reflection. The measurement and specification of reflectance, e.en
for npaque materials where multiple internal reflectior:s are not involved, is not at all
a simple matter. The additional complications which arise with semitranspareat mats-
rials are well discussed in {17} and [18], eud will not be considered farther here.

It is particularly important here to recognize that the valu. of total reflectance,
p, which is related by Kirchhoft™y lew to the absorptance, a, or che emissivity, ¢, of
an opaque body,

a=e=(1—p) dimensionless 4-8)

may be quite different from tne value of directienal or partiai reflectr.ace (see Section
2.10), whici,, together with the spatial distribution of ircident raiation and the loca-
tions of the terget and detector, determines the vaiue of ¥, in E¢. (4-1). The basic
relationships inv.lved are clearly and conciselv summarized in an appendix to a pap-~r
by Richinond beginnizg on page 151 of [19].

In general, mewsured values of reflectance 1inay be applied correctly only to situations
which involve the same gecmetric relations between the source of irradiance, the
reflecting surface, and the receiver or detectcr. Any change in the geometry of either
the incident beam or the reflected beam of rediation may result in, or require, a dii-
ferent value of reflectance.

Possible confusion in terminnlogy should be noted. Throughout most of [19], a dis-
tinction i mad=s between reflectivity, which is defiried as the properiy oi » material
(i.e., measured with an ideally smooth and clean surface), and reflectance, whicl: is tne
fraction of incident radiation reflected from a particular sample, regardless of its sur-
face condition.  The terms emissivity and emittance are used similarly with correspond-
ing weanings, and the power per unit area emitted by a source, which we have called
the rad:ant emittance, W {foilowing [20]) is instead called the emissive power. £'ill
another term, ulbedo, is frequently used by astronomers and meteorologists to desig-
nate the total radiant ieflectance of natural obiects. Similarly, visual albedo is used
to designate the lumirious reflectance [21] (se¢c Chapter 2 for further comments on
thie nomenclature).

4.4.3. Factors Affectin, the Tempersaturen of Passive Targets. Since the self-
€Misson of an opaque target is so closely dzpendent upon its surface temperature,
it 18 important to recognize the factors which d:termine that temperature for & passive
or inert object under field conditicas. This is 8 very complex situation th=¢, in practice,
is usually not amenable to quantitative treatment except for making very rough
approximations [22]. Howeaver, qualitatively it is alwsys useful and important to
recognize and take into account the various contributing factors, such as the incident
radiation or uther source of heat, the recent history of incident radiation or other heat-
ing, the absorptivity (see Eq. (4-8)), the heat conductivity, the heat capacity, the size
and shape and material of the target, and other ambient. conditions such as convective
cooling or heating by windr 5¢ oooling by rain, or other precipitation or condensation
(dew), and by its subsequant evaporation [23]. While the foregoing list may not be
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exhaustive, it probakly includz: the moset imporiant parameters and is complets enough
to suggest others which may be vertinent in & particular case.

The forms in which heat energy reaches the surface of the earth, both fror: above
and from below, are shown in diagrains of the daytima heat balance (Fig. 4-11,, and the
nighttime heat balance (Fig. 4-12) [24]. These are simplified diagrams of average
or gross effects and do not take innto account the iccal gradients which result froin
differences in heat capac:ity and/or heat conductivity, interactions between terrain
confipuration and sun (shadowing) o. winds (sheltering), etc. The resulting varia-
tions in surface temperaturcs give rise to most of the observed diusnal and seasonal
variations and the effacts of overcas' histories. A thorough vndersianding of the
phencmena involved is essential for the interpretation of strip maps obtained with
infrared e¢canners and for the develsoment of effective can.ouflage techniques.
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4.5. Measured Values of Radiant Emissivity and Reflect\nee

The compiexities involved in the description aind specification of the interrelated
paraineters of radiant emissivily and reflectance have been suinmarized in preceding
sections, particularly in Chapter 2. The basic concepts =nd relations are not alvays
clearly defined or applied in reports of measurement results, and a variety of measur-
ing techniques is employed, with the result that u.icertainties exist regarding many
published values [25]. Some representative values of emissivities and/or refiectances
are presented here, but it must be reemphasized that they can be regarded as accurate
and strictly applicable only in situations where the ray geometry corresponds to that
used ir inaking the measurements, and also only where the surface conditions (weather-
ing, corrosion, etc.) of the target or sample correspond to those of the sample measured.
Usually, however, it is difficult if not impossible even to detern:ine the degree to which
these conditions are satisfied or reproduced. Often the pertirent information is niot
included in the measurement report, but, even when it is, verification is not 5 simple
matter. Consequently, the reported values are often useful only to indicate tk - .vders
of n.agnitude involved and to suggest the probable relationship or contrast titween
a target and other targets or background objects as detected by a particular infrared
device.

It is only possible to present here a few representative curves and tabulated values.
Additional measurement reports are found in the literature, and an extensive listing
of published material prior to 1959 ie founs in [14]. Reference {2¢) contains an ex-
tensive tabulation of published experimentzal results through 1957, giving considerable
detail about the coverage of the measurements and refere.:ces t¢ the measurement
reports bt ¢ not the measured values themselves. More detailed data on the reflectance
and emissivity of different materials, particuiarly of pure substances with clean sur-
faces, measured in the laboratory (reflectivities and emissivities rather than reflec-
tances and emittances or emissances, in the much-debated terminology for distinguish-
ing material properties from the parameters of particular samples [19)) are found in
standard references, su-’ the Handbook of Chemistry & Physics (Chemical Rubber
Publishing Co.) and the in.ernational Critical Tables.

The measurements shown here ar~ all for opague substances, and the reflactances
are assumed to be at least approximately equivalent to total reflectance p, or directional
reflectance pq, as defiied in Chapter 2 (note particularly the distinction between the
latter and the partial reflectance or refieciance distribu..on function p’) so that they
may be related to the corresponding emissivitier and absorptances by Eq. (4-8). As
emphasized in Section 4.4.3., howvver, Eq. (4-8) holds strictly only for monochromatic
radiaiion, for radiation consistins; only of waveiengths for which values of refiectance,
emissivity, and absorptance do rot vary with wavelength, or where the reflectance
and absorptance values are those for incident radiation with a blackbudy (graybody)
spectral distributiorn.

Spectral reflectance curves for a few varieties of ordnance materials are presented
in Figs. 4-13 to 4-16 {27]. Similar curves for surfaces and finishes of naval interest
are shown in Figs. 4-17 through 4-24 {28]. Reference [29] covers an extensive study
of the refloctances of a wide variety of terrain features and «f naints and finishes, in-
cluding the effects of water immersion on the latter. Some of the spectral reflectar:ce
curves are presented in Fig. 4-25 as they ‘»ere summarized in {30}, where these ana
other similar data from [29] were usid to compute the emissivities in the 3-5-u and
8-13-x bands listed in Tavle 4-5, whirh also includes values, obtained aimilarly from
the spectral reflectance curves of [28], for reflectances in the 0.7-1.0-x band and emis-
sivities in the 1.8-2.7-u band. The impartance of the substrate to which a paint is
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applied and the effect that the substrate may have on the spectral reflectance of the
painted surface is illustrate ' by Figs. 4-26 and 4-27 {29]

Curves of directional reflectance for some paving and reofing materials and paints,
showing wue effects of different angles of incidence in differeni spectral regions, appesr
in Figs. 4-28 through 4-33 (17]). Note that the “directional reflectivity,” rag, of {17]
{plotted in these figures) is related to the partial reflectance p’, as defined in Eq. (2-45),
as follows:

rag=p'ia,¢d,B, ¢ * 7)cos acon B 4-9)

TABLE 4-5. REFLECTANCE {p) AND Emiseivity (¢) oF COMMON TERRAIN FEATURES*
Co-20u 1827u 35u 8-13 u

Green Mountain Laurel p=044 =084 =090 =092
Young Willow Leaf (dry, top) 0.46 .82 0.94 0.96
Holly Leaf (dry, top) 0.44 0.72 090  0.90
Holly 1 eaf (dry, bottom) 0.42 0.64 0.86 0.94
Pressed Dormant Maple Leaf (dry, top) 0.53 0.58 0.87 0.92
Green Leaf Winter Color — Qak Leaf (dry, top) 0.43 0.67 0.90 0.92
Green Coniferous Twigs (Jack Pine) 0.30 0.86 0.96 0.97
Grass -- Meadow Fescue (dry) 0.41 0.62 0.82 0.88
Sand — Hainamanu Silt Loam — Hawaii 0.15 0.82 N84 0.94
Sanc - Barnes Fine Silt Loam—So. Dakota 0.21 0.58 0.78 0.93
Sand — Gooah Fine Silt Loam —Oregon 0.39 0.54 0.80 0.98
Sand - Vereiniging — Africa 0.43 0.56 0.82 0.94
Sand - Maury Silt Loam - Tennessee 0.43 0.56 0.74 0.95
Sand — Dublin Cley Loam - California 0.42 0.54 0.88 0.97
Sand — Pullman Loam —New Mexico 0.37 (.82 0.78 0.93
Sand - Grady Silt Loam —Gecrgia 0.11 0.58 0.85 0.94
Sand — Colts Neck Loam — New Jersey 0.28 6.67 0.90 0.94
Sand — Mesita Negra--lower test site 0.38 0.70 0.75 0.92
Bark — Northern Red QOak 0.23 0.78 0.90 0.96
Bark —Northern American Jack Pine 0.18 0.69 0.88& 0.97
Bark — Colerado Spruce 0.22 0.75 0.87 0.94

*Estimated average valves of reflectance p, or emissivity € = 1 — p, in the indicated wavelengt.: bands, read from
the spactral reflectance curvea of [29] {some of which are shown in Fig. 4-25).
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5. Backgrounds

5.1. Sky Backgrounds®

Sky-background radiation in the infrared is caused by scattering of the sun’s radiation
and by emission from atmospheric constituenta. Figure 5-1 illustrates the separation
of the spectrum into two regions—the solar scatiering region short of 3 u, and the
thermal emission region beyond 4 s1..  Solar acattering is represented by reflection from
a bright sunlit cioud, 'nd alternatively by a curve for clear-air scattering. The thermal
region is represeated by a 300°K blackbody. Figure 5-2 stiows blackbedy curves for
temperatures :anging from 9° to 40°C. This simple model is modified by a number of
factors: in the solar region there are absorption bands o water vapor at 0.94, 1.1, 1.4,
1.9, and 2.7 u. and of carbon dioxide at 2.7 u. The effe:t of these bands is shown in
Fig. 5-3.

In the thermal region the bands which have strong absorption, and thus strong emis-
sion, will approach very closely to the blackbo-ly curve s ppropriate to the temperature
of the atmosphere. Less sirongly emitting recions ma . contribute only a small frac-
tion of the radiation of a blackbody at the temperutiure ¢f the atmesphere. The bottom
curve in Fig. 54 is a good zxample. This zgnith meusvrement, taken from a high,
dry location, Elk Park, Colorado, shows low emissioni except in the strong band of
CO,at 15 u and of H.O at 6.3 u. There is also a weak ¢mission peak, due to ozone,
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SPECTRAL RADIANCE (pw cm

WAVELENGThH (u)

Fic. 5-3. Spectral radiance of
the clear daytime sky [1].
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Fic. 5-4. The spectral radiance of

a clear nighttime sky for several
angles of elevation above the horizon
(Elk Park 3tation, Colorade) [1].

at 9.6 4. The low-level continuum is due to the wings of the strong bands of H,0

and CO,.

The effect of increased humidity and air mass can be seen by comparing

the vottom curves of Fig. 5-4 and 5-5. Figure 5-5 shows measurements taken at a

humid ses -level location, Cocna Beach, Florida.
The effect of increasing air mass alene can br

v .. Fig. 5-4 and 5-5, by com-

paring curves taken from the same altitude a various elevation angles. The emission

shows a systematic decreese with increasing
elevation angle. The direction of look also has
an effect in Jhe solar scatteiing region, as seen
in Fig. 5-3, where, for a clear sky, the sun posi-
tion is fixed and the spectral radiance is plotted
for several observer angles.

The position of the sun I as a strong effect on
the scattered radiation in the solar region, as
shown 1n Fig. 5-6, where the ~"server looks at
the zenitli and the elevation a:gle of the sun
is varied but has little effect on the radiation
in the thermal region. The temperatuse of
the atmosphere, on the other hand, has a strong
effect on the radiation in the thermal region
but little effect in the sciar region. The pres-
ence of clouds will affect both the near-infrared
solar scattering and the thermali-regicn
emissior..

Near-infrared radiation exhibits strong
forward scaitering in clouds. Thus the rela-
tive positions of sun, observer, and cloud
become especialliy important. For a heavy
overcast sky, multiple scattering reduces the
strong forward scattering effect.
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a clear nighttime sky for meveral
angles of elevation above the horizon
(Cieva Beach. Florida) 1)
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Fic. 5-6. Spectral radiance of a
clesr zenith sky za a function of
sun positicn; A = gun elevation 77°,
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Fi¢. 5-7. The spectral radiance of the
underside of a dark cumulus cloud {1}.

Thick clouds are good bilackbodies. Emission from clouds is in the 8-13-u regicn
and is, of course, dependent on the cloud temperature. Because of the emission and
absorption bands of the atmosphere at 6.3 1 and 15 u, a cloud 1nay not be visible in these
region: and the radiation here is determined by the temperature of the atmosphere.
A striking examgle i8 given in Fig. 5-7. Here the atmospheric temperature is +10°C
and the radiaticn in the emission bands at 6.3 u and 15 ;. approaches & value appro-
priate to that temperature. The underside of the cloud has a temperati.re of —10°C,
and the radiation in the 8-13.u window approuacies that of a blackbody st —10°C.

Figure .-8 shows the variation of sky radiance as a function of elevation angle.
Figure §-9 chows the variation with respect to variations of ambient air temperature,
and Fig. 5-10 shows seasonal variations.
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5.2. Aurora(3,4].

5.2.1. Auvoral Spectra® Aurcra emicsion lines occur at 0.92, 1.04, and 1.11 u;
the measured brightnesses are about 6 X 10-* w cm~* sr! line' (5].

Figure 5-11 shows the aurcral spectrum between 0.9 and 1.2 u. This reproduction
was obtained by averaging a number of individual spectra [5). Figure 5-12 shows
auroral spectra between 1.4 and 1.66 u. The dotted curve ic the airglow spectrum
fitted to the auroral spectrum in a region where the auroral emission appears feeble.
Spectra (a), (b), and (¢) were made in consecutive 'ﬁéans, with a tetal time of 3 min.
The relative intensities of features on a single scan are not significant_since the aurcra
fluctuatea in brightness duiing the scanning period [6].

/1-0)N2" (Metnel)

0.921 4
/ Vs (0-0)Ng 1 PG

4.039 u

/
1 t/ r’ |(0-0)No" (Meinel)

V1113

N1 (2P-2p) .
1_0(“ o ! Fi1c. §-11. Aurcral spectrum, 0.9 to 1.2 u,

obtained with a lead wulfide spectremeter;
projected slit width, 100 A [5).
AL I I

0.9 i.0 1.1 1.2
WAVELENGTH ()

Signal

Fic. 5-12. Aurocral spectra, 1.4 to
1 85 u, obtained with a lead sulfide
spectroineter; projected slit width
200 A i5).

- oee o
1 157178 174 7 15 " 108 [ T 105 18 7
WAVELENGTH (y)

" *See also Nozes Added in Proof, page 170.
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5.2.2. Auroral Zones [4]. Figure 5 13 shows the auroral zones. These are di-
vided into 3 areas: the north and south aurcoral regions extending from geomagnatic
latitudes 60° to the poles, the ~ubauroral belts between 45° and 60°, .4 the minaurorai
belt between 45°N and 45°S.

The aurora! regions include the auroral zones, which are the regions of maximum
occusrence, and the auroral caps, which are the polar regions wathin the auroral zonzs.

Althoug: aurorae occur primarily in the auroral regions, large displays mey occur
in quite low latitudes. However, in tropical and even low temperate latitudes they
are extremely rare.

Fic 5-13. The hemisphere centered on (a) north-
ern promagnetic pole (78°5' N, 69°W geograrhic)
anC (b) southern geomagnetic pole (78°5°S,
1117} gengraplic) [4).
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The frequepcy of aur~-al cccurrerc. s has a maximum some 20° ¢» 25° from the geo-
magnetic poies. Figure 5-14 shows the geographic ‘istribution oi the frequency of
aurorge :n the northern hemisphere [7]. The isochasms refer 4o the number of nights
during *he year in which &n aurora might be seen at gome time during the night, and
in any part. of ih= sky, if clouds and other factors affecting visual detection of aurorae
do not interfere. Figure 5-15 thows the zone of maximum auroral frxiency in tue
southern hemisphere [8].

Fic. 3-14 Gecgraphis distribution of the frejuency of jurorae in the northerr hemisphere (7).

5.2.3. Periodic Varistions. The number of aurorae obeervad from a particular
point over the course of & year wtay vary wideiy and is strongly correlated wit™ sola:
activity. Minimum aurcral activity correaponds with minimum solar activity. Max-
imum surral activity vsuglly occury about two vears afler suncpot maximum.

5.2.4. Heigat and Vertieal Extent. {u suroral arcs and bands the moet cciavenieat

hewht to measure s the apparent lower norder, which iz fairly shrrp. Ar ezample
of » . et of such measurements in and ncar tiie auroral zone is shown in Fig. 16 [8].

)
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The total number of measurements shows a concentration between 95 and 110 km, with
a double peak. The lower limits of individual rays appear 10 or 15 km higher than the
lower edges of most arcs, bands, and draperies. Sunlit auroral rays anpear systemati-
cally higher than dispiays in the dark atmosphere. Figure 5-17 shows the heights
of rays over southern Norway. A few sunlit rays extend higher than 1000 km.

Fic. 5-1Z. Zone of maximum auroral frequency in the southern hemis, here [8).
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Fia. 5-16. Distributicn of beightc of lower bordaers
of auroral arz, (9}
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F1G. 5-17. Lenath and position in the atmosphere of the vertical projections
of auroral riys in (@) sunlight and {b) earth's sk .dow (1917-1943) {10].

5.3. Night Airglow

Airglow may be defined 4s the nonthermal radiation emitted by the sarth’s atmoe-
phere, with the esceptions of aurorai emission and radiatior. of a cataclysmic origin,
such as lightning and meteor trails [4].

Night airglow cmiss:ons in the infrarec are caused by trans:itiona betv-een vibrational
states of the OH radical. The exa:t mechanism of excitation is still anclear, but
the effect is to releae energy from solar radiatior stored during the daytime. Air-
glow oocurs at all latitudes.

There is evidence [11] that some of the excitation is

H+ 0O, -+ OH+ O,

OH+0—-0,+H
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Thus, it appears thet the distribution of night airglow is reiated to that of ozone.
The measured heights of the airglow runge from 70 to 90 km, which corresponds to the
location of ozone.

Airglow brightness is specified in rayleizhs (R) a measure of the apparent number
of photons emitted in a column 1 cm? in diameter along the observer’s line of zight.

1 R = 10 (apparent) photon/cm?-sec (column) = 47/

where I ig millic—¢ of photon/(cm?-sec-sr).

To a go«d approximation, the nightglow increases away from the zenith as sec 6.
Measu:ements ueually are reported normalized to the zenith.

Variations in airglow intensity during the night seem to be caused by the motion of
laige patc ies {(airglow “cells”) with dimensions of about 2500 km moving with velocities
of about 7¢ m sec! [12].

Figure 5-18 shows the relative brightness of airglow intensity (13]. Airglow emis-
sions due to OH ™~ appear as small maxima in the vicinity of 1.6 u and 2.15 4.  Although
further emission bands are predicted in the range from 2.8 to 4.5 u, they are thoroughly
masked by the thermal emission of the atmosphere. Figire 5-19 shows the nightgiow
specirum in the 1-2-u region [14). Looking straight * vn from a satellite, the atmos-
pheric spectrum should be very similar to that shown ... Fig. 5-18 and 5-19. Table
5-1 compares the approximaie rates of emission for various airglow and auroral lines.
The references in the footnotes should be coasulted for further details. Note that, for
the airglow, all results are given for the zenith itself rather than for the angles at which
observations are usually made.
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CIES oS Ra T tainad with a scanning spectrometer
Mo laoa bl (projected slit width 200 A). The ori-
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horizontal strokes indicate the reduc-
Fic. 5-18. Airglow intensity {13]. tion due to water vapor [14].
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‘TABLE 5-1. COMPARISON Or AURORA AND AIRGLOW PHOTON EMISSION RATES [4]

Source

Aurora,’ IBC 1
41

I

v

Night airglow®
(in the zcnith)

Twilight airglow®
(referred to the zenith)

Day airglow?
(refi-ired ‘0 the zenith)

Emission
{OIls- 5577 A

[Oll: 3577 A
[Oi).: 6300 A
Na 5833 A
summer
winter
Ha 6563 A
Lya 1215 A
O. Atmospheric (0-1) 8645 A
Q, Herzberg (observable range)
OH 4-2) 1.58 u
OH (estimated total)

N." 3914 A

(quiet magnetic conditions)
Na [ 5893 A

summer

winter
(Ol 3300 A
Call 3933 A
Li16708 A
[N]}., 5199 A

- iR Atmospheric (0-1) 1.58

MNa 5893 A
summer
winter

[OI]2; 6300 A

O] B446 A

C111,290 A

N. 3914 A

*Recommende | as definifiors of the "nternational Brightness CoefBicients (IBC) [15,16).

" Average values

4qle

1 kR

10 kR
106 kR
1600 kR

250 R
50-100 R

<30 R
200 R

5-20 R
2.5 kR
1.5 kR
430 R
175 kR

4500 kR

1 kR

1 kR

5 kR

1 %R
150 R
GC R
10R

20 kR

2 kR

15 kR

50 kR

0.5 kR

0.5 kR

{ <70 kR

i> 1 kR

- Approximate values of the maximum emission rates that are obeervesd dusing wwilight. These vai_ea nre ofwn
governed by the t:me 2fter sunset when otwervat:ons first bacome possible.

“Values pradicted from theorv [17-20].

*4n/ 18 the apparent em:asion rate ir raylmghs.i R = an epparent emission rate of 1 megephoton/cm?-sec {column).
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Figure 5-20 slows the frequency distribution of air
glow and wesnk aurorai brightnesses near the geomag-
netic pole (Thule, Greenland) and at a subauroral station
iFrivz Peak, Colorado [9].

There is scme evidence that suggests a general in-
creasing brightress of airglow emissions icward higher
latitudes and a bright belt at middie latitudes.

5.4. Stellar Radiation

5.4.1. Stellar Magnitudes (21]. The brightness of
celestial bodies is usually measured in magnitudes. The
scale of magnitudes is adjusted so that & star of magni-
tud: +1.00 (first magnitude) gives u luminous flux of
0.832 x 10-' lumen ¢m-? at a point outside the atmos-
phere of ihc earth. i

The relation between the vizible hight received from 2
twu stars and their magnitudes is expressed by the formula

Fritz Peak

PERCENT OCCURRENCE

I 200 400 600 80 1000
!ogT' =0.4(m; — m;) (5-1) INTENSITY (raylelghe)

Fic. 5-20. Frequency dis-
wher. I = illuminance tribution o airglow [9].

m = magnitude

5.4.2. Steilar Spectral Classes. Under the Harvard system of classification the
principal types of sbecira are designated by the letters B, A, F,G, K, and M. Stars inter-
mediate to these designations are designated by sufll <ed numbers frem 0 to 9.

The apparent iemperatures corresponding to the various spectral classes are not
always the same, but vary according to the me=thods used to measure or caiculate the
temperature. The following list shouid be considered only an approximation for main-
sequence stars.

Spectral Classification Surface Temperature of Star (¥ )
B-0 20,000
A-0 11,000
F-0 7,500
G-9 6,000
K-0 5,000
M-0 3,500

5.4.3. Numbery of Stars. Table 5-2 shows the estimated number ol stars brighter
than a given magnitude {or both photographic and visual magritudes. From mag-
nitude O to 18£.5, the figures are based on direct observation; the values from inagnitude
18.5 to 21 are extrapolated.

The photographic results are based on all available tnaterial such ta photographs,
star charts, etc. The data for visual magnitudes are derived from the photographic
reaults by allowing for the color of the stara. Very few =ztars are bluer than class 4-0.
for which class ti.e visual and photographic magr .uge- =-e equal; but meny stars are
redder and bave oolar indices of +1 magnitude o1 :nore. A list of stars brighter vis-
ually than the tontit niagnitude, for example, will contain many red «tars which are
photograptically of the eleventh magnitude or fainter, and 2 great many whicn are
photographicaily fainter than the tenth magnitude. On the other hand, a list of at.1rs
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to the tenth phntographic magnitude wiil contain a few blue stars which are visually
below the tenth magnitude, but not ma.:v. The difference in the numbers in the two
columns is thus explained. As seen by the table, this effect increases for the fainter
staro, which are generally redder than the brighter cnes. Table 5-3 shows the percent-
age of stars in the six principal epectral classes ‘or various ranges of magnitudes.

TasLE 5-2. EsTIMATED ToraL Numszs oF STARS
BRIGHTER THAN A GIvEN MaGNITUDY [22]

Photographic __ Number of Stars
Magnitude Photogrop sic Visual
0 = 2
1 = 2
1 = 12
2 = 4
3 = 149
4 380 530
5 1,030 1,620
& 2,940 4,850
7 8.200 14,300
3 22,800 41,000
9 62,000 117,000
10 166,000 324,000
11 481,000 870,000
12 1,100,000 2,270,000
13 2,720,000 5,700,000
14 6,500,000 13,800,000
15 15,000,000 32,000,000
16 33,000,000 1,160,000
17 70,000,000 150,000,060
18 143,000,000 20€,500,000
19 275,602,000 560,000,000
20 50¢ €0,000 1,000,000,000
21 £5:1,000,000 —
TABLE 5-3. PRACENTIGE OF STARS OF
VaAR10US SPECTRAL Crassks [22]
Vieual B-0 B8 AS F& G-3 K5
Mogniiude o RS o A2 258 s GL o K3 to -8
<2.24 28 28 7 19 15 12
2.25 w 3.24 25 19 10 12 2 12
3.25 10 6.34 16 22 7 12 35 8
<251 5.34 9 27 12 12 30 1¢
5.25 t0 6.24 5 as 13 10 28 6
6.26 to 7.28 5 0 11 4 32 7
7.26 10 8.25 2 26 11 1¢ 37 7
85094 2 18 13 20 3 12
9510104 1 16 12 U 38 9
For All
Magnitvdes 2 29 9 21 33 [}
Photogrophc B0 B8 AS F$ G5 K6
Mayrutude w0 B-5 to A4 o F4 o GA o K4 to M-8
881095 2 31 16 U 24 3
958 tn ;G5 1 2 16 31 %8 3
S5t lll 1 17 13 0 27 3
115 t0 12.5 0 10 13 47 2 $
12.8 t0 13.5 ¢ 3 10 88 26 2

The dats are taken from the pubiications of the Harverd, McCormick, and Bergedor!
Dinervaiories. The discontinuity o tre”’ appearing 'etwesn the visual end photi-
graphic groapings is in accordaoce with espectition:. Of the stars brighter than
magnituce 8.5, 9% belong to the six claress listed.
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5.4.4. Galactic Concentration of Stars

5.4.4.1. The Number of Stars (Galactic Concentration) in Different Parts of the Sky.
Table 5-4 shews the number of stars per square degree brighier than s given photo-
graphic magnitude, for different galactic latitudes.

TapLE 5-4. N IMBER OF STAR2 PER SQUARE DEGREE B':"‘xmm THAN PHOTOGRAPHIC

MAGNITUDE AS A I"UNCTION OF GALACTIC LATITUDES {22}
Photographic ) . B _c _ -
frmidinirs +OOP +40° +20° +10° 0 10° 20° g o
5.0 0.014 0.6176 0.023 0.031 0.059 CC45 0052 0178 0012
6.0 0.039 0.083 0.071 0.089 Q2166 0126 0087 0.0} 0.042
7.0 ¢.015 0151 0.20 0.257 0.436 0323  0.2%¢ 0.144 0.123
8.0 0.278 0.42 059 0.741 1.230 0821 0617 0.398 G.315
9.0 0.724 112 1.62 3.14 355 234 169 1.10 0.832
10.0 1.78 2.96 450 5.84 10.5 6.61 .68 2.95 2.09
no 43 74 12.6 16.2 30.9 18.2 12.8 7.76 5.25
12.0 0.2 182 320 436 89.1 50.1 M7 19.50 13.2
13.0 24.0 430 790 1120 2¢5.0 1380 89.1 478 30.2
14.0 50.0 93.0 190.0 282.0 661.0 3710 2180 1079 60.3
15.0 95.0 200.0 457.6 708.0 1660.0 9770 5250 218.0 104 6
16.0 182.9 407.0 10470  1778.0 3981.0 24550 1175.0 436.0 1582.0
17.0 338.0 7940 22010 43650 9120.0 57540 2512.0 832.0 3029
18.0 6160 14130 46770 83300 208900 12580.0 47860  1514.0 501.0
19.0 7700 21860 6860.0 - = . - - -
20.0 = = - - = = = = -
21.0 16700  5000.0 21200.0 - = = - - -

5.4.4.2. Galactic Concentration of Stars of Various Svectral Classes. Table 5-5
shows the average numnber of stars per 100 square degrees near the galactic equator
and in regions remots from it for the six principal spectral classes.

An approximaticn to the number of stars cf a certain spectral class and magnitude
range can be obtained by applying the data of Table 5-3 t» Table 5-2, since Table 5-2
gives the estimated number of stars brighter than a given magnitude for each magni-
tude. For example, by interpoiation of Table 5-2, the estimated number of stars
brighter than magnitudes 7.25 and 8.25 may be obwained. By subtraction, the number
of stars in the magnitude range 7.25 to 8.25 is obtained. ‘The percent.ge of starr of
the six principsal spectrs] ciasses for this range of nmiagnitude: zs skown in Table 5-3,
can be used to obtain the approximate numbe: of stars in these spectral classes for this
range of magnitudes.

Tasre 5-5. GALACTiC CONCENTRATION OF STARS
o¥ THE PrINCIPAL SPECTRAL CLassEs 1IN 100
SQUARE DEGrEEs NEaAr GalacTic EQuaior 122)

Stwellor Galactic
Nagnitudes Latituder B A F G X M Total
Above 72.0

40°-9¢* 02 86 30 34 102 15 49
o 108 2].1 5.1 vl 15.1 39 61.1

T=.0t0 5~.25
rvo° (N 6.6 9.5 16.4 328 6.1 715
o 188 158 13.48 209 539 136 196.7

Table 5-6 gives more cetailed information of the distribution of stars by spectral
class and magnitude. There are differences in the data of Table 5-5 and 5-6 because
somewhat different aress of the sky were considered in preparing the tables. For
example, Table 5-5 considers the latitude from 40° to 90°, whereas Tablc 5-§ considers

QRIAL /N AL ~a
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TaBLE 5-5. GaiacTic CONCENTRATION OF STARS
oF VARIOUS SPECTRAL CLASSES [22]

sm,"‘ Galactic Latitude O tn 5°
Magnisude B A r G F'S M
< 6.0 4.5 6.0 1.7 2.1 35 13
80t 7.0 [ ] 15 34 3.0 12 26
70t0 825 19 76 14 21 54 14
85094 435 190 85 96 200 57
9.5 to 10.4 2 8190 240 310 490 160
Photographic
Magraitude
9. to 105 38 510 150 220 180 16
105t 11.6 87 970 430 720 460 42
115w 125 100 1390 1260 1960 840 140
Visual . . .
Mognitude Galactic Latitude &5° to 90°
< 8.0 0.2 2.6 0.8 1.0 29 o7
50w 7.0 o 3R 1.8 2.4 75 0.7
T0t08.28 0 74 8.2 16 32 6.3
B.5t 94 i 8 20 83 75 1]
95104 0 8 20 170 210 16
Photogruphic
Mognitude
9.5 to 10.5 0 9 32 120 75 9
05 11.% 0 1¢ 27 ~90 160 12
11510 2.5 0.9 14 34 680 270 26

Note: The data arv taken from the publications of the Harvard,
McCormick, and Bergedor{ Gbse:vat~nes.

TaBLE 5-7. INDEX OF APPARENT GALACTIC CONCENTRATION [22]

Visual
K M
Mognitude B A F @
<60 22 28 23 z1 1.2 1.9
60w 7.0 - 40 1.9 12 1.5 37
7.0t 8.25 - 10 1.5 1.3 17 22
851034 - 24 42 1.2 27 -
9.5 t0 10.4 - 76 12 1.8 2.3 0.9
Photographic
Magnitude
2510 10.5 - 56 48 1.8 24 2.1
108 o 115 - 87 16 25 29 3.5
1.5 125 - 9 35 29 35 55

Note: The irregularities here arc aitributable in part t¢ inadequate sampling.

the jatitude from 60° to 90°, in arriving at an average galactic distribution. The most
important difference is that Table 5-6 has been prepared by selecting narrower ranges
of steilar magnitude.

Data of galactic distribution are not presented for stars of magnitudes less than §
because the total number of these stars is not large enough to make the corcept of the
nuinber of stars per square degree meaningful.

Table 5-7, an index of ap; irent galactic concentration, has been prepared from Table
5-6 by taking the ratios of numbers of stars in low latitudes tn the rumbers in high
latitudes. For a given spectral class, morc stars are concentrated in the lover galactic
latitud=s s the index number becomes higher.

5.4.5. Bpeciial Distribution of Stellar Radiation.® Figure 5-21 shows relative
spectrul distribution of stellar radiation as a function of star ciasses and surface tem-
perature. The fumily of curves in Fig. 5-22 shows absolute gpectral distribution of

*See also Notes Added in Proof, page 171.
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Fic. 6-22. Absolute spectral distribution of stellar radiation {22].

-

stellar radiation. In this figure, the absolute magnitude o the radiant energy falling
beiow a specified wavelength is plotted a8 a function of the surface temperature of
the stars. Further, the curves have heen normalized so that the amount of energy
in the visible region is constant for all the stars of any given magnitude. This value
is representad by one verticai division of the grapbic ecale on t'ig. 5-22.
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5.4.6. Determining Spectral Irradiance of Ceiestial Bedies {23]. The following
data and methods permit determining with reasonable accuracy the spectral irradiance
values of the brightest stars and planets in the infrared regicn. These data have been
calculated from published nieasurements of visible irradiance and effective temperature,
and include the complete spectral region from 0.1 to 100 u.

The data used pertain to irradiarce received above the atmosphere. Values for
absorption by the atinosphere in the various spectral regions cun be readily upplied to
the ¢} values.

Tak [21) shows the visible magnitude and effective temperature (T = W/o)
valur Ye brightest celestial bodies and also for the important “red stars.” The
list ¢ ... all the stars in Schlessinger’s Catalogue of Bright Stars which give an
nrradiance ol at lesnst 1072 w cm~2 in either the PbS region (1-3 u) or the bolomrter
region (0.3-12.5 u). Equation (5-2) is piotted in Fig. 5-23.

f " I (T)S dA
ne {T) = "—m———— (5-2)
f JA(T) dA
0

where 7{(T) is the fraction of total radiation emitted by a blackbcdy at some temper-
ature T, visible to the standard observer

JA(T) is the ordinate of the Planck blackbody radiation curve at wavelength A
and temrperature T

S.. 18 the fractional response of the eve ai the same wavelength.

TABLE 5-8. VisuaL MAGNITUDES AND EFFECTIVE TEMPERATURE
oF PLANETS AND THE BRIGHTEST V1SUAL AND RED STaARs [21]

N Visuc! Magnitude Lffective Temperature
ame tm,) T (°K)
1. Moon (fuil) -12.2 5,900
(Planets)
2. Venus (at brightest) -4.28 5,900
3. Mars (at brightest) --2.25 5,900
4. Jupiter (at brightest) -2.2% 5,90C
§. Mercury (at brightest) -18 5,900
6. Saturn (at brightest) -0.93 5,900
(Stars)

1. Sirius -1.60 11,200
2. Canopus -0.82 6,200
3. Rigel Kent (dcuble) 0.01 4,700
4. Vega 0.14 11,200
5. Capella 0.21 4,700
6. Arcturus 0.24 3,750
7. Rigel 0.34 13,000
8. Procyon 048 5,450
9. Achernar 0.80 15,000
10. B Centauri 0.8¢ 23.000
11.  Altair 0.39 7,500
12. Betelguex (variable) 0.92 2,810
13.  Aldebaran 1.06 3,120
14. Pollux 1.21 3,750
15. Antarcs 1.22 2,900
16. a Crucis 1.61 2,210
17. Mira (variable} 1.70 2370

18. B Gruis 2.24 2,810
19. R Hydrse (varisble) 3.R0 2.250
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Fic. 5-23. Fraction of the D.081=

total radiation emitted by

Tig{T)
/

u blacl.»ody at temperature 0.081 \
T, visible to the standard _
observer [21). 0.04
0.02
0.0 1 11 1 L L 1 L |
s 10 15 20 2

TEMPERATURE (°K x 103)

After 2.(T) is found, the stellar magnitude m. of the bodv may be used to obtain
the total blackbody spectral irradience. as follovs:

l'(
mer= 2.5 loguo - e i5.3)

At the top of the atmosphere, zero visiole magnitide corresponds to a visible irradiance,
Io, 0f 3.1 X 10-3 w/em®. The value for I(:n,), for : iy quoted value of stellar magnitude,
may then be obtained by the solution of Eq. (5-3}. This function is piotted in Fig. 5-24.

VISUAL MACNITUDE m

i llllilll i L1l 1 |
. - 2 3458789 2 3456789 2 34
= - -17 5 - -
19 15 15 13 12 13 19 12 10 11 10 10

IRRADIANCE (v cm-z)

=

>}

¢

F16. 5-24. Effective itradiance in the visible-region (standard observer)
versus visual magnritude [21).
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Fic 5-25. Feak spectral irradiance from values of visual megnitude
and effective temperaturs or spectrai class [21].

The irradiance received over the totel wavelength spectrum at the top of the atmos-
phere is therefoce the qusatity

I(m,)
ﬂf(T)

and once the value of pegk spectral irradiance is determined, the shape of the spectrul
irradiance cuzve follows the Planck radiation function.
The peak irradiance is

I'mo) Wi mas

- {5-4)
7Ic( ™ I w d,.
0 .

Hnn-ak=

where Wy na- i3 the maximum value of the Planck function, and equals 1.290 x 10-#7»
wem? pt. Eq. (5-4) then becomes

1 r ”
Hy pens =n_(..’(277)) X 2.212T X 1074 wen?* ! (8-5)

Equation (5-5) evaluated and plotted as a functinn of 7 for various values of magnitude
m. is shown in Fig. 5-25. This grepl. can be usei to find the peak spectral radiance,
H\ pear, for any valies of T and m.. Using Fig. J-25 and W.en’s law, the spectral ir-
radiance curves for tny star or planiet may be . Ltained. (In determining the spectral
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irradiance of the piunets, an effective temperature of 59C0"K. was assumod.) The
shape of all these irradiance +"uves are identical; they are blackbody curves ncrinalized
to their peak value.

5.5 The Earth as a Background®

5.5.1. Geometric Relationships. Figures 5-26, 5-27, and 5-28 present so:ae impor-
tant relationships b.aring on setellite viewing of the earth.

max

Horizon
Distance

RH x 10z n mi
[ &)
oo
(degrees)

\. a 50

40

/

ELEVATION ANGLE TO HORIZON ¢

0 1 L | 1 1 1 i i 330
0 200 400 600 800 1000 1200 1407 %600 1300 2000

ORBITAL KICHT H,, (n mi)
Fi13. 3-25. Manges ond view angles [3].

ALTITUDE. y (degrees)

80 60 40 20 0 19
& mam T l > 2
Satellite 600 -8 @
60§ 200 .
§ Horizontal 7 =3 &
’:’? 51 -‘200 — "5 %
@ 504 ~350 E L, N
b0
3 I Y,
N ] 00 @ £
z : z
=z £ =275 3]
9 .l 21, 7
= 3 / = é
N =250 Zz =
> <) ©
mo :
SV o = L :
3 / 225 "
10 y =900 -o -7 C
b=a+7
i . 1 1 Lo

0 20 40 80 "~ 80
ZENITE ANGLE, & (degress)

Fii. 6-27. View argles ‘or 209 n m* orkit {5].

 *See wlso Notes Added in Proof, page 17:.
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In Fig. 5-28, point P (as an example) represenis & vehicle 400 n mi high at an elevation
of 35°. The alant range is 655 n mi, and the great circle arc (angle between vectors
1 cared at the center of tlie earth and pointing respectively to the satellite and to the
ground point viewed) is 7°.

1500 22 800 Elevation Angle
T LB
1400 - oo\\
)
1300 ‘ : ~e
1 i Slant Range
'é Obeerver toSatellite
1100
g
— 100
; ! \ w’Great Circle Arc
= .
= 800 ppat Helght Above
g N 300 Surface
< 1700 of Earth
8 e ‘
2 500 \ \\.200
(2 [ / \
i ‘oo H / F A
@ 300 i
/ ‘JT 100
200 S
100 /A Y1 7 !
085 s 50 o8 r9° ® 10 1O fé‘”
‘ C 5
1 3C 40 50 ¢ 8¢ 1 1" ol 130

1501 17018 g0
GREAT CIRCLE ARC (degrees)

Fic. 5-28. Satellite coorldinate conversion {(3).

2

N 5.5.2. Path Lengths. Refer to Fig. 5-29. The length of a line between any two
points at different altitudes is found according to the followirg genera! equations:
(Re+C)*=(Reg+A)+L*+2L(Rs+ A)cos 5=(Rsg+ A)*+ L*+2L(Rg+ A)siny

L’ = (RE+ C)i - (R E+ A)’_ 2II(R E+ A)Pin‘y

L=V(Re+C)*— (Ry+Alcos? y— (Rg+ A)siny (5-8)

where R ;= radius of sphere
A = altitude »f the background point
C = altitude of the obeerver
y = elevation angie of the background paint position (from local horizontal)
a = elevation angle from nadir at obaerver’s point.

The angle a iz coraputed &y rhe foilowing relationshipn:

1 (Rl+ C)’ +L’ —(Rf;+ A)i
2R+ COL

a = o8

(6-7)
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Point

Q)

Fic. 3-29. Path length diagram.

wigure 5-30 illustrates the scattering angle §, the sun’s elevation angle y, the satellite
scanner'’s elevation angle a, and the scanner’s azimuth angle ¢ from the direction of
the sun.

The scattering angle is:

B =cos"! (cos y 8in a co8 ¢ — sin y o8 @) (5-8)
Figure 5-31 illustretes these angles for a spherical earth. Equation (5-8) becomes

B = cos! [cos (90° — (£—A)] 8in a cos ¢ — 8in [90° — (¢ — A)] (5-9)

Sun

\
/

Sateilite

4
™~
- d

Sun

| Sun
Satellite Prime Ray

-
Direction of View \
i Sun Azimuth Po.it \
£ A Y
Cloud Plane
o

Fic 5-30. Scattering-augle geometry {3]. Fic. 5-31. Solar scattering angle [3].
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DAY OF YEAR
FIG. 5-32. Solar daclination to equator {3).

where ¢ is the elevation angle (latitude) of the observed point irom the earth’s equatorial
plane, and A is the latitude of the sun’s prime ray. Figure 5-32 showy the range of
the 'sun’s declinatiorr angle. (Both £ and A are taken positive for a North iatitude.)

5.6. Cloud Metzorology

Clouds are classified into ter: main groupe called gonera. These are cirrus, cirre-
cumulus, cirrostratus, altocumulus, altostratus, nimbostratus, stratocumulus, stratus,
cumulua, and cumulonimbus.

The part of the atmosphere in which ciouds are usually »r:sert s divided into three
regions. Each region is defined by the range of levzis at which clouds of certain genera
seeur most frequently.

(a) High-level clouds —cirrus, cirrocumulus, and cirrostratus
(b) Middle-levei clouds —aitocumulus
(¢) Low-level clouds —stratccumulus and stratus

The regions overlap, and their limits vary with latitude. Their approximate ranges
are shown in Table 3-9 Figures 5-33 to 5-38 show the meur: cloudiness in percentage
of sky cover throughout the world for various months of the year.

TaBLE 5-9. Drrinrrion or Cioup Stat® ALTrrupes {3}

?::7 Polar Regions Temperate Regions Tropical Regions
3-8 km 5-13 km 6-13 km
High (10,000-25,000 ft) (16,500-45,000 ft) (20,000-80,000 ft)
2-4 km 2-7km 2-8 km
Middle (6500-13,000 ft) (6500-23,000 ft) (6500-25,000 ft)
Earth’a surface Earth’s surface Earth’s surface
to 2 km to 2 km to 2 km

Low (6500 ft) (6500 ft) (6500 ft;
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Fic. 5-33. Niean clcudiness in percentage of sky cover, month of January (25].
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rcentage of sky cover, month of March [25].

Fic. 5-34. Mean cloudiness in pe
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FiG. 5-35. Mean cloudiners in percentage of skv cover. moniia of ~  y [25].
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Fic. 5-36. Mean cloudinacas in percentage of sky cover, month of July {25}.
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Fic. 5-38. Mean cloudiness ir: persesiiqe of aky cover, month of November (25].
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5.6.1. Cirrus Clouds. The tropcpause represents the upper limit of the cloud
atmosphere. The highest clouds appearing within the troposphere are composed cf
large ice crystals of about 100 u. Frequently these particles become orienied in the
same direction, givirg rise to unusual visi!~, and pussibly infrared, effects such as
haloes and urca.

Tropopause and cloud top statistics ere not available for the central Eurasian land
muss. Cirrus height observations have not been weworted anywhere north of 55° lati-
tude. Inferences can be made about the annual tropopause distribution over Eurasia,
and from this a cirrus top height model constructed. The correlation between the
two parameters is based on Amer.can statistics. Between 50° and 70°N it is exrect-
ed that 9C% of the anrual clouds will be: below 32,000 ft, and 99% will be below 23.90C
ft.

Figure 5-39 shows cloud top and tropopause heights based on a collction of cirrus
and tropopause data averaged ou a yearly banis for the entire United States. Figures
5-40 and 5-41 represent the distribution of tropopause and cloud heigats between 50°
and 90°N latiiude.

Based on deductions from Asian climatclogy, a crude time-frequency cccurrence
chart has been estimated and is shown in Fig. 5-42. Averaging the entire year be-
tween 50° and 70°N, cirrus clouds are expected 35% of the time. This means that
cirrus will be enrnuntered 1% of the time abuve 34,000 ft, and 10% of the time above
30,000 ft.

100f—
5 /
S 80 Cloud Tops
= ropopauses
8 7
é’ 60
o Meaa
2 /
2 40—
: [ /
2 20
5 /
(8]

/ 4/

035——"30 35 40 % 50 55 1tx 10°
7.5 8 105 12 135 15 165 km

HEIGHT

F1c. 5-38. Distribution of cloud top and tropopause heights,
United States average {3).
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119, 32, Estim<tted annual temporal frequiency of
«sriform clouda.  Lotied portion delineate: area where
20 or more thundirstorms per vsar are reported.
Overall uvarage = 35'% {3].

5.6.2. Si~atospheric Clouds [3). Two types of clouc's appear in the upper strato-
sphrre; nacreous clouds at an average height of 24 km, and noctilucent clouds at a
heig ht of abent 82 km.

N icreous clouds appear rarely and then meinly in high latitudes characterized by
mountainous terrain. They are generally observ=d in tae direction of the sun during
sunset or sunrise and are inidescant. Characteristic synoptic conditicns that exist
with there clouds are strong and conaistent northwest winds ertending to graat heights
with below average stratospheric temperatures. Theoretical consideratiors of water-
droplet and ice-crystal growth in nacreous clouds suggest that the radii are less than
1.2 u, with a very narrow size spectrum of about 0.1 u. The particle concentratioa
should be essentially that of the availabie condersation auclei, about 1/cin®. The
liquid w- wr contert would be therefore between 10-1* #:. 10-1 g/em?. Such i ul
water zor {ent is lower by about & factor of 10¢ than those observed in the tropoup)::-ic
clouds.

Noctilucent clouds are visible against the nighttime sky when the upper levals of
the atmrsphere are still illuminated by sunlight. 1Tr.eee clouds have generally been
reported cnly in the Northern Hemisphere during siummer (August through October)
within a restricted zone of latitudes 2xtendirg fron: about 45° to 63°N.

Suniight scattered from noctilucen! clouds ernibits a spectrum and a degree £
polarization which can be sitributed to the scuttering of sunlight by dielectric par-
ticles with predominant 1adii of around 0.1 x4 and not greatex than 0.2 to 0.4 u. The
obearved brightness of the clouds suggeseia that the corresponding concontratioss ard
maiter coatent shouid be between 1 and 19-? particles/cm?® zand betwersn 10-!7 and
10-18 g 'cm?, respectively. Sucly :iod-pariicle concaatra:ions are ghmt jive srdars
2. magnitude lese than ithust ¢ ven (o ascrsous clouds.

5.6.3. Probablily of Coverage at Varicas Altitudes. Figures £-43 through 5-58
ave cherts shewing, for the Noritherr ®amisphere, =ititudes shove which the proba-
vinites of lew than 0.1 sky covetge uis 4iy, 90, 80, and 60 percent. Chartis a2 pre-
wanted for t'ie midseason monrhs ' nuary, A.o'l, July, and Ocwober. The ~ierion of
:ege than 0.1 sky cuver (sctus ily less thar .05 sky cover) can ba taken as essentially no
in! :Aerence by :iouds for sir-to-zir operetion.
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Wy s

Fic. 5-43. Altitudes (thousands of feet MSL) above which there is 96% pmbability
of having less than 0.1 sky cover, month of January (26).




W

BACKGROUNDS

TIedTAN
PLATEAY

F1G. 5-44. Altitudes (thousands of feet MSL) above which there ia 90% probability
of having less than 0.1 aky cover, me~th of Januar+ [25].
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Fi1s. 5-45. Ait'tudes (thousands of fect MSL) sbove which there i 80% probability
of having lese thea 0.1 sky cover, month of Jenuvary [26).
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Fic. 5-46. Altitudes (thousands of feet MSL, ¢hove which there is 60% probability of having
loss than G.? sky rover, month of Jar.uary [26].
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April (26).

Fic. 5-47. Altitudes (thousands «°
Jess than 0.1 sky cover, month of Ap
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Fio. 5-48. Altitudes (thousands of feet MSL) above waick: there is 90% probability of having
less than 9.1 sky cover, month of April (26].
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Fic. 5-49. Altitudes (thousands of feet MSL) ahove which there is 80% piobability of hsving
jess than 0.1 sky cover, month of April [26].
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Fic. 5-50. Altitudes (thousands of feet MSL) abcve whic: there is 680% probakil'ty of having

s288 than 0.1 sky 2over, month of April (26].
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Fic. 5-61. Altivudes (thousands of feet MSL) above which there is 95% probebility
less than 0.1 sky cover, month <f July [26].
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Fig. 5-52. Altitudes (thousands of feet MSJ.) above which the» i 90% probability of having
iess than 0.1 sky cover, month of July {26}.
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Fic. 5-52. Altitudes (thousands of feet MSL) above which there ia 80% probobility of having

less than .1 sky cover, month of July {26].
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Fig. 5-54. Altitui s
lese than 0.1 sky cot er, mouth of July [26].

{thousanda of faet. MSL) above which there is 680% prooability of having
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i

Fic. 5-65. Altitudes (thousends of feet MSLjs above which there is 95% probability of having
less than 0.1 sky cover, month of October |26].
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above which there is 90% prchability of having

Fic. 5-56. Altitudes (thousands of feet MSL)
less than 9.1 sky cover, month of October (26].
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Fig. 5-57. Altitudes (thousands of feet MSL) above which there ie 90% probability of having

less than 0.1 sky cover, month of Cctober [26].
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3.7. S.ratespheric Aerosolo [3, 63-68]

A uniform distribution of the stratospheric aerosol content tends to decrvase infraren
gradients. Apparently the stratosphere will contribute to background noice because
of the tendency of particles to form clouds which become arranged in perioaic struc-
tures. Intensities will be high at small scattering angles, and atmospheric at'enua-
tion is negligible at these high altitudes. Table 5-10 presents a summary of informa-
tion on the particle ~orntent of the stratosphere.

TaBLE 5-10. PaRTICLE CONTENT OF THE STRATOSPHERE [3]

. Typical Band
Altitude Concentrations Rad:i o _){nca' an
(km) (no. per em?) (1) Reaarks Spacings
T (km)
10-30 10-'to 1 >0.0b Stable dust layer, -
or 17 to 22 km
~0.10 —sulfur
10-30 10t t0 10! ~0.15 Stable dust layer, -
17 to 22 km
—sulfur
10-30 ~<10° ~0.8 Temporary layers of 1
(horizontal volcanic pumice
orientation)
17-31 ~<1 ~15 Nacreous clouds 40
consisting of
ire crystals
20-80 1 ~0.1 Theoretical by -
(assumed) measurements of
oonductivity
74-92 i0-? ~0.1 Noc.ilucent cloud i0 and GO
(dust layer or
ice crystal)
80 10 4 to i0-! 0.1 Theoretical inter- -
(asaumed) planetary dust
sources, 10-** to
10-2¢ g/ 2

Stratospheric particulate matter may be divided into two clasees: dust particles
and rondensed water.

Catastrophic volcanic eruptions and forest fires have deposited vast quantities of
dust in the upper atmosphere; these can indirectly increase the upward intensity of
reflected sunilight by acting as nacleating agents for ice. "'  1al concentrations of
clouds might result.

The earth is surrounded by belts of dust, smoke, and ice pa1 :les. Encounters with
the dust by the earth’s gravitational field causes an accretion of 10 to 50 1b of matter
per square mile per year, based on an estimate of 24,000,0G0 visible metecrs per dav [25].
Some of this dust is concentrated into two extreme cutar shells: the lighter amcke
betweer: altitudes of 2000 to 4000 mi, and dust frein 600 to 1000 mi

In general, the totai particle concentrations just ahove the tropopaure are betveeen
10 and 100/cm?, but decrease to 1/em® or less above about 20 kin.
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The manner in which a particle scatters light depends or the raiio of its radius to
the wavelengtn of light. For ratios up to about 0.0¢, Rayleigh’s laws hold; betweer,
0.08 ana 3 the Mie theory is used, and at larger values, the laws of geometrical uptics
are satisfactory. Figure 5-59 gives examles of particle sizes. Figure 5-60 shows
the concentration cf different particle sizes at various aititudes.

Heavy Industrial Dust

Smallest Easily Visible Dirt
N Paint Pigments
Bacteria. Poilen

DIAMETER (u)

8 Tobacco Smoke
Fine Carbon Black

Gas Molecules

Fic. 5-59. Examplec of particle sizes [3].
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Fic. 5-60. Vertical profiles of particle concentrations.
Curve A = radii greater than 0.08 u: curve B = radii
greater than 0 1-0.3 u; curve C = Aitken nuclei (0.01-
to ¢ 1 u radii) i3).
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5.8. Spectral Radiance of Terrain

The apparent t-aciral raaciances discussed in this section include thermel emission
and radiation reflectcd by the ground, as well as scattered and emitted radiation con-
tributed by the &.mesphere in the line sf sight.

5.8.1. Terrain Temperature. Soil or other terrestrial surfaces have a mean tem-
perature value of approximately 300°K, and peak radiance is near 10 u. The earth’s
su1  ? temperature depends upon the incident solar radiation and ihe radiative
bousuary conditions as well as conductive and convective processes. The latter proc-
esses depend on the physical and chemical characteristics of particular components
of the terrain and the local weather conditions.

5.8.2. Terrain Emissivity and Reflectivity.® The amount of radiation that is ab-
sorbed, reflected, or scattered varies with wavelength and witli the nature of the terrain.
The reflectance values for natural objects, at wavelengths shorter than 3 4, range
from 0.03 for bare ground or oczan to 0.95 for fresh snow [1,11,24,27,28,29]. In the Jong-
wavelength rogion rvllectance values range from practically zero to 0.72 [30-37).

*See also Notes Added in Prooj, page 171.
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5.8.3. Spectra in the Emission Region.
spectral radiances of a patch of ground st an airfizld (Colorado) observed on a clear
night, and during the following morning with the sun shining on it.

Figure 5-62 shows the radiance of the night sky just above the norizon and that of

the ground at the same angle below the horizon.
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Figure 5-61 shows the cor.,,.2rative

Fic. 5-61.

Day and . ight radiances

of grass-covered fic!d ‘Feterson Field,
Colorado) (33].

1604 hr
250C Blackbody |

% 10°C Blackbody

] o
! \
!
; 7
/r \\ / Clear Zenith
; 4 L Sk 1352 b
5 10 15 20

"NAVELENGTH (u)

Radiaace of an urban area and

of clear zenith 3ky (Coloredo Springs from
Pikes Peak) [331.

The spectra of distan: terrain do nnt always conform to thy blankbody chara-teris-
tics observed in the radiance of nearby terrain. This can be 3ee:: in Fi+ 5-63, where
the upper curve represents the radiance of a city (Colorado S)prings) cu a plain as

viewed from the summit, of a mountein (Pikes Peak) at a distar.ce, of about 15 mi.

The

situation illustrated in Fig. 5-63 is, in a sense, the reverse of that rhown in Fig. 5.7
where a cooler cloud vas seen from a lower and warmer enviroament.
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Figure 5-64 shows the diurnal variation in the 10-u radiance of selected backgrounds
on the plains, measured from the summit of 8 mountain (Pikes Peak). The line-of-
sight distances are: forest, 50 mi; grasey plains, 21 mi; sirfield, 19 mi; ~ity, 15 mi.

Figure 5-65 shows the spectral radiance of dry sand (Cocoa Beach, Floride) The
9-u dips in the reflectance of the sand for curves A and C correspond with a wave-
length of relative poor emissivity. The reasou is that the crystals of common silica
send exhibit reststrahlen at 9 u. With overcast sky (curve B), the added sky radiance
reflected at this wavelength just compenasates for the !oes of emissivity.

The effect of moisture on the radiance of sand is seca in Fig. 5-66.
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Fic. 5-64. Diurnal variation in the 10-x radiance of selected backgrounds
[33). SS = sunset; SR = sunrise; ENT = end of nautical twilight; BNT = be-

ginning of = ' . 1] twilight.
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FiG. 5-65. Spectral radiance of drv sand Fic. 5-66. Spoctral radiance of moist sand,

(Cocoa Beach, Florida) {33). 4 = suniit (Coca Beach, Floridu); A = dry sand, B =
send, B = sand under a cisudy night sky, C = extremely wet sand, & = moist sa.d [33].

sen on a clear night.
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5.8.4. Spectrainthe Scattering Region. The dayt.me spectra of objects aL amoient
temperatures show minima around 3 to 4 u. In the more transparent regions of the
spectrum between 3 and [ i, in the daytime, the sky a few deqgrnes above the horizon
radiates less than the ground a few degrees below. In the scattering region of the
spoctru.u, the sky and the ground uften show radiances of comparable magnitude.
Usually the ground radiance is somewhat higher than that of the sky. and is frequently
a minimum near the horizoi.

Figures 5-67 and 5-68 are elevation scans of the spectral radiance near the horizon
at different wavelengths.

The scan covers alterna:ing patches of shaded and sunlit ground, trees, mountains
(northern slope of Pikes Peak, Colorado), and the ciear sky up to approximately 15°
or 20° near the horizon. :
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i 2.01u Fic. 5-67. Elevation scans across mountainous
e 1.82) terrain at fixed wavelengths in the interval 1.8 to
% 1204 - 3.2 u [33]).
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5.8.5. Spectral Radiance of Various Gbjects and Surfaces 131,34,35]. Figures
5-69 through 5-88 are measurements of the infrared spectral radiance frora various ob-
jects and surfaces. These measurements were made under difierent temperatures,
hurnidity, sky conditicns, etc. In the figures, as and ai are the angrular fields of view in
the horizontal and vertical directions in nbject space.
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Fic. 5-69. Daytime spec:ral radiance of miscellanecus targets {31}
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Fic. 5-70. Spectt.l radiance of concrete, winter day, clear [34;.
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FiG. 5 71, Spectrel radiance ot concrete, summer night, clear [34].
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Fic. 5-73 Spectral radiance of concrete, surmmer day, overcaat {34).
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Fi. 5-7%  Spectral measurements of comoarison of concrete, summer night, overcast [34].
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Fic. 5-7¢. Spectral radiance of concrete at nighi [34].
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FiG. 5-77. Spectral radiance of damp concrete (34].
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wa

SPECTRAL RADIANCE OF TERRAIN

T

rield of View

@y = 314 % 1073 rad

.
GV = 7.85 10  rad

Range ~ 300 ft

\

{ L T = (PK
: \

\
\\‘57
LM

0 1 2

-1)

r-

-2

—
o
)
o>

SPECTRAL RADIANCE (w cm

Pe. | S—

(AVELENGTH ()
Fic. 5-80. Spectral radiance of grass, winter day, overcast [34].

167




1568

SPECTRAL RADIANCE (w cm

—
o

107

10

RACKGUROUNDS

— - ! - l 1

Field of View |
=3

o, =3.14>10 " rad
b 4

a = 7.85 107 rau

Range ~ 300 ft

__.Refererce T = 0°K

——

‘
o

=
P
)
[ S
~
o

WAVY.LENCTH {(u)
Fic. 5-81. 3pectral radiance of grass, winter night, clear {34].




SPECTRAL RADIANCE OF TERRAIN 159
| i ‘i
Mield of View
v =3.14x107° rad
i -4
! av = 7.85 x 10 red
Eefcrence T = OOK Rarxge -~ 300 o
t |
-3
AJ \ !
3
- \\
1
e
(O]
g
c -4
10 X
3 \
€3]
Q
4
: /
p
2 (4
3
=
O
x
[«
9 5
107
1078
0 1 2 3 4 5 6

WAVELENGTH (u)
Fic. 5-82. Spectral radiance of grass, summer day, clear (34].




160 BACKGROUNDS

Field of View
-3
aH = 3,14 x 10 ~ rad
ay, = 7.85 > 1074 rad
Range ~ 300 ft
-3 '
10 Reference T = 0°K _
*
.TA
S
- :
-
7]
Gy
E
S yo74 \]
2
: \ ¥
O
Z |
S
Q
g
g
3
2 \
Q
w
5 \ |
10 _
I \
1078 1 I
(v 1 2 3 5 6

WAVELENGTH (u)

Fi1G. 5-83. Spectral radiance of gravs, summe: uay, overcast [34].




)

-1

n

-1

sr

-2

RADIANCE (w cm

i

SPECTRA

SPECTRAL RADIANCE OF TERILIN

10

Field of View
aH=&Mx1¢3rm
av=7£5x1d4rm

Range ~ 300 it

Refererce T = 0°K

10

109

10-6

1 2 3 4 o
WAVELE® 3TH (u)

k1. 5-84. Spectral radiance of grass, suinmer night, clear (34}

161




162 BACKGROUNDS

|
Field of View
-3
aH =3.14x10 ~ rad
a, =1.85 %10 rad
\'A
-3 0
10 Refercauce T = QYK
ﬁﬁ;
]
= |
-y
]
| 5
' 3
N
' -4
E 10
3
]
Q
4
o
3
3
=
O
8 5
v 10
1078
0 )] 2 3 4 £

WAVELENGTH (u)

FiG. 5-85. Spectral rad:ance of grass, summer night, overcast [34).
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5.9. Marine Backgrounds

The radiance of the sea surface at night is the sum of its thermal emission and re-
flected sky radiance. Factors that determine the character of the marine backgrovnd
are:

1. The infrared optical properties of sea water.
2. Sea-surface geometry and wave-slope distribution.
3. Sea-surface temperaiure distribution.

Atmospheric transmission and emission in the optical path from scene (5 observing
instrument is covered in Chapter &.

5.9.1. infrared Optical Properties of Sea Water. Wster is essentially opaque
to infrared radiation longer than 3 u. Few liquid: have abscrption coefficients of
the same order of magritude. Consequently, the sea surface, which is 0.01 cm thick,
determines the rrndiance of the sea. Subsurface scattering of sky ra_.ation is absent.
The optical influence of thin layers of surface contamination is negligible except for
the suppicssion of capillary waves by surface tension changes—causing “slicks.”
There is no significant difference in the transmissivity of sea and distilled water for
these thin lavers in the 2- to 15-u region.

The infrared transmi:<ivity, refloctivity, emiss:vity and indices of refraction for
water are shown in Figs. 5-89 to 5-22 [36,37}.
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5.9.2. Sea-Surface Geomeiry. The effect of wave slope on the reflectivity of a sea
surface roughened by a Beaufort 4 wind (11 to 16 knots, white cape) is seen in Fig. 5-83.
Here, for an average rough sea, the reflectivity approaches 20% near the horizon
Consequently, the emissivity remains at 80% or higher.

The radiance of the sea surface along an azimuth 90° from that of the sun, in day-
light for clear and for overcast conditions, i shown in Fig. 5-94.

Information is iacking on similcr observations for the radiance of the sea surface
at night. Howevcr, the variation of sky radiance with zenith. angle is similar day
and night, and the photographic reflectivity is about equal to the average for the in-
frared from 2 to 15 u (Fig. 5-€¢2). Consequently, the curves in Fig. 5-94 are instructive
becaiwe they show the general shape of that part of the radianc: of the sea surface
sl night due to the reflection of sky radiation. To thess curves must be added the
infrared radiance of the sea surtace due to its temperature.

G, 5-93. Reflection of solar radiation from a
fla. surface (o = 0) and a surface roughened by a
Beaufort 4 wind {0 ==0.2). The albedo R varies
from 0.02 for a zenith sun, ¢ (= 0°) to unity for
the 2un at the horizon (¢ = $0°) on a flat sea
surface. For a rough surface, shadowing and
multiple reflections become important factors
when the sun is low. The lower and upper
branches of the curve marked o = 0.2 represent
two assumptions regarding the effect of multiple
reflection. True values are expected to lie
between the indicated limits {38].
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F16. 5-94. The radiance of the sea surfac
M{u), divided by the sky radiunce at the
zenith, N,(0}, as a function of the vertical
angle u. The curves are computed for a fiat
(r = 0) 2nd rough (o = 0.2) surface for two
of the skv conditions illustrated in Fig. 5-93
[38].
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Examplce of the spectral radiance of the sez for day ard after sundown are shown
in Figs. 5-95, 8-96, and 5-97 [1].
For further data on sea-su.face geometry see [40].
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5.9.3. Sea-Surface Temperature Distribution. The tempcrature of the rea sur-
face determines the contribution of emission tu its tctal radiance. In arctic regions
this temperature is near 0°C; near the equator it ~ises to 29°C.  Currunts such as the
warm water of the Gulf Stream produce anomalies of several degrees centrigrade as
it flows into colder areas. However, in most infrared scenes of marine interest, it is
the radiance variation from point to point that determines the background against
which a varget is seen. Recent improvements in “thermal mappers” have shown details
of this variation which is usually caused by temperature differences over the sea sur-
face, but under some conditions reflected sky radiance predominates.

The temperature of the upper 0.1 mm of the sea surfac under evaporative conditions
has been measured as 0.6°C colder than water a few centimeters below [33] The
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F1G. 5-98. Thermal structure of the sea boundary ayer. Previous conditions: 12 hr
cnol (12° t2 15°C), no rain. Data taken during passage of warm front.

sharpest gradient is in the upper 1 mm (40]. Measurements typical for the condi-
tions noted are shown in Fig. 5-98.

The temperature of this layer with low heat capacity is determined by the rate of
evaporation, by radiation exchange, and by the flow of Leat from the air and frcm
below. It has been found experimentally that the presence of surfsze contaminatioas
reduces (slightly) the flow of heat from below so that a "slick” (a region in the sea with
enough surface contamination to alter surface tension) appears colder than adjacent
areas outside the slick.

Finally, the Sow of heat from below is also influerced by the cunvective activity of
the water layer above the thermacline.

5.9.4. Sky Radiance. For examples of sky radiance at night under clea:, overcast,
and other conditions refer to Sec. 5.2.

NOTES ADDED IN PROOF

5.1. Sky Ba-kgrounds. There is a moderate amount of literature on the spatia!
and temporal finctuations of the sky background [41-47].

3.2.1. Auvroral Spectra. It is difficult to investigate the aurora and airglow beyond
2.0 u because of absorption and thermal emission processes in the atmosphere. Ref:
erence (48] gives some predicted values for the 2.0-u to 3.5-u region. General reviews
and one case of an application are covered in (49] through (52].
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5.4.5. Specirel Distribution of Stellar Radiation. A useful source is {53], which
includes reference [21] as an appendix. Additional work oz infrared s%e!lar sources has
Leen don~ at Ohio State (54,55i. Reference [56] is a helpful catalog. Reference |57]
updates the parameters used in converting from visual magnitudes to infrared spectral
irrad:ance. Reference (58] is an example of an application. Other recent work is
that of Low and Johnson [59] in the 10-u to 20-i region and of Leighton [60). Reference
611 gives a 5-color statement of the magnitudes of 1300 bright stars.

One must st present use the visual magnitudes of brighi stars to compute their
infrared irradiance simpiy because the enormous job of caialoging the infrared emission
from all the stars has hardly begun. The present approach wili not adequately predict
tlie irradiance from massive cool stars whose infrared ragnitude might far exceed their
visutal magnitude [60].

5.5. The Earth 25 a Background. A comprehensive review of the unclassified
literaiure on earth-background measurements taken from aircraft, satellites, rockets,
and balloons is contained in [62].

5.8.2. Terrain Emissivity and Reflectivity. A complcic catalog of spectral re-
flectance data of terrain from all available sources, reduced ic a standard format of
presentation, is now available [35]. The report itself is very byiiky and has had limited

:

circulation. Howevir the data is on {.'2 at the Target Signatures Analysis Center,
Willow Run Taboratories, at The University of Michigan's Institute of Science aiid
Technolegy.
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