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Preface

The Infrared and Electro-Optical Systems Handbook is a joint product of the
Infrared Information Analysis Center (IRIA) and the International Society for
Optical Engineering (SPIE). Sponsored by the Defense Technical Information
Center (DTIC), this work is an outgrowth of its predecessor, The Infrared
Handbook, published in 1978. The circulation of nearly 20,000 copies is adequate
testimony to its wide acceptance in the electro-optics and infrared communities.
The Infrared Handbook was itself preceded by The Handbook of Military
Infrared Technology. Since its original inception, new topics and technologies
have emerged for which little or no reference material exists. This work is
intended to update and complement the current Infrared Handbook by revision,
addition of new materials, and reformatting to increase its utility. Of necessity,
some material from the current book was reproduced as is, having been adjudged
as being current and adequate. The 45 chapters represent most subject areas of
current activity in the military, aerospace, and civilian communities and contain
material that has rarely appeared so extensively in the open literature.

Because the contents are in part derivatives of advanced military technology,
it seemed reasonable to categorize those chapters dealing with systems in
analogy to the specialty groups comprising the annual Infrared Information
Symposia (IRIS), a Department of Defense (DoD) sponsored forum administered
by the Infrared Information Analysis Center of the Environmental Research
Institute of Michigan (ERIM); thus, the presence of chapters on active, passive,
and countermeasure systems.

There appears to be no general agreement on what format constitutes a
“handbook.” The term has been applied to a number of reference works with
markedly different presentation styles ranging from data compendiums to
tutorials. In the process of organizing this book, we were obliged to embrace a
style of our choosing that best seemed to satisfy the objectives of the book: to
provide derivational material data, descriptions, equations, procedures, and
examples that will enable an investigator with a basic engineering and science
education, but not necessarily an extensive background in the specific technol-
ogy, to solve the types of problems he or she will encounter in design and analysis
of electro-optical systems. Usability was the prime consideration. In addition, we
wanted each chapter to be largely self-contained to avoid time-consuming and
tedious referrals to other chapters. Although best addressed by example, the
essence of our handbook style embodies four essential ingredients: a brief but
well-referenced tutorial, a practical formulary, pertinent data, and, finally,
example problems illustrating the use of the formulary and data.

vii



viii  PREFACE

The final product represents varying degrees of success in achieving this
structure, with some chapters being quite successful in meeting our objectives
and others following a somewhat different organization. Suffice it to say that the
practical exigencies of organizing and producing a compendium of this magni-
tude necessitated some compromises and latitude. Its ultimate success will be
judged by the community that it serves. Although largely oriented toward
system applications, a good measure of this book concentrates on topics endemic
and fundamental to systems performance. It is organized into eight volumes:

Volume 1, edited by George Zissis of ERIM, treats sources of radiation,
including both artificial and natural sources, the latter of which in most
military applications is generally regarded as background radiation.

Volume 2, edited by Fred Smith of OptiMetrics, Inc., treats the propagation
of radiation. It features significant amounts of new material and data on
absorption, scattering, and turbulence, including nonlinear propagation
relevant to high-energy laser systems and propagation through aerody-
namically induced flow relevant to systems mounted on high-performance
aircraft.

Volume 3, edited by William Rogatto of Santa Barbara Research Center,
treats traditional system components and devices and includes recent
material on focal plane array read-out electronics.

Volume 4, edited by Michael Dudzik of ERIM, treats system design,
analysis, and testing, including adjunct technology and methods such as
trackers, mechanical design considerations, and signature modeling.

Volume 5, edited by Stephen Campana of the Naval Air Warfare Center,
treats contemporary infrared passive systems such as FLIRs, IRSTs, IR
line scanners, and staring array configurations.

Volume 6, edited by Clifton Fox of the Night Vision and Electronic Sensors
Directorate, treats active systems and includes mostly new material on
laser radar, laser rangefinders, millimeter-wave systems, and fiber optic
systems.

Volume 7, edited by David Pollock, consultant, treats a number of coun-
termeasure topics rarely appearing in the open literature.

Volume 8, edited by Stanley Robinson of ERIM, treats emerging technolo-
gies such as unconventional imaging, synthetic arrays, sensor and data
fusion, adaptive optics, and automatic target recognition.
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Introduction

This volume contains four chapters derived from Chapters 1, 2, 3, and 20 of the
original Infrared Handbook. Volume 1isintended to provide a foundation for the
treatment of sources of radiation for use in later volumes on systems and
applications.

Chapter 1, as well as Chapters 2 and 4, were written in 1991 with a final
review in 1992. They were especially updated to reflect the influence of the
powerful new calculatory and computational capabilities now available.

Chapter 1 presents and discusses general calculational procedures with
blackbody radiators, but the treatment has been extended to include a review of
the basics of line and band spectral radiators.

Radiometric data are discussed in Chapter 3 on natural sources, which was
written well into 1992 by Kryskowski and Suits. They introduce a newly
developed emphasis on models and modeling methods.

In 1992 dramatic demonstrations of the new space-based radiometric
instruments were obtained. This development in precision radiometry is briefly
reviewed and referenced in Chapter 4.

The editor is grateful to the authors and to the many reviewers for their efforts
to attain this goal.

George J. Zissis
January 1993 Ann Arbor, Michigan

xiii
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Radiation Theory

William L. Wolfe
Optical Sciences Center/University of Arizona
Tueson, Arizona
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RADIATION THEORY 3

1.1 INTRODUCTION

This chapter deals with blackbody radiation in its various forms because it is
the fundamental radiative process for all equilibrium radiators. In addition to
discussing the various forms, we discuss some of the radiometric properties of
materials, radiometric temperatures, and some of the many radiative processes
that exist in gases, liquids, and solids, but this treatment here is surely not
complete or exhaustive.

First a description of nomenclature and symbols is given. The reader is
again cautioned that this is not all-inclusive, and some systems use the same
words for different meanings than are given here and different words for the
same meanings. The Queen of Hearts lives in spirit, and people make words
mean exactly what they want them to mean, no more, no less.

Blackbodies are fundamental thermodynamic radiators. Thus, their descrip-
tions in Sec. 1.2 are relatively complete. Expressions are given for calculating
the various types of blackbody quantities, wavelength distributions, total in-
tegrals, maxima, contrasts, power, and photons. The change with temperature
is described for both BASIC and spreadsheet programs for band-limited
calculations.

Real materials transmit, reflect, emit, absorb, and scatter in their own spe-
cial ways. Real radiator properties and the methods of describing the different
spectral and geometric distributions are presented in Sec. 1.3. Section 1.4
describes radiative transfer for different geometries.

Temperature is a very common concept, and various radiometric tempera-
tures are used in the field. Hence, it is measured and described radiometrically
in several different ways. Some of these ways are described in Sec. 1.5, as well
as information about how these radiometric temperatures vary from true ther-
modynamic temperatures.

The radiative processes of atomic and molecular gases and solids that are
of the most importance to the infrared spectrum are presented in Sec. 1.6.
Many books have been written on the classical and quantum theories of just
some of these processes and this section is merely a brief review.

The references at the end of the chapter are meant to be representative. An
effort has been made to provide references to a variety of sources, which will
surely entice the interested reader.

1.1.1 Radiometric Symbols and Nomenclature

Many nomenclature schemes are used for characterizing radiometric symbols.
The reader should be aware that the system described here is not unique.
Other scientific disciplines have chosen other words and other symbols for
similar and even identical concepts. Two recommendations are made here. The
first is that in reading, the reader write down the units of each of the concepts
described by the author to make sure the radiometric concepts and quantities
are well defined and consistent. The second recommendation is that the reader,
as an author, carefully define appropriate terms at the outset of every article
he or she writes.

Table 1.1 gives the symbols, nomenclature, and units for radiometric quan-
tities. One of the most basic of the radiometric quantities is radiant energy.
This is usually denoted by the symbol @ or U. Then the (volume) density of
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Table 1.1 Symbols, Nomenclature, and Units

Symbol Description Units
B Rotational constant em™?!
c Constant —
c Speed of light in vacuum ms~}
c1 First radiation constant W cm?
c2 Second radiation constant cm K
E Incidance [irradiance] W m~2
h Planck’s constant Jds
1 Radiance intensity W sr!
Iy Moment of inertia g cm
i Running index, 1, 2, 3, ... —
K, L, M|N Atomic shell designations —
k Boltzmann constant JK!
k Force constant Jm™2
k Radian wave number m~!
L Radiance [sterance] Wm2sr?
l Orbital quantum number —
M Radiant exitance [emittance] Wm~?
m Integers 1, 2, 3, ... —
m Magnetic quantum number —
m Reduced mass g
n Principal quantum number —
P Pressure P
P& Flux Js LW
P() Legendre polynomial —
Q Quantity Various
q Volume density of @ Various, m 3
R Distance m
R General radiometric variable Various
Ry Rydberg constant for hydrogen em ™!
R() Radial wave function —
r Axial distance m
S Line strength —
T Temperature K
U Energy J
u Energy density Jm™3
x Dimensionless frequency = co/AT —
y General spectral variable Various
a Absorptivity —
al) Absorption coefficient em™?!
A\, Av Bandwidth pm, em ™}
3 Emissivity —
L Variable of integration —
o0) Azimuthal wave function —
(] Angle r, deg
A Wavelength pm
v Frequency Hz
v Wave number cm”™
™ 3.14159... —
p Reflectivity —
o Stephan-Boltzmann constant Wm2K™¢
T Transmissivity —
®() Angular wave function —
¢ Angle r, deg
1 Solid angle ST
Q' Projected solid angle sr
Superscripts:
BB Blackbody
Subscripts:
b Bidirectional
h Hemispheric
q Photonic
s Specular
u Energetic
v Visible
A Wavelength
L Indicating a property with infinite

number of passes
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radiant energy is denoted by g or u. The flux is the time rate of change of the
energy, the power, and it is given the symbol P or ®. Many prefer the former
for its ease in typing and its representation of power, while others prefer ® as
a better representation of flux (®lux?). The latter is the recommendation of
the international standardization body.! Flux density is usually used to in-
dicate the flux per unit area, the areal density. There seems to be no recom-
mended symbol for the general quantity of flux density, only the incident or
exitent values. These are called radiant incidance or irradiance and radiant
exitance or radiant emittance. In the rest of this chapter irradiance and ex-
itance will be used, followed by the others in brackets. The flux per unit solid
angle is called the intensity; the flux per unit projected area and per unit solid
angle is called radiance or sterance. The two alternate words will be handled
the same way: radiance [sterance].

These represent a sufficient set of symbols for the description of radiative
transfer, but it has been suggested that a special name be used for the flux
per unit area and solid angle that is both reflected and emitted from a surface.
The term is radiosity. Most workers use radiance to indicate this concept, and
specify emitted and reflected radiance when necessary for clarity. In a medium
that emits or scatters, the radiance changes with path length, and this is
characterized by specifying the path radiance, which has units of radiance per
unit path length, or watts per square centimeter per steradian per centimeter,
for instance. This quantity is called alternately path radiance and sterisent.

Table 1.2 lists the various commonly used radiometric terms with their
definitions and preferred symbols, based on the recommendations of the CIE

Table 1.2 Radiometric Terms

Name Symbol | Definition Expression Units Alternates
Quantity QU Radiant Joule [J]
energy
Flux ®, P | Time rate of Q Watt [W]
quantity ot
Flux density Flux per unit o W m2
normal area A
Exitance M [W] | Exitent flux ad Wm™2 Areance
density A Radiant emittance
Incidance E [H} | Incident flux b Wm™2 Areance
density A Irradiance
Intensity 1[J] Flux per ad W sr—2 Pointance
solid angle 30
Sterance L [N] | Flux density ER) Wm2sr! Radiance
per solid c0s03A0()
angle
Sterisent Sterance per a°p Wm3sr?! Path radiance
' unit 0s62A4Q4]
pathlength
Fluence exposure Incidance oQ Jm™2
times time A
Radiosity Emitted and a%P Wm2gr? Radiance
reflected c0s09A ) Sterance
radiance
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and the promulgations in the United States by the American National Stan-
dards Institute.? Also given in brackets are the former sgfmbols, still used in
much of the literature, and the alternates suggested by Jones® and by Nicodemus.*

1.1.2 Use of Subscripts

Each of the radiometric terms has a certain spectral characteristic. The ra-
diance may be on a wavelength-by-wavelength basis, in which case it is called
the spectral radiance. It may be for the entire spectrum, in which case it is
called total radiance, or it may be for a specific spectral band, in which case
it is called weighted or band radiance, and may be visible radiance (luminance)
if that is the weighting. If the radiometric quantities are spectral and the
context is not clear, then a subscript indicating wavelength or frequency should
be appended. If it is for a specific waveband, then that waveband should be
appended. Usually, if it is for photon (quantum) flux quantities, a subscript g
should be affixed to indicate this. If it is for a luminous quantity, then a
subscript v should be affixed. Often, if the context is clear, the subscript is
omitted. Usually, in the infrared the subscript is omitted if energy is the basic
quantity, and a g is used as a subscript if the quantity is photons. It is some-
times important to note that the subscript A (or any other spectral variable)
indicates a differentiation, a distribution of the quantity. For example,

aL
L, = T 1.1

However, any weighted quantity, like visible or erythemic, is represented as
L, = jo WQOOLA(\) dA 1.2

where W is the spectral weighting function.

1.1.3 Fluometry

In 1963 Jones® introduced the concept of fluometry and generalized the concepts
of energy and power transfer. He pointed out that the various geometrical
quantities occur independently of whether the basic quantities are energy,
photons, the variation in these quantities, electrons, or others. Therefore, he
described flux as, whatever its quantity, the time rate of change of that quan-
tity. The flux density is the areal density of the flux. He then coined two words:
exitance for the emitted flux density and incidance for the received flux density.
The flux per unit solid angle he called radiant intensity, and the flux per unit
area and per unit solid angle, formerly called radiance, he called sterance for
the generalized quantity. The path radiance was dubbed the sterisent. This is
a little esoteric but very useful. The adjectives now take care of everything.
One has, for example, radiant sterance, visible sterance, electron sterance,
photon sterance, and so on. The same system can be used for exitance, incid-
ance, and sterisent.
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1.1.4 Nicodemus System

As an application and extension of Jones’s fluometric system, Nicodemus sug-
gested several modifications.* He suggested that intensity be replaced by point-
ance and flux density be replaced by areance. Although these modifications
have been used, no widespread acceptance has occurred.

1.1.5 Chinese Restaurant System

To represent as clearly as possible the full description of radiometric terms,
Geist and Zalewski® suggested a system whereby many modifiers are used.
They suggested the use of four terms for every quantity, thus four columns of
a table. One describes the spectral nature of the quantity, another the origin,
a third the geometry, and the fourth the type of flux or the quantity. This is
akin to selecting a variety of different entrees in a Chinese restaurant and,
thus, the name. Table 1.3 shows a list of some of the terms. For example, one
would choose (initially) one word from each of the columns, such as scattered,
spectral, energetic radiance.

Table 1.3 The Chinese Restaurant Nomenclature

Source Spectrum Quantity Geometry
Incident Spectral Energetic Radiance
Scattered Photopic Entropic Incidance
Emitted Weighted Photon Flux density

1.1.6 Photometric Terms

Terms used in photometry have an old and venerable lineage, but they are
also overly complicated and somewhat esoteric. To simplify the spoken and
written language, many terms have been invented as shorthand for longer
ones, and early workers have been honored by having certain quantities named
after them. The basic photometric quantity is the lumen or light watt. It is
now defined® as 680 lumens per watt times the integral of the spectral flux
weighted by the spectral response of the eye, called the luminous efficacy. It
may be written

L, = LL)‘O\)KO\) d\n (1.3)

where K(\) is the response of the eye:

q))\,v()\)

KM = By )

= V(MEKmax , (1.4)

where Kmax is maximum; V(\) is the normalized function; and the function
extends from 380 to 780 nm, and is zero elsewhere. The value of Kn.x, as stated
previously, is 680 lumens per watt. This definition replaces the earlier one
based on the output of a blackbody at the temperature of freezing platinum.”
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Table 1.4 Basic Photometric Terms

Generic Photometric

Quantity Symbol Name Unit Name Abbreviation

Quantity Qv Luminous energy Talbot

Flux P, d, Lumen Im

Exitance M, Luminous exitance Lumen m 2 lux, 1x
Lumen ¢cm 2 phot, ph

Incidance E, Illuminance Lumen m 2 lux, 1x
Lumen ¢cm~? phot, ph

Intensity I, Luminous intensity Lumen sr™! candela, cd

Sterance L, Luminance Lumen sr~! cm 2 nit

Fluence Luminous fluence Talbot

Exposure Exposure Talbot m ™2

The basic energetic-type quantity, the luminous energy, is the lumen second,
also called the talbot. Luminous energy density is given in lumens per cubic
meter or cubic centimeter. The number of lumens per square meter is called
a lux, while a lumen per square centimeter is a phot, and a lumen per square
foot is a foot-candle. This is because a unit of luminous intensity is a candela,
and the illuminance one foot from a source of one candela (one candle) is one
candela per square foot. Table 1.4 gives a summary of the basic units in
photometry. Note that a stilb is 10,000 nits, or one lumen per steradian per
square centimeter. An apostilb is just « times a stilb, accounting for the re-
lationship between the luminance and illuminance of an isotropic radiator. A
lambert is 1/7 times a stilb for similar reasons.

1.2 BLACKBODY (PLANCKIAN) FUNCTIONS

The blackbody or Planck equation was one of the milestones of physics.® It is
also an extremely important part of many infrared calculations. It can be
represented in different ways. This section provides a number of the various
forms and the constants and coefficients that go with them. Several BASIC
programs for generating various spectral radiometric curves are listed in
Sec. 1.2.9.

1.2.1 Spectral Radiant Exitance and Radiance

The usual form of the equation is in terms of the radiant exitance as a function
of wavelength:

C1
M, = ——— | 15
A )\5(ex _ 1) ( )

where

x = co/\T . (1.6)
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Here c; is the first radiation constant and c2 is the second radiation constant.
They are given by® (values of the physical constants are from the same reference):

¢ = 2mc?h = 3.741844 x 10* [Wem™ 2 pum™'], (1.7

I

co = he/k = 1.438769 [cm K] , (1.8)
where c is the speed of light in vacuo, h is Planck’s constant, k is Boltzmann’s
constant, and T is the temperature in kelvins. The radiance of a blackbody is
numerically 1/x times the radiant exitance. Thus, one can write

2c%h
Iy= 5 . 1.9
TN - D) (1.9

1.2.2 Conversion to Photons

These same equations can be written in terms of photons. In this case, for
monochromatic light, the equation in terms of photons is the equation in terms
of energy divided by the energy of a photon, which is Ac/A:

2¢
Lo = , 1.10
(28 )\4(ex _ 1) ( )
2mre
My = 54— . 1.11
[*28 )\4(ex _ 1) ( )

1.2.3 Spectral Scale Conversions

Sometimes it is useful or necessary to write the equation in terms of spectral
variables other than wavelength. The conversion is carried out by the following
relationship, where R is any radiometric variable and x and y are any two
spectral variables:

Rydy = Ry dx , (1.12)
dx
Ry = Rx<d—y) : (1.13)

An example will illustrate. To convert from spectral radiant exitance in wave-
length to wave number 7, we perform the following calculation:

d\

5 (1.14)

M; = M)\

?

AN=1/, (1.15)
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d\ 1

priial A A2, (1.16)
2 -3

- C1A civ (1.17)

M —1) (- 1)

1.2.4 Conversions to Other Geometries

The several forms of the blackbody relationship are radiant exitance, radiance,
and energy density. To convert from radiance to radiant exitance for an iso-
tropic radiator, such as a blackbody, multiply the radiance by = [sr]. To convert
from energy density to radiant exitance in vacuo, multiply the energy density
by c/4. The same relations hold true for photon and visible quantities. These
are geometric relationships, fluometries. They also hold true, of course, no
matter what the spectral scale. Thus, the general relationships can be written

M =L, (1.18)

M = cu/d . (1.19)

1.2.5 Universal Curves and Equations

Each of the different spectral distributions has a different equation. Each
different temperature has a different curve. It is often useful to bring things
to a common ground, to obtain, as much as possible, a universal curve or
equation. For blackbody functions, there is no such thing, but some normali-
zation can be carried out for some convenience in applications. The spectral
curves can all be plotted in terms of either x or AT, the common variable. This
can be seen by carrying out the spectral variable conversion from \ to x, as
follows:

o\

M. = M, ox

4

3
61<T> —x—“' . (1.20)

c2) (e — 1)

A plot of the function in terms of x is a single curve. The actual value must
be obtained by multiplying by ¢; and the fourth power of T/ca. The peak value
occurs at about x = 2.82 (as shown in Table 1.5), and the value of the integral
at that point is 1.4214. Thus, the curve can be normalized to these values.
This is one form of a “universal” curve. With such a curve, or table of values,
we can calculate x based on given values for A and T. Then we read the ratio
of the value to the maximum and multiply by the maximum and the required
constants to find the desired value. A program (see Sec. 1.2.9) is easier, but
this is more portable. A similar situation exists for photons, but the maximum
occurs at x = 1.59 and has a value of 0.6476. The constant is c; times TVcs to
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the third power. Two more similar functions for the cumulative energy flux
and photon flux exist. This makes four “universal” functions.

Four more universal functions exist. They are plots of the analogs of the
four above, but for the contrast functions.

1.2.6 Contrasts

The contrast may be defined as the change in the spectral radiance (or other
radiometric variable) as a function of temperature. It is the temperature de-
rivative of the function. By taking the derivative directly, it may be shown
that

oR, xe” dT
6—7‘—— = mR‘y = X T , (1.21)

where R is any spectral radiometric function, radiance, radiant emittance, etc.,
and y is any spectral variable. The approximation holds for large enough values
of x. These functions indicate the change in any spectral radiometric function
with temperature; they are useful in the evaluation of systems that sense
temperature differences. A closely related term is the relative contrast, which
may be defined as

dR)\ _ xex _(%_7_1
BT I (1.22)

Once again, R is any radiometric function, e.g., M, L, E, I, with respect to any
spectral variable, not necessarily \. This relationship points out that the rel-
ative change of a radiometric variable is not linearly related to the relative
change in temperature. Rather it is a function of the temperature and the part
of the spectrum, inherent in the variable x.

1.2.7 Maxima

The maxima of the Planck functions in the spectral domain may be found by
differentiating with respect to the spectral variable, setting the result to zero,
and solving the equation. The well-known result for the wavelength distri-
bution is known as the Wien displacement law, and is written

Amax] = 2897.885 [um K] . (1.23)

This is obtained from the solution described above by successive approxima-
tions to the solution given by

=5 . (1.24)

The result is that x is 4.96511423. Therefore the Wien displacement law may
be written more accurately as

Amax] =¢2/4.96511423 = 2897.756 [um K] . (1.25)
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Table 1.5 Maxima for Different Planck Functions

Spectral
Function Variable m Xmax Roax
Photons Frequency 2 1.593624260 0.6476
Power Frequency 3 2.821439372 14214
Photons Wavelength 4 3.920690395 4.7796
Power Wavelength 5 4.96511423 21.2036
Power contrast Wavelength 6 5.96940917 115.9359

The maxima are different for different functions. It may be shown that the
maximum is given by the following relationship, where m represents the power
of the spectral variable in the equation for radiance or radiant emittance:

xe”
e* -1

= |m| . (1.26)

A similar treatment can be developed to obtain the expression for the maximum
of the contrast functions, the temperature derivatives:
xe®

pca (1.27)

x+m+1
2

The values of the maxima for the different spectral distributions are displayed
in Table 1.5. The entry for Rmax is related to the maximum of the function.

1.2.8 Total Integrals

It is usually more useful to know the value of the total power emitted from a
body, rather than its spectral extent. The well-known Stephan-Boltzmann law

gives the total radiant exitance as
M = oT*, (1.28)

where o is the Stephan-Boltzmann constant. It has been evaluated'® and is
given by

_ ok _ -8 -2 174
0= Ea 5.66961 x 10 [Wm™“ K . (1.29)
This expression permits the evaluation of sigma to any desired accuracy (at
least to that of the fundamental constants). A similar expression can be ob-
tained for the total output of photons:

_ 2.4041Q2wk°T?)

o7 = 1.5202 x 10" [s7'm7?] . (1.30)

M,
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1.2.9 Computer Programs

This section provides a listing of the programs that can be used for generating
the various spectral radiometric curves, the universal curves, and the integral
expressions. Figure 1.1 is a plot of the expression xe*/(¢" — 1) as a function of
x and therefore shows the normalized temperature contrast for different parts
of the spectrum. This is the first BASIC program given at the end of this
chapter. Figure 1.2 is a plot of the spectral radiant exitance [emittance] as a
function of wavelength. It is generated by the second of the BASIC programs
listed at the end of this chapter. They are written in QuickBasic for a VGA
monitor. For other monitors the SCREEN instruction and limits on the VIEW
instruction may have to be changed and some of the instructions rewritten,
but it is fairly general. The program can be used for generating either a plot
with the PSET instruction or a table by REMARKING the PSET instruction
and unREMARKING the PRINT instruction. The spectral interval may be
changed by changing the STEP value in the lambda FOR loop. The constants
may be changed as the user desires. All the LOCATE instructions will have
to be changed if the user desires a different set of temperatures for the program.
Figure 1.3 is a plot of spectral radiant exitance [emittance] as a function of
wave number. The only part of the program that is different is the settings of
the WINDOW values and the FOR loop that calculated the values. The values
of this spectral radiant exitance [emittance] are much smaller than those for
the wavelength because the spectral interval is much smaller. Figure 1.4 is a
logarithmic plot of the spectral radiant emittance [exitance] as a function of

0.5

xexp(x)/(exp(x)-1)

0 5 10

Dimensionless Frequency

Fig. 1.1 The expression xexp(x)/[exp(x) — 1] versus x.
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Fig. 1.4 Spectral radiant exitance versus wavelength.

the wavelength. It illustrates the fact that the curves are all the same shape
in this scale. They merely slide along the line that represents the Wien dis-
placement law, which in this scale is a straight line. Figure 1.5 is a similar
curve for the spectral radiant exitance [emittance] on a wave number basis.

The next two curves are so-called universal ones. Figure 1.6 is a plot of the
spectral radiant exitance [emittance] as a function of x, and normalized to its
maximum value of 1.4214 at its (dimensionless) frequency of 2.8214, as given
in Table 1.5. To obtain a value for a particular wavelength or wave number
and temperature, calculate x; find the fractional value from this curve or table
at that x; then multiply by 1.4214 and the appropriate version of the constant,
such as c1(T/c)* for the wavelength distribution. Figure 1.7 is a similar curve
for the photon distribution. Figures 1.8 and 1.9 are the cumulative curves for
the energy and photon distributions, respectively. They have both been gen-
erated using the series calculation for the integral. This approximation arises
as follows. The Planck function can be written in terms of the dimensionless
frequency x as follows:

3
M, = 01<Z) r . (1.31)
C2

The integral may then be written as

x 3
Mo, = c—iT‘*j X dx . (1.32)
cz “oe — 1
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Fig. 1.9 Normalized photon exitance versus dimensionless frequency.

The integrand may be represented as an infinite geometric series:

T B> e, (1.33)

Then the integral may be integrated successively by parts to yield the result:

X 3 ©
folexx 7% = Slmx)® + 3(mx)? + 6(mx) + 6le”™m™* . (1.34)
- 1

The integral in any spectral band can then be found by integrating from 0 to
x1 and from O to x2 and subtracting. Other forms are found the same way. Any
integral applies for any spectral function, but they are different for energy,
photons, energy contrast, and photon contrast. They are

3

My = 2m—f—3 S (mx)? + 2mx + 2le”™m ™3, (1.35)
2m=0

3 o
Mo« ‘%T— > [(mo)t + 4(mx)® + 12(mx)?
aT C2 m=0

(1.36)
+ 2dmx + 24le ™ m ™t ,

2 x
an?;_x - ZTrccaT 2 [(mx)? + 3(mx)® + 6mx+ 6le ™ m ™% . (1.37)
2 m=0
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Other methods have been used to obtain these functions,'! but these have been
found to be accurate when the convergence criterion requires that the next
term be less than 108 of the sum of the series to that point. When the values
of x are extremely high or low, rounding errors in the computation can affect
the accuracy. The range of x from 1 to 15 seems to be entirely satisfactory.
Figures 1.10 through 1.13 are for the spectral and cumulative power and photon
contrasts.

These equations may also be evaluated on spreadsheets. Spreadsheet pro-
grams do not like to iterate and usually describe such a situation with the
diagnostic “Unable to resolve circular references” Thus, the simple way to
handle the same algorithm, using the series approach, is to lay out the terms
and look to see if convergence has occurred. An example that calculates ra-
diance is given in Tables 1.6 and 1.7. The first shows the values; the second
shows the formulas. In Table 1.8, cells Al through A25 indicate what is being
calculated or input. Row 2 indicates the required atomic constants, which must
be inserted in the cells just below them, in row 3. The B5 value is the required
temperature and B6 and B7 show the short and long wavelengths. The entry
in B8 is the calculated value of x for the short wavelength, the dimensionless
frequency. Row 9 displays the set of iterative constants m; row 10 displays the
calculated values of mx; and row 11 displays the m’th term of the series. Row
12 is the running series sum, a higher order sum in each successive cell across
the row. Row 13 is the ratio test. Notice that for this example, the series
converges satisfactorily at the fourth term, although eight are calculated. Rows
15 through 20 are exactly the same as 8 through 13 but represent the upper

1

Normalized \
Radiant 0.5

Contrast / \

AN

0 5 10 15

Dimensionless Frequency

Fig.1.10 Normalized spectral radiant contrast versus dimensionless frequency.
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Fig. 1.12 Normalized radiant contrast versus dimensionless frequency.
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Fig. 1.13 Normalized photon contrast versus dimensionless frequency.

wavelength. B22 calculates the constant for radiance; B23 calculates the fourth
power of the temperature divided by the second radiation constant; B24 is the
difference of the two sums; and B25 is the product of the last three terms, the
integral between the limits—the answer!

1.3 PROPERTIES OF RADIATORS

Equilibrium radiators are all limited by the blackbody relationships. Emis-
sivity describes the efficiency with which they radiate. Absorptivity describes
the efficiency with which they absorb. Reflectivity refers to the efficiency with
which they reflect, and transmissivity to their transmission efficiency.

1.3.1 Nomenclature

One school of thought!? prescribes that the words used to describe the various
radiometric properties of materials should have very specific meanings, es-
pecially their endings. Thus, any word that ends in ion describes a process:
transmission, absorption, emission, and reflection. Any word that ends in ance
represents the property of a specific sample. Any word that ends in ivity rep-
resents a property of the generic material. Certain difficulties are inherent
with this scheme. One is that emittance is used by some to mean a flux density;
in this scheme, however, it also means a radiation efficiency. The use of exitance
for the process or emissance for the property solves that problem, but it does
not resolve the issue of the perfectly representative sample. The reflectivity
of a material, for instance, must have been measured on a sample that has
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been sufficiently well polished that it does not affect the measurement. It is
impossible to accomplish this for all samples if the measurements are of suf-
ficient accuracy. For these reasons, not everyone abides by the teachings of
this school.’®

1.3.2 Emission, Emittance (Emissance?), and Emissivity

The emission of a sample will at best be that of a blackbody, the perfect emitter.
The ratio of the emission of a sample to that of a blackbody at the same
temperature and in the same spectral interval is defined as its emissivity.
There are several varieties of emissivity: spectral, total, weighted, directional,
and hemispherical. Spectral, weighted, and total emissivity describe the spec-
tral distributions, while directional and hemispherical describe the geometrical
distributions. A hemispherical emissivity is the ratio of two radiant exitances
[emittances], while a directional emissivity is the ratio of two radiances [ster-
ances]. The latter is a measure of the efficiency of the body in a given direction.
The former is the efficiency of radiation into the entire overlying hemisphere.
Spectral emissivity is defined as either of the geometries on a wavelength-by-
wavelength basis. Weighted emissivity is defined over a spectral region, and
total emissivity refers to the entire spectrum. The spectral, directional emis-
sivity is defined as

Ly(\,8,4)
NOLD) = . 1.38
esd(A,0,0) LEB000.0) (1.38)
The spectral, hemispherical emissivity is defined as
M\(N)
A = . 1.39
8sh( ) M?B()\) ( )

For total quantities, the numerators become the infinite integrals and the
denominators the expressions for total radiation:

w fo L) dx
B= (1.40)

f:Mx(X) d\

1 (1.41)

€th =

1.3.3 Absorption, Absorptance, and Absorptivity

The same definitions and descriptions apply to absorption because, by Kirch-
hoff’s law, emission and absorption are equal when the same conditions apply
for both. In the equations above, simply replace a for ¢ and E for M.
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1.3.4 Reflection, Reflectance, and Reflectivity'*

Reflection is a bidirectional process. One must describe both the incident and
the exitent geometries. The spectral descriptions of spectral, weighted, and
total reflectivity are the same as for absorption. Specular reflectivity is defined
as the ratio of flux or flux density in the reflected beam to the same quantity
in the incident beam. The light, of course, moves in the direction dictated by
Snell’s laws. Diffuse reflectivity relates to scattered light. The ratio of the light
collected in the entire overlying hemisphere to an incident beam is called
directional-hemispheric; hemispherical-directional is the reverse, and they are
equal by virtue of Helmholtz’s reciprocity theorem.!® Bihemispherical reflec-
" tivity relates to both incident and reflected light covering the entire hemi-
sphere. The bidirectional reflectance distribution function (BRDF) is defined
as the reflected radiance divided by the incident irradiance.!® It is a function
of both angles of incidence and of reflection and has the units of reciprocal
steradians, although it is dimensionless. The specular spectral reflectivity may
be written

M{eﬂ
5 = T 1.42
Pss e ( )
The total specular reflectivity is
fo M) di
Pte= o - (1.43)
Jo EY(\) d\
The bidirectional reflectivity (occasionally denoted as f;) is
refl
_ L™, br) (1.44)

b~ E™0;, ¢;)

It may be thought of as the reflectivity per solid angle, and has the units of
reciprocal steradians. It can have any of the spectral representations described
above.

1.3.5 Transmission

The definitions of the various kinds of transmission follow those of reflections
exactly.

1.3.6 Kirchhoff's Law

In 1860 Kirchhoff'” pointed out that for equilibrium conditions the absorptivity
of a sample is exactly equal to its emissivity. This applies to total and spectral
quantities, to each polarization component, and for each direction.
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1.3.7 Interrelationships

For a plane parallel plate, taking into account all the interreflections, the
transmission for unpolarized light is given by'®

_a - P21

Sl L 1.45
1= o (1.45)

Too

where 7« is the transmission of the plate taking into account all the reflections,
7 is the single-pass internal transmission of the sample, and p is the single-
surface, Fresnel reflectivity of the sample. The reflectivity under these con-
ditions can also be found to be

(1 . p)272p
> =P - 55 - 1.46
P 1 — pe? ( )
The effective emissivity for this set of conditions is found to be
1-p@ -
SN Sl J1¢ Sl (1.47)
1 - pr

The conservation of power requires that the sum of the absorbed, reflected,
and transmitted power be equal to the incident power, so that one can write

a+p+T=1. (1.48)

This is certainly true for total power and hemispherical quantities. Under
equilibrium conditions it is true for spectral quantities. If there is scattering,
it is not true for directional quantities, nor can one relate a hemispherical
reflection to a directional emission. It is not true for each component of polar-
ization either.

1.4 RADIATION GEOMETRY

The fundamentals of radiative transfer for simple geometries are given in the
following subsections.

1.4.1 Transfer Equation

The fundamental equation of radiative transfer may be written as follows for

a vacuum:

_ L dAi cosby dAg cosby

dd 2

(1.49)

The differential element of power d® is transferred from the differential area
dA1 to dAs according to the product of the radiance and the projected areas
and the reciprocal of the square of the distance R between them. The radiance
may be any of the different varieties discussed in Sec. 1.1—energy, photon,
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visible, weighted, spectral, etc. The equation may be written other ways. It
may be written in terms of either differential area and the corresponding solid
angle:

d® = L dA1 cosbi dQs
=L dQ; dAs cosbsy . (1.50)

It may be written in terms of either area and the projected solid angle:

dd = dA; dO
= L d0} dA; . (1.51)

In each case the projected solid angle is the area divided by the square of the
distance and multiplied by both cosines. The quantity that multiplies the
radiance is called the throughput or the etendue.

In a vacuum the radiance has been shown!® to be constant, no matter how
the solid angles and areas are changed. If the radiance is constant, then by
conservation of energy, the throughput must also be constant. It is an invariant
of the system, and is closely related to the Lagrange and Helmholtz invariants2°
of optical systems. When media of different refractive indices are involved, the
basic radiance is invariant.?! It is equal to the radiance divided by the square
of the refractive index. The throughput must then be defined as the square of
the refractive index times the area—solid angle product. The equation in this
form still applies to a nonabsorbing, nonscattering, nonemitting medium,

1.4.2 Isotropic Radiators

The equation may be applied to an isotropic radiator, which has a radiance
that is independent of angle. This is often called a Lambertian radiator. By
direct integration, we find that for a circularly symmetric system the flux
density in a cone of half-angle 6 is given by

M = Lz sin? . (1.52)

The radiant exitance [emittance] into the entire overlying hemisphere is given
by

M ==L . (1.53)

1.4.3 Anisotropic Radiators

There are no truly isotropic radiators. Their degree of directionality can be
nicely approximated by a cosine series with appropriately determined coeffi-
cients; that is, the radiance may be written as

L(®) = > L; cos'd . (1.54)

It is the sum of each radiance amplitude L; with a distribution that may be
described by the i'th power of the cosine, cos'6. For i = 0, the first term
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represents the isotropic surface. The succeeding terms represent more direc-
tional radiators. The relations between radiance and radiant exitance [emit-
tance] then are given by the following two equations, one for a specified cone
half-angle » and the other for the hemisphere:

M

I

__L_L'_ _ i+2
2':rzi+ 2(1 cos' " “0)

L;
2172i+ 5 - (1.55)

1.4.4 Isotropic Disks

The relation between the radiance and the flux density for a differential ele-
ment and an isotropic disk is the same as for the differential element and a
hemisphere. The solid angle is determined by the perimeter of the intercepted
area and not the internal shape—convex, concave, or undulating. The rela-
tionship may be put in a way that provides additional insight. The isotropic
disk of radius r is placed an axial distance R away from the differential element.
Then

2 2
_ o0 _ r _mr L 1
M = «L sin“0 'rrLR2 2 R 1+ GRE (1.56)

The term nr? represents the area of the disk, L the radiance, and the denom-
inator the inverse square law. This first part of the equation is classical inverse
square radiometric transfer. The next term is a correction term that takes into
account the finite size of the disk. It may be expanded and rewritten as intensity
to give the following series representation:

M = 1—%[1 — (rR? + (PR — + .1 . (1.57)

1.4.5 Configuration Factors

A large number of so-called geometric configuration factors,?? angle factors,
or interaction factors have been developed for heat transfer applications. They
deal with various geometries for isotropic radiators. These can sometimes be
used as beginning points for more complicated designs. The basic equation of
transfer can be written in terms of the radiance exitance [emittance] for an
isotropic source as

dAq cosf1 dA2 cosds

¢=M Fn'RZ

(1.58)

The geometric configuration factor (GCF) is the entire fraction that multiplies
M. In this definition, it is 1/7 times the throughput. Unfortunately, these
extensive tables?3:24 only apply to isotropic transfer.
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1.4.6 General Geometric Transfer

The general case must be treated by computer programs, generally with some
form of finite element treatment. The chief difficulty with such programs is
the definition of the boundaries.

1.5 RADIOMETRIC TEMPERATURES

Since temperature is a well-known concept, several “effective” temperatures
have been defined. They are generally the temperature a particular body would
be if it were a blackbody and radiated the equivalent amount of some radio-
metric quantity. These temperatures are radiation temperature, brightness
(radiance) temperature, distribution temperature, and color temperature.

1.5.1 Radiation Temperature

The radiation temperature? of a body is the temperature of a blackbody that
emits the same amount of total radiation. It would seem that a better monicker
would be total temperature. If M is the total radiation of the body in question,
then the radiation temperature T is given in terms of the thermodynamic
temperature by

Yy
g

For a graybody, this may be written as
T, = e"T . (1.60)

For a colored body, the expression is

oo IA
T, = [o*l f gl "% — D! d)\] ) (1.61)
0

The relative error for a graybody is given by

RE=1—T7—:'=1—81/4. (1.62)

The detailed evaluation requires knowledge of the constant value of the gray-
body emissivity.

1.5.2 Radiance Temperature

Radiance temperature?® has traditionally been called brightness temperature
when the applications are in the visible part of the spectrum. It is defined as
the value of temperature from a blackbody that has the same output as the
real body at a specific wavelength. Monochromatic temperature would seem to
be a better name. For many cases in the visible region a particular wavelength,
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about 600 nm, is assumed. In the more general case, both the value and the
wavelength must be known and cited. Based on the Planck equation, the
“brightness” temperature is given implicitly by

c1 _ e(\)c1
Mlexp(ca/ATp) — 11 NS[exp(co/AT) — 1] °

(1.63)

Because the constants and the wavelengths are identical for the blackbody
and the real body,

exp(ca/\Tp) — 1 = e_l[exp(cz/)\T) - 1] . (1.64)

This can be solved explicitly for 7', but not much is added to the understanding.
It is

Ty = cilnu + e Yexp(ca/AT) — 11} . (1.65)
2

In the region for which the exponential is much greater than one, the expres-
sion simplifies to

Ty = co(h Ing + ¢2) "t . (1.66)

1.5.3 Distribution Temperature

Distribution temperature?” is defined as the temperature of a blackbody that
best matches the spectral distribution of the real body. A subcategory is the
ratio temperature, which requires only that the match be made at two spectral
points, for example, wavelengths. For this ratio temperature, the equality of
the radiant exitances [emittances] dictates

g1A Slexp(ez/MT) — 1171 = eahg Plexp(eaMeT)— 1171 . (1.67)

For the Wien approximation, the expression reduces to

oA My e\
N SLYE [_12(_1” 168
d ()\1—)\2)an82 A2 ¢ )

This may also be written with the reduced wavelength as

Ty = c2A : (1.69)

ln%ﬂéf
Mo g2 \ o

where

1.1 (1.70)
A Ao

L
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1.5.4 Color Temperature

The color temperature?® of a body is the temperature of a blackbody that has
the same set of color coordinates on the chromaticity diagram as the body
itself. Since this is never used in the infrared, no further mention is made of
it here.

1.6 RADIATION PROCESSES

All materials radiate, and materials in thermal equilibrium radiate at most
as a blackbody. The levels and spectral regions in which they radiate are
dictated by the detailed properties of the materials. Gases generally have
rather narrow spectral lines that can make up spectral bands, while solids and
liquids have broader regions of absorption and emission. Most atomic processes
generate spectral lines in the visible and the ultraviolet, while molecular
vibrations and rotations are often in the infrared. Of course, the continuum
radiations are blackbody-type functions, the spectra of which are dictated by
temperature. Spectra from gases arise from the transitions between different
atomic levels and from the vibrations and rotations of the molecules that make
up the gas.

1.6.1 Atomic Spectra?

The Bohr model of the atom describes a nucleus surrounded by orbits of elec-
trons in various degrees of detail. The Sommerfeld model is a solution of the
wave equation in spherical coordinates, and the solutions are quantized. Each
orbit is related to a particular energy state. Each energy state is also related
to a specific set of quantum numbers. Some are radial, representing approxi-
mately the main orbits; others are azimuthal and angular. Transitions of
electrons from one of these states to another are associated with a fixed (quan-
tized) amount of energy that is either absorbed or emitted. A detailed descrip-
tion of the energy levels of the atom (the energy level diagram) is essential
for the prediction of the transitions. It is intuitively useful to realize that there
is a correspondence principle that closely relates the quantum states to more
easily visualized changes in the physical state of the atom. In the Bohr mode],
the total quantum number n determines the size of the orbit, and the azimuthal
quantum number k determines its shape; the magnetic quantum number de-
termines their orientation in space. In the Sommerfeld model, & is replaced
byl + 1.

Spectra of Atoms with One Valence Electron. The simplest situation to con-
sider in atomic spectra is the atom that has only one valence electron. It can
then be considered as a positively charged nucleus, with its nuclear mass, and
a negatively charged electron, with its small mass. The solution of the Schré-
dinger wave equation for such a one-valence electron is given by

U = Pp(d)O;m(O)R, (1) . (1.71)

The three functions are each functions of only one variable, an angular, an
azimuthal, and a radial variable. The subscripts represent the quantum num-
bers of the eigenstates. The first equation is
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o _

e -m?® . (1.72)

Its solutions are

q)m((‘)) =

1
exp(imd) . (1.73)
5 °XP ¢
The factor is for normalization so the probability that the electron will be some

place in ¢ space is 1. The magnetic quantum number m can take on values of
0, +1, —1, +2, —2, .... The azimuthal equation is

1 df. d® m?
—®——S—i—£65<sm6 de) " Sl constant . (1.74)

The normalized solution is
1)

— |
2+ 10 = m ] P(cos) | (1.75)

2 I+ m!

®l,m(e) = [

where the P’s are associated Legendre polynomials. The radial solution is found
to be

Yo
_f4n -1 -1)1Z%| 2Zr 27Zr\ . o1+1(22r
Bt = { [(n + 1) 13n%a} } naleXp< na1>L"+1 nai/ ’ (1.76)

where the L’s are Legendre polynomials, a; is the Bohr atomic radius, Z is the

atomic number, and the quantum numbers were defined earlier. Together, the

solutions give the probabilities that the electron lies in various (two-dimensional)

angular positions around the nucleus. To this must be added the possibility of

spin of the electron, and the quantum number s for this is either %2 or —5.
In summary, the quantum numbers can have the following values:

n=123,.,n-1, (1.77a)

1=0,1,2,3,.., (1.77b)

s= 1 (1.77c)
2

m=0, 1, +2 *+3, .., =[ . (1.77d)

The shells of the atom have been labeled K, L, M, N, ...; they correspond to
the total quantum number n = 1,2, 3, 4, ... . The states in any shell are further
divided according to the azimuthal quantum number /. Electrons for which
1=0,1, 2, 3 are called s, p, d, f electrons. In the simple hydrogen spectrum,
the Lyman (n; = 1), Balmer (n; = 2), and Paschen (n1 = 3) series are given
by
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v = RH(‘1§ - %) ) (1.78)
ni ny

These transitions can be seen to be a series of unequally spaced lines crowding
into a band head for very large values of na.

The spectrum for hydrogen can be found by inserting values for the Rydberg
constant for hydrogen and for the quantum number I:

2.4
y = 2_.“...”51.‘*..<l2 - -1—2) = 109,737 . (1.79)
ch ni ny

The result is a line at high frequencies and short wavelength, about 0.12 um
in the ultraviolet. This is equivalent to the binding energy of the electron in
hydrogen.

Helium has two electrons, both in the same orbit. The elements in the second
period, Li, Be, B, C, N, O, F, and N, build up electrons in the second shell.
Therefore, they may have transitions fromn = 1ton = 2.

The spectra of the alkali halides may be estimated by taking the Rydberg
constant for hydrogen and considering a transition from the second shell to
the first. Then

v = 109,737(1 — Y4) = 82,303 0.12 pm . (1.80)

These spectra will all be in the ultraviolet region as well.

The spectra of the elements of the third period, Na, Mg, Al, Si, P, S, Cl, and
Ar will also be in the visible or the ultraviolet. Electrons that have been excited
to higher states can still be calculated this way, and will have larger energy
differences, concomitant higher frequencies, and shorter wavelengths. All of
these calculations are for changes only in the total quantum number n. The
spinning electron provides a small energy difference, and yields doublets of
these lines. One has a spin of +v2 and the other a spin of ~, as indicated
above in the summary. In any electron transition, the quantum number / can
only change by +1 or ~1, and the spin quantum number by 0 or 1. These
doublet separations vary from about 5 to 10,000 cm~!. Fine structure is as-
sociated with even the hydrogen atom, and is linked closely to relativistic
corrections for the mass of the moving electron, but it is not important to
infrared radiation.

Other effects include additional splitting of the lines due to the application
of an electric or magnetic field.

1.6.2 Molecular Spectra of Gases

The spectra of gases are characterized by longer wavelengths (lower frequen-
cies) than those of atoms and consist primarily of two types: those that arise
from rotations and those that arise from vibrations of the ionic dipoles.

Diatomic Molecules. The diatomic molecules®® of most importance in the
infrared are CO, HF, and NO. The rotational frequency, obtained by the so-
lution of the Schrédinger equation that uses their rotational energy, is
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1, h
vrot = [K(K + D" — = 2B(J + 1), (1.81)
where J can take on any integer values starting with 0, and I, is the moment
of inertia of the atomic system pr?, where r is the interatomic distance and

is the reduced mass given by

1L, X (1.82)

p omip me
The approximate frequency of a rotational line of a molecule of CO can be
obtained by realizing that the interatomic distance is 1.13 X 1078 cm. The
atomic weights are approximately 12 and 16, so that the reduced molecular
weight is 7 and the actual molecular weight (obtained by dividing by Avo-
gadro’s number, 6.023 X 10%) is 1.99 x 10~ 2 g. Thus, the moment of inertia
is 1.46 x 1073 g cm®. The frequency of rotation then is 3515 em L,

The vibrational spectra can be obtained by means of a simple Hooke’s law
model of restoring force. Then the frequency of vibration is found to be

v = \/E (Hz] , (1.83)
"

where % is the binding force and p is the reduced mass.

Triatomic Molecules. Carbon dioxide and water are the most important of
the triatomic molecules in the infrared. They have both vibrational and ro-
tational excitations, but the modes of motion are more complex than those of
the diatomic molecules. They include simple stretching and rotations about
various axes.

Spectral Summary. The characteristic vibrational modes of most of the mol-
ecules of importance in infrared radiation problems are summarized?! in Table
1.8. The characteristic modes are given in wave numbers (cm ') and may
easily be converted to wavelengths or to frequencies (Hz). The wavelength in
micrometers is 10,000 divided by the wave number in reciprocal centimeters.
The frequency in hertz is the speed of light times the wave number in reciprocal
centimeters, where the speed of light must be given in centimeters per second.

Table 1.8 Spectral Lines of Important Gases

Species v (em™Y ve {(em™?Y) vs (em™Y) vy (em™Y
CO 2143
COq 667 2349
N20O 1285 589 2224
Hy0 3657 1595 3776
Os 1110 705 1043
NO 1904
NOg 1306 755 1621
CH,4 2917 1534 3019 1904
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Table 1.9 Characteristic Spectra of Solids

Bandwidth

Type Occurrence Characteristic Q Region
Crystal vibrations Ionic crystals Reststrahlen 2-30 15-300
Crystal vibrations Anions with rare Increased rep- 10%-10° UV and visible
on electronic tran- earths or transi- etition of
sitions tion metals pattern
Free-electron Metals High reflec- Continuum Everywhere
oscillations tivity
Plasmas Metals Light spot Bands
Unfilled shell tran- | 4f, 5f, 3d, 4d, 5d Sharp fluores- 10%-10° UV and visible
sitions cence lines
Excitons Alkali halides 10* hv > E,
Color centers Defects in ionic Absorption, 5 UV and visible

crystals coloring
Band-to-band Intrinsic Photoconduc- 10-100 hv > E,4
transitions semiconductors tion
Impurity Extrinsic Photoconduc- Continuum Everywhere
transitions semiconductors tion
Free carriers Semiconductors Weak Continuum Everywhere
absorption

1.6.3 Spectra of Solids

The spectra of solids can be very complex. The band theory of solids predicts
that there are allowable energy states that are filled with electrons up to the
valence band. The conduction band, lying above it, can be empty or partially
filled. One form of radiation occurs from the deceleration or oscillation of free
carriers in the conduction band. Another occurs for the transition of carriers
from the conduction band to the valence band. Another is a result of a fall to
an impurity state. ,

Solids also have the characteristic vibration bands of gases (but not rota-
tions). Excitations may be considered as excited electron-hole pairs, and ra-
diation occurs upon deexcitation. Color centers occur after the impingement
of high-energy radiation. They may be characterized by crystal imperfections,
where, for instance, a hole is bound to a cation or a cation is missing from its
normal site. They come in other guises as well. Some of these mechanisms are
-combined. They are summarized32 in Table 1.9.

1.6.4 Spectral Line Shapes

No spectral line is truly monochromatic. This may be thought of as the result
of a transition taking place in a finite amount of time. This finiteness of time
requires that the spectrum must also be finite. It can also be considered in
terms of the Heisenberg uncertainty principle, which is related to the finite
width of the function and its spectrum. The shape and width of a line are
determined by the length of the transition, the Doppler effect, and the tem-
perature and pressure of the gas. The latter two widen the ideal Lorentzian
shape.
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Lorentz Line. A line shape based strictly on the time it takes for a transition
is called a natural line, and its width is called a natural linewidth. The expres-
sion for the absorption coefficient of such a line is

S dvr
m(w — vo)? + dvi

arL(v) = (1.84)

This function is also called a Lorentzian function, and the line a Lorentz line.
The full width at half-maximum (FWHM) is given by dvr.

This line is broadened by an increase in temperature or pressure; the expres-
sion for the increase in the half-width, with the same shape, is

P T
SN = d\o= = . 1.85
P To (1.85)

Doppler Line. Lines are broadened in part by the Doppler effect, because the
photons in the source move in more than one direction and consequently have
slightly different Doppler shifts. The expression for a Doppler line is

m2_ | _In2 Lv__lo)?‘.]

ap(v) = S —-—exp[

Y (1.86)

m (Svp)?

The Doppler width (FWHM) is given by

svp = 2 g 1n2kT (1.87)
c m

The Doppler line shape usually exists when the half-width due to pressure
and temperature broadening is much smaller than the half-width of the natural
linewidth.

Mixed or Voigt Line. When the Doppler effect and the pressure broadening
are of approximately equal importance in the line shape, they convolve in such
a way that a mixed line results. The expression for its absorption coefficient
is

o _§2
alv) = ‘% f € de (1.88)
u? +

[v i 1] (11‘12) _ C:Iz
Svr,

where { is an arbitrary variable of integration, and u is given by

u =22 me . (1.89)
Svp

In the treatment above, the resolving power or bandwidth has been switched
back and forth from dv to d\ with abandon, but that is what happens. The
reader may recall that

dv_dr (1.90)
v A
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BASIC Programs for Blackbody Functions

' exp(x)/exp(x)=-1 vs x
CLS

SCREEN 9

VIEW (100, 40)-(600, 275)

xnin = 0: xmax = 25

ymin = 0: ymax = 25

WINDOW (xmin, ymin)-(xmax, ymax)

'insert captions

LOCATE 23, 15: PRINT "Figure 1.
LOCATE 22, 35: PRINT "x"
LOCATE 10, 1: PRINT "x or f"
LOCATE 20, 10: PRINT O
LOCATE 13, 10: PRINT 5
LOCATE 6, 9: PRINT 10

LOCATE 21, 12: PRINT O
LOCATE 21, 24: PRINT 5
LOCATE 21, 36: PRINT 10
LOCATE 21, 49: PRINT 15
LOCATE 21, 62: PRINT 20
LOCATE 21, 74: PRINT 25

'draw the grid lines
FOR x = xmin TO xmax

LINE (x, ymin)-(x,
NEXT x

STEP S
ymax), 8

‘'FOR y = ymin TO 1.1 * ymax STEP 5

LINE (xmin, y)-(xmax, y), 8
NEXT y

‘calculate £ and x vs x

FOR X = .001 TO 25 STEP .01
f = x * EXP(x) / (EXP(x) - 1)
PSET (x, x)

PSET (f, x)

NEXT x

END

'Radiant exitance vs wavelength
CcLS

SCREEN 9

VIEW (100, 40)-(600, 275)
xmin = 0: xmax = 25

ymin = 0: ymax = .012

WINDOW (xmin, ymin)-(xmax, ymax)

'set up constants
= 2.9975E+10

= 6.626E-34
3.14159
14399

c
h
p
c
c 2 * pi * c*c*h * 1E+16

i
2
1

‘insert captions and tick values
LOCATE 23, 15: PRINT "Figure 2.
LOCATE 22,
LOCATE 8,
LOCATE 9,
LOCATE 10,
LOCATE 11,
LOCATE 20, 10:
LOCATE 13, 10: PRINT 5
LOCATE 6, 9: PRINT 10
LOCATE 21, 12: PRINT O
LOCATE 21, 24: PRINT S
LOCATE 21, 36: PRINT 10
LOCATE 21, 49: PRINT 15
LOCATE 21, 62: PRINT 20
LOCATE 21, 74: PRINT 25

1: PRINT "Spectral"
1: PRINT "Radiant"
1: PRINT "Exitance"

PRINT O

1: PRINT "[mW/cm2/um]”

'set the screen for EGA
'set an appropriate screen area
'set extreme ordinate values
'set extreme abscissa values
'set appropriate calculational values

f= x exp(x)/exp(x)-1 vs x"

'vertical lines
'the 8 gives gray grid lines

‘horizontal lines
'l.1x to get top line

the screen for EGA

an appropriate screen area
extreme ordinate values

extreme abscissa values
appropriate calculational values

fset
'set
'set
tset
'set

'1E16 to get c1 in units of W/cm2/um

Spectral radiant exitance vs wavelength"

35: PRINT "Wavelength [um]"
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'draw the grid lines
FOR x = xmin TO xmax STEP 1 'vertical lines
LINE (x, ymin)-(x, ymax), 8 'the 8 gives gray grid lines
NEXT x
FOR y = ymin TO 1.1 * ymax STEP .001 ‘horizontal lines
LINE (xmin, y)-(xmax, y), 8 '1.1x to get top line
NEXT y
'calculate the curve for different values of T and lambda
FOR T = 300 TO 380 STEP 10
FOR lambda = 1 TO 25 STEP .01
¥ =c2 / lambda / T 'the expression for x
M =c¢l / lambda ~ 5 / (EXP(x) - 1) 'Planck's equation
'PRINT lambda, M 'option for printing
PSET (lambda, M), 12 'plotting the values;
NEXT lambda 'the 12 gives a red line
NEXT T
'Calculate the Wien displacement law
FOR T = 100 TO 400 STEP .1
lambdax = 2898.8 / T
X = c2 / lambdax / T ‘the expression for x
M = cl / lambdax ~ 5 / (EXP(x) - 1) 'Planck's equation
'PRINT lambda, M 'option for printing
PSET (lambdax, M), 14 'plotting the values
NEXT T
'Radiant exitance vs wavenumber
CLS
SCREEN 9 'set the screen for EGA
VIEW (100, 60)-(600, 275) 'set an screen area
xmin = 0: xmax = 5000 'set extreme ordinate values
ymin = 0: ymax = .0001 'set extreme abscissa values
WINDOW (xmin, ymin)-(xmax, ymax) 'set appropriate calculational values

'set up constants

c = 2.9975E+10

h = 6.626E-34

pi = 3.14159

c2 = 14399

cl =2 *%*pi*c*c*h 'cl in units of W/cm2

'per reciprocal cm
'locate titles and axis values appropriately
LOCATE 23, 15: PRINT "Figure 3. Spectral radiant exitance vs wavenumber"
LOCATE 22, 35: PRINT "Wavenumber [waves/cm}"
LOCATE 8, 1: PRINT "Spectral®
LOCATE 9, 1: PRINT "Radiant"
LOCATE 10, 1: PRINT "Exitance"
LOCATE 11, 1: PRINT "[uW/cm]"
LOCATE 20, 10: PRINT O
LOCATE 17, 10: PRINT 5
LOCATE 14, 9: PRINT 10
LOCATE 11, 9: PRINT 15
LOCATE 8, 9: PRINT 20
LOCATE 5, 9: PRINT 25
LOCATE 21, 12: PRINT O
LOCATE 21, 23: PRINT 1000
LOCATE 21, 35: PRINT 2000
LOCATE 21, 48: PRINT 3000
LOCATE 21, 61: PRINT 4000
LOCATE 21, 73: PRINT 5000

'draw the grid lines

FOR x = xmin TO xmax STEP 500 'vertical lines
LINE (x, ymin)-(x, ymax), 8 'the 8 gives gray lines
NEXT x

FOR y = ymin TO 1.1 * ymax STEP .00001 'horizontal lines
LINE (xmin, y)-(xmax, y), 8
NEXT y

'calculate the curve for different values of T and nu
FOR T = 300 TO 350 STEP 10
FOR nu = 40 TO 5000 STEP 10

X =¢2 * nu / 10000 / T 'the expression for x

M=ocl * nu~» 3/ (EXP(x) - 1) ‘Planck's equation

'PRINT nu, M ‘option for printing

PSET (nu, M), 12 'plotting the values
NEXT nu

NEXT T
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‘Calculate the Wien displacement law
constant = 2.82143977# / 1.4399
FOR T = 400 TO 100 STEP -1
FOR nu = 0 TO 5000 STEP 1000
numax = constant * T
X = 1.4399 * numax / T
M = ¢l * numax ~ 3 / (EXP(x)
'PRINT numax, M
PSET (numax, M),
NEXT nu
NEXT T
END

_1)

14

'Wien constant for nu

'the expression for x in nu
'Planck's equation

toption for printing
'plotting the values

'Log of spectral radiant exitance vs log of wavelength

CLS

SCREEN 9 'set
VIEW (100, 40)-(600, 275) 'set
xmin = 0: xmax = 2 'set

'set
'set

ymin = ~3: ymax = 0
WINDOW (xmin, ymin)-(xmax, ymax)

'set up constants

c = 2.9975E+10

h = 6.626E-34

pi = 3.14159

c2 = 14399

cl =2 *pi *c* c*h * 1E+16

'clear the screen

the screen for EGA

an appropriate screen area
extreme ordinate values

extreme abscissa values
appropriate calculational values

'cl in units of W/cm2/um

tlocate titles and axis values appropriately

LOCATE 23, 15: PRINT "Figure 4.
LOCATE 22, 35: PRINT "Wavelength [um]"
LOCATE 10, 1: PRINT "Spectral"
LOCATE 11, 1l: PRINT "Radiant"
LOCATE 12, 1: PRINT "Exitance"
LOCATE 13, 1: PRINT "[mW/cm2/um]"
LOCATE 20, 8: PRINT .001

LOCATE 15, 9: PRINT .01

LOCATE 9, 10: PRINT .1

LOCATE 4, 10: PRINT 1

LOCATE 21, 11: PRINT 1

LOCATE 21, 43: PRINT 10

LOCATE 21, 74: PRINT 100

‘draw the grid lines

FOR n = ,001 TO .01 STEP .001
Yy = .4343 * LOG(n)

LINE (xmin, y)-(xmax, y), 8
NEXT n

FOR n = .01 TO .1 STEP
Yy = .4343 * LOG(n)
LINE (xmin, y)-(xmax, y), 8
NEXT n

FOR n = .1 TO 1 STEP
Yy = .4343 * LOG(n)
LINE (xmin, y)-(xmax, y), 8
NEXT n

FOR n =1 TO 10 STEP 1

X = .4343 * LOG(n)

LINE (x, ymin)-(x, ymax), 8
NEXT n

FOR n = 10 TO 100 STEP 10

X = .4343 * LOG(n)

LINE (x, ymin)-(x, ymax), 8
NEXT n

LINE
LINE
LINE
LINE

.01

.1

ymin)
ymax)
ymax)
ymax)

(xmin, ymin)-(xmax,
(xmin, ymin)=-(xmin,
(xmax, ymin)-(xmax,
(xmin, ymax)-(xmax,

'calculate the curve for

FOR T = 200 TO 900 STEP 100
FOR lambda = 1 TO 40 STEP .01
X =

Spectral radiant exitance vs Wavelength"

different values of T and lambda

c2 / lambda / T 'the expression for x
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? = ¢l / lambda ~ 5 / (EXP(x) - 1) 'Planck's equation
PRINT .4343 * LOG(lambda), .4343 * LOG(M) 'option for printing
PSET (.4343 * LOG(lambda), .4343 * LOG(M)), 12 ‘'plotting the values
NEXT lambda
NEXT T
‘Calculation of the Wien displacement law
FOR T = 1000 TO 200 STEP -1
lambdax = 2898.8 / T
X = ¢2 / lambdax / T 'the expression for x
¥ = cl / lambdax ~ 5 / (EXP(x) - 1) 'Planck's equation
PRINT lambda, M 'option for printing
PSET (.4343 * LOG(lambdax), .4343 * LOG(M)), 14 'plotting the values
NEXT T
END
'Log radiant exitance vs wavenumber
CLS
SCREEN 92 'set the screen for EGA
VIEW (100, 60)-(600, 275) tset an appropriate screen area
xmin = 1: xmax = 4 'set extreme ordinate values
ymin = -6: ymax = -4 'set extreme abscissa values
WINDOW (xmin, ymin)-(xmax, ymax) 'set appropriate calculational values

'set up constants

¢ = 2.9975E+10

h = 6.626E-34

pi = 3.14159

c2 = 14399
cl=2*pi*c*c*h

vlocate titles and axis values appropriately
IOCATE 23, 15: PRINT "Figure 5. Spectral radiant exitance vs wavenumber"
LOCATE 22, 35: PRINT "Wavenumber [waves/cm]"
LOCATE 8, 1: PRINT "Spectral"

LOCATE 9, 1: PRINT "Radiant"

LOCATE 10, 1: PRINT "Exitance”

LOCATE 11, 1: PRINT "[uW/cm]"

LOCATE 20, 11: PRINT 1

LOCATE 13, 10: PRINT 10

LOCATE 5, 9: PRINT 100

LOCATE 21, 12: PRINT 10

LOCATE 21, 32: PRINT 100

LOCATE 21, 52: PRINT 1000

LOCATE 21, 72: PRINT 10000

‘draw the grid lines

FOR n = .00001 TO .0001 STEP .00001
y = .4343 * LOG(n)

LINE (xmin, y)-(xmax, y), 8
NEXT n

FOR n = .000001 TO .00001 STEP .000001
y = .4343 * LOG(n)

LINE (xmin, y)-(xmax, Yy), 8
NEXT n

FORn = .1 TO 1 STEP .1

y = .4343 % LOG(n)

LINE (xmin, y)-(xmax, y), 8
NEXT n

FOR n = 10 TO 100 STEP 10

X = .4343 * LOG(n)

LINE (x, ymin)-(x, ymax), 8
NEXT n

FOR n = 100 TO 1000 STEP 100

X = .4343 * LOG(n)

LINE (x, ymin)-(x, ymax), 8
NEXT n

FOR n = 1000 TO 10000 STEP 1000
X = .4343 * LOG(n)

LINE (x, ymin)-(x, ymax), 8
NEXT n

LINE (xmin, ymin)-(xmax, ymin)
LINE (xmin, ymin)-(xmin, ymax)
LINE (xmax, ymin)-(xmax, ymax)
LINE (xmin, ymax)-(xmax, ymax)

41



42 IR/EO HANDBOOK

‘calculate the curve for different values of T and nu
FOR T = 100 TO 350 STEP 50
FOR nu = 10 TO 5000 STEP 1

X = ¢2 * nu / 10000 / T 'the expression for x
M=cl * nu~ 3/ (EXP(x) -~ 1) 'Planck's equation
'PRINT .4343 * 1OG(nu), .4343 * LOG(M) 'printing option

PSET (.4343 * LOG(nu), .4343 * LOG(M)), 12 'plotting the values
NEXT nu
NEXT T

'Calculate the Wien displacement law
constant = 2.82143977# / 1.4399 'Wien constant for nu
FOR T = 400 TO 50 STEP -1
' FOR nu = 0 TO 5000 STEP 1000
numax = constant * T

X = 1.4399 * numax / T 'the expression for x in nu
M = cl * numax ~ 3 / (EXP(x) -~ 1) 'Planck's equation
'PRINT .4343%*log(numax), .4343*log(M) 'option for printing
PSET (.4343 * LOG(numax), .4343 * LOG(M)), 14 'plotting the
' NEXT nu
NEXT T

END

'Universal curve for spectral power

CLS

CLS

SCREEN 9 'set the screen for EGA

VIEW (100, 40)-(600, 275) ' set an appropriate screen area
xmin = 0: xmax = 15 'set extreme ordinate values
ymin = 0: ymax = 1 'set extreme abscissa values
WINDOW (xmin, ymin)-(xmax, ymax) 'set appropriate calculational values
'set up constants

c = 2,9975E+10

h = 6.626E-34

pi = 3.14159

c2 = 14399

Cl =2 *pi*c#*c=*h

'insert the captions

LOCATE 23, 15: PRINT "Figure 6. Normalized radiant exitance vs dimensionless f
LOCATE 22, 35: PRINT "Dimensionless frequency"
LOCATE 7, 1: PRINT "Normalized"

LOCATE 8, 1: PRINT "Radiant"

LOCATE 9, 1: PRINT "Exitance"

LOCATE 20, 10: PRINT 0O

LOCATE 12, 9: PRINT .5

LOCATE 4, 10: PRINT 1

LOCATE 21, 12: PRINT O

LOCATE 21, 33: PRINT 5

LOCATE 21, 54: PRINT 10

LOCATE 21, 74: PRINT 15

'setup the gridlines

FOR X = xmin TO xmax STEP 1 tvertical lines
LINE (x, ymin)-(x, ymax), 8 '‘the 8 gives a gray grid structure
NEXT x
FOR y = ymin TO 1.1 * ymax STEP .1 'horizontal lines
LINE (xmin, y)-(xmax, y), 8
NEXT y
'calculate the curve for different values of x
FOR x = .00001 TO 15 STEP .01 'blows up for 0; this is OK
M=x 3/ (EXP(x) - 1) 'Planck's equation in x with no constants
'PRINT x, M 'option for printing
PSET (x, M / 1.4214), 12 'plotting the values
NEXT x
END

'Universal curve for photons

CLS

SCREEN 9 'set the screen for EGA

VIEW (100, 40)~-(600, 275) 'set an appropriate portion of the screen
xmin = 0: xmax = 15 'set extreme ordinate values

ymin = 0: ymax = 1 'set extreme abscissa values

WINDOW (xmin, ymin)-(xmax, ymax) 'set appropriate calculational values



'set up constants
c = 2.9975E+10

h 6.626E-34

pi = 3.14159

c2 = 14399
cl=2*pi*c*c*h

tinsert the captions

RADIATION THEORY 43

LOCATE 23, 15: PRINT "Figure 7. Normalized photon exitance vs dimensionless fre

LOCATE 22, 35: PRINT "Dimensionless frequency"
LOCATE 7, 1: PRINT "Normalized"
LOCATE 8, 1: PRINT “Photon"
LOCATE 9, 1: PRINT "Exitance"
LOCATE 20, 10: PRINT 0

LOCATE 12, 9: PRINT .5

LOCATE 4, 10: PRINT 1

LOCATE 21, 13: PRINT O

LOCATE 21, 33: PRINT 5

LOCATE 21, 53: PRINT 10

LOCATE 21, 74: PRINT 15

‘draw the grid lines

FOR % = xmin TO xmax STEP 1 'vertical lines i
LINE (x, ymin)-(x, ymax), 8 'the 8 gives gray lines
NEXT x

FOR y = ymin TO 1.1 * ymax STEP .1 thorizontal lines

LINE (xmin, y)-(xmax, y), 8

NEXT y
tcalculate the curve for different values of x
FOR x = .00001 TO 15 STEP .0l 'blows up for 0; this is OK
M=x 22/ (EXP(x) - 1) 'Planck's equation in x without constants
' PRINT x, M ‘option for printing
PSET (x, M / .64761), 12 'plotting the values
NEXT X
END

'Ccumulative curve for power

CLS
SCREEN 9 'set the screen for EGA
VIEW (100, 40)-(600, 275) 'set an appropriate screen area
xmin = 0: xmax = 10 'set extreme ordinate values
in = 0: ymax = 1 'set extreme abscissa values
WINDOW (xmin, ymin)-(xmax, ymax) 'set appropriate calculational values

‘insert the captions

LOCATE 23, 15: PRINT "Figure 8. Normalized cumulative radiant exitance vs dimen

LOCATE 22, 35: PRINT "Dimensionless frequency"
IOCATE 7, 1: PRINT "Normalized"

LOCATE 8, 1: PRINT "Radiant"

LOCATE 9, 1: PRINT "Exitance"

LOCATE 20, 10: PRINT O

LOCATE 12, 9: PRINT .5

LOCATE 4, 10: PRINT 1

LOCATE 21, 12: PRINT O

LOCATE 21, 43: PRINT 5

LOCATE 21, 74: PRINT 10

‘print the grid lines

FOR x = xmin TO xmax STEP 1
LINE (x, ymin)~-(x, ymax), 8

NEXT x

FOR y = ymin TO 1.1 * ymax STEP .1
LINE (xmin, y)-(xmax, y), 8

NEXT y

'set up constants
c = 2.9975E+10
h = 6.626E-34

pi = 3.14159
c2 = 14399
c1=2*pi*c*c*h.

'‘vertical lines
'the 8 gives gray lines

'horizontal lines
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'calculate the curve for different values of x

FOR x = 0 TO 10 STEP .02
sum = 0: m = O

term = (
sum = sum + term 'PRINT m, term, sum
IF term / sum > 1E-09 THEN GOTO repeat
constant = pi ~ 4 / 15

'does not blow up for x=0
tintialize values

'for iteration

‘increment index

'set convenient variable

A3 +3 %u”r2+6*u+6) * EXP(-u) / m~ 4 'the sum from text

‘add terms print to see conve
'test for convergence
'account for constants

integral (constant - sum) / constant 'account for x=0 term
'PRINT x, integral 'option for printing
PSET (x, integral), 12 'plotting the values
NEXT x

END

'Cumulative curve for photons

CLS

SCREEN 9 'set the screen for EGA

VIEW (100, 50)-(600, 270) 'set an appropriate portion of the screen
¥ymin = 0: xmax = 10 'set extreme ordinate values

ymin = 0: ymax = 1 'set extreme abscissa values

WINDOW (xmin, ymin)-(xmax, ymax) 'set appropriate calculational values

tput in the captions .
LOCATE 23, 15: PRINT "Figure 9. Normalized photon exitance vs dimensionless fr
LOCATE 22, 35: PRINT "Dimensionless frequency"

LOCATE 7, 1: PRINT “Normalized"

LOCATE 8, 1: PRINT “Photon"

LOCATE 9, 1: PRINT "Exitance"

LOCATE 20, 10: PRINT O

LOCATE 12, 9: PRINT .5

LOCATE 4, 10: PRINT 1

LOCATE 21, 12: PRINT O

LOCATE 21, 43: PRINT 5

LOCATE 21, 74: PRINT 10

'set up constants

¢ = 2.9975E+10

h = 6.626E-34

pi = 3.14159

c2 = 14399

cl =2 *%pi *c*c*xh

'print the grid lines

FOR X = xmin TO xmax STEP 1
LINE (x, ymin)-(x, ymax), 8

NEXT x

FOR y = ymin TO 1.1 * ymax STEP .1
LINE (xmin, y)-(xmax, y), 8

NEXT y

FOR x = 0 TO 10 STEP .02

'the 8 gives a gray grid structure

'‘calculate the integral from 0 to x by the summation technique

sum = 0: m = O ‘initialize
repeat:

m=m+ 1: u=m* x '‘get next term

term = (u ~ 2 + 2 * u+ 2) * EXP(-u) / m ~ 3 ‘term calculation

sum = sum 4+ term: ' PRINT m, term, sum ‘add terms

IF term / sum > 1E-09 THEN GOTO repeat '‘convergence test

2.404095 'using total integral value
'takes into account x=0 value
toption for printing it
tplotting the values

constant =
integral = (constant - sum) / constant
' PRINT x, integral
PSET (x, integral), 12
NEXT x

END
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'Universal curve for spectral photon contrast

CLS

SCREEN 9 'set the screen for EGA

VIEW (100, 40)-(600, 275)' set an appropriate portion of the screen
xmin = 0: xmax = 15 'set extreme ordinate values

ymin = 0: ymax = 1 'set extreme abscissa values

WINDOW (xmin, ymin)-(xmax, ymax) 'set appropriate calculational values

'set up constants
c = 2.9975E+10
h = 6.626E-34

pi = 3.14159
c2 = 14399
cl=2*pi*c#*c*h

'insert the captions

LOCATE 23, 15: PRINT "Figure 10. Normalized radiant contrast vs dimensionless
LOCATE 22, 35: PRINT "Dimensionless frequency"
LOCATE 7, 1: PRINT "Normalized"

LOCATE 8, 1: PRINT "Radiant"

LOCATE 9, 1l: PRINT "Contrast"

LOCATE 20, 10: PRINT O

LOCATE 12, 9: PRINT .5

LOCATE 4, 10: PRINT 1

LOCATE 21, 12: PRINT 0

LOCATE 21, 33: PRINT 5

LOCATE 21, 53: PRINT 10

LOCATE 21, 73: PRINT 15

‘print the grid lines
FOR x = xmin TO xmax STEP 1
LINE (x, ymin)-(x, ymax), 8 ' the 8 gives a gray grid structure
NEXT x
FOR y = ymin TO 1.1 * ymax STEP .1
LINE (xmin, y)-~(xmax, y), 8
NEXT y

'calculate the curve for different values of x
FOR x = .1 TO 15 STEP .01
M=x ~ 2/ (EXP(x) ~ 1)'Planck's equation in x without constants
dMAT = x * EXP(x) / (EXP(x) - 1) * M

'PRINT x, M, dMdr '‘option for printing it out if so remark the n
PSET (x, dMAT / 1.523432), 12 'plotting the values
NEXT x

END

fCumulative curve for energy contrast

CLS

SCREEN 9 'set the screen for EGA

VIEW (100, 50)-(600, 270) 'set an appropriate screen area

xmin = 0: xmax = 15 'set extreme ordinate values

ymin = 0: ymax = 1 'set extreme abscissa values

WINDOW (xmin, ymin)-(xmax, ymax) 'set appropriate calculational values

'‘set up constants
¢ = 2.9975E+10
h = 6.626E-34

pi = 3.14159
c2 = 14399
cl =2 % pi * c *xc*h

'put in the captions
LOCATE 23, 15: PRINT "Figure 11. Normalized cumulative power contrast vs dimens
LOCATE 22, 35: PRINT "Dimensionless frequency"
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LOCATE 7, 1: PRINT "Normalized"
LOCATE 8, 1: PRINT "Energy"
LOCATE 9, 1: PRINT "Contrasts"
LOCATE 20, 10: PRINT 0

LOCATE 12, 9: PRINT .5

LOCATE 4, 10: PRINT 1

LOCATE 21, 12: PRINT O

LOCATE 21, 33: PRINT S

LOCATE 21, 54: PRINT 10

LOCATE 21, 74: PRINT 15

'print the grid lines
FOR x = xmin TO xmax STEP 1
LINE (x, ymin)=-(x, ymax), 8 ' the 8 gives a gray grid structure
NEXT x
FOR y = ymin TO 1.1 * ymax STEP .1
LINE (xmin, y)-(xmax, y), 8
NEXT y

'calculate the integral from 0 to x by the summation technigque
FOR x = 0 TO 15 STEP .04

sum = 0: m = 0 ‘initialize
repeat:
m=m+ 1: u=m*x '‘get next term

term = (u~ 4+ 4 *%u*~3+ 12 *u~2+ 24 *u+ 24) * EXP(-u) / m ~ 4
'term calculation

sum = sum + term: ' PRINT m, term, sum 'add terms
IF term / sum > 1E-09 THEN GOTO repeat 'convergence test
constant = 7.2123 'using total integral value
integral = (constant - sum) / constant 'takes into account x=0 value
' PRINT x, integral ‘option for printing
PSET (x, integral), 12 ‘plotting the values
NEXT x
END

'cumulative curve for energy contrast

CLS

SCREEN 9 'set the screen for EGA

VIEW (100, 50)-(600, 270) 'set an appropriate screen area

xmin = 0: xmax = 15 'set extreme ordinate values

ynin = 0: ymax = 1 'set extreme abscissa values

WINDOW (xmin, ymin)-(xmax, ymax) 'set appropriate calculational values

'set up constants
c = 2.9975E+10
h = 6.626E-34

pi = 3.14159
c2 = 14399
cl =2 *pji*c*c*h

‘put in the captions .
LOCATE 23, 15: PRINT "Figure 12. Normalized cumulative radiant contrast vs dime
LOCATE 22, 35: PRINT "Dimensionless frequency"

LOCATE 7, 1: PRINT "Normalized"

LOCATE 8, 1: PRINT "Radiant"

LOCATE 9, 1: PRINT "Contrast"

LOCATE 20, 10: PRINT O

LOCATE 12, 9: PRINT .5

LOCATE 4, 10: PRINT 1

LOCATE 21, 12: PRINT O

LOCATE 21, 33: PRINT 5

LOCATE 21, 54: PRINT 10

LOCATE 21, 74: PRINT 15

'print the grid lines
FOR x = xmin TO xmax STEP 1
LINE (x, ymin)-(x, ymax), 8 ' the 8 gives a gray grid structure
NEXT x
FOR y = ymin TO 1.1 * ymax STEP .1
LINE (xmin, y)-(xmax, y), 8
NEXT y
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‘calculate the integral from 0 to x by the summation technique

POR x = 0 TO 15 STEP .02

sum = 0: m = 0 ‘initialize
repeat:

m=m+ 1l: u=m¥*x 'get next term

term = (U~ 4 +4 *u~3+12%u~2+24*u+24) % EXP(-u) /m "4
'term calculation

sum = sum + term: ' PRINT m, term, sum 'add terms
IF term / sum > 1E-09 THEN GOTO repeat ‘convergence test
constant = 25.975 'using total integral value
integral = (constant - sum) / constant 'takes into account x=0 value
'PRINT x, integral 'option for printing
PSET (x, integral), 12 'plotting the values
NEXT x
END

'cumulative curve for photon contrast

CLS

SCREEN 9 ‘set the screen for EGA

VIEW (100, 50)-(600, 270) 'set an appropriate portion of the screen
xmin = 0: xmax = 10 'set extreme ordinate values

ymin = 0: ymax = 1 'set extreme abscissa values

WINDOW (xmin, ymin)-(xmax, ymax) 'set appropriate calculational values

*set up constants

c = 2.9975E+10

h = 6.626E~34

pi = 3.14159

c2 = 14399

cl=2*pi *c*c*h

'insert the captions

LOCATE 23, 15: PRINT "Figure 13. Normalized cumulative photon contrast vs dimen
LOCATE 22, 35: PRINT "Dimensionless frequency"
IOCATE 6, 1: PRINT "Normalized"

LOCATE 7, 1: PRINT "Cumulative"

LOCATE 8, 1: PRINT "Photon"

LOCATE 9, 1: PRINT "Contrast"

LOCATE 20, 10: PRINT O

LOCATE 12, 9: PRINT .5

LOCATE 4, 10: PRINT 1

LOCATE 21, 12: PRINT O

LOCATE 21, 43: PRINT 5

LOCATE 21, 74: PRINT 10

tprint the grid lines
FOR x = xmin TO xmax STEP 1
LINE (x, ymin)-(x, ymax), 8 ' the 8 gives a gray grid structure
NEXT x
FOR y = ymin TO 1.1 * ymax STEP .1
LINE (xmin, y)-(xmax, y), 8
NEXT y

tcalculate the integral from 0 to x by the summation technique
FOR x = 0 TO 10 STEP .02

sum = 0: m = 0 'initialize
repeat:
m=m+ 1l: u=m+*x '‘get next term
term = (W~ 3 +3 *u~2+6*u+6) * EXP(-u) / m ~ 3'term calculation
sum = sum + term: ' PRINT m, term, sum ‘add terms
IF term / sum > 1E-09 THEN GOTO repeat 'convergence test
constant = 7.2123 'using x=0 value
integral = (constant - sum) / constant 'takes into account x=0 value
' PRINT x, integral 'option for printing it
PSET (x, integral), 12 'plotting the values
NEXT x

END
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2.1 INTRODUCTION

This chapter deals with two sources of artificial radiation: laboratory and field
sources. Normally, laboratory sources are used in some standard capacity and
field sources are used as targets. Both varieties appear to be limitless.

The sources in this chapter were chosen arbitrarily, often depending upon
manufacturer response to requests for information. The purpose of this chapter
is to consolidate much of this information to assist the optical systems designer
in making reasonable choices. Table 2.1 lists the symbols, nomenclature, and
units used in this chapter.

Regarding the selection of a source, Worthing! suggests that the following
questions be asked:

1. Does it supply energy at such a rate or in such an amount as to make
measurements possible?

2. Does it yield an irradiation that is generally constant or that may be
varied with time as desired?

3. Is it reproducible?

4. Does it yield irradiations of the desired magnitudes over areas of the
desired extent?

Table 2.1 Symbols, Nomenclature, and Units*

Symbols Nomenclature Units
a Ratio: Ifr —
B Subscript used for blackbody radiation -
cy Blackbody radiation constant ecm K
1 Radiant intensity W sl
k Emissivity corrective factor -
L Radiance Wem™2 s
1 Length (or depth) of cavity cm
M Radiant exitance W em™2
m Mach number -
R Cavity radius cm
r Aperture radius cm
rg ¢ Partial reflectivity of DeVos sr71
S Interior surface area cm?
s Aperture area cm?
T Temperature K,°C
x Variable length cm
¥y Ratio: x/r -
€ Emissivity -
6 Angle of ray from surface normal rad
A Wavelength um, A
o Boltzmann constant Wem2 K
i ] Power, flux w

*Most of the units, symbols and nomenclature in this chapter are shown in the tables and graphs
corresponding to particular sources.
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Has it the desired spectral distribution?

Has it the necessary operating life?

Has it sufficient ruggedness for the proposed problem?

Is it sufficiently easy to obtain and replace, or is its purchase price or
its construction cost reasonable?

PN

2.2 STANDARD LABORATORY SOURCES
2.2.1 Blackbody Cavity Theory

Radiation levels can be standardized by the use of a source that will emit a
quantity of radiation that is both reproducible and predictable. Cavity config-
urations can be produced to yield radiation theoretically sufficiently close to
Planckian such that it is necessary only to determine the amount of impre-
cision. Several theories have been expounded over the years to calculate the
quality of a blackbody simulator.? Two of the older, most straightforward, and
demonstrable theories are those of Gouffé and DeVos.

The Method of Gouffé. For the total emissivity of the cavity forming a
blackbody (disregarding temperature variations) Gouffé? gives

g0 = éo(1 + B) , (2.1)
where
g0 = © (2.2)

and

k= (1-¢)(s/S)—(s/Sp)], and is always nearly zero—it can be either
positive or negative
emissivity of materials forming the blackbody surface

€

s = area of aperture
S = area of interior surface
So = surface of a sphere of the same depth as the cavity in the

direction normal to the aperture.

Figure 2.1 is a graph for determining the emissivities of cavities with simple
geometric shapes. In the lower section, the value of the ratio s/S is given as a
function of the ratio I/r. (Note the scale change at the value for I/r = 5.) The
value of € is found by reading up from this value of the intrinsic emissivity
of the cavity material. The emissivity of the cavity is found by multiplying £o
by the factor (1 + k).

When the aperture diameter is smaller than the interior diameter of the
cylindrical cavity or the base diameter of a conical cavity, the values of s/S
determined from the graph must be multiplied by (#/R)?, which is the ratio of
the squares of the aperture and cavity radii (Fig. 2.1).

2Generically used to describe those sources designed to produce radiation that is nearly Planckian.
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Fig. 2.1 Emissivities of conical, spherical, and cylindrical cavities.

The Method of DeVos. DeVos® considers a cavity of arbitrary shape, with
opaque walls, in a nonattenuating medium, initially at a uniform steady tem-
perature with one small opening. He adds other openings and temperature
variations along the cavity walls and indicates several practical approxima-
tions necessary for the calculation of numerical values (Fig. 2.2).

The power emitted from the opening d0 is

em®?, = 3\, T)Lrs(\,T) dw cos©Y, dQY, , (2.3)

where

g%\, T) = the spectral emissivity of dw in the direction of d0
(indicated by subscripts and superscripts throughout) for
temperature T' at wavelength

L, g(\,T) = the spectral radiance of a blackbody for temperature T and
wavelength \ given by either the Planck equation or,
approximately, by the Wien law
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-

Fig. 2.2 Definition of terms for the DeVos method.

L\p = (constant)e T
dw = area of the emitting infinitesimal element
09, = the angle of the direction from dw to d0 with respect to

the normal to dw _
da’, = the solid angle subtended by d0, the hole, as seen from dw.

The power from dw through d0, which is a result of the reflection of the power
received at dw from some arbitrary elemental wall area, dn, is

refl®P = LE¥,(\T) dQF dw cosOLri’(\,T) dQY, (2.4)
where
om0 = the power from dn to d0 via dw

L¥»(\,T) = the spectral radiance from dn to dw for a temperature T
and at a wavelength A

dQy, = the solid angle subtended by dn as seen from dw
oL = the angle to the normal to dw made by the direction from
dw to dn

r®®(\,T) = the partial reflectivity of dw for radiation from dn at 6,
reflected from dw toward d0 at ©9, at a wavelength \ for a
temperature T

Partial reflectivity® can be defined as follows:

LnO eO
o= _wwco% (2.5)
L7 cosOy, dQy
or
n0
r = %‘% cosOY, . (2.6)
w

bThis terminology is slightly different from terminology used in other literature. The method of
DeVos is retained here.
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Integration over the walls excluding dO gives the power from dw due to the
reflection from dw of the radiation from all parts of the cavity wall except dO:

refl®? = dw dQ5, f

alld:

LY.\ T) cosOpri®(\T) dQy, . 2.7

The reciprocity relation is
% cosB® = r®® cosO® . (2.8)

By using the reciprocity relation, the following is obtained:
refldd, = dw dQY, cos6), f . LE T8\ T) dQy, . (2.9)
a n

To a first approximation, the following relationship is true:

LY.\T) = L\g\,T) . (2.10)
The hole can thus be considered to have an emissivity given by

go =1 — %) dOY (2.11)

to a first approximation neglecting temperature variations. If additional holes
exist, then the reflected contributions of these elements must also be excluded.
This leads to:

go=1— %}r&h dal (2.12)

for the emissivity of dO in the direction from dw, when several holes exist
numbered from A =0 to some finite integer.

For the second-order approximation, neglecting temperature variations, DeVos
considers the use of a value for LY, which is not L) g, but which is calculated
by considering the effects of the holes on this spectral radiance (from each
element dn).

The second-order approximation for the appropriate quantity is

totald®d, = Ly s\\,T) dw cosOy, dQy,
X (1 —;rgﬁ dn’g,—; f rek gohOn d%) , (2.13)

where the integration is over the entire surface excluding the holes.

DeVos applied this theory to the V wedge, cylindrical (closed at one end),
spherical, and tubular shapes. He did not treat the cone, a combination of
cones, or a cone-cylinder.

For a cylinder of radius r and length [/ (Fig. 2.1), the value of €o to a first-
order approximation is
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2
g0 = (1—7‘2;0%;_) = (1“7'3;0%> , 2.14)

where ¢ = I/r.

For the second-order approximation (neglecting temperature gradients), one
needs dQ7 and dQ%. If dn is an annulus of the cylinder with a length dx,
then:

2nr? dx
n o_ x
dQl = dOy, 0= 2% 1 % (2.15)
and
400 = T (2.16)
e -

If x/r = y, then:

00T 2[* ”(zzfvr;lvyo
eo=1-ry— — 2w
0 w42 o (32 + DIy — a)? + 117

dy . (2.17)

DeVos evaluated this expression by numerical integration. His values, cor-
rected by Edwards? for a small numerical error, are given in 2.2. For a similar
calculation for a sphere, DeVos obtained the (corrected) results in Table 2.3.

Table 2.2 DeVos’s Emissivities for a Cylindrical Blackbody* (from Ref. 4)

a (d) (s (s2) (s3)

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 0.997 0.997 0.989 0.972
30 0.999 0.999 0.996 0.988

*Emissivity values for a cylindrical blackbody with second-order corrections for various values of
a (=1/r=depth of cylinder/radius of hole) and surfaces of different smoothness. These are DeVos’s
values corrected for a numerical error.

Table 2.3 DeVos’s Emissivities for a Spherical Blackbody* (from Ref. 4)

a (d) (s1) (s2) (s3)
10 0.992 0.989 0.963 0.894
20 0.998 0.993 0.991 0.976

*Emissivity values for a spherical blackbody with second-order corrections for various values of
a (=1/r=diameter of sphere/radius of hole) and surfaces of different smoothness. These are DeVos’s
values corrected for a numerical error.
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DeVos made an attempt to examine the effect of temperature gradients in
a cavity. This factor is the most important in determining the quality of a
blackbody since it is not very difficult to achieve emissivities as near to unity
as desired. Manufacturers of blackbody simulators strive to achieve uniform
heating of the cavity because it is only under this condition that the radiation
is Planckian. The ultimate determination of a radiator that is to be used as
the standard is the quality of the radiation that it emits.

Leupin® conducted a comparison of IR radiators. Incidentally, a division has
historically existed between the standards of photometry and those used to
establish thermal radiation and the thermodynamic temperature scale. Thus,
in photometry the standard has changed from the use of candles, the Carcel
lamp, the Harcourt pentane lamp, and the Hefner lamp® to more modern
radiators.

2.2.2 Primary Standard of Light

The primary standard now established is the candela, cd, corresponding to
1.0000 Im sr—!. The construction of the primary standard of light is shown in
Fig. 2.3. The radiator itself consists of a small cylinder of pure fused thoria,
about 45 mm long, with an internal diameter of about 2.5 mm and a wall
thickness of 0.2 to 0.3 mm. This cylinder, the bottom of which is packed with
powdered fused thoria to a depth of 10 to 15 mm, is supported vertically in a
fused-thoria crucible with an ~20-mm internal diameter nearly filled with
pure platinum, as shown in Fig. 2.3. The crucible has a lid with a small hole
in the center, about 1.5 mm in diameter. This hole, which is the source of light,

Platinum
Fused
Thoria ~J

Unfused —
Thoria

Fig. 2.3 The primary standard of light.®



58 IR/EO HANDBOOK

is surrounded above by a funnel-shaped sheath forming part of the crucible
lid. The crucible is embedded in powdered fused thoria in a larger refractory
container and is heated by enclosing it in a high-frequency induction furnace.
The power required to melt the platinum is about 7 kW at a frequency of the
order of 1 MHz. With this arrangement, it is possible to regulate the temper-
ature so closely that the period required for the solidification of the platinum
may exceed 20 min. The purity of the platinum is controlled by taking samples
before and after use and determining the ratio of the electric resistance at 100
and 0°C. A minimum value of 1.390 for this ratio is required to ensure that
the temperature of solidification is sensibly the same as that of pure platinum.
This corresponds to an impurity of less than 3 parts in 100,000. The luminance
(radiance) of the hole is given the value of 60 cd em”2,

Note that this will soon be only of historical interest because the standard
of light in this country will be based on a standard detector. A discussion of
related issues was to appear in 1992 in the journal Applied Optics.

2.2.3 Baseline Standard of Radiation

Although there is no internationally accepted standard of radiation, the Na-
tional Institute of Standards and Technology (NIST) uses as its substitute
standard the goldpoint blackbody’ (see Fig. 2.4), which fixes one point on the
international temperature scale, now reported to be 1337.33 =0.34 K. Starting
from this point, NIST is able to transfer fixed radiation values to working
standards of radiation through an accurately constructed variable-temperature
radiator® as shown in Fig. 2.5.

Gold

Insulation ——=}=

Ceramic Tube —f 7 "=

Thermocouple ——}=>=25253

Heat Pipe

Heater -— -

O O O @)

(a)

(b)

Fig. 2.4 (a) Cross section of heat-pipe blackbody furnace and (b) blackbody inner cavity
dimensions.
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Fig. 2.5 (a) Variable temperature blackbody schematic and (b) central section of variable
temperature blackbody.

The goldpoint blackbody is shown mainly for information. It is quite feasible
to build a replica of the variable-temperature radiator, especially in a labo-
ratory equipped to do fundamental radiation measurements.

2.2.4 Working Standards of Radiation

For the calibration of instruments in the ordinary laboratory, the user is likely
to use a source that is traceable to NIST and generally supplied by NIST or
one of the recognized vendors of calibrated sources. The sources are primarily
in the form of a heated filament, or gaseous arc, enclosed in an envelope of
glass or quartz (or fused silica), or in glass with a quartz or sapphire window.

Any source whose radiation deviates from that described by Planck’s law
is nonblackbody. Even the sources previously described are not strictly black-
bodies, but can come as close as the user desires within the constraints of bulk
and price. Any other source has an emissivity less than unity and can, and
usually does, have a highly variable spectral emissivity. The lamps issued by
NIST (and listed later in this chapter), for example, fit into this category; but
they differ in one large respect. They are transfer standards, which have been
carefully determined to emit specified radiation within certain specific spectral
regions.

The following discussion of these types of sources is reproduced (in some
cases with slight modifications), with permission, from NIST Special Publi-
cation 250.% For specific details of calibration, and for the exact source des-
ignations, the user should contact the U.S. Department of Commerce, National
Institute of Standards and Technology, Office of Physical Measurement Ser-
vices, Room B362, Physics Building, Gaithersburg, MD 20899.
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Photometric Standards. The following is a list of lamps available for pho-
tometric standards purposes:

* Luminous intensity standard: 100-W frosted tungsten lamp, 90 cd

o Luminous intensity standard: 100-W frosted tungsten lamp, color tem-
perature, 2700 K

o Luminous intensity standard: 100-W frosted tungsten lamp, color tem-
perature, 2856 K

e Luminous intensity standard: 500-W frosted tungsten lamp, 700 cd

e Luminous intensity standard: 1000-W frosted tungsten lamp, 1400 cd

» Luminous intensity standard: 1000-W frosted tungsten lamp, color tem-
perature, 2856 K

¢ Luminous flux standard: 25-W vacuum lamp, about 270 Im

e Luminous flux standard: 60-W gas-filled lamp, about 870 Im

e Luminous flux standard: 100-W gas-filled lamp, about 1600 Im

e Luminous flux standard: 200-W gas-filled lamp, about 3300 Im

e Luminous flux standard: 500-W gas-filled lamp, about 10,000 Im

e Luminous flux standard: miniature lamps, seven sizes ranging from 6
to 400 Im

» Airway beacon lamps for color temperature: 500-W, one point in range,
2000 to 3000 K

Calibration services provide access to the photometric scales realized and main-
tained at NIST. Lamp standards of luminous intensity, luminous flux, and
color temperature, as described in the following subsections, are calibrated on
a routine basis.

Luminous Intensity Standards. Luminous intensity standard lamps supplied
by NIST [100-W (90- to 140-cd), 500-W (approximately 700 cd), and 1000-W
(approximately 1400 cd) tungsten filament lamps with C-13B filaments in
inside-frosted bulbs with medium bipost bases] are calibrated at either a set
current or a specified color temperature in the range from 2700 to 3000 K.
Approximate 3o uncertainties are 1% relative to the SI unit of luminous in-
tensity and 0.8% relative to NIST standards.

Luminous Flux Standards. Vacuum tungsten lamps of 25 W and 60-, 100-,
200-, and 500-W gas-filled tungsten lamps that are submitted by customers
are calibrated. Lamps must be base-up burning and rated at 120 V. Approx-
imate 30 uncertainties are 1.4% relative to SI units and 1.2% relative to NIST
standards. Luminous flux standards for miniature lamps producing 6 to 400
Im are calibrated with uncertainties of about 2%.

Airway Beacon Lamps. Color temperature standard lamps supplied by NIST
(airway beacon 500-W medium bipost lamps) are calibrated for color temper-
ature in the range from 2000 to 3000 K with 3¢ uncertainties ranging from
10 to 15 deg.

Infrared Radiometric Standards. The following is a list of lamps available
for IR radiometric standards purposes:

 Spectral radiance ribbon filament lamps, 225 to 2400 nm
* Spectral radiance ribbon filament lamps, 225 to 800 nm
» Spectral radiance ribbon filament lamps, 650 to 2400 nm
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* Spectral irradiance quartz-halogen lamps, 250 to 1600 nm
» Spectral irradiance quartz-halogen lamps, 250 to 2400 nm
 Spectral irradiance deuterium lamps, 200 to 350 nm

Spectral Radiance Ribbon Filament Lamps. These spectral radiance stan-
dards are supplied by NIST. Tungsten ribbon filament lamps (30A/T24/13) are
provided as lamp standards of spectral radiance. The lamps are calibrated at
34 wavelengths from 225 to 2400 nm, with a target area 0.6 mm wide by 0.8
mm high. Radiance temperature ranges from 2650 K at 225 nm, and 2475 K
at 650 nm, to 1610 K at 2400 nm, with corresponding uncertainties of 2, 0.6,
and 0.4%. For spectral radiance lamps, errors are stated as the quadrature
sum of individual uncertainties at the three standard deviation level.

Figure 2.6 summarizes the measurement uncertainty for NIST spectral ra-
diance calibrations.

Spectral Irradiance Lamps. These spectral irradiance standards are supplied
by NIST. Lamp standards of spectral irradiance are provided in two forms.
Tungsten filament, 1000-W quartz-halogen-type FEL lamps are calibrated at
31 wavelengths in the range from 250 to 2400 nm. At the working distance
of 50 cm, the lamps produce 0.2 W cm ™2 ¢cm ™! at 250 nm, 220 W cm ™2 ¢cm ™!
at 900 nm, 115 W cm ™2 em ™! at 1600 nm, and 40 W cm ™% em ™' at 2400 nm,
with corresponding uncertainties of 2.2, 1.3, 1.9, and 6.5%. For spectral irra-
diance lamps, errors are stated as the quadrature sum of individual uncer-
tainties at the three standard deviation level. Deuterium lamp standards of
spectral irradiance are also provided and are calibrated at 16 wavelengths
from 200 to 350 nm. At the working distance of 50 cm, the spectral irradiance
produced by the lamp ranges from about 0.5 W em ™2 cm ™! at 200 nm and 0.3
W em ™2 em ™! at 250 nm to 0.07 W em ™2 em ™! at 350 nm. The deuterium
lamps are intended primarily for the spectral region from 200 to 250 nm. The
approximate uncertainty relative to Sl units is 7.5% at 200 nm and 5% at 250
nm. The approximate uncertainty in relative spectral distribution is 3%. It is
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Fig. 2.6 Uncertainties for NIST spectral radiance calibrations.
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Fig. 2.7 Uncertainties for NIST spectral irradiance calibrations of FEL-type lamps.

strongly recommended that the deuterium standards be compared to an FEL
tungsten standard over the range 250 to 300 nm each time the deuterium
lamp is lighted to take advantage of the accuracy of the relative spectral
distribution.

Figure 2.7 summarizes the measurement uncertainty for NIST spectral ir-
radiance calibrations of FEL-type lamps.

Radiometric Sources in the Far-Ultraviolet Range. The following radiometric
sources are available:

» Spectral irradiance standard: argon mini-arc, 140 to 330 nm
¢ Spectral radiance standard: argon mini-arc, 115 to 330 nm
* Spectral irradiance standard: deuterium arc lamp, 165 to 200 nm

Source Calibrations in the Ultraviolet Range. NIST maintains a collection of
secondary sources such as argon maxi-arcs, argon mini-arcs, and deuterium
arc lamps in the near and vacuum ultraviolet radiometric standards program
to provide calibrations for user-supplied sources. The calibrations of these
sources are traceable to a hydrogen arc whose radiance is calculable and which
NIST maintains as a primary standard. The collection also includes tungsten
strip lamps and tungsten halogen lamps whose calibrations are based on a
blackbody rather than a hydrogen arc. Customer-supplied sources are cali-
brated in both radiance and irradiance by comparing them with NIST sec-
ondary standards.

Argon arcs are used to calibrate other sources in the wavelength range from
115 to 330 nm for radiance and 140 to 330 nm for irradiance. The lower
wavelength limit is determined in radiance by the cutoff of the magnesium
fluoride windows used in the arcs, and in irradiance by the decrease in signal
produced by the addition of a diffuser. Deuterium arc lamps are used in the
range from 165 to 200 nm, with the low-wavelength cutoff due to the onset of
blended molecular lines.
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The high-wavelength limit is the starting point of the range for the radio-
metric standards group. The tungsten lamps are used at 250 nm and above
because their signals are too weak at shorter wavelengths. Note that the
wavelength range of the NIST arcs partially overlaps the range of tungsten
lamps, thus providing an independent check on calibrations.

An argon mini-arc lamp supplied by the customer is calibrated for spectral
irradiance at 10-nm intervals in the wavelength region of 140 to 330 nm.
Absolute values are obtained by comparison of the radiative output with lab-
oratory standards of both spectral irradiance and spectral radiance. The spec-
tral irradiance measurement is made at a distance of 50 cm from the field stop.
Uncertainties are estimated to be less than +10% in the wavelength region
of 140 to 200 nm and within +5% in the wavelength region of 200 to 330 nm.
A measurement of the spectral transmission of the lamp window is included
so that the calibration is independent of possible window deterioration or
damage. The uncertainties are taken to be two standard deviations.

The spectral radiance of argon mini-arc radiation sources is determined to
within an uncertainty of less than 7% over the wavelength range of 140 to
330 nm and 20% over the wavelength range of 115 to 140 nm. The calibrated
area of the 4-mm-diam radiation source is the central 0.3-mm-diam region.
Typical values of the spectral radiance are as follows: at 250 nm, L(\) =30 mW
em™ 2 nm ™! sr™: and at 150 nm, LA) = 3 mW em ™2 nm~! sr™!. The trans-
mission of the demountable lamp window and that of an additional MgF;
window are determined individually so that the user may check periodically
for possible long-term variations.

The deuterium arc lamp is calibrated at 10 wavelengths from 165 to 200
nm, at a distance of 50 cm, at a spectral irradiance of about 0.5 W em Zem!
at 165 nm, 0.3 W cm ™2 em ™! at 170 nm, and 0.5 W em~2 em™1! at 200 nm.
The approximate uncertainty relative to SI units is estimated to be less than
10%. The lamp is normally supplied by NIST and requires 300 mA at about
100 V.

Laser Power and Energy. Table 2.4 lists laser sources. These sources used at
NIST are naturally only samples of the numerous lasers obtainable on the
open market. But they represent a range of wavelengths obtainable in this

Table 2.4 Laser Sources

Wavelength
Source Range (pm) Power Range (W) Uncertainty (%)

Argon ion 0.488 1E-6 to 1E0 +0.5t0 1.0

0.5145 1E-6 to 1E0 +0.5t0 1.0
Helium-neon 0.6328 1E-6 to 2E-3 +0.5t0 1.0
Diode laser (GaAlAs) 0.830 1E-4 to 2E-2 +0.5t0 1.0
Nd:YAG (cw) 1.064 1E-3 to 1EQ +0.5 to 1.0
Nd:YAG (Q-switched) 1.064 <110 mJ/pulse +1.1to 1.9
Nd:YAG (cw) 1.32 1E-4 to 1E-1 +0.5 to 1.0
Helium-neon 1.53 1E-4 to 1E-3 +0.5t0 1.0
Carbon dioxide 10.6 1E0 to 3E2 +1.6to 25
Carbon dioxide 10.6 4E-2 to 4E1 +251t03.5
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arena of sources, while at the same time being representable by NIST for
traceability. To attempt to include the hundreds of types of lasers—and the
thousands of varieties—would be superfluous for several reasons, but partic-
ularly because they change often. A summary chart is given in Ref. 10 that
is very useful in helping the buyer choose among the different varieties. That
chart is reproduced here in Table 2.5 with permission. The lasers listed in this
chart represent most of what the ordinary laser user will want to know about
these sources. A much more comprehensive source of this information can be
found in Ref. 11.

2.3 COMMERCIAL LABORATORY SOURCES

2.3.1 Blackbodies

Virtually any cavity can be used to produce radiation of high quality, but
practicality limits the shapes to a few. Popular shapes are cones and cylinders,
with the former being more popular. Spheres, combinations of shapes, and
even flat-plate radiators are used occasionally. Blackbodies can be bought
rather inexpensively, but a fairly direct correlation exists between cost and
quality (i.e., the higher the cost the better the quality).

Few manufacturers specialize in blackbody construction. Some, whose prod-
ucts are specifically described here, have been specializing in blackbody con-
struction for many years. Other companies of this type may be found, for
example, in the latest Photonics Directory of Optical Industries.}?

A large selection of standard (or blackbody) radiators is offered by Electro-
Optical Industries (EOI) of Santa Barbara, California.® Most blackbodies can
be characterized as one of the following: primary, secondary, or working stan-
dard. The output of the primary must, of course, be checked with those stan-
dards retained at NIST. Figure 2.8 pictures an EOI blackbody and its controller.
Figure 2.9 pictures a similar blackbody and its controller from Mikron. All of
the companies sell separate apertures (some of which are water cooled) for
controlling the radiation output of the radiators. Another piece of auxiliary
equipment that can be purchased is a multispeed chopper. It is impossible to
cite all of the companies that sell these kinds of sources; therefore, the reader
is referred to one of the buyer’s guides already referenced for a relatively
complete list. It is prudent to shop around for the source that suits one’s own
purpose.

Figure 2.10 demonstrates a less conventional working standard manufac-
tured by EOL Its grooves-and-honeycomb structure is designed to improve the
absorptance of such a large and.open structure. A coating with a good absorbing
paint increases its absorptance further.

‘Many of the sources in the text are portrayed using certain specific company products merely for
the sake of demonstration. This does not necessarily imply an endorsement of these products by
the author. The reader is encouraged in all cases to consult Ref. 12 or a similar directory for
competitive products.
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Fig. 2.8 EOI blackbody.

2.3.2 Incandescent Nongaseous Sources

This section deals with incandescent nongaseous sources exclusive of high-
temperature blackbodies.

Nernst Glower. The Nernst glower is usually constructed in the form of a
cylindrical rod or tube from refractory materials (usually zirconia, yttria, beria,
and thoria) in various sizes. Platinum leads at the ends of the tube conduct
power to the glower from the source. Since the resistivity of the material at
room temperature is quite high, the working voltage is insufficient to get the
glower started. Once started, its negative temperature coefficient-of-resistance
tends to increase current, which would cause its destruction, so that a ballast
is required in the circuit. Starting is effected by applying external heat, either
with a flame or an adjacent electrically heated wire, until the glower begins
to radiate.
Data from a typical glower are as follows:

1. power requirements: 117 V, 50 to 60 A, 200 W
2. color temperature range: 1500 to 1950 K
3. dimensions: 0.05 in. in diameter by 0.3 in.
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Table 2.5 Laser Applications Matrix—A Guide to Commercial Lasers (from Ref. 10)

Hundreds, even thousands, of types of lasers have been operated under laboratory conditions over the tast 26 years. But
most are too inefficient to become commercial products; only about 30 types of lasers are regularly manufactured. The
operating characteristics of these lasers differ widely from type to type; a key parameter for an excimer laser, for example,
may not even exist for a solidstate laser. These tables depict a concise summary of the main operating characteristics of
the major types of commercial lasers.

‘the most detailed descriptions cover the most widely used and manufactured types of lasers. Briefer descriptions are
given for less common lasers, often devices for which there exist only one or two manufacturers. To keep the task man.
ageable, characteristics relevant to only a few types of lasers or dependent on accessories (such as external optics) have
generally been omitted.

This table Is intended only to give an idea of the performance that can be expected from certain lasers. The ranges
reftect those which are covered by all commerclal devices; we know of no specific model that can cover the full ranges of
all the operating parameters listed for a given laser.

Severat famitles of laser types share important common features. These include:

o Exclmer lasers, in which different gases are used in the same hardware {usually) to produce different emission wave-
lengths. The misnomer “excimer," which should be “exciplex,” refers to the light-emitting species, a diatomic molecule
consisting of a rare gas atom and a halogen atom. This diatomic molecule exists only in its excited state, a feature that
enhances laser operation by eliminating tower-level bottlenecking.

* Dye lasers, which rely on a family of related active media, organic dyes carried in a liquid solvent. The energy needed to

Medium and
Type of Laser Wavelsngth Power Nature of Output  Price Structurs Energy Reg
Exclmer: 193 nm Up to 50 W avg. 5-25 ns pulses. to $30.000 to  Gas mixture contain- 110 or 220 V to drive
Argon Fluoride 500 mJ at $200,000 ing argon and fluorine  pulsed high-voltage
1-1000 Hz discharge
Krypton Fluoride 248 nm Upto 100 Wavg.  2-50 ns pulses. to  $30,000 to  Gas mixture contain- 110 or 220 V to drive
1J at 1-500 Kz $200.000 ing krypton and pu'sed high-voltage
fluorine discharge

Xenon Chloride 308 nm Up to 150 W avg 1-80 ns pulses. to $30,000 to  Gas mixture contain- 110 or 220 V to drive

1.5 a1 1-500 Hz  $200.000 ing xenon and chlorine  pulsed high-voltage
discharge

Xenon Fluoride 351 am Up to 30 W avg 1-30 ns pulses, o $30.000 to  Gas mixture contain- 110 or 220 V to drive

500 mJ at 1-500 Hz ~ $200,000 ing xenon and fluorine  pulsed high-voltage
discharge
Dye Laser pumped by:  Tunable from 0.05-15 W avg 3-50 ns pulses at  $4,000 to Dye in Yiquid solvent 110 or 220 V, plus

Nitrogen, Excimer, ~ 300-1000 am 0-10 kHz $100.000 pumping putses from

Nd:YAG other laser

Flashlamp Tunable from 025050 Wavg. 0.21t0o4puspulses, $6,000 to Dye in liquid solvent 110 or 220 V to drive
340-940 nm 0.0510 50 J at $50,000 pulsed power supply

0.03 10 50 Hz for
lon Laser Tunable from To2Ww Cw or picosecond $8.000 to Dye in liquid solvent 110 or 220 V, 1 W or
400-1000 nm pulses from mode-  $50,000 more (optical) from Ar
locked systems or Kr pump laser
Nitrogen 337 om 1-330 mW avg. 0.3-10 ns putses  $1.500 to  Flowing mitrogen gas 110 V for pulsed high-
at 1-1000 Hz $30,000 in channef or sealed  voltage discharge or
(0.001-10 mJ) tube 12-V battery pack
lon: Several lines 2mWio 20 W Cw {can be mode-  $3,000 to Argon gas in sealed 110, 220, or 440 V

Argon 351-528 nm (main locked) $50.000 tube to drive high-voltage
fines at 488 and de supply
514.5 am)

Krypton Several lines SmMWto6W Cw (can be mode-  $10.000 to  Krypton gas in sealed 110, 220. or 440 V
350-800 nm (main  (10-20% of argon  locked) $50,000 tube to drive high-voltage
line at 647.1 nm) output in same tube) dc supply

Argon-Krypton Several lines 056 W Cw $12,000 o Argon-krypton gas 220 or 440 V to drive
450-670 nm $30,000 mixture in sealed tube  high-voltage dc supply

Hellum-Cadmium 442 or 325 nm 2-50 mW at 442 Cw $3.000t0  lonized cadmium 110 V to operate
nm; 1.5-10 mw at $10,000 vapor mixed with heater and high-
325 nm helium in sealed fube  voltage dc supply
Hellum-Neon 543, 594, 604, 0.1-50 mW at 633  Cw $140 to Helium-neon mixture 110 or 220 V at
633, 1152, 1523, nm; to 15 mW at $16,000 in sealed tube 20-400 W for high-
and 3391 nm 1152 or 3331 am; voltage dc supply
=1 mW on other
lines
Ruby 694 nm Pulses of 0.03-100  Pulse rates $15,000 to  Synthetic ruby crystal 110, 220, or 440 V
J, durations from 0.01-4 Hz $70,000 with chromium for flashlamp power
10 ns to 10 ms impurity supply
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Table 2.5 (continued)

drive the laser reaction comes from another laser or, in some cases, from flashlamps. Many organic dyes will lase under
proper excitation; several dyes are needed to span the full wavelength tuning ranges listed. The emission characteristics
of dye lasers pumped by different pumping sources vary widely and are generally similar to the characteristics of the
pump source.

« ion lasers, in which the light-emitting specles is ionized argon, krypton, or a mixture of the two. Very similar hardware is
used to build argon, krypton, and mixed-gas lasers. A related ion laser, the xenon laser, is listed under “Other Commercial
Lasers” because of its limited market penetration, which Is partly due to its pulsed output—in contrast to the continuous-
wave output of argon and krypton lasers.

« Semiconductor diode lasers, where light is emitted at a p-n junction in a semiconductor. Wavetength depends on the
compostltlon of the semiconductor; operating characteristics depend on doping and structure of the device, among other
parameters. R

* Solidstate lasers, in which light from a flashlamp, arc lamp, or {most recently} a phase-coupted diode laser array excites
taser emission from atoms in a crystalline or glass host. Design of different types is very similar and is sometimes essentially
Identical except for the rod and any special optical elements used.

« Chemical lasers, in which the same hardware is used to obtain faser action from ordinary hydrogen fluoride or from its
isotopic variant, deuterium fluoride. HF and DF emit at different wavelengths.

« Carbon-dioxide lasers, which all rely on the same active medium, a gas mixture of CO2 and nitrogen and helium buffer

gases. But five different configurations, each with distinct operating characteristics, are avaitable in the marketplace.

Beam Beam
Efficiency Waight Cooling Lifetime Diameter Divergence  Special Notes Typical Applications
Upto 1% 50-500 kg Airorwater  10*to 5x 108 2x4 10 2 1o 6 mrad Requires regular replenish-  R&D, spectroscopy, photo-
shots per gas fili 25> 30 mm inrectangular  ment of dangerous gases  chemistry, medicine
beam
Up to 2% 50-500 kg Airor water  10° to 107 shots Similar to ArF Similar to AcF Similar to ArF R&D, spectroscopy, photo-
per gas fill chemistry, medicine
Up to 2.5% 50-1000 kg Airor water  10% to 2x 107 Simitar to AfF Similar to ArF Similar to ArF R&D, spectroscopy. photo-
shots per gas fill chemistry, dye pumping,
medicine
Up to 2% 50-500 kg Air or water  10% to 107 shots Similar to ArF Similar to ArF Similar to ArF R&D, spectroscopy, photo-
per gas filf chemistry, dye pumping,
medicing
5-25% conver-  3.2-100 kg Air, dye- Dye-fimited (hours 2-10 mm 0.3-6 mrad Pump laser usually sep-  R&D, spectroscopy.
sion of pump solvent flow  to a2 month or two) arate, change dyes to fiuorescence studies,
light span tuning range medicine
0.2-1% overall  30-110 kg Water, dye-  10% to 108 shots 5-20 mm 0.5-5 mrad Linear or coaxial flash R&D, spectroscopy,
solvent flow  per flashlamp lamps used fluorescence Studies,
medicineg
10-20% conver-  50-200 kg Water, dye-  Dye-limited (hours 0.6-1.0 mm 1-2 mrad Requires external pump R&D, spectroscopy,
sion ef pump solvent flow  to a week or s0) laser; ring or linear fluorescence studies,
light cavity medicing
Upto 0.1% 2.3-60 kg Air Thousands of hours;  2x 3 to 03t03x7 Nearly superradiant; some  Dye pumping, nonlinear
clean after 10% 6x 30 mm mrac require nitrogen supply spectroscopy, Raman
shots scattering
0.01-0.1% 10-300 kg Water or 1,000 hours 1o 5 0.6-2.0 mm 0.4-1.0 mrad  Single- or multiling output  Recording, spectroscopy,
forced air years in visible or ultraviolet dye pumping, repro-
graphics, medicine
0.001-0.05% 10-300 kg Water or 10% to 10* hours 0.6-2.0mm  04-1.5mrad  Single- or multiline output  Mufticolor light shows
forced air in visible or ultraviolet and displays dya pumping
0.005-0.02% 60-100 kg Water 10% hours plus 2 mm 2 mrad Generally built for mutti-  Multicolor light shows
ling visible emission and displays
0.01-0.1% 10-20 kg Air 4,000 hours visible;  0.3-1.2 mm 0.4-1.9 mrad  Tubes built either for Recording, reprographics,
2,000 hours ultra- visible or ultraviolet Spectroscopy, micro-
violet output lithography, medicine
0.01-0.1% 1.5-100 kg Air 5x10° to i05 0.3-3.0 mm 0.6-6.0 mrag  Maost tubes single-line Construction, recording,
hours emission; a few are holography, reprographics,
ling-tunable in visible measurement
0.1-0.5% 30-700 kg Water About 10° shots 1.5-25 mm 0.2-10 mrad  Pulse lengths can be con-  R&D, holography,

per flashtamp

irolled; double pulsing
for holography

materials working

(continued)
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Table 2.5 (continued)

Medium and
Type of Laser Wevelength Power Nature of Output  Price Structure Energy Requi
Somiconductor Diode:  750-905 nm 1-40 mW, average  Cw or pulsed $20 10 p-n junction in semi-  10-500 mA at about
GaAlAs {composition- or cw $6.000 conducting GaAs or 2V
) GaAlAs
Phase-coupled 780-850 nm - WOMWHo 1 W Cw or pulsed with ~ $150 1o Muttiple quantum well ~ 0.3-3 A cw, 1.6-50 A
GaAlAs Arrays {composition- cow, 1 Wio 10w durations 1 ns to $5,000 semiconductor func- pulsed
dependent) peak power in 200 ps tion in GaAlAs
pulse mode
InGaAsP 1100-1600 nm 1-10 mW Cw or putsed $1.000t0  p-n junction in 20-200 mA at 1.5V
{composition- $7.000 quaternary
) semiconductor
Neodymium-doped 1.064 um (1.32um  To 600 W average  Pulses, 0.01 to $8,000to  Synthetic crystal of 110 t0 440 V to drive
YAG (pulsed) is lower-powered rates to 50 kHz $125,000 yttrium aluminum fiashlamp power
atternative) garnet, doped with supoly
Diode-pumped 1.064 um (1.324m  0.5-10 mW Cw or pulsed, can ~ $3,000 to YAG crystal doped 110 or 220 V for
Neodymium-doped Is lower-powered be modelocked or $15,000 with neodymium, diode power supply,
YAg alternative) Q-switched selectively driven by lower voltage possible
diode faser
Neodymium-doped 1.064 um (1.32 4m  0.04 t0 600 W Cw $3.000 to YAG crystal doped 110 or 220 V for
YAG (CW) is lower-powered $95,000 with neodymium flashlamp power supply
alternative)
Neodymium-doped 1.06 um Pulses 01 0.1-100J  Pulsed at 0.1-2 Hz ~ $10,000 to  Glass doped with 220 V 1o drive
Glass : $125000  neodymium flashlamp power supply
F-center 1.43-1.58 ym and  1-100 mW Cw or modelocked ~ §35,000 to  F-centers (impurities) 110 or 220 V, 1-2 W
2.3-3.5 um pulses of a few $50,000 in alkali halide crystals  {optical) from ion or
picoseconds Nd'YAG pump laser
Hydrogen Fluoride 2.6-3 um (many 0.01-150 Wewor  Cwor 50-200 ns  §10,000to  Low-pressure gas 110 o 220 V to drive
(chemical) discrete lines) 2-600 mJ pulses pulses at 0.5-20Hz  $390,000 containing chemically  pulsed or cw high-
produced hydrogen voltage discharge
fluoride
Deuterium Fluoride 3.6-4 um {many 0.01-100 W cw or  Cw or 50-200 ns $10.000 o Low-pressure gas 110 or 220 V to drive
(chemical) discrete lines) 2600 mJ pulses pulses at0.5-20 Mz~ $90,000 containing chemically  pulsed or cw high-
produced deuterium voltage discharge
fluoride
Carbon Dioxide: 91 umor10.6,m 20 W10 5 kW Cw or long pulses ~ $15,000 1o Flowing gas midture 110, 220, or 440 V
Axial Gas Flow $300,000  containing CO; and
othet gases
Transverse Gas 9-11umor10.6,m 500 W to 15 kW Cw or long pulses  $80.000 to  Flowing gas mixture 110, 220, or 440 V
Flow $500,000 containing CO; and
other gases
Sealed-tube G111 umor10.64m 3100 W Generally cw $5.000to  Gas midure containing 110 V
$35,000 CO2 in sealed tube
Pulsed, TEA 91t umor10.64m  0.03-150 J pulses 50 ns to 100 ps $5.000 to  Gas mixture containing 110 or 220 V to drive
pulses at $125,000 CO; at near- pulsed high-voltage
0.1-1000 Hz ic pressure  discharge
Waveguide G111 umor10.6um 0.1-50 W Cw or pulsed $3,000 to Gas mixture containing 110 V to drive power
$25,000 CO; in @ waveguide  supply
tube
Other Commercial Lasers
Type Wavel C
Fluorine 157 nm F, in excimer laser, used in R&D
Krypton Chioride 222 nm Similar to other excimer lasers
Copper Vapor 510 and 578 nm Requires heating to vaporize copper, used for dye pump and forensics
Xenon 540 nm Pulsed output, used for electronic production applications
Gold Vapor 628 nm Similar to copper vapor, used mostly in medical R&D
Ti: Sapphire 700-980 nm Continuously tunable argon-pumped solidstate laser
Alexandrite 730-780 nm Continuously tunable flashlamp-pumped solidstate laser
GSGG 745-835 nm Nd and/or Cr doped crystal of gallium scandium gadolinium garnet
Perkovskite 780-850 nm Cr doped crystal of potassium zinc fluoride, used in R&D
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Table 2.5 (continued)

! Beam Bsam
Efficlency Weight Cooling Lifetime Diameter Divergence  Special Notes Typical Applications
1-20% 1gmorless  Air, heat 10* to 107 hours Not About Modulated directly by Printing, recording, read-
(package- sink meaningful 10x35° drive current, sold with-  ing, optical
P ) out power supply icati
20-40% 1-5 gm Air, heat 10* to 7 x 10* Not 5% 10° to 10-1000 stripes in array, ~ Optical pumping, illumi-
sink hours meaningful 10x35° phase coupled, addressed  nation, rangefinding,
in paralle! fiber sensors
1-20% 1gmorless  Air, heat to 10° hours Not 10%30° to Modulated directly by Fiberoptic communications
(package- sink meaningfu! 20 % 40° drive current, sold with-
dependent) out power supply
0.1-2.0% 30-700 kg Water About 105 shots 1-10 mm 0.3-20 mrad  Can Q-switch or mode- R&D, materials working,
overall per flashtamp lock, divergy rises gefinding, medicine,
with output power dye pump
5-8% overall negligible Air 10* hours pius 1-2mmtyp.  0.5-2.0 mrad  Highly efficient, compact,  Fiber communications
(package- {depends on diode typ. singlemode output stable  (1.32 am), R&D.
dependent) laser) to 10 kHz holography, laser radar
0.1-3.0% 30-700 kg Water Arc lamps last 0.7-8 mm 2-25 mrad Can O-switch or modelock ~ R&D, materials working,
overall about 200 hours medicing, inspection
1-5% 100-500 kg Water About 108 shots 3-25 mm 3-10 mrad Can Q-switch or modelock ~ R&D, materials working
per flashlamp (some
}
To 10% conver- 15 kg Liquid Thousands of hours ~ 1.35 mm 1.6 mrad Pump laser requirements  R&D, spectroscopy, non-
sion of pump nitrogen dependent on wavelength  linear fiber studies
light region
0.1-1.0% 150-2000 Flowing gas  Needs maintenance  2-40 mm 1-15 mrad Operates on one or many  Atmospheric research,
kg or water every 50-100 hours lines, needs vacuum other R&D
pump, exhaust is toxic
0.1-1.0% 150-2000 Flowinggas ~ Needs maintenance  2-40 mm 1-15 mrad Simitar to HF, exhaust R&D
kg or water every 50-100 hours is toxic
5-15% 100 kg to Air, water/  Thousands of hours  3-25 mm 1-3 mrad Needs gas supply and Materials working,
several tons  glycol vacuum system, gas surgery (low power)
can be reci
5-15% 100 kg to Air, water/  Thousands of hours  10-50 mm 1-3 mrad Needs gas supply and Materials working
several tons  glyco! vacuum system, gas
can be reci
5-15% to 50 kg Water or air 10 hours 3-4 mm 1-2 mrad Can fill with isotopic gases  R&D, surgery, low-power
to select specific materials working
1-10% 35-1000 kg Water or air 105 or more shots  5-100 mm 0.5-10 mrad  Single- or multiline output, ~ R&D, materials working,
i P istry, laser
o beanT radar, remote sensing
About 5% 5-20 kg Air to 10* hours 1-10 mm 4-10 mrad Single- or multiline output,  Materials working,
gas flow typically rapid surgery, laser radar,
other R&D
Other Commercial Lasers (cont.)
Type Wavelength C
Erbium:YLF 850 or 1730 nm Erbium-doped yttrium lithium fluoride, simitar to Nd: YAG
lodine 1.3pm High power R&D tool
Erbium: Glass 1.54 um Erbium-doped glass, used in “eyesafe” rangefinders
Holmium 2.06 pm HLYLF, similar to Nd:YAG; some interest in rangefinding
Erbium:YAG 2.94 pm Pulsed erbium-doped YAG, for medical apptications
Lead:salt 3-30 pm Tens of mW, requires cryogenics; several diodes needed for full
Semiconductor Diode range
Carbon Monoxide 5-7 pm (many Cw or pulsed, single- or multiline operation
discrete lines)
Far Infrared 30-1000 pm Organic vapors pumped by CO, laser, used in R&D
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4 Verification

b (T PN 14 thermocouple
o NIST traceable

water cooled
aperture up
to 6 settings
of aperture
diameter

Fig. 2.9 Mikron blackbody.

The spectral characteristics of a Nernst glower in terms of the ratio of its
output to that of a 900°C blackbody are shown in Fig. 2.11.

The life of the Nernst glower diminishes as the operating temperature is
increased. Beyond a certain point, depending on the particular glower, no great
advantage is gained by increasing the current through the element. The glower
is fragile, with low tensile strength, but can be maintained intact with rigid
support. The life of the glower depends on the operating temperature, care in
handling, and the like. Lifetimes of 200 to 1000 h are claimed by various
manufacturers.

Since the Nernst glower is made in the form of a long thin cylinder, it is
particularly useful for illuminating spectrometer slits. Its useful spectral range
is from the visible region to almost 30 um, although its usefulness compared
with other sources diminishes beyond about 15 pm. As a rough estimate, the
radiance of a glower is nearly that of a graybody at the operating temperature
with an emissivity in excess of 75%, especially below about 15 um. The rel-
atively low cost of the glower makes it a desirable source of moderate radiant
power for optical uses in the laboratory. The makers of spectroscopic equipment
constitute the usual source of supply of glowers (or of information about suppliers).

Globar. The globar is a rod of bonded silicon carbide and is usually capped
with metallic caps, which serve as electrodes for the conduction of current
through the globar from the power source. The passage of current causes the
globar to heat, yielding radiation at a temperature greater than 1000°C. A
flow of water through the housing that contains the rod is needed to cool the
electrodes (usually silver). This complexity makes the globar less convenient
to use than the Nernst glower and necessarily more expensive. This source
can be obtained already mounted, from a number of manufacturers of spec-
troscopic equipment. Feedback in the controlled power source makes it possible
to obtain high radiation output.
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Fig. 2.10 EOI working standard.
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Fig. 2.11 The ratio of a Nernst glower to a 900°C blackbody versus wavelength.'®
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Ramsey and Alishouse!® provide information on a particular sample globar

as follows:

1. power consumption: 200 W, 6 A
2. color temperature: 1470 K.

They also provide the spectral characteristics of the globar in terms of the
ratio of its output to that of a 900°C blackbody. This ratio is plotted as a
function of wavelength in Fig. 2.12. Figure 2.13 is a representation of the
spectral emissivity of a globar as a function of wavelength. The emissivity
values are only representative and can be expected to change considerably

with use.
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Gas Mantle. The Welsbach mantle is typified by the type found in high-
intensity gasoline lamps used where electricity is not available. The mantle
is composed of thorium oxide with some additive to increase its efficiency in
the visible region. Its near-infrared emissivity is quite small, except for regions
exemplified by gaseous emission, but increases considerably beyond 10 pm.

Ramsey and Alishouse!® provide information on a propane-heated sample
from an experiment in which a comparison of several sources is made:

1. color temperature: 1670 K
2. dimensions: 25.4 by 38.1 mm.

The spectral characteristics of the mantle in terms of the ratio of its output
to that of a 900°C blackbody are shown in Fig. 2.14.

Pfund’® modified the gas mantle so that it became more of a laboratory
experimental source than an ordinary radiator. By playing a gas flame on an
electrically heated mantle, he was able to increase its radiation over that from
the gas mantle itself. Figure 2.15 shows a comparison of the gas mantle and
the electrically heated gas mantle with a Nernst glower. Strong'® points out
that playing a flame against the mantle at an angle produces an elongated
area of intense radiation useful for illuminating the slits of a spectrometer.

Comparison of Nernst Glower, Globar, and Gas Mantle. Figure 2.16 com-
pares these three types of sources, omitting a consideration of differences in
the instrumentation used in making measurements of the radiation from the
sources.

Availability, convenience, and cost usually influence a choice of sources. At
the very long wavelength regions in the infrared, the gas mantle and the globar
have a slight edge over the Nernst glower because the Nernst glower (a con-
venient, small, and inexpensive source) does not have the power of the gas
mantle and globar.

Tungsten-Filament Lamps. A comprehensive discussion of tungsten-filament
lamps is given by Carlson and Clark.!” Figures 2.17, 2.18, and 2.19 show the
configurations of lamp housings and filaments. The types and variations of
lamps are too numerous to be meaningfully included in this volume. The reader

5.0

| Prisms:
= o NaCl
© 4-2I” calculated after Sutherland s KBr
£ - a Csl
o 3.4
5 F
% 2.6 Ramsey and Alishouse
"g —
E 1.8
° —
E 1.0

ot
[X)

2.0 6.0 10.0 14.0 18.0 22.0 26.0 30.0 34.0 38.0
Wavelength (um)

Fig. 2.14 The ratio of the gas mantle to a 900°C blackbody versus wavelength.?
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Energy Ratic (Welsbach/Nernst)

Fig. 2.15 Emission relative to that of a Nernst glower (2240 K) of the gas-heated mantle
(lower curve) and that of the mantle heated by gas plus electricity (upper curve).!®
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Fig.2.16 The spectral radiant emittances of a globar, Nernst glower, 900°C blackbody,

Wavelength (um)

and gas mantle versus wavelength.

is referred to one of the buyer’s guides for a comprehensive delineation of

manufacturers from whom literature can be obtained.

Tungsten lamps have been designed for a variety of applications; few lamps
are directed toward scientific research, but some bear directly or indirectly on
scientific pursuits insofar as they can provide steady sources of numerous types
of radiation. One set of sources cited here, particularly for what the manufac-
turer calls their “scientific usefulness,” is described in Ref. 18. Their filament
structures are similar to those already described, but their designs reduce
extraneous radiation and ensure the quality and stability of the desired ra-
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Fig. 2.17 Bulk shapes most frequently used for lamps in optical devices. Letter designa-
tions are for particular shapes.!”

IV

C-6 c-8

CcC-2v cc-6 cc-8
c-11 c-13 C-13B
cc-11 cCc-13 cc-138

Fig. 2.18 Most commonly used filament forms. Letters designate the type of filament.}”

iwllmwmi

SR-6

CR-6

SR-8 SR-8 SR-8A
Fig. 2.19 Ribbon-type tungsten filaments. Type designations are by number.?

diation. The lamps can be obtained with a certification of their calibration
values.

The physical descriptions of some of these sources are given in Fig. 2.20.
Applications (according to the manufacturer, Osram) are photometry, pyrom-
etry, optical radiometry, sensitometry, spectroscopy, spectrometry, polarim-
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140

ESE
g
L

Wi 9
Base E 27/30
DIN 49620

|<—38>I

| =+
———— 135

Order Upper limits tor Color Lumtnance Tg Dimensions Burnming Base
relerence electric data termmperature Ty max of luminous area position

volt amp max width height  2)

'} mm mm

Lamps for scientific purposes
Wi g 85 6 2856 K - 0.2 47 s E27
Wi 14 5 16 - 2400 K 16 8 s E27
Wie/G_ 9 16 - 2600 K 21 16  s+h E27
WI17/G 9 16 - 2600 K 1.6 20 s E27
WI40/G 31 6 2856 K - 18 18 s+h E27
Wi 41/G 31 6 2856 K - 18 18 s+h E 27

Lamps for scientific purposes are gas-filled, incandescent lamps for calibration of
luminous intensity, luminous flux, luminance (spectral radiant temperature}, color
temperature (luminance temperature and spectral radiance distribution). A test certifi-
cate can be issued for these types of lamps.

Also for other types of lamp with sufficiently constant electric and photometric data,

a test certificate can be issued. To order a test certificate, the order reference of the
lamp, the type of measurement, and the desired burning position have to be given.
Example: Lamp 41/G, measurement of the electric data and the luminous intensity for
T, = 2856 K {light-type A), burning position vertical, base up.

Variables for which test certificates can be issued are shown in the following table

Base E 27/51x39

Ry by +. The sign (+) indicates that certificates can be issued for variables although the
—— lamps were not designed for such measurements.
Wl 14 Type of Light Luminous Luminance Color Spectral
Base E 27/30 lamp ntensity flux temperature radiance
DIN 49620 distribution 3)
WKl + ~ - + -
+
- Wil 14 (+) - + 300-800 nm
+
— WI 16/G (+) - + + 300-800 nm
+
WI17/G - - + (+) 250-800 nm
250-2500 nm
—— WI 40/G (+) + - +) -
WI 41/G + - - + -
g
< Description
Wi 9:
Lamp with uncoiled straight fitament.
Wi 14:
Tungsten ribbon lamp with tubular bulb. The portion of the tungsten ribbon to be
WI16/G utilized for measurement is mounted paralle! to the lamp axis and positioned approx.

8 mm off-axis in the measuring direction.

") The color sre of 2856 K cortespands with Tighl-type A (DIN 5035)
2) s = vertical (base down); h = vertical (base up)
3) Only for additional measurement of luminance or color temperature

Fig. 2.20 Lamps for scientific purposes.’®

etry, saccharimetry, spectrophotometry, colorimetry, microscopy, micropho-
tography, microprojection, and stroboscopy.

Quartz envelope lamps are particularly useful as standards because they
are longer lasting (due to action of iodine in the quartz-iodine series), can be
heated to higher temperatures, are sturdier, and can transmit radiation to
longer wavelengths in the infrared than glass-envelope lamps. Studer and Van
Beers!® have shown the spectral deviation to be expected of lamps containing
no iodine. The deviation, when known, is readily acceptable in lieu of the
degradation in the lamp caused by the absence of iodine. The particular tung-
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40*] WI16/G:
N Tungsten ribbon lamp with spherical bulb. Horizontal tungsten ribbon with a small
2 notch to indicate the measuring point. The ribbon is positioned approx. 3 mm off axis.

— WI7/G:
@ Tungsten ribbon lamp with horn-shaped bulb. The bulb has a tubular extension with
: : a sealed-on quartz glass window (homogenized ultrasil). Vertical tungsten ribbon

with a small notch to indicate the measuring point.

170

125
+5

W1 40/G:

Standard lamp for total radiation, luminous flux and color temperatures with conic
bulb. The bulb shape prevents reflections in the direction of the plane normal of the
luminous area, which is formed by the meandrous-shaped filament.

WI 41/G:
<= = G0~ 55w Standard lamp for light intensity and color temperature with conic bulb. Differs from
the WI 40/G lamp by a black, opaque coating which covers one side of the bulb.
\ * A window is left open in the coating opposite the filament, through which over an
. ) angle of approx. £3° a constant light intensity is emitted. The black coating prevents
] 9 stray light being refiected in the measuring direction.

WI17/G
Base E 27/51x39 -

‘ - 100——» ‘4———100——-—

- 18 18
¥ T }
g2 2
&2 Ui g9
]
o
-
WI 40/G Wi 41/G
Base E 27/51x 39 Base E 27/51x39

Fig. 2.20 (continued)

sten-quartz-iodine lamps used in accordance with the NIST were described
earlier in this chapter. Others can be obtained in a variety of sizes and wattages
from General Electric, Sylvania, and a variety of other lamp manufacturers,
and secondary sources.

2.3.3 Carbon Arc

The carbon arc has been passed down from early lighting applications in three
forms: low-intensity arc; flame; and high-intensity arc. The low- and high-
intensity arcs are usually operated on direct current; the flame type adapts to
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either direct or alternating current. In all cases, a ballast must be used. “In
the alternating current are, the combined radiation from the two terminals is
less than that from the positive crater of the direct-current arc of the same
wattage” ! Spatial variation in the amount of light energy across the crater
of dc arcs for different currents is shown in Fig. 2.21.

The carbon arc is a good example of an open arc, widely used because of its
very high radiation and color temperatures (from approximately 3800 to 6500 K
or higher). The rate at which the material is consumed and expended during
burning (5 to 30 cm/h) depends on the intensity of the arc. The arc is discharged

Plate Opening
6:1 Reduction

I 1 I
l Width of Aperture l

45:1 Reduction

180 p—

160 4—

140 p— 10 mm @u—g 18A

¥—ux 21A |
| —_— 24A |

—
=
(=1

Luminance (cd mm'z)
—_
(=]
o

140 12 mm O—O 24A

| I *— 28A l
‘ — 34A |

’ |
‘s I [ W
140 |— A , 13 mm 0—O0 31A I ' \t\
/
/ 4 | Y——th 34A l | \\\\
— 7/ I —— 44A l \\
[ I N N N N | ||
0,20 0.10 0.0 0.10 0.20

Distance from Center of Crater (in)

Fig. 2.21 Variations in brightness across the craters of 10-, 12-, and 13-mm positive car-
bons of dc plain arcs operated at different currents in the regions of recommended operation.!
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between two electrodes that are moved to compensate for the rate of con-
sumption of the material. The anode forms a crater of decomposing material,
which provides a center of very high luminosity. Some electrodes are hollowed
out and filled with a softer carbon material, which helps keep the arc fixed in
the anode and prevents it from wandering on the anode surface.

In some cored electrodes, the center is filled with whatever material is
needed to produce the desired spectral characteristics in the arc. In such de-
vices,?® the flame between the electrodes becomes the important center of
luminosity, and color temperatures reach values as high as 8000 K. An ex-
ample of this so-called flaming arc is shown in Fig. 2.22(a). Figures 2.22(b)
and 2.22(c) show the low-intensity dc carbon arc and the high-intensity dc
carbon arc with rotating positive electrodes. Tables 2.6 and 2.7 give charac-
teristics of flame and dc high-intensity carbon arcs.

A spectrum of low-intensity arc (Fig. 2.23) shows the similarity between
the radiation from it and a 3800 K blackbody, except for the band structure
at 0.25 and 0.39 um. In Koller?® an assortment of spectra is given for cored
carbons containing different materials. Those for a core of soft carbon and for
a polymetallic core are shown in Figs. 2.24 and 2.25. Because radiation emitted
from the carbon arc is very intense, this arc supplants, for many applications,
sources that radiate at lower temperatures. Among the disadvantages of the
carbon arc are its inconvenience relative to the use of other sources (e.g., lamps)
and its relative instability. However, Null and Lozier®® have studied the prop-
erties of the low-intensity carbon arc extensively and have found that under
the proper operating conditions the carbon arc can be made quite stable; in

(@) () (©

Fig. 2.22 Various types of carbon arcs®’: (a) flame type, (b) low-intensity dc arc, and (c) high-
intensity dc arc with rotating positive carbon.
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Table 2.6 Flame-Type Carbon Arcs (from Ref. 23)

Application Number?®
1 3 3 4
Type of carbon C E Sunshine Sunshine
Flame materials Polymetallic Strontium Rare earth Rare earth
Burning position8 Vertical Vertical Vertical Vertical
Upper carbond
Diameter 22 mm 22 mm 22 mm 22 mm
Length (in.) 12 12 12 12
Lower carbond
Diameter 13 mm 13 mm 13 mm 13 mm
Length (in.) 12 12 12 12
Arc current (A) 60 60 60 80
Arc voltage @@ac)h 50 50 50 50
Arc power (kW) 3 3 3 4
Candlepowerl 2100 6300 9100 10000
Lumens 23000 69000 100000 110000
Lumens per arc watt 7.6 23 333 275
Color temperature (K) 12800 24000)
Spectral intensity (uW cm’z)
1 m from arc axis:
Below 270 nm 540.0 180.0 102 140
270-320 nm 540.0 150.0 186 244
320-400 nm 1800.0 1200.0 2046 2816
400-450 nm 300.0 1100.0 1704 2306
450-700 nm 600.0 4050.0 3210 3520
700-1125 nm 1580.0 2480.0 3032 3500
Above 1125 nm 9480.0 10290.0 9820 11420
Total 14930 19460 20100 24000
Spectral radiation (per-
cent of input power):
Below 270 nm 1.8 0.6 0.34 0.35
270-320 nm. 1.8 0.5 0.62 0.61
320-400 nm 6.0 4.0 6.82 7.04
400-450 nm 1.3 3.7 5.68 5.90
450-700 nm 2.0 135 10.7 8.80
700-1125 nm 5.27 8.27 10.1 8.75
Above 1125 nm 31.6 343 32.7 28.55
Total 49.77 64.87 67.00 60.00

aTypical applications: 1 to S and 8, photo- bPhotographic white-flame carbons.

chemical, therapeutic, accelerated exposure test-  CHigh intensity copper-coated sunshine carbons.
ing, or accelerated plant growth; 6, 7, and 9 blue-  dBoth carbons are same in horizontal, coaxial ac
printing diazo printing, photo copying, and  arcs.

graphic arts; 10, motion-picture and television

studio lighting,

fact, in their treatise they recommend its use as a standard of radiation at
high temperatures.
2.3.4 Enclosed Arc and Discharge Sources (High Pressure)

Koller? states that the carbon arc is generally desired if a high intensity is
required from a single unit but that it is less efficient than the mercury arc.
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Table 2.6 (continued)
5 6 7b SC’d 9d,e 10f
w Enclosed arc | Photo Sunshine Photo Studio
Polymetallic None Rare earth Rare earth Rare earth Rare earth
Vertical Vertical Vertical Horizontal Horizontal Vertical
22 mm 1/2 in, 1/2 in. 6 mm 9 mm 8 mm
12 3-16 12 6.5 8 12
13 mm 1/21in. 1/2in, 6 mm 9 mm 7 mm
12 3-16 12 6.5 8 9
80 16 38 40 95 40
50 138 50 24 30 37 dc
4 2.2 1.9 1 2.85 1.5
8400 1170 6700 4830 14200 11000
92000 13000 74000 53000 156000 110000
23 5.9 39.8 53 54.8 73.5
7420) 6590 8150 4700
1020 95 11 12
1860 76 49 100 48
3120 1700 684 415 1590 464
1480 177 722 405 844 726
2600 442 2223 1602 3671 3965
3220 1681 1264 1368 5632 2123
14500 6600 5189 3290 8763 4593
27800 10600 10253 7140 20600 11930
2.55 0.5 0.11 0.08
4.65 0.4 0.49 0.35 0.32
7.80 1.7 3.6 4.15 5.59 3.09
3.70 0.8 3.8 4.05 2.96 4.84
6.50 2.0 11.7 16.02 12.86 26.43
8.05 7.6 6.7 13.68 10.75 14.15
36.25 29.9 27.3 32.90 30.60 30.62
69.50 48.0 54.0 71.40 72.20 79.53

€High-intensity photo carbons.

Motion-picture-studio carbons.
gAll combinations shown are operated coaxially.
hAll operated on alternating current except item

10.

81

%Horizontal candlepower, transverse to arc axis.
Jpeviates enough from blackbody colors to make
color temperature of doubtful meaning.

Other disadvantages are the short life of the carbon with respect to mercury
and resulting combustion products, which may be undesirable. Worthing® de-
scribes a number of the older, enclosed, metallic arc sources, many of which
can be built in the laboratory for laboratory use. Today, however, it is rarely
necessary to build one’s own source unless it is highly specialized.
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Fig. 2.23 Spectral distribution of radiant flux from a 30-A, 55-V dc low-intensity arc with
12-mm positive carbon (solid line) and a 3800 K blackbody radiator (broken line).”
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Fig. 2.24 Spectral energy distribution of carbon arc with core of soft carbon. Upper curve:
60-A ac 50-V across the arc; lower curve: 30-A ac 50-V across the arc.2’
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Fig. 2.25 Spectral energy distribution of carbon arc with polymetallic-cored carbons.
Upper curve: 60-A ac 50-V across the arc; lower curve: 30-A ac 50-V across the arc.2’
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Fig. 2.26 Intensity distribution of UA-2 intermediate-pressure lamp.2°

A large number of these types of sources are compiled in Ref. 22. Some are
repeated here in case Ref. 22 is not readily accessible to the reader. However,
the reader should be aware that many changes might have occurred in the
characteristics of these sources and in the supplier whose product is preferred.
Consulting current product literature is usually a good procedure. In some
cases a certain type of source described previously may not currently exist.

Uviarc.? This lamp is an efficient radiator of ultraviolet radiation. The energy
distribution of one type is given in Fig. 2.26. Since the pressure of this mercury-
vapor lamp is intermediate between the usual high- and the low-pressure
lamps, little background (or continuum) radiation is present.

In the truly high-pressure lamp, considerable continuum radiation results
from greater molecular interaction. Figure 2.27 shows the dependence on pres-
sure of the amount of continuum in mercury lamps of differing pressure. Bulb
shapes and sizes are shown in Fig. 2.28.

Mercury Arcs. A widely used type of high-pressure, mercury-arc lamp and
the components necessary for its successful operation are shown in Fig. 2.29.
The coiled tungsten cathode is coated with a rare-earth material (e.g., thorium).
The auxiliary electrode is used to help in starting. A high resistance limits
the starting current. Once the arc is started, the operating current is limited
by ballast supplied by the high reactance of the power transformer. Spectral
data for clear 400-W mercury lamps of this type are given in Fig. 2.30.

Multivapor Arcs. In these lamps, argon and mercury provide the starting
action. Then sodium iodide, thallium iodide, and indium iodide vaporize and
dissociate to yield the bulk of the lamp radiation. The physical appearance is
like that of mercury lamps of the same general nature. Ballasts are similar
to their counterparts for the mercury lamp. Up-to-date information on these
sources should be obtained from the General Electric Corporation Lamp Di-
vision, Cleveland, Ohio. Spectral features of these sources are given in Fig. 2.31.

dRegistered trademark of General Electric.
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Fig. 2.27 Emission spectrum of high-pressure mercury-arc lamps showing continuum
background?®: (a) 31 atm, (b) 75 atm, (c) 165 atm, and (d) 285 atm.
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Fig. 2.28 Bulb shapes and sizes (not to scale).?®

Lucalox® Lamps. The chief characteristics of this lamp are high-pressure
sodium discharge and a high-temperature-withstanding ceramic, Lucalox
(translucent aluminum oxide), to yield performance typified in the spectral
output of the 400-W Lucalox lamp shown in Fig. 2.32. Ballasts for this lamp
are described in Ref. 25.

®Registered trademark of General Electric.
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Fig. 2.29 High-pressure mercury lamp showing various components.?
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Fig.2.30 Spectral energy distribu-
tion for clear mercury-arc lamp.?®
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Fig. 2.31 Spectral energy distribution of
multivapor-arc lamp.
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Fig. 2.32 Spectral output of 400-W Lucalox lamp.?®
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Fig. 2.33 Water-cooled high-pressure (110 atm) mercury-arc lamp showing lamp in
water jacket.

50 -

Far UV (220 - 280 nm) 29.8 W Radiated
Middle UV (280 — 320 nm) 69.5 W Radiated
Near UV (320 — 400 nm)  112,3 W Radiated

- Visible (400 -~ 760 nm) 252.3 W Radiated

20 Total (220 ~ 760 nm) 463.9 W Radiated
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Fig. 2.34 Spectral energy distribution of type BH6-1 mercury capillary lamp.%8

Capillary Mercury-Arc Lamps. As the pressure of the arc increases, cooling
is required to avoid catastrophic effects on the tube. The AH6 tube (Fig. 2.33)
is constructed with a quartz bulb wall and a quartz outer jacket to allow 2800 K
radiation to pass, or a Pyrex® outer jacket to eliminate ultraviolet. Pure water
is forced through at a rapid rate, while the tube is maintained at a potential
of 840 V. The spectral characteristics of certain tubes?® are shown in Fig. 2.34.

Compact-Source Arcs. Some common characteristics of currently available
compact-source arc lamps!?-2?7 are as follows:

1. A clear quartz bulb of roughly spherical shape with extensions at
opposite ends constituting the electrode terminals. In some cases, the
quartz bulb is then sealed within a larger glass bulb, which is filled
with an inert gas.

2. A pair of electrodes with relatively close spacing (from less than 1 mm
to about 1 cm); hence the sometimes-used term “short-arc lamps.”

3. A filling of gas or vapor through which the arc discharge takes place.

4. Extreme electrical loading of the arc gap, which results in very high
luminance, internal pressures of many atmospheres, and bulb tem-

fRegistered trademark of Corning Glass Works.
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peratures as high as 900°C. Precautions are necessary to protect people
and equipment in case the lamps should fail violently.

5. The need for a momentary high-voltage ignition pulse and a ballast
or other auxiliary equipment to limit current during operation.

6. Clean, attention-free operation for long periods of time. These lamps
are designated by the chief radiating gases enclosed as mercury, mer-
cury-xenon, and xenon lamps.

Figure 2.35 shows a compact-source construction for a 1000-W lamp. Since
starting may be a problem, some lamps (Fig. 2.36) are constructed with a third
(i.e., a starting) electrode, to which a momentary high voltage is applied for
starting (and especially restarting) while hot. The usual ballast is required
for compact-source arcs. For stability, these arcs, particularly mercury and
mercury-xenon, should be operated near rated power on a well-regulated power
supply.27

The spatial distribution of luminance from these lamps is reported in the
literature already cited, and typical contours are shown in Fig. 2.37. Polar
distributions are similar to those shown in Fig. 2.38. Spectral distributions
are given in Figs. 2.39, 2.40, and 2.41 for a 1000-W ac mercury lamp, a 5-kW
dc xenon lamp, and a 1000-W dc mercury-xenon lamp. Lamps are available
at considerably less wattage.

-0

Metal
Sleeve

Glass
Bulb

-6

Metal

Lo Sleeve

12 in.

Fig. 2.35 Construction of different lamps showing differences in relative sizes of electrodes
for dc (left) and ac (right) operation.”
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@ A Lamp HBO 200 W'
(Order Reference)
Type of current DC AC
Lamp supply voltage Vv >105 220
‘>’ d f‘“ Operating voltage vh 65...47 S1x4
of lamp L, 53+4
= Operating current at L 3.6
—7 — o;?eratingg voltage range AT_"; 314257
5 _J Rated power of lamp w 200
—b Luminous flux Im 9500
© Luminous efficacy im/W | 47.5
Light intensity cd 1000
+ Average luminance cd/cm? | 40000
Arc (width w x height h4) mm 0.6x22
Average lamp life h 200
@ V Diameter d mm 18
Length | max. mm 108
Distance a mm 4112
Width b mm 45
Burning position with
stamped base down s45

Fig. 2.36 Construction of a lamp with a third, starting electrode.'®

Cathode

(@)

Cathode

(b)

Fig. 2.37 Spatial luminance distribution of compact-arc lamps!”: (a) 5-kW dc xenon lamp

and (b) 5-kW dc mercury-xenon lamp.

Cann?7 reports on some interesting special lamps tested by Jet Propulsion
Laboratories for the purpose of obtaining a good spectral match to the solar
distribution. The types of lamps tested were Xe, Xe-Zn, Xe-Cd, Hg-Xe-Zn, Hg-
Xe-Cd, Kr, Kr-Zn, Kr-Cd, Hg-Kr-Zn, Hg-Kr-Cd, Ar, Ne, and Hg-Xe with var-
iable mercury vapor pressure. For details, the reader should consult the literature.

A special design of a short-arc lamp manufactured by Varian?® is shown in
Fig. 2.42. Aside from its compactness and parabolic selector, it has a sapphire
window, which allows a greater amount of IR energy to be emitted. It is
operated either dc or pulsed, but the user should obtain complete specifications
because the reflector can become contaminated, with a resultant decrease in

output.
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Luminous Intensity,

d
cd per 1000 1m Luminous Intensity,

cd per 1000 Im

Anode Up
(a) (b)

Fig. 2.38 Polar distribution of radiation in planes that include arc axis: (a) 7.5-kW ac
mercury lamp and (b) 2.5-kW dc mercury-xenon lamp. The asymmetry in (b) is due to
unequal size of electrodes.!”

10.0
8.0

6.0

2.0 7

0.0 Ju.l\“"‘"l-‘—TJLQ\-".I

0.2 0.4 0.6 0.8 1.0 1.2 1.4
Wavelength (ym)

Percent Radiant Flux per 0.01 pm Band

Fig. 2.39 Spectral distribution of radiant intensity from a 1000-W ac mercury lamp per-
pendicular to the lamp axis.
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Fig. 2.40 Spectral distribution of radiant intensity from a 5-kW dc xenon lamp perpen-
dicular to the lamp axis with electrode and bulb radiation excluded.'”

2.3.5 Enclosed Arc and Discharge Sources (Low Pressure)

With pressure reduction in a tube filled with mercury vapor, the 2537-A line
becomes predominant so that low-pressure mercury tubes are usually selected
for their ability to emit ultraviolet radiation.2°

Germicidal Lamps. These are hot-cathode lamps that operate at relatively
low voltages. They differ from the ordinary fluorescent lamps used in lighting
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Fig. 241 Spectral distribution of radiant flux from a 1000-W mercury-xenon lamp.'?

Fig. 242 High-pressure, short-arc xenon illuminators with sapphire windows. Low start-
ing voltage, 150 through 800 W; VIX150, VIX300, VIX500, VIX800.2%

in that they are designed to transmit ultraviolet, whereas the wall of the
fluorescent lamp is coated with a material that absorbs ultraviolet and reemits
visible light. The germicidal lamp is constructed of 1-mm-thick glass, which
transmits about 65% of the 2537-A radiation and virtually cuts off shorter
wavelength ultraviolet radiation.

Sterilamp? Types. These cold cathode lamps start and operate at higher volt-
ages than the hot-cathode type and can be obtained in relatively small sizes
as shown in Fig. 2.43. The operating characteristics of Sterilamps should be
obtained from the manufacturer.

Black-Light Fluorescent Lamps. This fluorescent lamp is coated with a phos-
phor efficient in the absorption of 2537-A radiation, emitting ultraviolet ra-
diation in a broad band around 3650 A. The phosphor is a cerium-activated
calcium phosphate, and the glass bulb is impervious to shorter wavelength
ultraviolet radiation. Characteristics of one type are given in Table 2.8.

Hollow-Cathode Lamps. A device described early in this century and used
for many years by spectroscopists is the hollow-cathode tube. The one used by

gRegistered trademark of Westinghouse Electric.
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Fig.2.43 Pen-Ray low-pressure lamp.?° (Pen-Ray® is a registered trademark of Ultraviolet
Products, Inc.)

Paschen! consisted of a hollow metal cylinder and contained a small quantity
of inert gas, yielding an intense cathode glow characteristic of the cathode
constituents. Materials that vaporize easily can be incorporated into the tube
so that their spectral characteristics dominate.!

A number of companies sell hollow-cathode lamps that do not differ signif-
icantly from those constructed in early laboratories. The external appearance
of these modern tubes shows the marks of mass production and emphasis on
convenience. They come with a large number of vaporizable elements, singly
or in multiples, and with Pyrex® or quartz windows. A partial list of the
characteristics of the lamps available from two manufacturers is given in Table
2.9. Their physical appearance is shown in Fig. 2.44(a). A schematic of the
different elements obtainable in various lamps is shown in Fig. 2.44(b).2°

Electrodeless Discharge Lamps. The electrodeless lamp3°-32 gained popu-
larity when Meggers used it in his attempt to produce a highly precise standard
of radiation. Simplicity of design makes laboratory construction of this type
of lamp easy. Some of the simplest lamps consist of a tube, containing the
radiation-producing element, and a microwave generator for producing the
electric field (within the tube), which in turn excites the elemental spectra.
Lamps of this type can be purchased with specially designed microwave cavities
for greater efficiency in coupling. Those made of fused quartz can transmit
from ultraviolet to near infrared. The electrodeless lamp is better able than
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Table 2.8 Spectral Energy Distribution for Black-Light (360 BL) Lamps (from Ref. 20)

32003800 A | Total Ultra-
Length violet below Total 3800- Erythemal
W) | e 3800 A Visible | 7600 A | 770
' (W) %2 W) %?

w) | %
6| 9 | 055 | 91 {o0s56| 94| o1 1.7 250
15| 18 | 210 | 140 |220]| 146| 04 2.7 950
30| 3 | 460 | 153 [470 | 158 | 09 3.0 2100
40| 48 | 670 | 168 | 690 | 173 | 15 3.8 3000

3percentage of input power.

the arc lamp to produce stable radiation of sharp spectral lines; this makes it
useful in spectroscopy and interferometry. The Hg 198 lamp makes a suitable
secondary standard of radiation.

Spectral Lamps. Some manufacturers produce groups of arc sources, which
are similar in construction and filled with different elements and rare gases,
and which yield discontinuous or monochromatic radiation throughout most
of the ultraviolet and visible spectrum. They are called spectral lamps.3! The
envelopes of these lamps are constructed of glass or quartz, depending on the
part of the spectrum desired. Thus, discrete radiation can be obtained from
around 2300 A into the near infrared. Figure 2.45 represents the various atomic
lines observable from Osram spectral lamps.!® Figure 2.46 gives a physical
description of various spectral lamps obtainable from Philips.33 Table 2.10 lists
the characteristics of the various types of lamps obtainable from Philips.

Pluecker Spectrum Tubes. Pluecker spectrum tubes3* are inexpensive tubes
made of glass (Fig. 2.47) with an overall length of 25 cm and capillary portion
8.5 to 10 cm long. They operate from an ordinary supply with a special trans-
former that supports the tubes in a vertical position and maintains the voltage
and current values adequate to operate the discharge and regulate the spectral
intensity. Table 2.11 lists the various gases in available tubes.

2.3.6 Concentrated Arc Lamps

Zirconium Arc. The cathodes of zirconium arc lamps?® are made of a hollow
refractory metal containing zirconium oxide. The anode, a disk of metal with
an aperture, resides directly above the cathode with the normal to the aperture
coincident with the longitudinal axis of the cathode. Argon gas fills the tube.
The arc discharge causes the zirconium to heat (to about 3000 K) and produce
an intense, very small source of light. These lamps have been demonstrated
in older catalogs from the Cenco Company in a number of wattages (from 2
to 300). The end of the bulb through which the radiation passes comes with
ordinary curvature or flat (for a slight increase in price). Examples are shown
in Fig. 2.48.

Tungsten-Arc (Photomicrographic) Lamp. The essential elements of this
discharge-type lamp?® (Fig. 2.49) are a ring electrode and a pellet electrode,
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(b)
Fig. 2.44 (a) Hollow-cathode spectral tubes described in Table 2.9 and (b) periodic table
showing the prevalence of elements obtainable in hollow-cathode tubes.

both made of tungsten. The arc forms between these electrodes, causing the
pellet to heat incandescently. The ring also incandesces but to a lesser extent.
Thus, the hot pellet (approximately 3100 K) provides an intense source of
small-area radiation. A plot of the spectral variation of this radiation is given
in Fig. 2.50. As with all tungsten sources, evaporation causes a steady erosion
of the pellet surface with the introduction of gradients, which is not serious if
the pellet is used as a point source.
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Fig. 2.45 Spectral lamps.!8

General Electric, manufacturer of the 30A/PS22 photomicrographic lamp,
which uses a 30-A operating current, states that this lamp requires a special
heavy-duty socket obtainable through certain manufacturers. Contact GE for

more information.

2.3.7 Glow Modulator Tubes

According to technical data supplied by Sylvania, glow modulator tubes®® are

cold-cathode light

sources uniquely adaptable to high-frequency modulation.
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Fig. 246 Examples of Philips spectral lamps.®®

Table 2.10 Specifications of Philips Spectral Lamps (from Ref. 33)

Catalog Material Operating Arc
Number Symbols Type Current | Wattage | Length
Burner |Envelope (A) (mm)
26-2709 | Hg Mercury (low-pressure) Quartz | Glass 0.9 15 40
26-2717 | Hg Mercury (high-pressure) Quartz | Glass 0.9 90 30
26-2725 1 Cd Cadmium Quartz | Glass 0.9 25 30
26-2733{ Zn Zinc Quartz | Glass 0.9 25 30
26-2741 Hg, Cd, Zn | Mercury, cadmium, and zinc | Quartz | Glass 0.9 90 30
26~2758 | He Helium Glass Glass 0.9 45 32
26-2766 | Ne Neon Glass Glass 0.9 25 40
26-2774 | A Argon Glass | Glass 0.9 15 40
26~2782 { Kr Krypton Glass Glass 09 15 40
26-2790 | Xe Xenon Glass Glass 0.9 10 40
26-2808 | Na Sodium Glass Glass 09 15 40
26-2816 | Rb Rubidium Glass Glass 0.9 15 40
26-2824 | Cs Caesium Glass Glass 09 10 40
26-2832 {K Potassium Glass Glass 0.9 10 40
26-2857 { Hg Mercury (low-pressure) Quartz | Quartz 0.9 15 40
26~2865 | Hg Mercury (high-pressure) Quartz | Quartz 0.9 90 30
26-2873 | Cd Cadmium Quartz | Quartz 0.9 25 30
26-2881 | Zn Zinc Quartz | Quartz 0.9 25 30
26-2899 { Hg, Cd, Zn { Mercury, cadmium, and zinc | Quartz | Quartz 0.9 90 30
26-2907 |In Indium? Quartz | Quartz 0.9 25 25
26-2915 | Tl Thallium Quartz | Quartz 0.9 20 30
26~2923 [ Ga Gallium Quartz | Quartz 0.9 20 30

aRequires a Tesla coil to cause it to strike initially
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T e >

87210-87265

Fig. 2.47 Physical construction of Pluecker spectrum tubes.3*

b
i
i
{

' 87343

87342 87338

Fig. 2.48 Physical construction of some zirconium arc lamps.3® Two 2-W lamps are avail-

able, but not shown here.

Table 2.11 Gas Fills in Plueker Tubes®

(from Ref. 34)

Cenco T
Number ype
87210 Argon Gas
87215 Helium Gas
87220 Neon Gas
87225 Carbonic Acid Gas
87230 Chlorine Gas
87235 Hydrogen Gas
87240 Nitrogen Gas
87242 Air
87245 Oxygen Gas
87255 Iodine Vapor
87256 Krypton Gas
87258 Xenon
87260 Mercury Vapor
87265 Water Vapor

Consists of glass tube with overall length of 25 cm
with capillary portion about 8.5 to 10 cm long.
Glass-to-metal seal wires are welded in metal caps
with loops for wire connection firmly sealed
to the ends. Power supply no. 87208 is recom-
mended as a source of excitation.
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Solid Electrode, Diameter Approximately 3.0 mm
Ring Electrode, Inside Diameter Approximately 4.5 mm

AN
{ |l| Centerline of Base
. - <

Starting 1=‘ilamentL|J
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iflil

Spacing Between
Electrodes 2.0-2.5 mm

Fig. 2.49 Construction of tungsten-arc lamp. The lamp must be operated base-up on a
well-ventilated housing and using a special high-current socket that does not distort the
position of the posts.?

ol L Lt b1l
2000 8000 14000 20000 26000

0
Wavelength (A)

Fig. 2.50 Spectral distribution of a 30 PS 22 photomicrographic lamp.?®

(These tubes are now manufactured by The English Electric Valve Company,
Elmsford, New York.) Pictures of two types are shown in Fig. 2.51. The cathode
is a small hollow cylinder, and the high ionization density in the region of the
cathode provides an intense source of radiation. Figure 2.52 is a graph of the
light output as a function of tube current. Figure 2.53 is a graph depicting the
response of the tube to a modulating input. The spectral outputs of a variety
of tubes are shown in Fig. 2.54. Table 2.12 gives some of the glow modulator
specifications.

2.3.8 Hydrogen and Deuterium Arcs

For applications requiring a strong continuum in the ultraviolet region, the
hydrogen arc at a few millimeters of pressure provides a useful source. It can
be operated with a cold or hot cathode. One hot-cathode type is shown in Fig.
2.55. Koller?® plots a distribution for this lamp down to about 200 A.
Deuterium lamps (Fig. 2.56) provide a continuum in the ultraviolet with
increased intensity over the hydrogen arc. Both lamps have quartz envelopes.
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Fig. 2.51 Construction of two glow modulator tubes.3®
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Fig. 2.,52  Variations of the light output from a glow modulator tube as a function of tube
current.



ARTIFICIAL SOURCES 105

100

80

N

rrra

60

40

LI

20

0 | | |
100 1000 10000 1000000
Frequency (Hz)

T

Relative Response (%)

Fig. 2.53 Response of the glow modulator tube to a modulating input.®®
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Fig. 2.54 Spectral variation of the output of glow modulator tubes.*®
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Light Aperture

| 2

7.000 max

4.000 min

Fig. 2.55 Hydrogen-arc lamp.3®

Fig. 2.56 Two types of deuterium-arc lamps.?

The one on the left is designed for operation down to 2000 A; the one on the
right is provided with a Suprasil®® window to increase the ultraviolet range
down to 1650 A. NIST is offering a deuterium lamp standard of spectral ir-
radiance between 200 and 350 nm. The lamp output at 50 cm from its medium
bipost base is about 0.7 W ¢cm ™2 at 200 nm and drops off smoothly to 0.3 W cm ™3
at 250 nm and 0.07 W cm ™2 at 350 nm. A working standard of the deuterium
lamp can be obtained also, for example, from Optronic Laboratories, Orlando,

Florida.

bRegistered trademark of Heraeus-Amersil.
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2.3.9 Other Commercial Sources

Activated-Phosphor Sources. Of particular importance and convenience in
the use of photometers are sources composed of a phosphor activated by ra-
dioactive substances. Readily available, and not subject to licensing with small
quantities of radioactive material, are the 14C.activated phosphor light sources.
These are relatively stable sources of low intensity, losing about 0.02% per
year due to the half-life of 1#C and the destruction of phosphor centers.

Light-Emitting Diodes (LEDs). These sources fit most readily into the category
of display devices. However, for some special purposes they are often useful
since they are small, simple to integrate into a system, and can be made highly
directional. They emit very narrowband radiation, usually in the visible, but
some are designed to operate in the infrared. The performance characteristics
of different types of LEDs are shown in Table 2.5.

Other High-Energy Sources. Radiation at very high powers can be produced.
Sources are synchrotrons, plasmatrons, arcs, sparks, exploding wires, shock
tubes, and atomic and molecular beams, to name but a few. Among these, one
can purchase in convenient, usable form, precisely controlled spark-sources for
yielding many joules of energy in a time interval of the order of microseconds.
The number of vendors will be few, but check the directories.

Other Special Sources. An enormous number of special-purpose sources are
obtainable from manufacturers and scientific instrument suppliers. One source
that remains to be mentioned is the so-called miniature, subminiature, and
microminiature lamps. These are small, even tiny, incandescent bulbs of glass
or quartz, containing tungsten filaments. They work very well in certain ap-
plications where small, intense radiators of visible and near-infrared radiation
are needed. Information about vendors of these sources can be found in the
trade magazines.

2.4 FIELD SOURCES (MAN-MADE TARGETS)
2.4.1 Surface and Subsurface Vehicles

This group includes surface land vehicles (i.e., trucks, tanks, personnel car-
riers, automobiles, motorcycles, trains, hovercraft, and others) and ships (i.e.,
aircraft carriers, missile ships, cargo vessels, hydrofoil craft, small wooden and
metal boats, and submarines). Specific radiation characteristics are seldom, if
ever, reported in the open literature. For the sake of visualization, however,
a thermal image of an army shop van is given®® in Fig. 2.57. Whereas specific
radiative patterns may be of use in certain instances, many of the target data
are calculated by the use of predictive models. Figures 2.58 and 2.59 show
moderately resolved faceted models (i.e., they are made of many facets placed
so as to approximate the actual shape of whatever target is to be calculated).!
The faces or facets are composed of radiating material with appropriate em-
issivities, emitting at temperatures that have been derived from the conditions

iSee the Sec. 2.5 description of the SIRIM model for a more complete and detailed description of
faceted models.
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Fig. 2.57 Thermal image of an army 6 x 6 shop van.3¢

Fig. 2.58 Faceted model of an armored personnel carrier.
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Fig. 2.59 Faceted model of a jet aircraft.

under which the vehicle has been operating. Because these conditions vary
considerably, it is often not feasible to report specific radiative properties except
in special cases suited to special purposes. The faceted models in Figs. 2.58
and 2.59, taken from Ref. 22, are rather crude compared to those currently
achieved as represented in Fig. 2.60.37

Painted surfaces usually have emissivities in the infrared of about 0.9. This
can change in reality because of weathering and general deterioration. Dust
and dirt can accumulate to add their effects. Furthermore, different parts of
the vehicle are at different temperatures, exhaust parts being the hottest. The
uncertainty, however, of the exact amount of radiation coming from the ex-
haust is increased by the use of suppression devices on military vehicles and
the presence of hot exhaust gases. Therefore, models are used to predict the
radiative output as a function of whatever parameters are desired.

Total (i.e., spectrally integrated) normal emissivities of selected materials
are shown in Tables 2.13 and 2.14. Data are shown in Fig. 2.61 on the diffuse
spectral reflectances of various target materials in the near IR and visible
regions.®®

2.4.2 Aircraft

Many of the general statements about surface vehicles apply to aircraft as
well. However, aircraft have rather special signatures resulting from the fact
that they exhaust hot gases in large quantities. A good example of the spectral
quality of aircraft radiation as observed from the tail aspect is shown in Fig.
2.62. Compare this spectrum with that obtained from a high-temperature in-
dustrial smokestack, as shown in Fig. 2.63. The scales are of relative values.
Note in Fig. 2.64 that the radiation viewed away from the tail of the aircraft,
part of which is obscured by the body of the aircraft, has the typical structure
of gaseous radiation. Figure 2.65, for example, shows the evolution of fine
structure with increasing resolution. In fact, if the fine structure could be seen



ARTIFICIAL SOURCES 111

Fig. 2.60 Exterior view of the Bradley armored fighting vehicle.3”

with infinite resolution, the individual lines would be apparent that represent
transitions between various energy states of the molecules composing the exhaust.

For hydrocarbon fuels, the exhaust consists mainly of HoO vapor and COo.
Because of these, a lot of radiation occurs in certain spectral regions, especially
around 2.7 and 4.3 pm, at which the emissivities of these gases are quite high.
However, the atmosphere, composed also of HoO vapor and COs, tends to absorb
quite readily at these wavelengths. Since the gases are hotter than the at-
mosphere, some molecular lines radiate outside of the region of strong atmo-
spheric absorption and propagate with much less attenuation than in the
atmospheric bands. This effect is pronounced in the 4.3-pm region of CO¢
absorption. As the observation angle changes to the tail, the continuum ra-
diation emitted from the tail pipe is clearly seen. The radiation from the hot
gases is, of course, still present. For a more thorough dissertation on the
calculation of the radiance from the plume of a jet engine, the reader is referred
to other chapters in this handbook.

In a more straightforward, less sophisticated approach, the following cal-
culations are for the radiation emitted from a Boeing 707 jet transport.3° The
features of a turbojet engine are shown in Fig. 2.66 with temperatures and
pressures given in the lower portion of the figure. The higher temperature in
afterburning gives rise to more radiation than obtained otherwise. But the
calculation would be further complicated by the fact that large amounts of hot
gases would be emitted with an accompanying increase in molecular band
radiation.

The turbofan exhaust of a 707 jet transport is cooler than that of the turbojet.
The characteri