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Optical transfer function

Responsivity

Temperature

Time

Voltage

Absorptivity, absorptance

Blur circle diameter, angular

Emissivity

Radiant flux

Bandwidth

Wavelength, radiation

Solid angle

Reflectivity, reflectance

Stefan-Boltzmann constant

Transmissivity, transmittance

Angles

Quantum efficiency

Frequency, radiation

Wavenumber, radiation

When used as subscripts, denote the operations

] 9
concentration of a radiometric quantity.

i) 3
+and —; to obtain the spectral




Chapter 1.
Chapter 2.
Chapter 3.
Chaprer 4.
Chapter 5.
Chapter 6.
Chapter 7.
Chapter 8,
Chapter 9.

Chapter 10,
Chapter 11.
Chaprer 12.
Chapter 13,
Chapter 14,
Chapter 15.
Chapter 16.
Chaprer 17,
Chapter 18.
Chaper 19.
Chapter 20,
Chaprer 21.
Chaprer 22,
Chapter 23,
Chapter 24,
Chapter 25,

Index

Radiation Theory

Artificial Sources

Matural Sources

Atmospheric Scattering

Atmospheric Absorption

Propagation Through Atmospheric Turbulence
Optical Materials

Optical Design

Optical Elements—Lenses and Mirrors
Optical-Mechanical Scanning Techniques and Devices
Detectors

Charge-Coupled Devices

Imaging Tubes

Photographic Film

Cooling Systems

Detector-Associated Electronics

Reticle and Image Analyses

Displays

Imaging Systems

Radiometry

Wamning Systems

Tracking Systems

Ranging, Communications, &nd Simulation Systems
Aerodynamic Influences on Infrared System Design

Physical Constants and Conversion Factors

i, —

m Em = @ ;M B W R =

e I T B e
=N @& M e D N = O

18




S
' THE INFRARED HANDBOOK

—

;3;}1
Ediwors
_.-"_."' [4 i r T I./fl. I.f’L '.II"
' | William L/ Wolfe
Professor of Optical Sciemces, Umiversity of Arizona

Comultant, Infraved lnformation and Awalyis (IRIA) Comer,

George |. Zinsis
Direcior; Infrarad Information and Analyss {IRIA) Cemter,
Ewvionmenial Rescarch lmstiuie of Michigan .

< '
v Ve o C-y

Prepared by:

The Infrared lnformation and Analysis (IRIA) Center,
Environmental Research Institute of Michigan.

for the

Office of Naval Research, Department of the Navy,
W ashingron, DC

DTIC =]

ELECTE
, JUN1 11081

A

(x

.



NOTICES AND DISCLAIMERS

Prepared by the Infrared Information and Analysis (IRIA) Center — A Defense Logistics
Agency administered Department of Defense Information Analysis Center—of the Environ-
mental Research Institute of Michigan under Contract Numbers N00014-73-A-0321-0002,
N00014-74-C-285, N00014-76-C-0607 and N00014-77-C-0125, with the Office of Naval
Research. Scientific Officer for the contract is the Director, Physics Program of the Office
of Naval Research, with funding and administrative management provided by the Defense
Logistics Agency of the Department of Defense (DLA-SCT). Pre-printing preparation was
by the Naval Research Laboratory with printing by the United States Government Printing
Office.

Library of Congress Catalog Card No: 77-90786

The United States Government has at least a royaity-free, nonexclusive and irrevocable
license throughout the world for Government purposes to publish, translate, reproduce,
deliver, perform, dispose of, and to authorize others so to do, all or any portion of this
work. This work relates to Department of the Navy Contract N00014-77-C-0125 issued
by the Office of Naval Research under Contract Authority NR 315-001. However, the
content does not necessarily reflect the position or the policy of the Department of the
Navy or the Government, and no official endorsement should be inferred.

In this Handbook, the use of a product name does not in any way constitute an endorse-
ment of the product by the author(s), editors, Office of Naval Research, Defense Logis-
tics Agency, or the Environmental Research Institute of Michigan.

The information in this Handbook is judged to be from the best available sources; how-
ever, the authors, editors, Office of Naval Research, Defense Logistics Agency, and En-
vironmental Research Institute of Michigan do not assume responsibility for the validity
of the information nor for any consequences of itsuse, . . . ... . -_..m-l

A Fpa

atval) kil ity Codas
i vall and/or

TS I Special
\/Af EY




PREFACE

Origins

The Infrared Handbook has been prepared by the Infrared Information and Analysis
(IRIA) Center as a replacement for the Handbook of Military Infrared Technology®
which was published in 1965. The old handbook has served the infrared community as a
ready reference for data, techniques and equations. It is a venerable publication, but has
become obsolete in the decade since its publication. New detectors have been invented,
new materials discovered, and many instrumentation techniques undergone vast improve-
ment since 1965. There are other deficiencies as well. For example, relatively little atten-
tion was paid to infrared systems, and too much emphasis was placed on control theory
(which is well documented elsewhere).

Discussions in 1975 between one of the two editors of The Infrared Handbook,
George Zissis, the Director of IRIA, and William Condell, ONR Physics, Washington, DC,
crystallized the recognition of the obsolescence of the first Handbook and set into motion
the chain of events that lead to the existence of this publication. Subsequently, William
Wolfe, Professor of Optical Sciences, University of Arizona, and editor of the previous
Handbook, agreed to become a consultant to IRIA and join George Zissis as coeditor of
The Infrared Handbook.

Our first step was to make a survey of a sample population of the infrared community.
We sought to determine the parts of the 1965 Handbook which were most useful and the
parts which were least used together with any criticisms of commission and omission. The
results of the survey in summary were: the ‘chapters on radiation, detectors, optical
design, optical materials, and backgrounds were used a great deal; the chapters on control
systems, thermal control, and reticles were little used; the treatment of infrared systems
was inadequate. The results agreed well with our own estimates of the strong and weak
points of the 1965 Handbook. We, therefore, contacted the previous authors of chapters
on radiation theory and sources, detectors, optical materials, optics, and backgrounds to
obtain updated and expanded replacement chapters. We deleted the less useful chapters
and converted the single, unsatisfactory chapter on system design into four chapters on
selected, important aspects of infrared system design. We also included a chapter on
displays because they have become recognized as a critical element in the overall design
and performance of a system. The advent of the pyroelectric sensing element has renewed
the hope that one can design and construct an infrared vidicon completely analogous
to the standard televison tube. Accordingly, we added a chapter on infrared tubes, with
vidicons and pyroelectric materials emphasized. A major technological advance in semi-
conductor electronics is the charge-coupled device (CCD), which promises to make the
*The Handbook of Military Infrared Technology was prepared by the IRIA Center in the University of

Michigan's Willow Run Labomtories, which became a separate non-profit institute, the Environ-
mental Research Institute of Michigan, in 1973,
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two-dimensional array of detectors a practical reality. Although infrared CCDs are still
in the developmental stage and, as such, not really ready for handbook treatment, we
have chosen to include the theoretical discussion and data on a few of the experimental
models which are now in existence. The reader should expect rapid changes in realizable
CCD structures. Active systems, too, have started to take their place among the
armamentarium of infrared technology, and this volume includes some discussion and a
few data on direct and coherent detection of laser signals as used in comraunication,
direction-finding and ranging systems.

Preparation

Part of the preparation of a well organized handbook is the establishment of uniform
nomenclature, a consistent set of symbols, and identical units. The last of these turned
out to be easiest, but not easy. We simply adopted the Systdme International (SI) set of
units (basically metric) as the system for the Handbook. This seemed natural for all but
the chapters on acrodynamic influences and on coolers. Here the work has been done al-
most entirely by engineers who work in the English system, and thus the references and the
data are in that system. Nomenclature uniformity was more difficult to obtain. Our first
rule, of course, was 1o define the terms as they are used. The most troublesome technical
word was “intensity.” Most astronomers use “intensity” or “specific intensity™ as a term
teferring to the distribution of flux (or radiant power) with respect to area and solid
angle, We use “radiance” for this. Workers in the fields of electromagnetic theory often
use “intensity” when they refer to the distribution of flux with respect to area alone.
We use “irradiance™ or “exitance” for this. We use “intensity” only for referring to the
distribution of flux with respect to solid angle. Signalto-noise ratio had an ambiguity
that we attempted to resolve by definition. First, unless otherwise specified the rms
signal-to-rms noise is meant. When the ratio of peak-to-peak signal-to-rms noise is meant,
that is specified, When it makes no difference, nothing is said.

Next we considered the potential confusion inherent in the many frequencies
associated with infrared technology. In this Handbook we use v for the very large optical-
radiation frequencies (e.g., v ~ 10'? to 1014 Hz). Modulating frequencies '(as may be
provided by a chopper) are associated with a modulation or temporal frequency symbol-
ized by . Finally, radiation patterns often have spatial distributions with which can be
associated “spatial frequencies.” These we symbolize by f, or fy or fy, as may be most
appropriate.

In the text we indicate vectors by bold-face type; however, in figures, it was necessary
to use normal symbols with an arrow above them, e.g., X. In addition, symbols are itali-
cized in the text, but could not be so displayed in the figures.

There are not enough English and Greek symbols to establish a one-to-one corre-
spondence between symbols and physical quantities. We started symbol designation by
using the SI set of symbols for atomic constants and radiometric terms. The Table on the
inside front cover represents the symbols that are used universally but not uniquely
throughout the book. For example, the speed of light in a vacuum is always ¢, but ¢
sometimes represents some other constant. Each chapter has its own set of symbols,
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nomenclature and units. These are given in the first table of each chapter. We believe
that uniformity was impossible, but hope that ambiguity has been eliminated.

Organization

We have attempted to arrange the chapters in a logical sequence to assist the reader
in finding « particular subject. The sequence 1s traditional: sources, atmosphere, optics,
detectors, electronics, displays and systems. Chapter 1 emphasizes the general calculational
procedures with blackbody radiators. We have chosen to give several example pocket
calculator programs for the distributions and integrals so that the reader can quickly
obtain a value based on the most recent values of the atomic constants. Chapters 2 and
3 provide information on most laboratory and field sources. A catalog of all the natural
sources is not feasible, so models are presented so that natural scenes can be constructed
from relatively few data. Models for scattering, absorption, and turbulence effects by the
atmosphere are given in Chapters 4, 5, and 6, together with references for the reader who
wishes to be more accurate or thorough. Chapters 7, 8,9 and 10 should allow the reader
to pick a material and 10ake a “first cut” at an optical design. More careful design should
be done with one of the several ray-trace and optical design programs available and
referenced. The final choice of optical materials and design should be made in conjunction
with a vendor and specific measurements on the real thing. Chapters 11, 12, 13 and 14
should allow the reader to pick a generic detector: element, array, CCD, tube or photo-
graphic film. Again the specific choice should be made after more detailed analyses.
Chapters 15 and 16 give information on the cooling of and signal extraction from detec-
tors. Chapters 17 and 18 describe methods for the processing or display of the informa-
tion, Chapter 17 gives a detailed treatment of two-dimensional Fourier analysis and of
techniques which have not been widely utilized in the design or analysis of infrared
devices. Chapters 19 through 24 deal with systems; imaging, radiometric, tracking, warn-
ing, communication, ranging and simulation. The equations and data are about as specific
to the design of a system as we could make them without using illustrative examples or
very special applications. Finally, many of the constants presented in Chapter 25 are dif-
ferent (and improved) from those contained in the 1965 Handbook and other publica-
tions, They are the recently recognized values of the International Physical Constants of
1973 produced by a Task Group of the Committee on Data for Science and Technology
(CODATA) under the International Council of Scientific Unions (ICSU). Significant
differences will be found between the radiometric values calculated here, using the
given values of the first and second radiation constants, and those with the older, less
exact values.
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1. Radiation Theory

1.1. Introduction

1.1.1. Symbols, Nomenclature and Units. The symbols and quantities used here are
based largely on the SI system. Table 1-1 lists the symbols, nomenclature and units for
each of the quantities used in this chapter (exclusive of those for radiometric quantities).
Table 1-2 gives symbols, units and formulas for radiometric quantities.

The photometric quantities are based on visual response. Thus,

fK()\)S()\)d)\ = K,,S fV()\)s()\)d)\ (1-1)

where K, = maximum, luminous efficacy,683 Im W-!
S = maximum source output, W
V(A) = relative, spectral, luminous efficiency for the CIE-standard photometric
observer
s(A) = relative spectral output of source

The basic unit is the candela or international standard candle. It is defined as the
luminous intensity of 1/60 cm? of a blackbody at the temperature of freezing platinum.
(See Chapter 2.) Table 1-3 gives the units, dimensions and definitions of most photo-
metric quantities. Table 14 gives conversions among photometric units.

1.1.2. Fluometry and Other Proposed Systems. Jones [1-1] pointed out that most
concepts in radiometry have to do only with the geometry of a flux, e g., flux geometry or
“fluometry”. (Jones proposed the prefix “phlu-".) In this section, Q is the quantity whose
flux is of interest. The names Jones suggested and some alternatives suggested by
Nicodemus are given in Table 1-5.

1.1.3. Chinese Restaurant Nomenclature [1-2]). With this system, one picks the
quantity and the modifiers. It’s like choosing the different entrees in a Chinese restaurant.
The system is specific and descriptive, but wordy. For example, one would choose
(initially) one word each from columns A, B, C and D of Table 1-6 and then, perhaps, use
a shorter word in the sequel.

1.2. Blackbody (Planck) Functions

A blackbody can be defined as a perfect radiator, i.e., one that radiates the maximum
number of photons in a unit time from a unit area in a specified spectral interval into a
hemisphere that any body in thermodynamic equilibrium at the same temperature can
radiate. The number of photons, g, per unit volume of such a blackbody with energy
between Ack and Me(k + dk) is

ngdk = nk2 (e - 1) ak (1:2)

where k = 2n/A
A = wavelength
x = c3/AT = hv/kgT =hck[kgT

1-2



BLACKBODY (PLANCK) FUNCTIONS

Table 1-1. Symbols, Nomenclature and Units

Symbols Nomenclature Units
A Area m?
¢ Speed of light msec!
a First radiation constant Wm?
¢y Second radiation constant mK
D Density of states function Varies
E, Photon irradiance sec~! m-2
h Planck’s constant J sec
h h/2n J sec
Km Maximum, spectral, luminous efficiency 6831m W-1
k Angular or radian wavenumber, 27/A rad m-1
kg Boltzmann constant JK-1
M, Photon exitance (flux density) sec”m™?
N Number -
N Number rate sec”!
n Number density; also, an integer m-3
R General radiometric quantity Varies
RD Relative difference -
RE Relative error -
T Temperature K
VQA) Relative, spectral, luminous efficiency for the CIE- -
standard photometric observer
x Normalized radiation variable, x = hv/kpT =
a,f Angles rad
B 1/kgT )1
b7 Coherence factor -
$]() Zeta function -
0 Angle between line of sight and normal rad
A Wavelength m, um, nm
v Frequency Hz
v Wavenumber, 1/A m-, em!
o Stefan-Boltzmann constant Wm-2 K4
Q,w Solid angle sr
Q' Projected solid angle, ' = w cos 8 = Q2 cos 0 st
Subscripts
e Radiometric quantities -
q Photon number =
v Visual quantities, photomertric -
A0k Distribution with respect to spectral -
varisble indicated
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RADIATION THEORY

Table 1-2. Radiometric Quantitiés, Symbols and Units [1-3]

Quantity Symbol Defining Equation Units
Energy o, - J
Energy (volume) w, g_?/‘ Im-3

density
L)

Flux (power) o, —aT‘ w
Flux (area) _ ad, 22
density EYY Wm
Radiant exitance M, o0, )

— Wm™
4
Irradiance E, _&& Wm2
A
Radiance L % Wm 2yt
G a4 cos 9 a2
Table 1-3. Photometric Quantities, Symbols and Units [1-4]
Formula Unit
Quantity Symbol or Value Names Unit Symbols
Luminous energy Qo 760 Lumen hour Imh
(quantity of f k(\)Q,,d\ | Lumensecond | Im sec
light) 380 (Talbot)
Luminous (energy) | w, 30,/av Lumen second | Imsec m-3
density per cubic
meter
(Talbot per
cubic meter)
Luminous flux o, 80, /ot Lumen im
(light watt) (Talbot/second)
Luminous flux o, /A4 ad, /4 Lumen per Imm~2
density square meter | (Ix)
- (lux)
Luminous M, b, /a4 Lumen per Im cm™2
exitance square centi- | (ph)
meter (phot)




BLACKBODY (PLANCK) FUNCTIONS 1-5
Table 1-3. Photometric Quantities, Symbols and Units [1-4] (Continued)

Quantity Symbol e i |uni symbous

Illuminance E, b, /a4 Lumen per Im ft=2

square foot (fto)
(foot candle)

Luminous inten- I, 3%, /ax2 Lumen per Imsr!

sity steradian (cd)
(candela)

Luminance L, 220 Lumen per Im sr-! m-2
(photometric — steradian (nt)
brightness) 34 32 cos b and square

meter (nit)
Candela per odm?
square
meter
Candela per od em™2
square centi- | (sb)
' meter (stilb)
*foot lambert | ft L
(n~1 cd ft-2)
*lambert L
(72 cd cm=2)
*apostilb ab
(! cdm?)

*The units with a factor of ™! are generally applicable only to diffuse materials.

This is the product of the density of states (1r'2k2 in this case) and the average occupancy
of a given mode, (¢* - 1)~1. The density of states can be written in different ways depend-
ing on whether it is expressed in terms of k, w, ¥, A, ¥’ or some other radiation variable;
the expression is also dependent on whether the states are expressed in terms of intervals
of dk, dw, dv, d\, d 7, etc.

1.2.1. Radiometric Quantities and Conversions. The Planck function for the number
of photons per unit k-interval per unit volume is (Equation (1-2) above)

ng = k2n-2(ex - 1)} (13)

The energy per unit volume in the same spectral interval is
W = hvmy = Nckny (1-4)

The energy is always the number of photuns times the energy per photon, mono-
chromatically. 2

The number of photons per unit area per unit time radiated into a hemisphere by a
blackbody is given by

’ 2N ¢
Moo=~ 3" (1)
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RADIATION THEORY
Table 1-4. Photometric Conversions {1-5]

Nit
(Candela/m2)

Stilb

Boucie
Hectométre
Carré

Apostilb

Milli-
apostilb

1 Nit
(nt) =

1 Stilb
6y =

1 Bougie
Hectomdtre
Carrd

1 Apostilb
(asb) =

1 Milti-
apostilb =
(m asb)

1 Micro-
apostilb =
(1 asb)

1 Lambert
L=

1 Milli-
Lambert =
(mL)

1 Micro-
lambert =
(umL)

1 Foot-
lambert =
(ft L)

1 Candle
per Sq
ft=

1 Candle
per 5q
in.=

—

104

104

3.183x 10-1

3.183x10°4

3.183x 10-7

3.183x 103

3.183

3.183x 10-3

3.426

1.0764 x 10

1.55x 103

104

10-8

3.183x 10°5

3.183x 10-8

3.183 x 10-11

3.183x 10

3.183x10~4

3.183x 10~7

3.426x10°4

1.0764 % 10-3

1.55x 10-1

3.183 x 103

3.183

3.183x10-3

3.183x 10

3.183 x 104

3.183x 10

3.426 x 104

1.0764 x 105

1.55% 10-5

314
3.14x 104

3.14x 104

—

10-3

10-6

104

10

10-2

10,764

3.382x10

4.869 x 103

3.14% 103
3.14 x 107

3.14x 101

103

103

107

104

10

1.0764 x 104

3.382x 104

4.869 x 106

In terms of energy, the relationship is

The number of photons per unif ares per unit time

blackbody is

M

3%,
Y koroA a4k

PN e
9 3toAdcosddQ 4n

L

c

4

(1-6)

per unit solid angle radiated from a

{17
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Table 1-4. Photometric Conversions [1-5) (Continued)

Candle Candle
per

Micro- Milli- Micro- Foot foé
Sq. ft 8q. in.

wortib | TP | jumbert | lambert | lambert

314x106 [314x 1074 |3.14x10-1]3.14x102 |2919x10-1]9.29x 10-2 |6.452% 10
3.14x 1010 (3,14 3.14%103 [314x106 [2919%103 |9.29x 102 |6.452

3.14%10-2 [3.14x10-8 |[3.14x 10-53.14x 102 |2.919 x 10-5[9.29 x 106 |6.452x 108

106 1074 101 102 9.29x 10-2 | 2,957 x 10-2|2.054 x 104
103 107 104 10-1 9.29%10-5 | 2.957 X 10-5| 2.054 X 10

1 10-10 10-7 104 9.29% 108 | 2.957 x 10-8)2.054 x 1010
1010 1 103 106 9.29%x102 |2.957x 102 |2.054

107 10-3 1 103 9.29x10-1 1 2.957x 10-1]2.054 x 10-3
104 10-6 10-3 1 9.29%x10™4 | 2.957 x 104 |2.054 x 106
1.0764 x 107[1.0764 x 10-3| 1.0764 1.0764x 1031 0.3183 2.14x10°3
3.382x 107 |3.382x 103 |3.382 3.382x103 |314 1 6.944 x 10-3

4.869 x 109 [4.869x 10~1 14.869 x 1024869 x 105 |4.524 x 102 | 1.44 x 102

—

Again, for energy the relationship is

2'0, ¢
koradcosd 0  am "k
These different forms are summarized in Table 1-7.
1.2.2. Radiometric Quantities (Spectral Scale Conversions). Table 1-8 gives the ex-

pressions for the different radiometric functions in different spectral scales. The independ-
ent variables are £, ¥, 7, x, A, and w, all indicated in general by the variable y.

Ly (1-8)
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Table 1-5. Fluometry Quantities [1-6]

Name Symbol Definition - Equation Alternates
Quantity Q - - -
Flux [+ Time rate aQ/ot -
Flux density - Time rate per unit 90/ot 9A cos @ | Areance

area normal to flow
Exitance M Flux density emitted - Areance
Incidance E Flux density received - Areance
Intensity I Flux per unit solid 30/3tad Pointance
angle from a small
source
Sterance L Flux density per unit - Sterance
solid angle per unit
area
Sterisent - Change in radiance = Sterisent
per unit pathlength
Fluence - - - Fluence
Exposure - Flux density resulting - Exposure
from integration of a
projected solid angle
over a hemisphere
Table 1-6. Chinese Restaurant Nomenclature
A B Cc D
Incident Total Energy Through a surface
Scattered Spectral Entropy Radiance
Reflected Weighted Power Irradiance
Absorbed Photopic Photon Intensity
Transmitted Scotopic Photon Rate | Radiance per unit length
Emitted E-ythemal | Momentum -

1.2.3. Generslized Planck Functions. One useful form for radiant exitance is

kpT
M, = 21!02’!(;‘;)‘ x¥ex -1y @a-9)
This is of the form
RG,T) = cTh™e*-1Y | (0)

The general radiometric function, R, is a function of temperature, T, and a spectral
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Table 1-7. Density of States Function, D, in the Planck Function. The independent
variable is given as y. The functions are number density ny, energy density wy,, photon
exitance M, , radiant exitance M , photon radiance, radiance. Each entry is D the multi-
plier of (eX - 1)~1 in the Planck expression

Functiox k v v x=ho/kT A w
£\
ny =Nylv | k22 | 8e52 | Bm2/c3 sn(—:) a2 gmt w2ic3n?)
[«
k7 3/(943,3
uy = homy | chk3/203 | Bwchvd | 8whv3/c3| 8nch (-cT) x3 | 8mchr-5 hw?f(2n’c”)
kTS " Y 2.2
qu = nelé | ck2/an2 20e72 | 2mv2/c2 | 20| —h x2 | 2mer- w/(4n“c”)
Ci

kT4
My = uycld | c2hk3/8x3 | 2mc2hv3 | 2nhw3/c zchh(;) %3] 2nc2in-S = -S| hud8ncd)

kT\3

Loy = Mgy/n| ck2/and | 2652 | 202/c2 u(—h-) x2 [ aent wdn’c?
Ci
k T\

Ly=Myin | cZhi3/gn 202473 | 2032 w.(—h) x3 | 2¢2m\-S hw3i(Brcd)
Ci

Table 1-8. Relationships Among Spectral Variables

v=c= @) w = (c/2a)k = (KTR)x = oA~
A= ﬂ"' =371 = @noJw™? = 20k = (he/kT)x

dv = = )l dw = (c/2m)dk = (kT/h)dx = - cA~2dA
dv dw dk dv
dk:-—=_21rc—=_21r_=_ —
7] 2 1R
A AV de  dk_ dx v
St R L -2

variable that is proportional to either frequency or wavelength:

R = R(pv,T) !
R = RUMLT) -1

where p and [ are constants of proportionality. A change in R can result from a change
in the spectral varisble or in the tempemure or-both.

oR
dR = ov )d(pv)+—-'d7' (1-12)
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or

eR R
= SOt == 1-13
dR a(md("‘) + 54T (1-13)

The second derivatives are

a’_R : 2R , ¥R R R
aT2 a(\)? 3(pv)® ATa(N) ATA(v)

The signs of any of the tirst three determine the nature of the inflection points whereas
setting either of the third or fourth equal to zero will determine the spectral variable at
which the change with temperature is an extremum.

The term R(/\, T) can be written in general (for photon flux density, energy flux
density, energy or photon volume density, etc.) as

(1-14)

R = constant y*™(e* - 1) (1-15)
Then

dR dy  xe* [dT _dy

—_—= (tm=< ¢ — F = 3

7 [my & -l)(T 5 (1-16)

where y =\ corresponds to the upper signs (i.e., plus and minus)
» = pv corresponds to the lower signs (i.e., minus and plus)

(See References [1-7, 1-8].) This gives the generalized expression for the Wien distribu-
tion law, Table 1-9 gives the values of the maxima for the different distributions.
The total integrals of the functions can also be considered in a general way

]
Iy = f CTix™(e* - 1) lax : (1-17)
0
and, if T is constant,
‘m = CT’f x™(e* - 1)ax (1-18)
0

These definite integrals are identifiable in terms of zeta functions:

f XX - 1) ldx = m¥(m+1) (1-19)
0

Table 1-10 gives the values of {(m + 1) and m! ¢ (m + 1) for m from 1 to §. These
values, multiplied by the constants: for the appropriate distributions, are given in.Table
1-11. The total integral is independent of the spectral scale. Thus, the total photon
volume density is independent of scale. The energy density is independent of scale but
different from the photon density. The photon exitance is ¢/4 times the Aensity; the
photon radiance is #~! times the exitance. The results are summarized in Table 1-11.

s
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Table 1-9. Maxima of the Dependent and Independent Variables for
Different Isothermal Planck Spectral Distributions

Function
Independent
Depend- Vea’;iable m X max Ry
ent
Variable
Photons v 2 1.593624260 0.6476
Power v 3 2.821439372 14214
Photons A 4 3.920690395 47196
Power A 5 496511423 21.2036
Power A 6 5.96940917 1159359
contrast
Table 1-10. Values of {(m + 1) and m!{(m + 1)
m 1 2 3 4 5
tm+1) n2/6 1.2021 /90 1.0369 | m4/9as
mitm+1) | #2/6 | 2.4041 m™/15 24.9863 | 816/63

Indefinite integrals are more complicated though just as important. For constant
temperature, the function can be written as

R™ = o™X -1y = o™ ) e (120)

n=1

Integration is done by parts:

) e‘"*x'"lzl: [ - 1)) (121

n=1
Table 1-12 gives the appropriate information for the different functions. The functions
can be developed from an iterative formula

xlemx

— 1 O Q22)

[’=-

The maximum for any isothermal spectral scale is given by

xe*

eX -]

=m (1-23)
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Table 1-11. Values of the Total Integrals of some Planck Functions
Distribution Variable Equation Value
= 4
Photon density n J’- n,dy o Mq
. = 4
Energy density w { wydy M
- k373
Photon exitance M, [ M, dy 253 (2.4041)
3
" 13~ _oT
1.5202 X 10! T T75kT
Radiant exitance M M. dy T = o
J,‘ y 4s5c2n’
Photon sterance Lq .[ qudy ﬂ-qu
Radiance L J: L,dy M
1 3R dT [* x& dT _ =2 dT
Contrast ) 2 dx = 1) — = —
RaTdT T.[ eX -1 “)T 6T
Table 1-12. Solutions of the Integral of xle-m*
1 1 Formula
0 Iy e-mx
Tm
e-mx xe-mx 1
1 I - = . + —
1 m im0
-mx -mx ~-mx -mx
2 I _xe _3xe 1e_=_xe +_2_I0
m m m mm m m
xe™* 3
. + —
3 h m Tmh
xe™m* 4
4 . +—
Iy L
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This is the generalized expression for the Wien law. The isospectral curves have a slope
given by (R/T) xe* (e* -1)71.

In a similar way, it can be shown that all the mixed derivatives have a maximum
determined by

xe* x+m+l

= 24
- : (124)
A good approximation is
X
X em (125)
e¥ -1

The spectral maximum of the temperature change is related to the spectral maximum by

xtm+t] 1
—_— ] tm 126
- m (126)
For example, the radiant exitance expression has m = 5. Therefore 1 + m=1 is 1.2 and the
maximum of the contrast is at a wavelength of approximately (1.2)~1 £0.83 of the wave-
length of the maximum. A general treatment of this information is given (in part) in
References [1-7, 1-8] . Table 1-13 gives values for the contrast maxima.

Table 1-13. Contrast Maxima Functions

Function

Dependetﬂ Independent | ,, + 1 x

variable variable md Xmd/*max
e 57
3T v 3 2.575678910 1.50
e 4 3.830016096 133

v | ;

aT

aM!
aT : A 5 4928119359 | 125
i A 6 5.96940917
T 969409172 1.20

1.2.4. Approximations of the Planck Function. Table 1-14 gives two approximations
often used for the Planck law and its variation.
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Table 1-14, Approximations of the Planck Function

Largex (le.,x>>1) | Smallx (ie., x <<1)
M, ey S ex 2nckg T4
{Wien Law) {Rayleigh-Jeans Law)
¥ _ X _
RE (relative [1 = (e. 1)] [l - (e 1)]
error) e* 5

Other techniques can be used as approximating functions. The binomial or power
series expansion which is used for obtaining the integrals in the pocket calculator por-
tion of this chapter (Section 1.2.7) is accurate to about 0.1% for ten terms of the series
even for values of 1/AT greater than 108, The calculators are quite fast under these
conditions. Other, more complicated procedures may be used with larger computers.
Reference [1-9] is a good place to begin to investigate these techniques.

1.2.5. Fluctuations in the Planck Function [1-10]. It can be shown that for coherent
radiation the fluctuations from the average in a mean square sense are

®R-RE=p—% =DZme”"" 27

For noncoherent radiation, the mean square deviation is just equal to the mean
R -RY = De*- 1)! = DZe""" (1-28)

The maxima of these functions can be found in the usual way for the coherent case. The
difference relative to the coherent case, RD, is

-t

S X -] _ x
RD=1 - =1-£ =¢ (1-29)
eX(ex-1)"2 ex
A general formulation can be written in terms of the degree of coherency, .
— X -1+
== e ¥
(R-R) = D—(ex T2 (1-30)

For coherent radiation y = 1 and for incoherent radiation y = 0.

1.2.6. Planck Curves. Visual impressions are often very useful. This section includes
curves of various Planck and related functions. Figures 1-1, 1.2 and 1-3 provide informa-
tion about the spectral distribution of blackbody radiation. The first of these is a linear
curve with wavelength as the abscissa and My, as the ordinate. The second is semilogarithmic
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but for a different range of temperatures. The third is a curve plotted on a logarithmic
wavelength scale and linear exitance scale in terms of the variable A T. Figure 1-4 is a log-
log plot in which all Planck functions are the same shape and the Wien distribution law is
a straight line. Thus a “do-it-yourself” slide rule can be constructed by putting an overlay
on this figure, tracing the curve and the line and placing an index marker at 6000 K, the
temperature of the top curve. Then, by keeping the lines overlapped and setting the index
mnarker at the desired temperature, one finds that the template becomes the blackbody
curve for that temperature. Figure 1-5 is the same sort of curve but for a different tem-
perature region. The next group of figures includes the following: the integral of radiant
exitance divided by total radiant exitance (Figure 1-6); the same function for photon
exitance (Figure 1-.7); the integral of the change of radiant exitance with temperature

~ &0 Fraction of Radiant Exitance Below Point Indicated
My Mg
Li k] B o
a0 1.0 v T

-]

=

Bpectral Badiant Exftes (% m_lpl-'l
B

PP

) 5000 10000 100e 0008
] WTlum Kl
[]
Wavelength (um)
Fig. 1-1. Blackbody curves, 1000 to 2000 K. Fig. 1-3. MA/MAm“ versus T for a blackbody.

0 1

1w ! 1 10 1’
= Wavelangth i m)
B s 1w 15 ™ 1w w? 1n® i 1 1l
Wavelength (um) i + . Wave Number (cm-l)

Fig. 1-2. Blackbody curves, 100 to 1000 K. Fig. 14, M) versusAand v,



1-16 RADIATION THEORY

(Figure 1-8); and the integral of the change in photon exitance with temperature
(Figure 1-9).

w! 1.0
2]

- !

!. 0. & i

" % i

8 5 3
. ;
L] @
o

10 3

! o 1
10 W
ol

1’ : 3 P o !

10 10 10 10 12 16 20 24 28 32 36 40
Wavalength (um) Wavelength (u m)

10 108 10 10!
Wave Number {cm=~1)
. Fig. 1-7. Relative photon flux density as a func-

Fig. 1-5. M, vermas A and v. i 2 3
tion of wavelength: Mg a(\)dA/og T,
0

10 4 102 . e

= = =

-

Radiasi Exitsscs Conirast {J em Lesc’ llc'lb
&

H TGP VO W VIR WO
8 12 i6 20 24 25 37 M 40 » TR Ty
Wavelength (um) Wavelength (zm)

Fig. 1-6. Relative radiant exitance, radiance, or Fig. 1-8. Integral of radiant exitance contrast
A oM,

A
radiant intensity: f MydrjeT?. Fdh as a function of A.

0 0
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12 16 20 24 28 32 36 40
Wavelength (i m)

Fig. 19. The integral of photon contrast

* aMg, »
~———dA\ as a function of A.
0

aT

1.2.7. Pocket Calculator Programs, Several pocket calculator programs are presented
here. They were written for the Hewlett-Packard HP-25 and the Texas Instruments SR-56
and SR-52 calculators. The programs reflect differences in programming between Reverse
Polish Notation (RPN) and Algebraic Operation (AQ) systems, as well as differences
resulting from calculators which can and cannot store programs on cards. Table 1-15 gives
the equations, units, a catalog of the programs, and initialization and starting procedure.
In most cases some of the storage registers need to be filled at the start with terms
indicated by quantities not in parentheses. Those registers which show a parenthesized
expression are used in the calculation, but do not need to be initialized. In the programs
for integrals, a value of e, the allowed fractional value of the next term of the series, needs
to be entered. For most problems and their required accuracies, 1079 is an appropriate
value for this.

For additional information on programming pocket calculators, see References {1-11,
1-12).
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Table 116
Swfan-Bolumenn Law
HP-28, RN

Koy

Line Entry Registors
[]] 1 .
o . Rore
[ ¥&

o4 RCLO

0 x

Tabie 117
Stefan-Soluzmann Law
SR-56,A0

Loc KLY Registers
000 *‘LBL .

001 A .
002 yr

003 3 Rgyie
004 13

00§ RCL

006 []

007 ]

003 -

008 HLT

*Denotes wecond function key.

Tatle 1-18
Stefan-Boltzmann Law-
Photons:

HP-25, RPN
Line E':g, Registers

1] 1
02 3 Rgiog
03 ¥
L] RCLO
08 X
Table 1-19
Stefan-Bolizmann Law -
Photons
5R-56, A0
Lo KLY Registers
000 “LBL -
004 A 00
002 3"
003 3 - Rgy o, "
004 x
005 RCL
008 o
00?7 1
008 -
008 HLT

*henoles second tunction hey.

RADIATION THEORY
Table 1-20 Table 1-21 (Continued)
‘?c:z‘sf:#'r 018 .
019 +
Line ;.'J, Rogisters 020 RCL
0 ACL3 o2t 2
02 RCLO L 022 i
0 3 oo =
o = Ry T 024 RCL
m = 028 [)
% oLl Ryicy 026 1
07 RCLO 027 )
o8 XL Rycy 028 INV
» 1 09 Inx
o 5 Retx) 030 5
1 104 o !
12 v L =
= - 033 HLT
v} = “Denotes second function key.
15 +
16 [
17 RCL 4
Table 122
18 RCL1 Mgy s8d 2 0T
19 + HP2S, RPN
20 RCL4
2 cna i Eoy Righuns
e = ot RCL 3
23 G ) RCLO Bod
tal ! 0 .
28 + o " RT
» +
27 X x ; Ryicy
07 x
] Iy Ryic
09 X
0 WCL 2 Ryilx)
m::-n 1 RCLO
SR$6,A0 12 +
Loc KEY Registors 13 RCL1
000 o 14 +
001 N Reot 15 STO4
002 RCL 16 &
) ° Ror:T 17 1
004 3 \8 o
003 i Rozid 19 4
06 WL 0 (¥
007 0 Rosi€y n RCL 4
008 2 22 RCL 1
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1.2.8. Radiation Slide Rules. Rules have been devised for rapid, fairly accurate calcu-
lations of radiometric quantities.

The General Electric Rule. This rule is designated GEN-15C*, (See Figure 1-10.)
Calculations which can be made on the rule are as follows:

(1) Conversions of temperatures among Celsius, Kelvin, Fahrenheit, and Rankine by
setting the temperature on one scale and reading it on another. Use scales ABKL.

(2) Multiplication by the use of standard C and D log scales.
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Fig. 1-10. The GE slide rute.

(3) Total blackbody radiant exitance by setting the temperature of the blackbody
source on a temperature scale and reading on the E scale (W cm‘z). An emissivity scale
associated with the E scale permits direct calculation for graybodies; the value on the E
scale is read under the appropriate emissivity .

(4) Incremental blackbody radiant exitance W, , at maximum. The power density
for 1 um bandpass can be read directly from the W, ;... or F scale.

(5) The ratio of W, at any wavelength, }, to that at Ay, , Wy /W, _ . The tempera-
ture scale; then W, /W, _ isread from the G scale opposite the desired X'on the H scale.
Thus one can find Wy, for a given X on the Wy . scals and then calculate the value
of W, at any wavelength on the W, /W,  scale.

max

*Available from the General Electric Company, Schenectady, NY, for about four dollars.
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(6) The blackbody radiation in any spectral interval. The temperature scale is set at
the appropriate temperature. Then on the Wy_,/W;_.., or I, scale, one reads the percent-
age radiation that lies below a particular wavelength, X, on the I scale. The same is done
for A,, with subtraction.

(7) Conversion of range in nautical miles to range in centimeters with the aid of a
straight edge, and vacuum calculation of irradiance. These can be made with the QRST
scales,

(8) Conversion from W in.~2 to Btu ft~2 h-1.

(9) Number of photons sec! em=2 from a blackbody at index temperature. Use{ul
constants and other combinations of these calculations are also available.

The “Cussen” Rule*, This rule consists of scales much like that of the GE rule but is
more accurate. Calculations which can be made on the rule are as follows:

(1) Conversions among the Kelvin, Celsius, Fahrenheit temperature scales.

(2) Conversions between wavelengths and frequencies .

(3) The integral of photon flux from O to oo, i.e. total photon flux,

(4) The photon flux at X p,x.

(5) The ratio of photon flux at any A to that at Ay,

(6) The ratio of photon flux from 0 to A to total photon flux.

(7) All the same quantities for energy flux.

(8) V,/NREF where ¥V, is noise voltage, R is resistance and Af is bandwidth.

(9) Photon energy.

1.3. Related Radiation Laws

No material is a perfect blackbody. The relations in this section provide descriptions of
various blackbody properties.

1.3.1. Emissivity. Emissivity is defined as the ratio of the radiant exitance or radiance
of a given body to that of a blackbody. The basic definition is in terms of 8 narrow spectral
interval. The almost universal symbol for emissivity is e. Thus the spectral emissivity, e(A),
of a body is defined as

M, M,
MEE MBB(\ T)

where A and T must be alike for both the numerator and denominator. The directional
spectral emissivity is the ratio of radiances.

L)‘ (0’ ¢)
€(A,0,¢) e (1'32)
LBB5,¢)
Over a spectral interval the emissivity is
f Lydy J e(NLEE dx
-2 B A WL, (1:33)
BB
[ 4, [ 1224

*Available from Electro-Optical Industries, Inc., Santa Barbara, CA, for about fifty dollars.
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Over the entire spectral band
f e(NLEB g\
0

R (134)
nlor4

The same definitions apply to photon distributions
fe(x)Lg(’dx fe()\)L”d?\

e, = =
T oT*275kgT)! 15202 X 1011 73

(1-35)

fe()\) A"(e" -1tan

70 = (1-36)

f e -1)tan

For any material, these two different emissivities are not the same.

A material which has an emissivity that is independent of wavelength is often called a

gray body. Bodies which have an emissivity which varies with wavelength are often called
spectral or colored bodies.

1.3.2. Total Power Law. When radiation is incident upon a body, some of it is
transmitted, some absorbed, and some is reflected. Thus, the ratios of each of these to the
incident power must add up to unity:

atpt+tr=1 .(1-37)
or

q’lbmtbed "’ d’reﬂected 4 ‘btunxmmed = d’incident (1-38)

where a = ®,p.0rbed/Pincident = absorptivity

P = Preftected/Pincident. = reflectivity
7 = Oyransmitted/Pincident = transmissivity

It is also true that the spectral quantities add up to one
o) + o) + () = 1 (1-39)

The interpretation is simple for a relatively transparent, smooth, plane parallel plate in
which the absorbed flux is small enough that the plate does not increase significantly in
temperature. For bodies of irregular shape, the reflected radiation must be considered as
all the radiation that is scattered or reflected in the entire sphere. Under any circumstances,
the absorbed radiation can increase the temperature of the body thereby increasing the
radiation in all spectral bands. For total radation, these components will act in such a
way that the total power remains constant.

" The conditions do not apply generally-for two different components of polarization.



130 RADIATION THEORY

1.3.3. Kirchhoff’s Law [1-13]). By considering two bodies in thermal equilibrium,
one a blackbody and one arbitrary, one can show that

a= a(A)d\ = e(N)d\=¢€ (1-40)
[ zas
It can also be shown that
aQ\) = eQ\) (141)
f a(N)dr= e(\)dx (142)
(XY (YN

where the temperature of both bodies is the same and the spectral region of considera-
tion is the same for both a and €. Since these depend upon the total power law, they also
depend upon thermal equilibrium.

13.4. Reflectivity and the Bidirectional Reflectance Distribution Function (BRDF)
[1-14]. The difforential element of flux reflected from a surface (Figure 1-11) can be
written as

dd, = limAd, = L, lim {AA, cos 6, AQ,} (1-43)
where L, = reflected radiance
AA; = aprojected differential area of sample surface
68, = the angle of reflection
AQ), = a differential solid angle in reflection space

and where the limit is taken as A4, and
AQY, approach 0. In the limit, this can
be written as

dd, = L,ydA,co8 dQ, (1-44)
The incident flux can be written
d‘b, = LidA' 0080, dﬂ, (1-45)

where the subscript i represents incident
quantities. Then, in general, any element
of area and solid angle has a reflectivity
factor such that

Fig.1-11. Differential element of flux reflocted
d®, = p(0,,0;;0,,4,; A, )P, (146) [romsmrface.

and P = Py (1-47)

The first of these is a deflnition; the second is a normalization. In general,
dd =LdAcosbdd (1.48)
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Therefore, reflectivity can be defined as the ratio of reflected flux to incident flux
_ L,dAscos 6 dQ, . L,dq,
LidAgcos 8 dQ L;dQ;

There is ambiguity unless the solid angles of incidence and reflectance are specified.
The BRDF is defined so that

(1-49)

p

s, = f&;dQ, (1:50)

as, = fdQ, (1)
L,dA L LidA

f= r&s r {943 (1-52)

LdydA, L;d%, = d¥

The use of p requires that the solid angles be specified; BRDF is independent of that
specification. Like most differentially defined quantities, BRDF accuracy depends upon
the approximation to the derivative, This is most noticable in dealing with the beam pro-
file. BRDF will, in general, be a functon of all four angles (of incidence and reflection)
and the area of the sample that is chosen.

The two extreme cases are Lambertian and specular surfaces. By definition, the former
surface has no dependence on angle, and a flat surface therefore has a BRDF of pr-1. It
is the integral of the projected solid angle over a hemisphere. A purely specular surface has
a nonzero value only for §; = 8, and ¢; = ¢, so that the BRDF = p5(9; -0,)5(¢; - ¢,).
The hemispherical reflectance in each case is p.

An alternate definition for reflection is

d®, L,dA;dQ, Edd,
dd;, L;dA,dQy; d¥

(1-53)

The return flux is given by

dA
d®, = pd®; = pdd, EH,' = (pdA)E (1-54)
! ]

where p d Ay is called the cross-section.

1.4. Radiation Geometry
The geometric transfer of radiation is independent of spectral characteristics and
based on the equation of transfer in a nonabsorbing, nonscattering medium.
1.4.1. Transfer Equation. For a surface, Ay, with radiance Ly and a body, 4,, with
radiance L, joined by a general ray of length ry5 (as shown in Figure 1-12) the net
radistive change between them is given by

AP =0y, -By, =

J'(le - LZI)dAl cowz dAz cosﬂzru'z

= j(AL) ru'z cosdy cosdydA dA,

(155) Fig. 1-12. The radiation interaction factor.
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Often, the radiance of each surface is independent of angle so that

AD = AL |ry;-2cos8; cosb,dA dA, (1:56)

The integral in this expression is useful for many radiation interaction problems and has
been given a number of different names: projected solid angle, radiation interaction
factor, and configuration factor. Some authors substitute Ma~1 for L and consider « part
of the definition of the configuration factor.

1.4.2. Lambertian Surfaces. A Lambertian surface can be defined as one whose
radiance is independent of angle. For the differential area of a Lambertian surface, the
flux density (flux per unit area) radiated into a hemisphere is given by

M=al (157
The flux density radiated into a solid angle defined by a cone of half angle ¢ is given by

M@) = nsin20 = 12'-(1 - cos 26) (1-58)

This can be interpreted as the interaction factor or projected solid angle between a dif-
ferential element of area and a segment of a sphere.

1.43. Surfaces with Cosine Radiance Distributions. Surfaces with nonconstant
angular distributions of emission or reflection can often be characterized as a power of
c0s6: L = Lg cos™d. Then

ﬂLo 2
n+2y _ &M 2
5 cos" 749 o 2L(0) cos“f (1-59)

1.4.4. Lambertian Disc. It can be shown that a Lambertian disc of radius R a distance
ry, away from an on-axis normal differential element of surface has irradiance given by

2 2 4
E= 21:(5) [1 -(5) + (3-) - ] (1-60)
712 "2 12

This shows how the inverse square law Is an approximation that only applies when
rya >> R, ie., the distance away from the source is much larger than the dimension
of the source. (This is only shown here for a disc but applies more generally for two-
dimensional objects that have an aspect ratio of about one).

14.5. Short-Cuts in Calculations [1-15]. These short-cuts are ecither approxima-
tions, graphical constructions, or methods that apply in special situations.

Unit Sphere Method.. The hasic transfer equation can be written

LdA cogol cosfy y

dE = = dQ cond, (1-61)

r

E =L:fcosoldﬂ =%’9' (1-62)
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This is sometimes called the unit sphere method because it can be interpreted as the area
on a unit sphere intercepted by the contour of the true area, as shown in Figure 1-13. The
disc problem can be solved quickly this way. The area shown (in Figure 1-14) shaded on
the plane P is 7R2 /R2 + y2,,)~2, Therefore

E = MR2(R? +72,)2 = Msin20 =% (1 - cos20) (1-63)

This is the same result that a hemispherical (or any other shape) radiator with the same
boundary would give. A disc with radiant exitance proportional to its radius yields an
irradiance given by

M {ryytan~! (Rry5) - R [1 + (R/rp)*]71} (1-64)

Sumpner Method. On a sphere of radius r, a cap, ANB, can be constructed as shown
in Figure 1-15. The irradiance at any point on the sphere from this cap will be the same
as that from a disc with the same
boundary (by virtue of the unit sphere .
method, above). The angle 7y sub- oy
tended by AB is independent of the &
position P. The angle 26 is equal
to y and the irradiance is every-
where the same on the inside of the
sphere wall, Therefore the irradiance
at Pon the wall is

i
|
I

T i N
I

] 1
Fig. 1-14. Disc problem solved by the unit sphere

Fig. 1-15. The Sumpner method. method.
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! 27-1
E, = %’(x -cos20) = M [1 +(lr2) ] (1-65)

Contour Integration. The irradiance can be calculated for a diffuse surface of constant
radiance as follows:

..
E-= "fda (1-66)

where dé& is the differential angle that is intercepted by a differential element of the
boundary. For surfaces with polygonal boundaries

M
E-= ;Z &, (1-67)

where &; = the unit vector of the outward drawn normal
v; = the angle subtended by the ith side

Vector Method. One can calculate the irradiance for inclined surfaces on a plane
normal to the line of centers and then develop the irradiance on the inclined surfaces:

1 M cosd
E=~— v
n na

dA (1-68)

where ris the unit vector from the element of area in question to the point where r; ) meets
the normal surface.

Optical Temperatures [1-7, 1-16]. Many methods exist for determining the thermo-
dynamic temperature of a body radiometrically. These include measurements of the total
radiation, the radiation at a particular wavelength, the wavelength distribution of the
radiation, and the apparent color of the radiation.

Radiation temperature is defined as the temperature of a blackbody that gives the
same total radiance or radiant exitance:

1/4
Tq = (%) (1-69)
For a gray body this can be written
Tp = €T (1-70)

For a colored body

. - l“
Tg = [o" f ec; X5 (ex - 1)! dx] a-11)
0
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The relative error for the gray body can be written simply as

T
RE =1 - (—T§)= | -l (172)

For a colored body it is

- -1/4
RE =1 - r[o'lf e(Ne; rs(e"-l)'ldx] (1-73)
' 0

The analysis requires specific values for e()).
Brightness temperature is defined as the temperature of a blackbody that gives the
same radiance in a narrow spectral band as the body in question. Then
EMe _paet (M Ly (174)

In the region for which e2/AT i much greater than 1, this can be written

Tg = ¢cy(\ Ine + ¢;)™ (1.75)
Otherwise
Tp =c; ANnfe! (ec’/"- N+1]}3! (1-76)
The relative errors in these two cases are
RE = | - ¢y(AT Ine + ¢;7)"! 177
RE = 1 -¢, DT In[e (2™ - 1)+ 11! (178)

Distribution or Ratio Temperature. The distribution temperature is the temperature
of the blackbody that best matches the spectral distribution of the body in question.
Often two or three narrow bands are used for this determination. If two wavelengths are
used, then the ratio is

My, e 275N -yt (1-79)
Mo e 05N -yt
For the Wien approximation, the temperature is given by
2L
" T b ‘z(h)’ (1:80)
R PP v
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If the Wien expression is not applicable, then

5
oy [y s
ec;/leD -1 Mkz GI\RZ
My e/ N s
€2MaTp _ 1) e=<2MTD ¢ ¢22MTD 4 =_‘._2(_1)
2™ 1)(e +e ) My 1\ (1-82)

Color Temperature. The color temperature is the temperature of a blackbody that
has the same chromaticity coordinates as the body in question. (See Figure 1-16.)

If the body has a given set of normalized chromaticity coordinates x, y, then it hasa
set of relative radiances such that

- K]
RSV ALY LY Cllid ) (183)

M)\z A" (e"Z/AZTc - l)-l )‘IS(eczllec -1

o [R] 0l LB ] 4 L] na o7
x

Fig. 1-16. Planckian locus [1-16].
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If €) and e, are the emissivities at these wavelengths, then the color temperature is found
by solving for T,
ecz/AZTc -1 N €] (e"ZIAZT - ]) (1,84)
ecz/)\lT,_-_l 6z(ecz/AlT_l)

Table 1-30 gives the chromaticity coordinates of blackbodies with temperatures
from 1000 K to infinity. Figure 1-16 shows this locus from zero Kelvin to infinity.

Table 1-30. Colorimetry Chromaticity Coordinates of Blackbodies
[1-15] (¢ =1.438 cmK)

Ky =x . T(K) x y
1000 | 0.652 0.344 3400 0410 0.393
1500 | 0.585 0.393 3500 0.405 0.390
1600 | 0.573 0.399 3600 0.399 0.387
1700 | 0.560 0.404 3700 0.394 0.384
1800 | 0.549 0.408 3800 0.389 0.382
1900 | 0.537 0.411 3900 0.384 0.379
2000 | 0.526 0.413 4000 0.380 0.376
2100 | 0.515 0414 4500 0.360 0.363
2200 { 0.505 0415 5000 0.345 0.351
2300 | 0.495 0.415 5500 0.332 0.341
2400 | 0.486 0414 6000 0.322 0.331
2500 | 0.476 0413 6500 0.313 0.323
2600 | 0.468 0.412 7000 0.306 0.316
2700 | 0.459 0410 7500 0.300 0.310
2800 | 0.451 0.408 8000 0.295 0.304
2900 | 0.444 0.406 8500 0.290 0.299
3000 | 0.436 0.404 9000 0.286 0.295
3100 | 0.429 0.401 9500 0.283 0.291
3200 | 0.423 0.398 10000 0.280 0.288
3300 | 0417 0.396 20000 0.256 0.257
o 0.239 0.234
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2. Artificial Sources

2.1, Introduction

This chapter deals with artificial sources of radiation as subdivided into two classes:
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.

Regarding the selection of a source, Worthing [2-1] suggests that one ask the following
questions:

(1) Doesitsupply 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) Isit reproducible?

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

(5) Has it the desired spectral distribution?

(6) Has it the necessary operating life?

(7) Hasit sufficient ruggedness for the proposed problem?

(8) Is it sufficiently easy to obtain and replace, or is its purchase price or its construc-
tion cost reasonable?

2.1.1. Symbols, Nomenclature and Units. Table 2-1 lists the symbols, nomenclature
and units used in this chapter.

2.2. Laboratory Sources

2.2.1. Standard Sources

Blackbody Cavity Theory. Radiation levels can be standarized by the use.of a source
that will emit a quantity of radiation that is both reproducible and predictable. Cavity
configurations can be produced to yield radiation theoretically sufficiently close to
Planckian (Chapter 1) that it is necessary only to determine what the imprecision is.
Several theories have been expounded over the years to calculate the quality of a black-
body simulator.* Two of the older, most straightforward, widespread, and demonstrable
theories are those of Gouffé and DeVos.

The Method of Gouffé [2-2). For the total emissivity of the cavity forming a black-
body (disregarding temperature variation) Gouffé gives

€ = (1 +k) 1)

*Generically used to describe those sources designed to produce radiation that is nearly Planckian.
22
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Table 2-1. Symbols, Nomenclature and Units*

Symbols Nomenclature . Units
a Ratio: //r -
B Subscript used for blackbody radiation -
¢ Blackbody radiation constant emK
I Radiant intensity W
k Emissivity cotrective factor =
L Radiance Wem™2 sl
1 Length (or depth) of cavity cm
M Radiant exitance W cm™2
m Mach number =
R Cavity radius cm
r Aperture radius cm
rbe Partial reflectivity of DeVos srl
S Interior surface area cm?
s Aperture area cm?
T Temperature K,°C
x Variable length m
y Ratio: x/r -
€ Emissivity -
] Angle of ray from surface normal rad
A Wavelength um, A
0 Boltzmann constant Wem 2 K™
L Power, flux w

*Most of the units, symbols and nomenclature in this chapter are shown in the tables and graphs
corresponding to particular sources.

where
€@ = 22)
€|l - 3|+ <i>
-3+
and k = (1 - ¢€) [(s/S) - (s/So)], 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
S = 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 as a function of the ratio //r is read.
The value of e{) is found by reading up from this value to the value of the intrinsic emis-
sivity of the cavity material. The emissivity of the cavity is found by multiplying ez) by
the factor (1 + k).
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e= LD

Fig. 2-1. Emissivities of conical, spherical, and cylindrical cavities.

When the aperture diameter is smaller than the interior diameter of the cylindrical
cavity, or the base diameter of a conical cavity, it is necessary to multiply the values of s/S
determined from the graph by (r/R)?2, which is the ratio of the squares of the aperture and
cavity radii (Figure 2-1).

The Method of DeVos [2-3). DeVos considers a cavity of arbitrary shape, with
opaque walls, in 2 nonattenuating medium, initially at a uniform steady temperature,
with one small opening. He adds additional openings and temperature variations along
the cavity walls and indicates several practical approximations necessary for the calcula-
tion of numerical values. (See Figure 2-2.)

The power emitted from the opening d0 is

mal = eJ(\ T, (N, T)dw cos 09 dﬂg (2-3)
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where eg()\. T) = the spectral emissivity of dw
in the direction of 40 (indica-
ted by subscripts and super-
scripts throughout) for tem-
perature T at wavelength A
Ly g(\, T) = the spectral radiance of a
blackbody for temperature T
and wavelength A given by
either modification of Equa-
tion (1:9) or, approximately,
by the Wien law

Lyg = (constant)e2AT  (2.4)

Fig. 2-2. Definitioa of terms for the

dw = areaof the emitting infinites- Devos method.
imal element
89 = the angle of the direction from dw to dO with respect to the normal
todw
dﬂe, = the solid angle subtended by d0, the hole, as seen fromdw

The power from dw through dO which is due to the reflection of the power received
at dw from some arbitrary elemental wall area, dn, is

reflgn0 = L¥ (N, T)dQdw cos 6%r10(N, TVAQY 29
where lb('vo = the power from dn to d0 via dw
L:""(R, T) = the spectral radiance from dn to dw for a temperature, T, and at a
wavelength, A
dSY}, = the solid angle subtended by dn as seen from dw

67, = the angle to the normal to dw made by the direction from dw to dn

r":,o(x, T) = the partial reflectivity of dw for radiation from dn at 8%, reflected
from dw toward d0 at 03, at a wavelength, A, for a temperature, T

Partial reflectivity® can be defined as follows:

L9 cos 69
o = % 2-6)
Ly cos 8,,dQ%,

or

n0
o = cos 69 @7
w

*This terminology is used slightly differently in other literature. The method of DeVos is retained here.
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By integrating Equation (2-5) over the walls excluding d0 one obtains the power from
dw due to the reflection from dw of the radiation from all parts of the cavity walls except
dO0:

reflgd = gwdqd J' LY O\ T) cos 27790\, TYaql?, (28)
alldn

The reciprocity relation is
reb cos 69 = rb o5 6% (2-9)

By using the reciprocity relation in Equation (2-9)

reflg0 = gl cos 67, fwd LY O TR, (210)
n

To a first-order approximation the following relationship is true:
LYy T) = Ly 500 T)
The hole can thus be considered to have an emissivity given by
€ = 1 - r30ah0 @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

e = 1 - Y rOtaqh (212)
h

for the emissivity of d0 in the direction from dw, when there exist several holes numbered
from h = 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 quantity to8ld0 js

wulgl = L, g\ T) dw cos 63,d0l, (1 -3 rShagl - j rehagliyn dsz:;)
h h

(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 a radius, 7, and a length, / (Figure 2-1), the value of €, to a first-
order approximation is
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2 .
( 4
&g = (l -1y "—2>=(1 -r&°—2) @14)
! a

where a =1/r.
For the second-order approximation (neglecting temperature gradients), one needs
dS¥t, and d20 . If dn is an annulus of the cylinder with a length dx, then

dg"'v = dgfv = _21r—r2dx_ (2-15)
[(I -x)? +r2] n
and
P
aod = L (2-16)
x2 + r2
Ifx/r=y, then
a rOy,wO
€ =1- r?vol - 2 j el dy 217)
a o 07+ D[ -a) +1]37

DeVos evaluated this expression by numerical integration. His values, corrected by
Edwards [2-4] for a small numerical error, are given in Table 2.2. For a similar calcula-
tion for a sphere, DeVos obtained the (corrected) results in Table 2-3.

Table 2-2. DeVos’ Emissivities, Cylindrical Blackbody? [24]

a @ G5y) ) (53)
6 0.970 0954 0.865 0.668
10 0.990 0.985 0953 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 0988

3Emissivity values for a
various values of a (=

c}'lindrical blackbody with second-order corrections for
I/r = depth of cylinder/radius of hole) and' surfaces of
different smoothness. These are DeVos' values corrected for a numerical error.

_Table 2-3. DeVos' Emissivities, Spherical Blackbody?® [2-4]

a @ (sy) (s2) (s3)
10 0992 0989 0.963 0.894
20 0.998 0993 0.991 0976

SEmissivity values for a spherical blackbody with second-order corrections for
various values of a (= //r = diameter of sphere/radius of hole) and surfaces of dif-
ferent smoothness, These are DeVos® values comrected for a numerical error,
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There is an attempt by DeVos 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.

Another review of methods for calculating blackbody effectiveness (including the so-
called Sparrow method) is presented by Bedford [2-47].

There has been a division historically 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 the present primary standard of light
adopted in January 1918 [2-5].

Primary Standard of Light. The primary standard now established is the candela, cd,
corresponding to 1.0000 Im sr-!, 0.10* Carcel unit (approximately), 1 pentane candle
(approximately), 1 English sperm candle (approximately), and 1.11 Hefner unit (approxi-
mately). The construction of the primary standard of light is shown in Figure 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 of about 20 mm internal diameter
nearly filled with pure platinum, as shown in Figure 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, 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 induc-
tion furnace. The power required to melt the plat- I
inumis about 7 kW at a frequency of the order of
1 MHz. With this arrangement, it is possible to
regulate the temperature so closely that the period !
required for the solidification of the platinum may
exceed 20 minutes. 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 tempera-
ture 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 (radi-
ance) of the hole is given the value of 60 cd cm~2.

To use the standard, one must first raise the
temperature of the crucible and its container
well above the melting point of platinum.
Both are then allowed to cool slowly until
the period of solidification of platinum is " .
reached. (This period is used in preference 385]2 ,3' NS PRyl ac0, L IeHE
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to the period of fusion because it gives more consistent results.) At this temperature,a
change of 10 K would vary the luminous intensity by about 5 to 6%. The freezing point
of platinum was recently measured as 1769.5 t 0.6°C. An excellent treatment of the
history of photometric standards especially with regard to standard lamps, is found in
Jones and Preston [248].

Thermal Radiation and Radiometry. Two approaches have been taken to realize
standards for thermal radiation and radiometry. One has been to achieve a “black”
detector with extremely stable response characteristics and to use it in an arrangement by
which electrical heating is introduced to balance the heat gained by incoming radiation.
The other has been to produce a “black” source or blackbody radiator.

The attainment of a black detector or source involves

M = eaT* Wem-2 (2-18)

where € = emissivity

T = absolute temperature

o = Stefan-Boltzmann constant
M = exitance

The National Bureau of Standards’ standard of radiant energy or total thermal radiation
was first established by Coblentz in 1914 with a ceramic wire-wound furnace used
between about 1000 and 1150°C. This source was used to calibrate the carbon-filament
lamp which was then issued by the Bureau. The NBS instructions on use of this now-
obsolete standard carefully define the required geometry of the setup. The instructions, as
revised in 1960, included statements to the effect that the values of radiant flux from this
standard were based upon direct measurements and upon comparison to a blackbody using
a value of 5.7 pW ¢cm~2 K-4 for the Stefan-Boltzmann constant [2-6, 2-7, 2-8]. Results
were believed to be accurate to about 1% for the absolute values of the primary standard
and within about 1/2% for a compared secondary standard.

The source used by Coblentz was dismantled. Subsequently, another design was
assembled with an oxidized nickel-chromium alloy cavity (80% Ni, 20% Cr) and used up
to 1400 K. The cavity had an aperture of 0.95 cm diameter and a depth of about 12.5 or
14 mm. A calculation by the DeVos method gives a value of € =0.999 for the cavity. At
the operating temperature of 1300 K, the uncertainty is + 0.2% or £ 1/2 K.

Using this blackbody for the 0.7 to 2.6 um region with a higher-temperature cylindrical
graphite source (estimated emissivity by the Gouffé method of 0.996) for the 0.25 to
0.75 um region), Stair et al. calibrated tungsten strip lamps (GE 30A/T24/17) to be used
as working standards. The uncertainties ranged from 8% at the short wavelengths to 3% at
the long wavelengths [2-9] .

For spectral irradiance from 0.25 t0 2.6 um, Stair et al. prepared (as working standards)
tungsten-quartz-iodine 200 W lamps (GE 6.6A/T4Q 1 CL) and similar 1000 W lamps.
Again the uncertainties were estimated to range from 8 to 3% [2-10].

Issued originally in 1973, the DXW spectral irradiance standard lamp has been re-
placed by the type FEL* lamp, the latter being easier to align and free from absorption
bands and emission lines. The following material is quoted from the NBS description of
the type FEL lamp.

*Sylvania-type FEL or GE equivalent.
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II. Lamp Description

Type FEL lamps are 1,000 watt, clear bulb, quartz-halogen, tungsten coiled-coil
filament (CC-8) lamps. They have a rated life of 500 hours at 120 volts. The lamps
are munufactured with a two-pin base. Before calibration, the lamp base is con-
verted to a medium bipost base and the base structure encapsulated in an epoxy
compound [Figure 2-4]. The posts that form the medium bipost base are 1/4 inch
diameter cylindrical stainless steel rods that extend 13/16 inch from the bottom of
the epoxy block. The posts are spaced 7/8 inch between centers. A metal plate
bearing the lamp identification number and indicating the electrical polarity is
attached to the rear (side away from the radiometer) surface of the epoxy block.
II1. Preparation and Screening

Before calibration all type FEL lamps are seasoned on
direct current for 40 hours at 120 volts. Lamp output is
then monitored at 654.6 mm for a 24-hour period to deter-
mine its drift rate. Only lamps exhibiting a drift of less than
0.5% for this period are selected for calibration (about 40%
of the lamps fail this test).

All type FEL lamps are spectrally scanned from 250 to
800 nm to check for emission lines and absorption bands
(0.02 - 0.03 nm bandpass). None of the approximately 80
type FEL lamps checked to date has exhibited either
emission lines or absorption bands.

At the working distance of 50 cm, the irradiance field
from type FEL lamps has been observed to be non-uniform
to a small extent. The amount of non-uniformity varies
from lamp to lamp. . .

IV. Orientation
During calibration, type FEL lamps are oriented as fol-
lows. The lamp is positioned base down with its identification
Fig. 2-4. FEL lamp. plate facing away from the measuring instrument and with
the base posts vertical. These posts are made perpendicular
to and equidistant from the optical axis of the measuring
instrument. The lower end of the base’s positive post is 3.75 inches (approximately
9.53 cm) below the horizontal plane containing the optical axis. The plane tangent to
the side of both posts nearest the measuring instrument is set 50 cm from the
limiting aperture of the measuring instrument. This alignment fixes the lamp base
posts (not the filament) relative to the optical axis of the measuring instrument. It
is possible for the center of the filament to be serval millimeters off the optical
axis with the lamp correctly aligned.
V. Operation

Type FEL lamps are calibrated while operating on direct current with the desig-
nated contact at positive potential. The exact operating current (set to the nearest
0.1 amp) is determined for each test lamp by matching its radiant output to the
working standard lamps at 654.6 mm. Typically currents in the range 7.6 - 8.0 amps
are used. Electrical measurements of the lamp operating current are made poten-
tiometrically to an accuracy of 0.02%. After positioning and alignment, the lamps
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are slowly (30 seconds) brought up to the designated electrical operating point and
allowed to stabilize for at least 10 minutes before irradiance measurements are made
[2-11].
The NBS routinely supplies, with the exception generally of blackbodies, radiometric
and photometric standards.*

... The Optical Radiation Section provides radiometric and photometric calibra-
tions of three classes: Basic, Gage, and Special. Basic calibrations are those considered
fundamental to all work in radiometry and photometry, and for which documenta-
tion of uncertainties relative to the International System of Measurements exists.
Gage calibrations are those routinely available calibrations for which uncertainties
have only been documented relative to NBS standards. Basic and gage calibrations
are offered as fixed fee items, ...and require only a purchase order identifying
the item number, Details of the calibration procedure and a summary of the docu-
mentation of the uncertainties are provided in each calibration report. The listed
Basic and Gage calibrations are performed under rigid, predetermined conditions
and are, therefore, restricted as to lamp type, measuring geometry, wavelength
points, etc.; and requests for departure from these conditions will be considered
as special calibrations.
... Special calibrations are those having unique requirements not satisfied by the
listed Basic and Gage items, and are considered as small research efforts. They are
accepted on a limited basis, in order to avoid serious disruption of the long term
standards research effort. Fees are charged on an actual cost basis, with an estimate
of cost, delivery time, and uncertainty being provided after receipt of description
of desired test, and before actual work commences. The requrest for a special calibra-
tion should include the following information:

(1) Detailed description of desired calibration

(2) Uncertainty required (SI units, NBS standards)

(3) Manner in which calibration will be used

(4) The consequences of this calibration not being provided by NBS
221.123 Basic Radiometric Calibrations

(a) Spectral radiance standard, ribbon filament lamp 30A/T24/13, calibrated at
33 wavelengths from 225 to 2400 nm, target [sic] area 0.6 mm wide by .8 mm
high, at a radiance temperature of about 2675 K at 225 nm, 2495 K at 650 nm,
2415 K at 800 nm and 1620 K at 2400 nm, with approximate uncertainties relative
to SI units of spectral radiance of 4 1/2% at 225 nm, 1% at 650 and 800 nm, and
1 1/2% at 2400 nm. Lamp requires about 40 amperes DC at 12 volts, Interpolation
formula allows calculation at all wavelengths except in regions of absorption bands.
Lamp normally provided by NBS.

(b) Spectral radiance standard calibrated as...(a) above for 20 wavelengths
from 225 to 800 nm. i

(c) Spectral radiance standard calibrated as...(a) above for 17 wavelengths
from 650 to 2400 nm.,

(d) Spectral radiance standard, fixed temperature blackbody (500 - 700 K) sub-

*This quotation is edited and abridged. The values quoted are valid up to 197S. Beginning in June,
1975, the modified FEL lamp was used for irradiance calibrations. The values in square brackets
represent post-1975 ones,
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mitted for calibration at eight wavelengths from 1.5 to 14 um, for a target size no
larger than 2 mm wide by 4 mm high, one aperture between f/8 and /23, physical
dimensions no larger than 10 inches wide by 20 inches long by 6 inches high (to
center of cavity aperture), with approximate uncertainties relative to SI units of
spectral radiance of 2% at 1.5 um to 1% at 14 um.

(e) Spectral radiance standard, blackbody calibrated as ... (d) above for four
wavelengths in either 1.5 to 4 um region or in 4 to 14 um region.

(f) Spectral irradiance standard, quartz-halogen 1000 watt DXW lamp, calibrated
at 24 wavelengths from 250 to 1600 nm, at a distance of 50 cm, at a spectral ir-
radiance of about 0.2 watts/cm? at 250 nm, 220 [120] watts/cm3 at 1600 nm, with
approximate uncertainties relative to SI units of 5% {2.6%) at 250 nm, 1 1/2%
[1.2%] at 650 nm, and 2% [1.2%] at 1600 nm. Lamp normally supplied by NBS,
requires about 8 amperes DC at 110 [120] voits. Interpolation formula allows
calculation of value at any wavelength except in regions of absorption bands.

(8) Spectral irradiance standard, lamp calibrated as. .. (f) above, from 250 to
750 [or 800] nm.

(h) Spectral irradiance standard, lamp calibrated as . . . (f) above, from 600 [or
650] to 1600 nm,

(i) Iradiance standard, quartz-halogen, 1000 watt DXW [modified type FEL]
lamp in reflector submitted for calibration at distance of 40 cm, irradiance level
about 130 mw/cm?2, approximate uncertainty 1/2% relative to SI units. Lamp
requires about 8 amperes DC at 110 volts.

(j) lrradiance standard, quartz-halogen 1000 watt DXW [modified tlpe FEL)
lamp calibrated at distance of SO cm, irradiance level about 30 mw/cm*, approxi-
mate uncertainty 1% relative to SI units. Lamp normally supplied by NBS, requires
about 8 amperes DC at 110 volts.

(k) Irradiance standard, airway beacon lamp 500 T 20/13 calibrated at distance
of 100 cm, irradiance level about 3 mw/cmz. approximate uncertainty 2% relative
to SI units, Lamp normally supplied by NBS, requires 110 volts DC.

(1) Irradiance standard, microscope illuminator lamp 100 T 8 142 9 submitted
for calibration at distance of 100 cm, irradiance level of 0.6 mw/cm*, approximate
uncertainties 2% relative to SI units. Lamp requires 110 volts DC.

221.124 Basic Photometric Calibrations

(a) Luminous intensity standard, 100 watt tungsten lamp ¢ 13 B filament, inside
frosted bulb, medium bipost base calibrated for luminous intensity at about 90
candelas, approximate color temperature 2700 K, approximafe uncertainty 4% of
luminous intensity relative to SI units, 1.5% relative to NBS standards. Lamp
normally provided by NBS, requires 110 volts.

(b) Luminous intensity standard calibrated as...(a) above, with calibration
performed at lamp current required to produce color temperature of 2700 K, color
temperature uncertainty approximately 9 K relative to NBS standards.

(c) Luminous intensity standard calibrated as...(b) above, with calibration
performed at lamp current required to produce color temperature of illuminant 4
(2856 K), approximate luminous intensity 140 candelas, lamp requires about 127
volts, Color temperature uncertainty approximately 9 K relative to NBS standards.

(d) Luminous intensity standard, 500 watt tungsten lamp ¢ 13 B filament,



LABORATORY SOURCES 2-13

inside frosted bulb, medium bipost base, calibrated for luminous intensity at about
700 candelas, approximate color temperature 2856 K, approximate uncertainty 4%
of luminous intensity relative to SI units, 1.5% relative to NBS standards. Lamp
normally provided by NBS, requires 110 volts.

(e) Luminous intensity standard calibrated as...(d) above, with calibration
performed at current required to produce color temperature of illuminant A
(2856 K), color temperature uncertainty approximately 9 K relative to NBS
standards.

(f) Luminous intensity standard, 1000 watt tungsten lamp C 13 B filament,
inside frosted bulb, medium bipost base, calibrated for luminous intensity at about
1400 candelas, approximate color temperature 2856 K, approximate uncertainty
4% of luminous intensity relative to SI units, 1.5% relative to NBS standards. Lamp
normally provide by NBS, requires 110 volts.

(8) Luminous intensity standard calibrated as...(f) above, with calibration
performed at current required to produce color temperature of illuminant 4 (2856
K), color temperature uncertainty approximately 9 K relative to NBS standards.

(h) Luminous flux standard (geometrically total), 25 watt vacuum lamp, base-
up burning submitted for calibration for luminous flux at about 270 lumens; ap-
proximate color temperature 2500 K, approximate uncertainty 4.5% of luminous
flux relative to SI units, 2% relative to NBS standards. Lamp requires 120 volts.

(i) Luminous flux standard (geometrically total), 60 watt gas-filled lamp, base-
up burning, submitted for calibration for luminous flux of about 870 lumens,
approximate color temperature 2800 K, approximate uncertainty 4.5% of luminous
flux relative to SI units, 2% relative to NBS standards. Lamp requires 120 volts.

() Luminous flux standard (geometrically total), 100 watt gas filled lamp, base-
up burning, submitted for calibration for luminous flux of about 1600 lumens,
approximate color temperature 2900 K, approximate uncertainty 4.5% of luminous
flux relative to SI units, 1.5% relative to NBS standards. Lamp requires 120 volts.

(k) Luminous flux standard (geometrically total) 200 watt gas-filled lamp, base-
up burning submitted for calibration for luminous flux of about 3300 lumens.
approximate color temperature 3000 K, approximate uncertainty 4.5% of luminous
flux relative to SI units, 1.5% relative to NBS standards. Lamp requires 120 volts.

(1) Luminous flux standard (geometrically total), SO0 watt gas filled lamp, base-up
burning, submitted for calibration for luminous flux of about 10,000 lumens,
approximate color temperature 3000 K, approximate uncertainty 4.5% of luminous
flux relative to SI units, 1.5% relative to NBS standards. Lamp requires 120 volts . . .
232.071 Near and Vacuum Ultraviolet

(z) Near and vacuum ultraviolet spectral radiance standard, deuterium arc lamp,
calibrated in wavelength range from 165 nm to 300 nm, with approximate un-
certainties of 15% at 165 nm and 10% above 200 nm. Target region approximately
0.3 nm diameter; lamps are commercially available. Fee is charged dependent on
details of the test [2-12].

Working standard samples of various NBS-type standard lamps can be obtained from
companies such as The Eppley Laboratory, Inc., Newport, Rhode Island, and Optronic
Laboratories, Inc., Silver Spring, Maryland.
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Deuterium Lamp Standards of Spectral Irradiance
.. . Modified deuterium lamps manufactured by Cathodeon (model C70. 3V.H)
have been selected for issuance. Care has been [is] taken to insuere [sic] maximum
interchangeability with the type FEL incandescent lamp standards of spectral
irradiance presently available from NBS.

I1. Lamp Description

= e The lamp as modified for calibration is shown
in Figure [2-5]. Mechanically, but not electri-
LN cally, the lamps have been mounted in a black

anodized medium bipost base. The rxact
orientation of the lamp envelope with respect
to the pins of the medium bipost base is
—!—[ determined as follows. The lamp is set loosely

in the base and the spectral irradiance pro-
WOem  quced at 250 nm along the optical axis,
described below, is examined. The lamp is
rotated (pitch, roll, and yaw) until a peak
output is observed. The lamp is then cemented
into the bipost base at this orientation. Thus,
lamp envelopes may have a skew orientation
with respect to the base pins.

B #=———————  1II. Lamp Operation
—-’z,zs cml___ A. Electrical

The lamps are calibrated while operating

Fig. 2-5. Lamp modified for calibration. at a dc current of about 300 ma (0.1% regu-

lation; operating voltage approximately 100

volts). A current limiting device, such as a

constant current dc power supply or external resistor, must be used. In order to

start the lamps, the filament is first heated (about 4 volts, 5 amps) for about 5

second. A starting vcltage of 400 volts is then applied to the lamp. After the lamp

has started, the heater circuit is turned off and the lamp allowed to stabilize at
300 ma for 20 minutes before spectral irradiance measurements are made.

B. Optical

Spectral irradiance measurements are made at a position which is specified with
respect ot the posts of the medium bipost base. As shown in Figure [2-5], the
optical axis of the measuring instrument intersects the lamp at a point 9.5 cm above
the bottom of the posts. The posts are made perpendicular to and equidistant from
the optical axis of the measuring instrument. The plane tangent to the side of both
posts nearest the measuring instruments is set 50 cm from the limitng aperture of the
measuring instrument.

Values of spectral irradiance SO cm from the tangent plane of the base posts
described above, will be reported at 10 nm intervals for the spectral range 200 to
350 nm. The spectral irradiance produced under these conditions is a monotonically
increasln% function starting at 0.07 watts/cm® at 350 nm and increasing to 0.55
watts/cm” at 200 nm. At 260 nm the spectral irradiance produced by the deuterium

#.5 cm
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Table 2-4. Miniature Lamp Standards of Luminous Flux® [2-45]

Current Voltage Color Luminous
Lamp (set) Temperature Flux
Type
(A) V) X) (m) | (MSCp)**
1183 5.80 5.0 2950 400.0 320
1183 5.55 4.7 2856 300.0 240
1133 3.50 53 2856 220.0 18.0
87 1.80 6.1 2856 130.0 100
81 1.00 6.1 2856 66.0 52
63 063 74 2750 440 35
51 0.197 6.3 2400 6.2 0.49

*In response to many requests from industry, the Optical Radiation Section has established
a calibration service for miniature lamp standards of luminous flux (6 to 400 lumens).
Beginning December 1, 1973, six types of calibrated lamps were available on a routine basis. To
promote operating stability, all of the issued lamps . . . have white clectrical leads soldered to their
bases and all calibrations are performed with the lamps operating at a set current.

**MS Cp, Mean Spherical Candle power.

lamp (0.24 watts/cm’) is approximately equal to that produced by the incandescent
type FEL lamps, . . [2-11].

Miniature lamp standards are listed in Table 2-4.

A series of blackbodies using the melting and freezing points of several metals has
been made by the NBS for use in a continuing research program by Kostkowski. Richmond,
and their coworkers to increase the precision and accuracy of radiation standards {2-49,
2.50]. In particular, the goldpoint blackbody (Figure 2-6) represents a close approach to
a blackbody.

Work by Kostkowski, Erminy, and Hattenberg at NBS required a blackbody usable
to 3000 K, stable to within 0.1% in temperature for 30 to 45 minutes, and with a
uniformity of 5°C or better. A graphite cylinder used for this source is believed to have
achieved these values with an € = 0.999. The temperature measurement required direct
photoelectric pyrometry, The pyrometer was calibrated with respect to the International
Practical Temperature Scale, IPTS, using the gold-point blackbody. In the vicinity of
6545 A, the radiation is believed to be within 0.01% of that from a blackbody at the
temperature of freezing gold. The resulting total uncertainty of the spectral-radiance
determination was believed to be 0.35% relative to IPTS at 6500 A and 1.5% at 2100 A.
These uncertainties are changed to 1 and 3.4% respectively, for the thermodynamic
temperature scale, TTS, due to present uncertainties of the temperature for freezing gold
on the TTS. The gold-point source is limited by the temperature value 1064.43°C assigned
to the melting point of gold.

Wavelength Standard. One of the most important standard sources became important
in 1960, when the intemational standard of length became the wavelength in vacuum of a
spectral line, the orange line of 86Kr. Thus, the meter was defined as 1,650,763.73
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[E55] Quarts Wool Depth of Cavit 12
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Fig. 2-6. Cross section of the National Bureau of Standards’ horizontal gold point blackbody and
furnace (2-13].

wavelengths of the radiation from the transitions between the 2p;, and 5dg levels in
that isotope of krypton. The vacuum wavelength was stated as

Aac = 6057.802105 A (2-19)

2.3. Commercial 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. The mos: popular shapes are cones
and cylinders, the former being more popular. Spheres, combinations of shapes, and even
flat-plate radiators are used occasionally. Blackbodies can be bought rather inexpensively,
but there is a fairly direct correlation between cost and quality (i.e., the higher the cost
the better the quality).

Few manufacturers specialize in blackbody construction. Some, whose products are
specifically described here, have been specializing in blackbody cunstruction for many
years. Any other companies of this description which exist did not appear as such in the
1976 “Optical Industry and Systems Directory.”

The largest known selection of standard (or blackbody) radiators is offered by Electro-
Optical Industries, Inc. (EOI), Santa Barbara, California. For example, Table 2-5 shows a
summary of the various, more-or-less conventional types offered by EOI, along with some
not-so-conventional ones. As depicted in Figure 2-7 most blackbodies canbe characterized



Table 2-5. Summary of Families of Available Blackbodies
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Series Features Temperature Range | No. of Models

Primary standard series Metal freezing points =78 -17712°C 8

Secondary standard Very high quality reverse 50 -1000°C 6
cone and spherical
cavities

Working standard High quality simple 10 -3300K 126
cavities

MS series bowebl quality competitive 50 -1000°C 8
series

Aerospace scries Minimum size controllers 200 -1200K 24
small blackbodies

LT series Cryogenic vacuum 10 -400K 14
operation

V series Vacuum operation 100 -1200K 24

Extended area Flat plates, 100 -1073K 45

V grooves, and 24
Intersecting cones 24
Thermoelectric cooled Heat and cool electrically 0 - 60°C 36
sources up to 12 inches square or -30 -80°C

larger

Refrigerated source Using conventional freon -50 -600°C 8
compressor

Differential targets High resolution and -30 -100°C 18
uniformity

Gradient target Adjustable gradient Gradient 0 - 50°C 2

range ambient
to 200°C

Rate-tale blackbodies Special purpose remote 50 -1200°C 12
control

High speed blackbodies Fast warm up and cool down 50 - 800°C 6

Gas fired Flat plates and cavities 1000 - 2000K 4
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as one of the following: primary, secondary, and working standard. The output of the
primary must, of course, be checked with those standards retained at NBS.

Table 2-6 demonstrates the various working standards obtainable from EOI blackbodies.
Figure 2-8 pictures blackbody no. 153 and its controller. Table 2-7 is a similar listing of
the various working standards offered by Barnes Engineering, Figure 2-9 pictures black-
body no. 11-2007T and its controller. Finally, Table 2-8 shows the different working

Primary Standards
Secondary Standards

4

Off-Axis Spherical Cavity

Reverse Conical Cavity
True Intersecting Cones

(@) Blackbody sources. Primary standard: freezing point sources using
lead, tin, zinc, aluminum, silver, gold, copper, or platinum. Uniformity
of temperature ~ 0.01°C, e = 0.999. Secondary standards; uniformity
of temperature ~ 0.05°C, e = 0.999.

\\\\“"‘" i
\\\\\\‘ ‘!

Conical Cavitles

NV .

Cylindrical Cavities Parallel V-Grooves
.
True Intersecting Cones Concentric V- Grooves

(b) Blackbody working standards. Uniformity of temperature
~ 1°C, e = 0,99 to 0.999 depending on temperature range and

configuration

Fig. 2-7. Blackbody standards and sources.
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Fig. 2-8. EOI WS #153 and its controller with a one-inch cavity and an operating range of 50 to

1000°C.
Table 2.7. Barnes Engineering Radiation Reference Sources [2-15]
Maximum Maximam

Temperature Range Aperture o Hnckrowy Controller

Model No. cC Diamete Required Simulator Case Stvi
) ameler | (st 115V, 50-60 cps) | Case Styte | 9% StVle
(in.) w)

11-100T 60-230° 0.625 25 C B
11-101T 0-230° 0.625 30 D A
11-1202 200-600° 0.008-0.140 55 F A
FCS-1b 100-700°F 3.0 325 E N/A
11-200T 50-1000° 0.50 275 G A
11-201T 50-1000° 1.00 500 G A
RM-121 60-230° 0.020 20 H B
11-140T 0-230° 12x12 1250 J A

ANow designed for use with interchangeable apertures. Typical standard apertures are .0086, 0.01S5,
and 0.040 in.
blatended primarily for use with the infrared microscope.
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Fig. 2-9. Barnes Engineering #11-200T and its controller.

standards obtainable from Infrared Industries. Figure 2-10 shows an example of their
Series 400. 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 equip-
ment which can be purchased is a multispeed chopper.

Figure 2-11 demonstrates two of the less-conventional working standards manufactured
by EOL The radiator on the left consists of parallel V-grooves, the one on the right of an
array of intersecting conical cavities. Figure 2-12 is EOI's Model 19165 radiator. It is 12
in. in diameter and 9 in. deep. The base is an array of intersecting conical cavities whose
walls form a hexagonal honeycomb. The operating temperature range is 175 to 340 K,

Information on blackbody simulators was also obtained from the following companies:

(1) DBA Systems, Inc., Melbourne, Florida

(2) Advanced Kinetics, Inc., Costa Mesa, California

(3) Ircon, Inc., Skokie, Illinois

(4) Optronic Laboratories, Inc., Silver Spring, Maryland

(5) The Eppley Laboratory, Inc., Newport, Rhode Island

DBA Systems issues both Series 202 and 210 Ambient Range Sources, which have
multiple elements that are investment castings of four overlapping 15-degree conical
cavities to ensure lambertian emission * 10 degrees from 0 to 99.9°C. The model 202
series incorporates sources with from 2 to 9 cavity units, depending on the temperature
range desired. The Model 210 Ambient Range Source uses a single aperture cavity element
similar to the one described above, operating at controlled temperatures over the range 0
10 99.9°C.
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Fig. 2-10. Infrared Industries Series 400.

(a) Parallel V-Grooves (b) An array of intersecting conical cavities.
Fig. 2-11. Two emitting large-area surfaces by EOI.
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Fig. 2-12. LOI model 19165. This model is 12 in. in diameter and 9 in, deep. The base is an array of
intersecting conical cavities. The walls are hex-honeycomb and the temperature range is 175 to 340 K.
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Advanced Kinetics manufactures a Model BB Radiation Source with a 10 mmstandard
cavity aperture, operating in a range of 300 to 500 K (Model BB-500) and 300 to 1000 K
(Model BB-1000). The Ircon Source, Model BC-15, operates between ambient and 815°C.
The aperture diameter 0.50 in. Optronic Laboratories issues a copper-point source used
primarily for calibrating and monitoring the long-term stability of automatic and visual
optical pyrometers at 1083.3  0.1°C.

The Eppley Laboratory issues a low-temperature source for use generally in precision
radiometry and in the calibration of satellite spectrometers. An array of blackened copper
cavities of hexagonal cross-section (honeycomb) constitutes the radiator with cell wall
thickness of 0.1 mm. Operating ranges of =100 to + 70°C have been achieved.

23.2. Incandescent Nongaseous Sources (Exclusive of High-Temperature Blackbod-
ies).

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 tempera-
ture coefficient-of-resistance tends to increase current, which would cause its destruction,
5o that a ballast is required in the circuit. Starting is effected by applying external heat,
cither with a flame or an adjacent electrically-heated wire, until the glower begins to
radiate.

Data from Infrared Industries for specific-sized glower and operating conditions are as
follows:

(1) Power requirements: 117 V, 50 to 60 A, 200 W

(2) Color temperature range: 1500 to 1950 K

(3) Dimension: 0.05 in. diameter by 0.3 in,
The spectral characteristics of a Nernst glower in terms of the ratio of its output to that
of 2 900°C blackbody are shown in Figure 213,

The life of the Nernst glower dimin-
ishes as the operating temperature is 5.0

14
increased. Beyond a certain point, de- 6.1 E_ Priams:
pending on the particular glower, no \ Gl
(1 & Cal

the current through the element. The Calculated after Sutherland

glower is fragile, with low tensile

great advantage is gained by increasing i -
strength, but can be maintained intact 5

with rigid support. The life of the i L ey aod Allsbouss

; J Ll b L e L1t
glower depem!s on thf: operating t_em e 2 2 0 3 58
perature, care in handling, and the like. Wavelength (um)
Lifetimes of 200 to 1000 hours are Fig. 2-13. The ratio of a Nernst glower to a 900°C
claimed by various manufacturers. blackbody versus wavelength [2-17].

Since the Nernst glower is made in the form of a long thin cylinder,. it is particularly
useful forilluminating 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 um. As a rough estimate, the radiance of a glower is nearly that of a graybody
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at the operating temperature with an emissivity in excess of 75%, especially below about
15 ym.

The relatively 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 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 above 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 con-
venient to use than the Nernst glower
and necessarily more expensive. This
source can be obtained already
mounted from a number of manufac-
turers of spectroscopic equipment. Ramuey and Alishoane
Feedback in the controlled power
source makes it possible to obtain high
radiation output. Calcadilad ultar Bllvarmin

Ramsey and Alishouse [2-17] pro- i
vide information on a particular sam-
ple globar as follows:

LE |
, 2.0 6.010.0 14.0 18.0 32.0 26,0 30.0 34.0 38,
(1) Power consumption: 200W,6 A :ngle?e?lgzt: ?yzr:)o i

(2) Color temperature: 1470 K
They also provide the spectral charac- body versus wavelength [217].

Fig. 2-14. The ratio of a Globar to a 900°C black-

teristics of the globar in terms of the

ratio of its output to that of a 900°C 1.0
blackbody. This ratio is plotted as a P # 3-’35,&.?_‘:?:?:‘,_?"“1“ o
function of wavelength in Figure 2-14. i oy ;,E: shsitia ™,
Figure 2-15 is a representation of the E trom (1-1
spectral emissivity of a globar as a func- ool gl
tion of wavelength. The emissivity E s
values are only representative and can 97k /1375 K Stverman Orlginal Data \/
be expected to change considerably g
with use. ) %91 Mass K stewart and Richmond
Gas Mantle. The Welsbach mantle osb L L L L1 L L 1 1 1]
is typified by the kind found in high- St e

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 um.

Ramsey and Alishouse [2-17] provide information on a propane-heated sample from
an experiment in which a comparison of several sources is made:

Fig. 2-15. The spectral emissivity of a Globar [2-18].
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(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 Figure 2-16.

Pfund modified the gas mantle so that it became more 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 [2-19]. Figure 2-17
shows a comparison of the gas mantles and the gas, electrically heated mantle with a Nernst
glower. Strong [2-20] points out that playing a flame against the mantle at an angle pro-
duces an elongated area of intense radiation useful for illuminating the slits of a spectro-
meter.

Comparison of Nernst Glower, Globar, and Gas Mantle. Figure 2-18 compares 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

O
o
L

Welnbach
5.0 Gan + Electricity
Priama: Nernal
A1 o MaCl
i Caleulated alter Suilerland & KBr 1.0
e Cal :

Ramsey and Alishouse

Energy Ratio (Welsbach/Nernst)

=
=

Wavelength (um)

Fig. 2-17. Emission relative to that of a
2.0 6.0 10.0 14.018.0 22.0 26.0 .0 34.0 38.0 Nernst glower (2240 K) of the gas-heated

Hatio (Masthe, blackbody)
o2
rT1TrTrrrrrrra

2
9

Wavelength (m) mantle (lower curve) and that of the mantle
Fig. 2-16. The ratio of the gas mantle to a 900°C  heated by gas plus electricity (upper curve)
blackbody versus wavelength [2-17]. [2-19].
B
-a m
' # Blackbody (Theoretical al $00°C)
! o Qlobar
n T, & Marnat Glower
g « Mantle
E T5.0
& 15
fq_“ll.lulllllllllllul.
02 6 10 14 18 22 26 MW M M

Wavelength (um)

Fig. 2-18. The spectral radiant emittances of a Globar,
Nernst glower, 900° C blackbody, and gas mantle versus
wavelength [2-17].
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over the Nernst glower because the Nernst glower—a convenient, 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 [2-21]. Figures 2-19 to 2-21 show the configurations of lamp
housings and filaments, Tables 2-9 to 2-11 give pertinent characteristics of tungsten and
photoflood lamps. In addition to those shown in the tables, a variety of miniature and
subminiature lamps can be obtained from various manufacturers.

c-iv [ C-8 2C-8
O oC-av c-8 cC-8 2CC-8
P
Q@
s
K )) T
G T
PAR o=l c-13 C-138 C-13D

1 ce-11 co-13 CC-138
Fig. 2-19. Bulk shapes most frequently used for

lamps in optical devices. Letter designations are Fig. 2-20. Most commonly used filament forms.

for particular shapes [2-21]. Letters designate the type of filament [2-21].
B N O ,| .
[ | T
SR-6 SR-6A CR-6
1
4
SR-8 SR-8 SR-8A

Fig. 2-21. Ribbon-type tungsten filaments. Type
designations are by number [2-21].

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 manufacturer calls their scientific
usefulness, is described in Reference [2-22]. Their filament structures are similar to those
already described, but their designs reduce exiraneous radiation and ensure the quality
and stability of the desired radiation. The lamps can be obtained with a certification of
their calibration values.

*See also Section 2.2.1
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Table 2-10. Photoflood Lamps® [2-21]

Approximate
Lamp Approximate A;;e';;ge Tllumination Beam g:dbe

Identification w (Im) or (cd)® Spread® p

(h) and size

(deg)
Nonreflectorized Bulbs

BBA 250 3 8500 Im - A-21
EBV 500 6 17000 Im - PS-25
BWY/FABd 650 25 20000 Im = T4
DXR 1000 10 31000 Im - PS-35

Reflectorized Bulbs
BEP 300 4 11000 cd 20-30 R-30
EBR 375 4 14000 cd 30-40 R-30
BFA 375 4 12000 cd 3040 R40
DXC 500 6 6000 cd 90 R40
DXB 500 6 38000 cd 20 R40
DWEd 650 100 24000 cd Medium PAR-36
DXK4 650 16 30000 cd 30X 40 PAR-36
FBJ 650 16 75000 cd 15X 22 PAR-36
FBE/FGK4d.¢ 650 20 35000 cd 22X 30 PAR-36
23400 K at nominal 120 V,

bApproximate mean candlepower in 10° axial cone.
®To one-half maximum candlepower.

dyodine regenerative getter.

€5000 K.

The physical descriptions of some of these sources are given in Figure 2-22. Applica-
tions (according to the manufacturer) are photometry, pyrometiry, optical radio-
metry, sensitometry, spectroscopy, spectrometry, polarimetry, saccharimetry, spectropho-
tometry, colorimetry, microscopy, microphotography, 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 [2-23] 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 tungsten-quartz-iodine lamps used in accordance with the NBS are
described above, Others can be obtained in a variety of sizes and wattages.

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 either
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Table 2-11. Typical Tungsten Filament Lamps With Elongated

Sources [2-21]
Approximate Approximate
Watts Sou(r]c: n‘f;"‘ Filament AT‘; e’:a::mC:‘I:r ?,:‘;:f:;
Nomifal Form Through Life (VorA)
Width Height (K)
Source-Aspect Ratios (Width:Height) Greater than 10:1
1 8.2 0.25 c6 2900 11V
22 16 0.25 C6 2950 22V
500 60 14 c-8d 3000 120V
1000 65 2 c-8d 3200 120V
10500 530 25 c-8d 3200 120V
Source-Aspect Ratios (Width:Height) Between 10:1 and §:1
64 2 04 C-6 2900 58V
13.1 4.5 0.5 C-6 2900 6.7V
25 4.5 0.8 C-6 3000 6V
100 10 1.5 C8 2900 6.6A
2000 C-13
Source-Aspect Ratios (Width:Height) Between 5:1 and 2:1
72 1.8 0.6 C-6 2850 8V
18 34 0.7 C-6 2850 6.5V
25 2.7 1.2 C-6 2950 6.1V
45 4 1.5 C8 2800 6.6A
125 15.3 6.2 C-13B 2800 120 v
150 11.2 2.2 CC8 3050 28V
150 8 2 CC-6° 3150 120 V
150 5.3 22 cc-6f 3300 21V
200 10 3 CC-8 3050 6.6A
1000 22 6 CC-8 3200 120 V
Source-Aspect Ratios (Width:Height) Between 1:2 and 1:§
25 1.2 28 Cc-8 2950 6.1V
75 1.8 5.2 C-8 3100 7.5A
108 19 55 Cc-8 3075 18 A
Source-Aspect Ratios (Width: Height) Between 1:5 and 1:10
25 08 4.5 (o] 3000 6V
108 2 14 SR-8A 3000 18A
Sovrce-Aspect Ratios (Width-Height) Less than 1:10
6.5 0.08 15 S8 2850 3.6V
180 3 33 SR.-8 2300 30 A

3Viewed ir. the direction perpendicular to the long axis of straight ot colled filaments and to the plane
of ribbon or multisegmented coiled filaments.

YAbbreviations: D.C. Pf., double-contact prefocus; S.C. PY., single-contact prefocus; S.C. Bay.,
single-contact bayonet; Med. Pf., medium prefocus; L.S. Med., long-screw medium; Mog. Bip., mogul
bipost; R.S.C., recesssd single contacts on doubie ended lamp.
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Table 2-11. Typical Tungsten Filament Lamps with Elongated Sources
[2-21) (Continued)

Average Life Ap ’;::_:ii'lm"e
at Design b Ordering
Volts or Amperes Pald " Abbreviation®4 lumer.u df
h) design
Volts or Amperes
Source-Aspect Ratios (Width: Height) Greater than 10:1
200 T-8 D.C. Pf. 1926 165
200 T-8 D.C. Pf. 1936 350
2000 T3 R.S.C. QS500T3/CL 10950
500 T-3 R.S.C. Q1000T3/4CL 28000
400 T4 RS.C. Q1500T4/4CL 41200
Source-Aspect Ratios (Width: Height) Between 10:1 and 5:1
50 G-6 Min. Sc. 153 100
500 S8 S.C. Bay. 1619 190
50 S-11 L.S. Med. 25811/7 460
10C0 T-3 R.S.C. Q6.6A/T3/CL 1900
750 T-30 Mog. Bip. Q2000T30/4CL 58500
Source-Aspect Ratios (Width:Height) Between 5:1 and 2:1
50 T-44 Min. Bay. 872 115
125 TS S.C. Bay. 1462 315
125 S-11 S.C.Pf. 1763 400
1000 T-2% R.S.C. Q6.6A/T2/CL 630
500 T-10 Med. Pf. 125T10P 1820
300 T-4 Special 1958 3300
15 T-12 4-Pin DFA -
15 T-12 4-Pin DLS -
500 T-4 R.S.C. Q6.6A/T4/CL 4400
150 TS R.S.C. DXW 28000
Source-Aspect Ratios (Width:Height) Between 1:2 and 1:5
125 S-11 S.C. Pf. 1759 400
100 T-8 S.C. Pf. 7.5A/T8/94(10V) 1575
50 T-10 Med. Pf. CPR 2250
Source-Aspect Ratios (Width: Height) Between 1:5 and 1:10
50 T-8 S.C.Pf. 25T8/SCP 460
370 T-10 Med. Pf. 18A/T10/1P(6V) -
Source-Aspect Ratios (Width:Height) Less than 1:10
100 T-5 S.C. Bay. 1874 140
- T-24 Mog. Bip. 30A/T24/6(6V) -

CAlldetter and all numeral groups are ANSI standard identification codes used throughout the
industry within some lamp categories. (Occasionally, a suffix letter is added to the ANSI numerical
codes.) Letter-numeral combinations are the ordering abbreviations in common use for other cate-
gories; some manufacturers use different identifications for similar lamps.

dlepl 1958 and DXW and all lamps that include Q in the ordering abbreviation employ the iodine
regenerative cycle.

1 1 refk , designed for f/1.5 lens.

finternal dichroic reflector, designed for /1.2 lens.
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direct or alternating current. In all cases, a ballast must be used. “In the alternating.
current arc, the combined radiation from the two terminals is less than that from the

positive crater of the direct-current arc of the same wattage™ [2-1].

Spatial variation in the amount of light energy across the crater of dc arcs for different

currents is shown in Figure 2-23.
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Fig. 2-23. Variations in brightness across the craters of 10-, 12-, and 13-mm positive carbons of dc plain

arcs operated at different currents in the regions of recommended operation [2-1].
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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 buming (5 to 30 cm h-1)
depends on the intensity of the arc. The arc is discharged between two electrodes that
are moved to compensate for the rate of consumption 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 prevent it from wandering on the anode surface.

In some cored electrodes, the center is filled with whatever material is needed to pro-
duce desired spectral characteristics in the arc. In such devices, the flame between the
electrodes becomes the important center of luminosity and color temperatures reach values
as high as 8000 K [2-24]. An example of this so-called flaming arc is shown in Figure
2-24(a). Figures 2-24(b) and 2-24(c) show the low-intensity dc carbon arc and the high-
intensity dc carbon arc with rotating positive electrodes. Tables 2-12 and 2-13 give
characteristics of dc high-intensity and flame carbon arcs.

A spectrum of low-intensity arc (Figure 2-25) shows the similarity between the radia-
tion 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 are given for cored carbons containing different
materials. Those for a core of soft carbon and for a polymetallic core are shown in
Figures 2-26 and 2-27.

1
0.4 0.4 0.6 0.8 1.0
Wavelength (um)

Fig. 2-25. Spectral distribution of radiant flux
from 30-A, 55V dc low-intensity arc with 12-
mm positive catbon (solid line) and of a 3800
K blackbody radiator (broken line) [2-21].

Because radiation emitted from the carbon arc is very intense, this arc supplants, for
many applications, sources which radiate at lower temperatures. Among the disadvantages
in using the carbon arc are its inconvenience relative to the use of other sources (e.g.,
lamps) and its relative instability. However, Null and Lozier [2-26] have studied the
properties 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 fact, they
recommend its use as a standard of radiation at high temperatures.
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.u'lfm_'.l.l'l m per 100 %

1000 3000 4000 8000 8000 7000
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Ultraviolet | Violet| Green | Orange|
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Fig. 2-26. 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 [2-24].
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g em™ at 1 m per 100 X
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2000 000 4 5000
Wavelength (A)
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Fig. 2-27. Spectral energy distribution of
carbon arc with polymetallic-cored carbons:
upper curve: 60-A ac, 50-V across arc; lower
curve: 30-A ac, 50-V across arc [2-24}.
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Table 2-13. Flame-Type Carbon Arcs [2-25]

Application Number®
1 3 3 4
Type of carbon (o] E Sunshine Sunshine
Flame materials Polymetallic Strontium Rare carth 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
Candlepoweri 2100 6300 9100 10000
Lumens 23000 69000 100000 110000
Lumens per arc watt 7.6 23 333 27.5
Color temperature (K) 12800) 24000)
Spectral intensity (W cm™2)
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
400450 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 0.3
270-320 nm 1.8 0.5 0.62 0.61
320-400 nm 6.0 4.0 6.82 7.04
400450 nm 1.3 37 5.68 5.90
450-700 nm 2.0 13.5 10.7 8.80
700-1125 nm 5.27 8.27 10.1 8.75
Above 1125 nm 31.6 34.3 327 28.55
Total 49.77 64.87 67.00 60.00

2Typical applications: 1 to § and 8, photo- CHigh-intensity photo carbons.

chemical, therapeutic, accelerated exposure test-  fMotion-picture-studio carbons.

ing, or accelerated plant growth; 6, 7, and 9 blue-  BAll combinations shown are operated coaxially.
printing diazo printing, photo copying, and hAll operated on alternating current except item
graphic arts; 10, motion-picture and television 10.

studio lighting,

bPhotographic white-flame carbons,

CHigh intensity copper-coated sunshine carbons.  ¢olor temperature of doubtful meaning.
dBoth carbons are same in horizontal, coaxial ac

arcs.

iHorizontal candlepower, transverse to arc axis.
IDeviates enough from blackbody colors to make
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Table 2-13. Flame-Type Carbon Arcs [2-25] (Continued)

5 6 7b ged gde 1of
w Enclosed arc | Photo Sunshine Phoio Studio
Polymetallic None Rare earth Rare earth Rare earth Rare earth
Vertical Vertical Vertical Horizontal Horizontal Vertical
22 mm 1/2in. 1/2in. 6 mm 9 mm 8 mm
12 3-16 12 6.5 8 12
13 mm 1/2in. 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 59 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 7.7 3.6 4.15 5.59 3.09
3.70 0.8 3.8 4.05 2.96 4.84
6.50 20 11.7 16.02 12.86 26.43
8.05 1.6 6.7 13.68 10.75 14.15
36.25 299 27.3 3290 30.60 30.62
69.50 48.0 54.0 71.40 72.20 79.53
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2.3.3, Enclosed Arc and Discharge Sources (High Pressure). Koller [2-24] 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. Other disadvantages are the short life of the
carbon with respect to mercury, and combustion products which may be undesirable.

Worthing [2-1] describes 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.
Uviare®*. This lamp is an efficient radiator of ultraviolet radiation. The energy

distribution of one type is given in Figure 2-28. Since the pressure of this mercury-vapor
lampisintermediate 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 2-29 shows the dependence on pressure of the amount
of continuum in mercury lamps of differing pressure. Bulb shapes and sizes are shown
in Figure 2-30.

Enu}a-

3000 8000 7000

Power (W) Radiaied

4000 5000
Wavslength (A)
Fig. 2-28. Intensity distribution of UA-2 interme-
diate-pressure lamp [2-24).

{a) 31 mim (B) 75 ntm

Spectral Intensity per W Input

[ [ [
I BE W e M W ww®w o
(c) 165 atm Wavelength (A) (d) 285 atm

Fig. 2-29. Emission spectrum of high-pressure mercury-arc lamps showing continuum background
[2-27].

*Registered trademark of General Elect: ...
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Tubular
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Parabalic
Arblirary Aluminized Elliptical
Reflectar

Reflector Shape Reflector

Bulged-Tubular

Fig. 2-30. Bulb shapes and sizes (not to scale)
[2-28].

End Clamp
Arc-Tube Mount Structure

Pinch Seal

Platinum Heat Reflector
Quartz Arc Tube

- Nitrogen Vacuum

Rare-Earth-Coated Coiled
Tungsten Main Electrodes

Starting Electrode

arting Resiator
Dater Bulb

Nickel-Plated Mogul Base

Fig. 2-31. Highpressure mercury lamp show-
ing various components [2-28].
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Mercury Arcs. A widely used type of high-
pressure, mercury-arc lamp and the com-
ponents necessary for its successful operation
are shown in Figure 2-31. 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 clsar, 400 W mercury lamps
of this type are given in Figure 2-32.

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. Sample
lamp performance data are given in Table 2-14.
Spectral characteristics of these lamps are
given in Figure 2-33.

Lucalox®* Lamps. The chief characteris-
tics of this lamp are high-pressure sodium
discharge and a high-temperature-withstand-
ing ceramic, Lucalox (translucent aluminum
oxide), to yield performance typified in Table
2-15. The spectral output of the 400 W Lucalox
lamp is shown in Figure 2-34, Ballasts for this
lamp are described in Reference [2-28].

Capillary Mercury-Arc Lamps [2-24]). As
the pressure of the arc increases, cooling is re-
quired to avoid catastrophic effects on the
tube. The AH6 tube (Figure 2-35) is con-
structed with a quartz bulb wall and a quartz
outer jacket, to allow 2800 A 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.,

Table 2-16 shows the characteristics of tubes manufactured by [llumination Industries,
Inc., Sunnyvale, California. Figure 2-36 shows spectral characteristics.

*Registered trademark of General Electric.

**Registered trademark of Corning Gluss Works.
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Fig. 2-32, Spectral energy distribution for Fig. 2-33. Spectral energy distri-
clear mercury-arc lamp [2-28]. :J;tzlgl]l of multivaporarc lamp
Table 2-14. Lamp Performance Data [2-28]
GE ordering code®
Specification MV-400/BUI
MV-400/BD/! MV=LOgNaT
Minimum open-circuit rms starting
voltage with ballast that meets
waveform requirements:
To -20°F 280 400
To +50°F 225 -
Operating voltages 135 265
Finish Clear Clear
Bulb E-37 BT-56
Base Mogul Mogul
Rated life (h) 15,000 10,000
Approximate initial lumen
Vertical 34,000 88,000
Average mean lumen
Vertical 26,500 70,400
Light center length (in.) 7 93/8
Maximum overall length (in.) 11 5/16 151/16

3Burning position of BU lamps is base up to within + 15° from vertical of BD lamps it is base down
to 15° above horizontal.
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Table 2-15. Lamp Performance Data® [2-28]

GE Lamp Rated | Average . Maximum Light
Ordering Watts Voltage Rated l(r;::)acl 7;:;' Overall Center
Code ")) Life ()® Length (in.)| Length (in.)
LU-400/BD 400 100 20,000 50,000 | 45,000 93/4 53/4
or BU
LU-1000/BD { 1000 250 15,000 | 140,000 | 127,400 51/16 83/4
or BU

aAll lamps have clear finish and mogul base.
bAt 10 or more burning hours per start.
CAny burning position.
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\L'urmuml Violet | Blue l Green l Orange Red
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3
a
T

0
300 400 500 6 (]
Wavelength (nm) Fig. 2-35. Water-cooled high-pressure (110 atm)
Fig. 2-34. Spectral output of 400-W Lucalox  mercury arc lamp showing lamp in water jacket
amp [2-28]. [2-24).
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Fig. 2-36. Spectral energy distribution of type BH6-1 mercury capillary lamp [2-29].
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Table 2-16. Radiation from Water- and Air-Cooled Capillary Lamps [2-29)]

L ’ Dimensions (in.)
amp Actua Bore
Type ’g::ebzzd‘:) Luminous Length | Dimension {A) (B) (C)
Number (in.) (mm) Base Exposed Envelope | Overall
Diameter Length Length
A-1 B,L 112§ 1 0.125 2,0 3.25
A-2 B,L 2.0 1 0.125 2.875 4,125
C-1 B,L 1.125 1.5 0.187 1.75 3.28
AH6-5 B 0.5 2 0.187 1.5 1.75
AH6-1 B 1.0 2 0.187 1.7§ 3.2
AH6-2 B 2.0 2 0.187 2.5 425
BH6-.5 B 0.5 2 0.187 1.5 2.75
BH6-.8 B 08 2 0.187 1.5 3.25
BH6-1 B 1.0 2 0.187 1.7§ 325
PA-1 B 0.68 2 0.187 1.62 3.25
Applicable
Output | Averq Avera,
Lamp | Fower | yous | Current Potu’:,er Brlghs;e Lifeg' 1;,’ 4 Power Supplies®
(kVA) am f@em?| @ |7 [ g dc
A-1 2 1425 1.4 130000 90000 10 HOR. TSO?(; ca.),] 501, 504
T50!
A-2 4 2850 14 |]260000]| 90000 10 HOR. | T508(2¢ea) | 504
C-1 1 700 14 65000 | 40000 60 ANY | T507 501
AH6-.5 0.5 350 14 32500 | 40000 80 HOR. | TL510 None
AH6-1 1 700 14 65000 | 40000 80 HOR. | T507 501
AH6-2 2 1425 14 |[130000]| 40000 80 HOR. T507(82 ea),{ 501
T50
BH6-.5 0.5 350 14 32500 40000 60 HOR. | TL510 None
BH6~.8 0.8 550 14 520001 40000 60 HOR. | None None
BH6-1 1 700 14 65000 | 40000 60 HOR. | T507 501
PA-1 1 700 14 75000 | 45000 75 HOR. | T507 501
Lamp Cooling Assembly and Applicable Bases*
» L]
Tyve [ sgp | pEL | DES | wia | wis | wip | Bac | Cooem® | Volume

A~} B L Water 1.50 GPM
A-2 B L Water 1.50 GPM
C-1 B B L Water 1.20 GPM
AH6-.5 B B Water 1.20 GPM
AH6-1 B B Water 1.20 GPM
AH6-2 B B Water 1.20 GPM
BH6-.5 B Air 5.50 CFM
BH6-.8 B Alr 5.50 CFM
BH6-1 B Air 5.50 CFM
PA-1 B Alr 5.50 CFM

*For additional information, see Reference [2-29].
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Compact-Source Arcs [2-21, 2-30]. Some common characteristics of currently
available compact-source arc lamps 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 temperatures as high as 900°C. Precau-
tions 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 ec;aipment to limit current during operation.

(6) Ciean, attention-frec operation for long periods of time.

Table 2-17 gives characteristics of commonly available compact-source arc lamps.
These lamps are designated by the chief radiating gases enclosed as mercury, mercury
xenon, and xenon lamps.

Figure 2-37 shows the compact-source arc lamp in a housing purchasable from one
supplier. The housing shown is for lamps up to 1000 W. Typical lamp constructions are
shown in Figure 2-38. Since starting may be a problem, some lamps (Figure 2-39) 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 [2-30].

The spatial distribution of luminance from these lamps is reported in the literature
already cited, and typical contours are shown in Figure 2-40. Polar distributions are
similar to those shown in Figure 2-41.

Spectral distributions are given in Figures 2-42 through 2-44 for a 1000 W ac mercury
lamp, a 5 kW dc xenon lamp, and 1000 W dc mercury-xenon lamp. Lamps are available at
considerably less wattage.

Cann [2-30] 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 variable mercury-vapor pressure. For
details, see Reference [2-21}.

A special design of a short-arc lamp manufactured by Varian [2-32] is shown in Figure
245, 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 contami-
nated, with a resultant decrease in output. A similar type of lamp with a sapphire window
is manufactured by Optitron, Inc., Torrance, California.

2.3.4. Enclosed Arc and Discharge Sources (Low Pressure) [2.24]. 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.
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-0
Metal
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Glanm
Bulb
4
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Fig. 2-37. Lamp housing for lamps up to 1000 W
showing lamp, rear reflector, beam part, and reflec-
tive thermal shielding [2-31].
Metal
Lo Sleeve
=12 in.

=1

Fig. 2-38. Construction of different lamps
showing differences in relative sizes of electrodes
for dc (left) and ac (right) operation [2-21].
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Fig. 2-39. Construction of a lamp with a third, starting electrode [2-22].
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2

Cathode Cathode

(@) 5-kW dc xenon lmlp
Fig. 2-40. Spatial luminance distribution, of compact-arc lamps [2-21].

(b) 5-kW dc mercury-xenon lamp
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Fig. 2-42. Spectral distribution of radiant
intensity from a 1000-W ac mercury lamp
perpendicular to the lamp axis [2-21].
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Fig. 2-43. Spectral distribution of radiant

i
Anode Up 0.2 04 08

(b) 2.5kW dc mercury-xenon lamp

Fig. 2-41. Polar distribution of radiation in planes
that include arc axis. Asymmetry in (b) is due to
unequal size of electrodes [2-21].

intensity from s S-kW dc xenon lamp per-
pendicular to the lamp axis with electrode
and bulb radiation excluded [2-21].
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Fig. 2-44. Spectral distribution of radiant 4
flux from a 1000-W dc mercury-xenon & %0
lamp [2-21]. E
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Fig, 2-45. High-pressure, short-arc xenon illuminators with sapphire windows, Low starting voltage,
150 through 800 watt; VIX150, VIX300, VIX500, VIX 800 [2-32].

Germicidal Lamps. These are hotcathode lamps which operate at relativeiy low
voltages. Tables 2-18 and 2-19 give some characteristics of these lamps.

These differ from ordinary fluorescent lamps which are used in lighting 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 glass of 1-mm thickness 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 voltages than
the hotcathode type and can be obtained in relatively small sizes as shown in Figure
2-46. Operating characteristics of the Sterilamps are given in Table 2-20.

Black-light Fluorescent Lamps. This fluorescent lamp is coated with a phosphor
efficient in the absorption of 2537 A radiation, emitting ultraviolet radiation 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. The characteristics of

*Registered trademark of Westinghouse Electric.
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Table 2-18. Radiation From Low-Pressure Mercury Lamps [2-24]

Ultraviolet Ultraviolet
Normal Length Diameter Output at Irradiance
w) (in) (in.) 25374 (uW cm~2 at
w) 1m)
30 36 1 83 85
15 18 1 3.6 38
8 12 5/8 1.3 14
4 53/4 12 0.5 7

Table 2-19. T-6 Slimline-Type Germicidal Lamp [2-24]

- Lomp : Ultraviolet
Lamp . . ' Ultraviolet Irradiance
W) Operating Operating W) (W S—
W) ; Current 1
| | m)
16 150 120 I 6 65
23 135 200 ! 8 90
30 115 300 ' 10 110
36 105 420 11 120
Table 2-20. Sterilamp Operating Characteristics® [2-24]

Lamp Designation 782L-30 782-20 782H-10 793
Rated Watts 17 14 12 35
Overall-Length (in.) 34-3/4 24-3/4 14-3/4 8-1/8
Starting ac voltage 750 575 400 200
Operating ac voltage 410 325 240 90
Operating current (A) 0.05 0.005 0.06 0.04
Ultraviolet output 5.2 2 2 0.13

(2537 A) (W)

Ultraviolet (uW cm=2 46 20 20 1.3

at 1 m (2537 A))

AThese lamps are made ip a number of glasses having the same transmission for 2537 A but havinga
transmission for 1849 A of 10, 1.5, and 0.1 percent, sespectively. Thus the quantity of ozone pro-
duced varies from a fairly large to a negligible amount.
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m

o

m

low-pressure lamp [2-24].
registered trademark of Ultra-
violet Products, Inc,

one type are given in Table 2-21.

Hollow Cathode Lamps. A de-
vice described early in this century
and used for many years by spec-
troscopists is the hollow-cathode
tube. The one used by Paschen
[2-1] consisted of a hollow metal
cylinder and contained a small
quantity of inert gas, yielding an
intense cathode-glow characteristic
of the cathode constituents. Mat-
erials that vaporize easily can be
incorporated into the tube so that
their spectral characteristics pre-
dominate [2-1].

A number of companies sell
hollow-cathode lamps which do not
differ significantly from those con-
structed 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 ele-
ments, singly or in multiples, and
with Pyrex® or quartz windows. A
partial list of the characteristics of
the lamps available from two manu-

facturers is given in Table 2-22. Their physical appearance is shown in Figure 2-47. A
schematic of the different elements obtainable in various lamps is shown in Figure 2-48.
Some sample spectra from those of another manufacturer are shown in Figure 2-49 and
Table 2-23.

Table 2-21. Spectral Energy Distribution for Black-Light (360 BL) Lamps [2-24]

Total Ultra-
Lergth S200-3850/4 violet below Total 3800- Erythemal
(w) | “ene 3800 A Visible |7600 A |7,
(in.) Flux
W) % w) %A
w | %
6 9 0.55 9.1 0.56 94 0.1 1.7 250
15 18 2.10 140 220 | 146 04 2.7 950
30 36 4.60 153 470 | 158 0.9 30 2100
40 48 6.70 16.8 690 | 17.3 1.5 38 3000

8percentage of input power.
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Fig. 2-47. Hollow-cathode spectral tubes described in Table 2-22.

[_ —
Li | Be Transition Elements B
~—— ~
Na { Mg Group 8 Al |si|p|s
'-—H

K|Ca|Sc|Ti | V|Cri{Mn|Fe|Co|Ni [Cu[Zn|Ga| Ge| As| Se

Rb | Sr | Y [2r | NbD|Mo Ru[Rh|Pd|Ag|Cd|In |Sn | Sb| Te

Cs|Bajla|H |Ta]W|Re |Os|Ir Pt |Au]lHg|T1]Pb]Bi

Lantha-

P s Ce| Pr | Nd Sm |Eu |Gd | Tb | Dy | Ho | Er | Tm| Yb| Lu

Actinides| Th V)

Fig. 2-48. Periodic table showing the prevalence of elements obtainable in hollow-
cathode tubes.
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Fig. 2-49. Spectral ‘characteristics of some hollow-cathode lamps. The data in
these curves are identical with data in the 1973 Varian Techtron Catalog. [2-32].

Electrodeless Discharge Lamps [2-33, 2-34, 2-35]. The electrodeless lamp gained
popularity 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.
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Fig. 2-49 (Continued). Spectral characteristics of some hollow-cathode lamps. The
data in these curves are identical with data in the 1973 Varien Techtron Catalog.
[2-32).
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Table 2-23. Spectral Characteristics of Varian Hollow-Cathode Tubes
Lamp Specifications Calcium Ceslum Iron Mercury Thorium Sodiis o
Potassium
Fill Gas Neon Argon Neon Neon Neon Neon
Window Quartz Pyrex Quartz Quartz Quartz Pyrex
Operating current (mA) 4 20 5 3 10 N
Strike voltage (V) 260 - 260 310 270 280
Operating voltage (V) 150 - 160 230 140 210
Most sensitive line (A) 4226.7 8521.1 2483.3 2536.5 s 5889.9
Spectral bandwidth (A) 33 9.9 17 33 0.8 33
Sensitivity (ppm) 0.03b 0.16%4 | o0.08¢ 2 a 0.01¢
Alternative Absorption Linesf
Relative Recommended
Element Wavelength Sensitivity Relative Signal Spectral
A) (ppm) Sensitivity I Bandwidth
‘ntensity @)
Calcium 42267 0.03 18 100" 33
2398.6 6 200,08 0.2sh 08
Cesium 8521.1 0.16 i 10054 99
8943.5 0.22 1.2i 47id 9.9
4555.4 10 5,31 100k 33
4593.2 40 2l 26k 08
Iron 2483.3 0.08 m 10 1.7
37199 0.76 gm 100" 0.8
38599 1.2 15.0m §3n 1.7
3920.3 22 270™m 40 08
Thorium 37194 - - 100° 0.8
3803.1 - = 57° 0.8
3304.2 - - 320 0.8
Sodium or potassium 5889.9 0.1 1.0P 1009 3.3
5895.9 0.02 2.1P 564 33
33023
3302.0 f D 29 360P 3.7 33

3No absorption has been detected for this element with the Techtron burner system.

ith NO-CaH; flame.
°With air-propane flame.

dwith R196 photomultiplier tube.

With air-CaH; flame.

No alternative lines for mercury have been examined.

BMeasured relative to the 4226.7 A line.

BMeasured at 4 ma lamp current with spectral bandwidth of 3.3 A relative to the 4226.7 A line.
IMeasured relative to the 8521.1 A line.
IMoasured at 20 mA lamp current with spectral bandwidth of 3.3 A.
kwith R213 photomultiplier tube.

IMeasured relative 10 4555.4 A.
MMeasured relative to 2483.3 A line.
"Measured at 5 mA lamp current with spectral bandwidth of 0.8 A relative to 3719.9 A linc.
OMeasured at 20 mA lamp current with spectral han dwidth of 0.8 A relative to 3719.9 A line.
PMeasured relative to $889.9 A line.
AMeasured at 5 mA limp current with spectral bandwidth of 0.8 A relative to 5889.9 A line.
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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 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, particularly at the
following selected (vacuum) wavelengths (in A):

2537.2687 3022.3796 4047.7145
2652.8324 3126.5761 4359.5622
2753.5968 3342.4422 5462.2704
2894.4464 3651.1966 5771.1982
2968.1498

Electrodeless UV lamps with variable output power and a choice of bulbs with differ-
ent UV spectra are manufactured by Fusion Systems Corporation, Rockville, Maryland.
Quoted technical specifications for a 10-inch lamp are as follows:

UV output power: ~ 1000 W
Lamp input power: 3000 W
Bulb lifetime: up to 3000 h
Cooling: water or forced air
IR power: 1000 W maximum

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. The envelopes of these lamps are constructed of
glass or quartz, depending on the part of the spectrum desired. Thus, discrete radiation
<an be obtained from around 2300 A into the near infrared.

Figure 2-50 represents the various atomic lines observable from Osram spectral lamps.
Figure 251 gives a physical description of various spectral lamps obtainable from Philips.
Tables 2-24 and 2-25 list the characteristics of the various types of lamps obtainable from
Osram and Philips, respectively.

Pluecker Spectrum Tubes. These are inexpensive tubes made of glass (Figure 2-52)
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 transformer which 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 2-26 lists the various gases in available tubes.

2.3.5. Concentrated Arc Lamps

Zirconium Arc. The cathodes of these 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 can be obtained 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 (for a slight increase in price) flat. Examples are shown in Figure 2-53.
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Table 2-25. Specifications of Philips Spectral Lamps [2-36]

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 | Cd Cadmium Quartz | Glass 09 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 0.9 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 0.9 10 40
26-2832 |K Potassium Glass | Glass 0.9 10 40
26-2857 | Hg Mercury (low-pressure) Quart2 | 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 09 25 25
26-2915 |1 Thallium Quartz | Quartz 0.9 20 30
26-2923 | Ga Gallium Quartz | Quartz 0.9 20 30

8Requires a Tesla coil to cause it to strike initially

Table 2-26. Gas Fills in Pluecker Tubes®

[2:37]

Cenco

Number Type
87210 Argon Gas
87215 Helium Gas
87220 Neon Gas
87225 Carbonic Acid Gas
87230 Chlorine Gas
87235 Hydrogen Gas
87240 Nitrogen Gas
87242 Air

187245 Oxygen Gas
87255 lodine Vapor
87256 Krypton Gas
87258 Xenon
87260 Mercury Vapor
87265 Water Vapor

8Consists 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 are firmly sealed
to the ends. Power supply no. 87208 is recom-
mended as a source of excitation.

S — 0D

87210-87265

Fig. 2-52. Physical oconstruction of Pluecker

spectrum tubes [2-37].
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87343 o B4z BT338

Fig. 2-53. Physical construction of some zirconium
ar: lamps [2-37}. Two 2 W lamps are available, but
ot shown here [2-28].

Tungsten-Arc (Photomicrographic) Lamp. The essential elements of this discharge-
type lamp (Figure 2-54) are a ring electrode and a pellet electrode, 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 Figure 2-55.

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.

Solid Electrode, Diameter Approximately 3.0 mm
Ring Electrode, Inside Diameter Approximately 4.5 mm

ifli

Spacing Between
Electrodes 2.0-2.5 mm

Fig. 2-54. Construction of tungsten arc lamp. The lamp must be operated base-up in a well-
ventilated housing and using a special high-current socket which does not distort the position
of the posts [2-28].
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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 manu-
facturers suggested in their brochure.

2.36. Glow Modulator Tubes. Ac-

L
cording to technical data supplied by o I Y T O |
Sylvania, these are cold-cathode light A0G0 8000, S 0005 000 g 23000,
sources uniquely adaptable to high- Wavelength (A)

frequency modulation. Pictures of two  Fig 2.55. Spectral distribution of a 30A
types are shown in Figure 2-56. The PS 22 photomicrographic lamp [2-28].
cathode is a small hollow cylinder and the

high ionization density in the region of the cathode provides an intense source of
radiation.

Figure 2-57 is a graph of the light output asa function of tube current. Figure 2-58 is a
graph depicting the response of the tube to a modulating input. The spectral outputs of a
variety of tubes are shown in Figure 2-59. Table 2-27 gives some of the glow-modulator
specifications.

2.3.7. Hydrogen and Deuterium Arcs. For applications requiring a strong continuum
in the ultraviolet region, the hydrogen arc at a few millimeters pressure provides a useful
source. It can be operated with a cold or hot cathode. One hot-cathode type is shown in
Figure 2-60. Koller [2-24] plots a distribution for this lamp down to about 200 A,

Deuterium lamps (Figure 2-61) provide a continuum in the ultraviolet with increased
intensity over the hydrogen arc. Both lamps have quartz envelopes. 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.

NBS is offering a deuterium lamp standard of spectral irradiance between 200 and 350
nm. The lamp output at 50 ¢cm from its medium bipost base is about 0.7 Wcm™> at 200
nm and drops off smoothly to 0.3 W cm-? at 250 nm and 0.07 W ¢cm~> at 350 nm. A
working standard of the deuterium lamp can be obtained also, for example, from
Optronic Laboratories, Incorporated, Silver Springs, Maryland.

2.3.8. Other Commercial Sources

Activated-Phosphor Sources. Of particular importance and convenience in the use of
photometers are sources’ composed of a phosphor activated by radioactive substances.
Readily available, and not subject to Atomic Energy Commission licensing with small
quantities of radioactive material, are the 4C-activated phosphor light sources. These
are relatively stable sources of low intensity, losing about 0.02% per year due to the half-
life of 14C 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 narrow-band 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
2-28. Comments about LEDs are given in Table 2-29.

*Registered trademark of Herseus-Amersil.
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Fig. 2-56. Construction of two glow modulator tubes [2-38}.
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Fig. 2-57. Variations of the light output from Fig. 2-58. Response of the glow modulator tube
a glow modulator tube as a function of tube  to a modulating input [2-38].

current [2-38].

Y T v T
o
30 mA Carrent
fol
i
H
'] i 1 i L 4 L " AL
ma 440 530 L12]
Wavelength (um)
(a) GMS14C-R1166-R1131C
101
130 120 308 4o 1209
v T v T y
L1} o
30 mA Current
1 A i
380 440 520 800 680

Wavelength (um)
(b) R1168-R1169-1BS9/R1130D-GMS14

Fig. 2-59. Spectral variation of the output of glow modulator tubes [2-38].
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Fig. 2-61. Two types of deuterium arc lamps
U lﬁ“ r_.UUMU [2-39].
Fig. 2-60. Hydrogen arc lamp [2-38].
Table 2-28. Performance Characteristic of Different Types of LEDs? [2-43]
Luminous
Peak Quantum Efficiency Power Efﬁcliency
Emission (mWw=")
Type Ca Wavelength Ce cial
(A) Research Performance  |Research| Commercial
Result | Performance
GaAsg 6P0.4 Red 6490 | 5 x 107°3| 2 x 1073 033 | 018
GaAsg 35Pg 65:N | Red- 6320 |4 x 1073 0.76 =
Orange
LPE: GaP:Zn,0 | Red 6925 |15 x 1072f 05-2 x1072 | 30 0.1 0.4
VPE GaP:N Green | 5700 |1 x 1073] 03-08x 1073 | o6 0.18-0.48
(Zn diffusion)
PE GaP:N Green | 5700 | 3 x 10°3] 0.5-20x10¢ | 18 0.03-0.12
(grown junction)
GaAsg 1sPo.gs:N | Yeow| 890 | 0.8 x 10°3| 0.5-08x 103 | 036 | 0.23-0.36
VPE GaP:N Yellow] $900 |1 x 1073 = 045 =

(N > 1020 cm-2)

aThe value given in this table are for dc current densities less than 20 A cm=2,
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Table 2-29. Summary of LED Characteristics*

Category LEDs

Visual Appearance Medium to wide viewing angle. Visible in dim ambient illumina-
tion but not as visible in bright ambient. All colors available
except blue.

Power Dissipation | 0.1-10Wcem=2at2V

Response Times 10-1000 nsec

Temperature Unimportant; operation range -40 to +100°C
Dependence

Reliability > 50000 h

*See also Table 18-14, p. 18-43, for further information.

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, usuable form, precisely controlled spark-sources for yielding many joules of
energy in a time interval of the order of microseconds. Also, consumable plasma tubes
can be purchased as radiation sources emitting effectively at many thousands of degrees,
yielding radiation rich in ultraviolet energy.

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, sub- and microminiature lamps. These
are small, even tiny, incandescent bulbs of glass or quartz, containing tungsten filaments,
They serve excellently in certain applications where small, intense radiators of visible and
near-infrared radiation are needed.

2.4. Other Artificial Sources (Man-Made Targets.) (See also Chapter 3.)

24.1. Surface and Subsurface Vehicles. In this group are included: surface land ve-
hicles, (i.e., trucks, tanks, personnel carriers, automobiles, and motorcycles, trains,
hovercraft, and others) and ships (i.e., aircraft carriers, missile ships, cargo vessels,
hydrofoil craft, small boats (wooden and metal), and submarines). Specific radiation
characteristics of these vehicles 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
Figure 2-62. 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 2-63 and 2-64
show faceted models (i.c., 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 emissivities, emitting at temperatures which have
been derived from the conditions 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.
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Fig. 2-62. Thermal image of an Army 6 X 6 shop van [2-42].

Fig. 2-63. Faceted model of an APC.
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Fig. 2-64. Faceted model of a jet aircraft.

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 effect. Furthermore, different parts of the vehicle are at different temperatures,
exhaust parts being the hottest. The uncertainty, however, of the exact amount of radia-
tion coming from the exhaust 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 desired.

Total (i.e., spectrally integrated) normal emissivities of selected materials are shown
in Tables 2-30 and 2-31. Data are shown in Figure 2-65 on the diffuse spectral reflectances
of various target materials in the near and visible regions.

2.4.2. Aircraft. Many of the general statements about surface vehicles apply to air-
craft 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 air-
craft radiation as observed from tail aspect is shown in Figure 2-66. Compare this spectrum
with that obtained from a high-temperature industrial smokestack, as shown in Figure
2-67. The scales are of relative values. Note in Figure 2-68 that the radiation viewed away
from the tail of the aircraft, part of which is obscured by th= body of the aircraft, has the
typical structure of gaseous radiation. Figure 2-69, for example, shows the evolution of
fine structure with increasing resolution. In fact, if the fine structure could be seen 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 H,O vapor and CO,. Because of
these, one finds a lot of radiation 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 HyO vapor and CO,, tends to ahsorb quite readily at these wavelengths.
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Table 2-30. Emissivity (Total Normal) of Various Common Materials [2-40)

2-77

Material Temp:erature Emissivity
¢C)
METALS AND THEIR OXIDES
Aluminum: polished sheet 100 0.05
sheet as received 100 0.09
anodized sheet, chromic acid process 100 0.55
vacuum deposited 20 0.04
Brass: highly polished 100 0.03
rubbed with 80-grit emery 20 0.20
oxidized 100 0.6l
Copper: polished 100 0.05
heavily oxidized 20 0.78
Gold: highly polished 100 0.02
Iron: cast, polished 40 0.21
cast, oxidized 100 0.64
sheet, heavily rusted 20 0.69
Magnesium: polished 20 0.07
Nickel: electroplated, polished 20 0.05
electroplated, no polish 20 0.11
oxidized 200 0.37
Silver: polished 100 0.03
Stainless steel: type 18-8, buffed 20 0.16
type 18-8, oxidized at 800°C 60 0.85
Steel: polished 100 0.07
oxidized 200 0.79
Tin: commercial tin-plated sheet iron 100 0.07
OTHER MATERIALS
Brick: red common 20 0.93
Carbon: candie soot 20 0.95
graphite, filed surface 20 0.98
Concrete? 20 092
Glass: polished plate 20 0.94
Lacquer: white 100 0.92
matte black 100 097
Qil, lubricating (thin film on nickel base):
nickel base alone 20 0.05
film thickness of 0.001, 0.002, 0.005 in. 20 0.27,0.46,0.72
thick coating 20 0.82
Paint, oil: average of 16 colors 100 094
Paper: white bond 20 093
Plaster: rough coat 20 0.91
Sand 20 0.90
Skin, human 32 0.98
Soil: dry 20 0.92
saturated with water 20 0.95
Water: distilled 20 0.96
ice, smooth =10 0.96
frost crystals -10 0.98
snow -10 088
Wood: planed oak 20 0.90

B5ee also Chapter 3.
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Table 2-31. Solar Absorptance, a, and Low-Temperature (300 K) Emissivity, €,
for Spacecraft Materials [2-40]

Material a € afe
Aluminum:
polished and degreased 0.387 0.027 14,35
foil, dull side, crinkled and smoothed 0.223 0.030 7.43
foil, shiny side 0.192 0.036 5.33
sandblasted 0.420 0.210 2.00
oxide, flame sprayed, 0.001 inch thick 0422 0.765 0.55
anodized 0.150 0.770 0.19
Fiberglass: 0.850 0.750 1.13
Gold: plated on stainless steel and polished 0.301 0.028 10.77
Magnesium: polished 0.300 0.070 4.30
Paints:2
Aquadag, 4 coats on copper aluminum 0.782 0.490 1.60
aluminum 0.540 0.450 1.20
Microbond, 4 coats on magnesium 0.936 0.844 .11
TiO7, gray 0.870 0.870 1.00
TiO3, white 0.190 0.940 0.20
Rokide A 0.150 0.770 0.20
Stainless steel: type 18-8, sandblasted 0.780 0.440 1.77
8See also Chapter 3.
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Fig, 2-65. Diffuse spectral reflectance of various materials in the near UV/VIS [2:51],
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Fig. 2-66. Relative spectrum of jet aircraft as seen from tail aspect at a range of 1.5 mi

[2-42}.

o

Flslive Radiast [eenabty
=

Wavetength (um) ]
Fig. 2-67. Emission from a high temperature industrial smokestack [2-42].

Since the gases are hotter than the atmosphere, some molecular lines radiate outside of the
region of styong atmospheric absorption and propagate with much less attenuation than in
the atmospheric bands. This effect is pronounced in the 4.3 um region of CO, absorption.

As the observation angic changes to the tail, the continuum radiation emitted from the
tail pipe is clearly seen. The radiation from the hot gases is, of course, still present.

Below are calculations of the radiation emitted from a Boeing 707 jet transport
[2-40]. The features of a turbojet engine are shown in Figure 2.70 with temperatures and
pressures given in the Jower portion of the figure. The higher temperature in afterburning
gives rise to-more radiation than obtained otherwise. But the calculation would be
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Fig. 2-68. Relative spectrum of target exhaust plume emission {2-42],
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Fig. 2-69. Aircraft exhaust plume as seen through 200 ft of atmosphere and measured
with three different spectral resolutions [2-42].

(RN ]

complicated, furthermore, by the fact that large amounts of hot gases would be emitted
with an accompanying increase in molecular band radiation. In other words, the exhaust
plume radiation dominates that from the hot tailpipe.

The turbofan exhaust of a 707 jet transport is cooler than that of the turbojet. The
characteristics of each are given in Table 2-32. The total radiance from the tailpipe of
the aircraft can be calculated from a knowledge of the emissivities and the temperatures
of the emitting surfaces. The Gouffé results earlier in this chapter make it reasonable to
assume a cavity emissivity better than 0.9. Using this value and a uniform temperature
equal to the exhaust gas temperature for maximum cruise (from Table 2-32), the radiant
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Fig. 2-70. The turbojet engine [2-40].

Table 2-32. Characteristics of the Boeing 707 Intercontinental Jet Transports [2-40]

Model 707-320 707-3208

Engines 4-P&EWA JT4A9 4P&WA JT3D-3
Type of engine Turbojet Turbofan -
Maximum rated thrust (Ib per engine) 16800 18000
Area of engine exhaust nozzle (cm2) 3660 3502
Exhaust gas temperatures:

Maximum allowable takeoff (°C) 635 555

Maximum continuous thrust (°C) 515 490

Maximum cruise thrust (°C) 485 445
Fuel flow (per engine):

Sea level, Mach 0.4 (Ib h™!) 10814 9068

35000 ft. Mach 0.8 (Ib h~1) 4819 3962
Spacing between engines

Inner engines (ft) 66 66

Outer engines (ft) 104 104
Maximum speed (mph) 585 592
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intensity ( W sr~1) normal to the exit plane of a single engine is calculated from (See
Chapter 1.):

_eoT*4 _ 0.9 X 5.67 X 10712 X (485 +273)* X 3660
n n

I

= 1963 (2-20)

Total radiation from the aircraft (when all engines are in the field-of-view of the
instrument) is 4 times that from one engine, or 7852 W s~ 1 As a radiation slide-rule
shows, the spectrum for this temperature peaks at about 3.8 um, and the region between
3.2 and 4.8 um passes radiation between the H,O absorption bands between 2.7 and 6.3
um. The radiation from an engine in this spectral region is thus 580 W sr~1, as obtained
by using a calculator program of Chapter I. Total engine radiation in this region is
2320Wsrl,

Similar values for the turbofan airplane are 6085 W sr-! total radiation and 1500
W sr~! in the 3.2 to 4.8 um region.

Using arelatively crude spectrum for the gaseous emission and an approximation to the
gas temperature, Hudson calculates the radiance of the hot gases in the 4.3 to 4.55 um
region and estimates the tail pipe radiation to be 25 times greater than gaseous radiation
[2-40). Similar calculations can be made for the aircraft using afterburners for which
exhaust conditions are shown in Figure 2-71. The radiation is considerably more intense.
More accurate determinations can be made by using more precise spectral data from
actual aircraft as shown in Figures 2-66, 2-68 and 2-69. The conditions, of course, are not
the same as for the 707 and adjustments, therefore, must be made. Furthermore, it be-
comes necessary, for great<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>