o ' DOCUMENT afzsmm . _
ED 132 089 o, - 3 sz‘_ozf 783 .
AUTHOR ' ,Nlcodemus, ‘Fred E., Ed. ' ‘
ITLE . 'Self-Study Manual on Optical Rddiation ueaSurenents-
: Part I--Concepts, Chapters 1 to 3. NBS Techn1ca1 Note
' .« 910-1.
INSTITUTION  Natiomal Bureau of Standardé (DOC), washlngton,
, D.C. _ -
PUB DATE Mar 76 '
NOTE ' '~ 105p.; Not available in hard copy' due to numerous
small type throughout document
AVAILABLE FROM Superintendent of Documents, U.S. Governnent Prlntlng
.o offlce, Hashlngton, D. c._2ou02 ($2.19)
,EDRS'.RICE MF-$0. 83 Plus Postage. HC Not Avallable from EDRS. .
‘DESCRY{PTORS - *College Science; Educational Resources; Higher
'{ " Education; Individualized Instruction; *Individual
* - Study; *Instructional Materials; *uanuals; *Optics;
/ *Physics; Science Education .
- TN
ABSTRACT\ ™ : S
- Thls is’ the 1n1t1a1 puhllcatlbn of a series of
. self+sfudy mantals on optical radiation: measurement, and contains the
first three chapters. .Additional chapters will be. published whery,
ompleted. These chapters include: an introduction. to opt1ca1 : .
adiation and the‘ray approach to its treatment: an introduction to
the basic radiometric quantity Eadlance, and the development of the .
| copcept’ oﬁgspectral radtance. Calculus:'is used throughout in the
) ._.developue and each chapter includes a detailed summary. (SL)
- . ; “%n
.0
. N

ol e
-

*4****!&****#**********************4****#********4*********#**#*********

* Documents acquired by ERIC include many informal unpublished *_
* materials not available from other sources. ERIC makes every effort’ *
* to obtain the best. gopy.available: Nevertheless, items of marginal . '*
* reproducibillty are often encountered and this. affects the quality .

* of the microfiche and hardcopy: reproductlons ERIC makes available .*
* via the ERIC Document Reproduction Service (EDRS) . EDRS *is not *
* responsible for the quality of the orlglnal docunent. Reproductionsg *
*
*

supplied by EDRS are the best that can be made from .the original. :, * _
-.**#****#****tﬂ**#****#*************************************#*****#****

A

it s



Y N

..’A‘ q ‘\: -

~

,1‘ o N ". " \ '
Yo .y" S - NATIONJ\L BUREAU OF TANDARDS ;ﬁ

l‘Thc Nallonal Bureau' of Slandards was’ est.\bhshed by ap nct ‘of Congrcn March 3, 1901.
The Bureau’s ovgr.\lw l is to strengthen and advam.c thi ‘N'mons scnence and technology
‘ and facilijdie thek t, eflective application Tor ‘public benefit. Xo this ‘end, the Bureair conducts
U ) research angd provndes*) ‘rbasm for the Nation’s physical easurcmcm cyslem (2) scnemlfc -

and (4)-technical services to promote public snfety. I'he Burea 1 consists’ of the Institute for

. cA *Baslc Smnd:rrds the’ [ﬂsmule‘for Malernls Rese.lrch the Institute for Apphed Technology,
L . \'.ll
. " "« zmd umform physlc’ll' measbrqmenls lhroughoul the Nanoni SClcnlll gommumly, lnduslry
: o and commerce. The InstituteXconsists of the ffice of Measurement ervices, the Office of *
. P Radmuon Measuremqnl and the follo“ mg Center and divisions: '
o o . Apphcd Mathematics ——’B|CCH'ICII)’ — +Mechanics — He(\t — Optical\ Physics .— Center
e .o for® Radiation R@éarqh Nuclear Sciences; Appligd Radiafion — LaboraYory Aﬂrophysus
» - Cr)ogemcv -— EleclromagqellgS' — mc and Frcqucncy & -
. T THE INGTITUTE FOR MATERIALS RESEARCH conducts materials reséarch ]e.idmg to
» f improved methods of méasuremenl ihm,hrds and data on the proerllc f eyl ch(\rulcnzed
N . materials needed by 1ndu<lry. commerce, educational institutions, and @overnment; provndes

' advisory and rcsearch services to other Government agencies: and develops, produces, and
dlsmbulcs sl.mdard reference ‘mnlcrmls The Insmule consists of the Office f Sland.\rd

Analy/tu:al (,hemlstr‘) — Polymers — Mcl.lllurgy ; Inorganlc Malermls — Rcaclor
admllon — Physlc";l Chcnuslry ‘. ' o

'

ute colﬁsls of the. fo]lowmg dlvmons,.md (,enlers S . SR

o

) R -t 'Sland1rgs Apphcmon and” #\nalysls — Electronic¢ TeLhnology —_ C‘cnlcr for Consumer.

e Product Tcghnology Product Systems Analysis; Product Englncé' ng spikenter for Buildin

R . chhnology Slmclures Materials, and“f_lf" Safct)aﬁ‘tuldmg Envmm Ty A achnical Evalua
Lo ' N " Engirieerifg.

_ \ $rducts research
Y 4 and provudes technical services, desngned to did Govemmenl agencies xxf’\' rﬁmmg cait effec

‘ . _lwencss “in ‘the conduct .of their programs lhrough the " selection, Acfuidition, nn\d effective]
S0 _ o utilization of aufomatlc data processing eqdipment; and serves as. lhg pnncnpal focu;;wnhm[
o, v ', the e‘kecullve bPanch for the development of Federal standards for aulomallc data processmg

- ¢ v equipment; lechnlql,aes aqd computer hnguages Thc Institute consists’ of the. followmg
. . . ., divisions: . . . .

[?

,// .

”, Computer 'Serv;ces — Systems and Soflwa're — Compu,ler Systems, Engmeermg — Informa- :
- S lton Technology. ¢ - s -
1

e @ v »
. » N THE OITFI(;E FOR INFORMATION . PROGRAMS promoles" optimum dxssemmauon d
o e accessibility” of’ sc;enuﬁc lnformauon generated within NBS -and other agencies of the Fg ral
&l . Goyemmem promotes the developmen{ ‘of the’ .National Standard Reference Data Syslem and
. ' . 5 a system of information analysis centers - dealing  with the broader—aspects of the Nauonal
f . Measurement Syslem. provides appropriate services to ensure that the 'NBS staff has optimum
L . accessibility to the scientific information, of ‘the world The Office consms of the following
i v ggamuuonal units: 5 : -

. o " @ffice of Slandaifd ‘Reference- Dala — Ofﬁce of Inférmation Acuvmes —_ Oﬁice of Techmcal

LY Pubhcauons — Library — Oﬂice of ‘International Relauons — Ofﬁte of Inlemauonglw

S L » #Smndards g\% - TR -

. ) 'Hmdqulrlm agd Lnbormorles at (yanhersburg.
. . " Washjngton,.B.C. 20g34. -
. bt © - 2 Epcated .at Boulder, Colorado 80302.

Q

ERIC

Aruitoxt provided by Eic:

R

»

N

e

vt



Optlcal Radlatlon Measurem:e\n'ts'
Part I--Concepts Chapters

.

Vs
'Opttcal Physacs lesuon [P
Institute for Basic Standards L .
. National Bureau:of Standards - . Ve . e ‘
Washington, D. €. ; 20234, N .'
)

. €}

Chapter 1. Introductlon‘ £.E. Nlcodemus H J. Kostkowskn and A. T Hattenburg

_ Chapter 2. Distribution of Optvcal Radnauon with Respect to Position and Direction--Radiance. F. E. Nicodemus. and
H. J. Kostkowski - .

Chapter 3. Spectral Distribution of Optical Radiati_qn. F. E. Nicodemus and H. J. Kostkowski -

g

-

. . L
. ” ‘ . CV( , . I'
U, S DEPARTMENT OF COMMERCE, Elllot L. Richardson, Secretary Ve

JamesA Baker W, Under Secretary . - .

' Dr. Betsy Ancker-Johnson, Assistant Secretary for Science and Technology
NATIONAL BUREAU OF STANDARDS, Ernest Ambler, Acting Director

i

'Issued March 1.976 A : ’ o

'y

ERIC

Aruitoxt provided by Eic:

For sale by the Buperlntendent of Documents, U.8. Govemment Printing Omce : ) i /
Washington, D.C. 20402 - Price $2.10 v ' '

' A



: , s, i . 1 L 4 ’
. 4- » '
. / ' . . . :, ’ '
Y .o . I k
v N 1
- ' o ‘ ° )
: i Yoo
: /// N
- y o ! [
’ 9 '/'
B .
v H",
;’j
. L . -‘['f_
- ol ,
L - National Bureau of Standards Technical Note 910-1
_ ' © Nat. Bur. Stand. (U.S.), ech. Wgte 910-1, 93 pages (Mar. 1976)
‘. Coe - ‘CODEN: NBTNAE - -
- \\\ . . . -
» - * .
‘ ™
$ -
, ! o ¢
‘y 1

/T : : U.S. GOVERNMENT PRINTING OFFICE =~ " o i
: : WASHINGTON: 1976 ER [

oy

. R S ‘ \ -
S : For sale by the Superintendent of Documents. U.S. Government Printing Office, Washington, D.C. 20402
{Order by SD Catalog No, C13.48:910-1). Prics 8 {Add 25 percent additionsl for other than U.S. mailing).
. ] .

ERIC

Aruitoxt provided by Eic:



. ’ 'PREFACE L t ' ‘. .
! : This 1is the initfal publication of,'a new series of Techpical Notes (910) entitleq , -
"Self-Study Manual on Optical Radiation Measurements." It cogtains the' firet three chap-
ters bf this Manual. Additional chapters will be published, 'similarly, as they are com-
pleted. The Manual is being written by the Optical Radiation Section of NBS: In addition
to writing some of the chapters, 'themselves, Fred E. Nicodemus' i3 the Editor of the‘Manual
. and Henry J. &?stkowski, Chief of the Section, heads the overall project.

T -

In recent yqpfs, the economic-and sd¢ial impact of radiometric meagdremenfb (includfhg
photometric measurements) has increased s ificantly. Such measurements are tequired. in’
the manufacture of cameras, color TV's, copy{ng machines, and solid-state lamps (LED's).
Ultraviolet radiation is being used extensitdly -for the polymerfzation of industgial coat- -
"ings, and 'regulatory agencies are concerngd yith its effects.on the'eyes ‘and skin of )

"~ workers. On the other hand, phototherapy ig usually the preferred method . for the treatment
of jdundice in the rewborn. Considerable attention is being given to the widespread utili-
zation of éolar energy. These are just a.few examples ‘of present day gpplications of opti-
cal radiation. Mosq of these hpplicationﬁlwould benefit from simple measurements of one to

- .a few per cent uncerbainty and, in some eises, such accuracies are almost éssential.; Buf
"this 1is rarely possible. Measutrements by different instruments Qr'techniques commonly dis=

! agree by .10% " to 50%, and resolving these discrepancies is timé-consuming and‘cbgtly.

. There are two .major réhsons for the large discrepancdies that occur. One is that opti-
.cal radidtion is one of the most difficule pbisical quantities to megsure accurately. ]
Radiant ‘power varies“with the radiation parametexs, of position, directidy wgvelength, time,
~ . and polarization. The responsivity of most radipmeters also varies with these same radias- .
tion parameters and with a humber of environmental and instrumental .parameters; as well; '
(Thus,~the accgrﬁte measurement of optical radiation is a difficplt multi-dimensional prob- .
' lem. The second reason is t at, in addition to this inherent* difficulty, there''are few
' medsurement experts available. Most of the. people wanting to make optical rhdiatiop
~ measurements have not been ttained to do so. Few schools have had programs in this area.
v and tutorial and reference mdterial that can be used for self-study 1s only partially avail-
able, is scatiered‘throughou the ligerature, and js’generally inadequate. Our purpose ¥n’
preparing this Self-Study Manhal is to make that information readily accessible in'qn? place .

and in systematic, undirstand ble form. : AR ) > ,

The idea of producing sudh a manual at NBS was deyeloped by one of us .(HJK) in the

] ‘latter,part of 1973. Detailed.planning got upder way in the summer of <1974 when a full-

‘» ¢ time editor (FEN) was. appointed. The two of us wéorked together for about one year devel*

/ " opi g,2n approach and: format while writing and rewriting several drafts ofdthe'first'few
chapterS. These are particula ly important because they will gserve as a model for the rest
of the Manual. During this petiod, a draft text‘fdgfghe first four chapters was distrib- :

uted, along with-a questionnaire, for comment and cr¥ticism to some 200 individuals repre-

senting virtually every technical area interested in the Madual. About 50 replies were . < -~
feceived, varying widely in the| reactions and suggestions expressed. Detailed discussions

were also held witH_kgyfindivid als, including most.of the Section 'staff, particularly. i

those: that will be 'writing some \of the later -chapters. ® In spite of the very wide range of

opinions encountered, all of thils feedback has provided valuable guidance fow the final
decisions about ¢bjectives, contént, style, level of presentation, etc. ) , .,

In particular, we have been \able to afrivé at a clear solution to difficult questions
about the level of presentation. \Both'of us started out with the firm conviction, that,
with enough time and effort, we sHould be able to present the subject sq that readers with

" the equivalent of just elementary ollege wathematics and sclence could: easily follow it.
That conviction was based on our e perience of success in explaining the subtleties of
radiometric measurements to fechnicians at that level, What we failed to consider, how-
ever, .was that, in making such explanations to individuals we' always were/able to relate
what we said to the particular background and immediate problem of* the individual.. That's
Just not possible in.a text intendéd\for broad use by workers {n astronomy, mechanical
heat-transfer engineering, illuminatfion engineering, photometryi-meteorology,'pho:orbio;ogﬁ
and photo-chemistry, opticals pyrometry, remote. sensing, militaty?infrAred'applicationp, etc.

. To deal directly and explicitly with éach individual's problens in a cook-book a?proach

111 - T e o |
ot . "‘ ' e
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oo ‘ ’ = P . : . T 1 .
o would requife an impossibly lafge and unwigldy text.- So we must faii back on general

* pr!nciples which immediately and unavoidably require moxé knowledge and familiarity with

- sciqnce and mathematics, at the level of a bachelor's degree in some hranch of, science or
A engineering, or the: equivalent in other t:aining and experience. . .

A ] - "1-:

-

"In ‘its present form, the Manual is a definitive tutogial treatment of the subject that
is complete enough “far self instruction. . This 1is what 1s meant by the phrasé self-stuay
in the.title. The Manual doés not. contaig- explicitly programmed learning steps as that -
phrase sometimes denotes. In addition, through detailed s yet concisej chapter Summaries, ‘.
v the Manual 15 designed fo serve also,as a cénvenient and au horitative reference source. .
Those already fjmiliar with a topic should turn immediately Yo the summary “at the end of,
the appropriate chaptef. They ‘can determine from .that' su y what, %f any1-of the body

, o ' of the chapter they want to read‘for more details. . ) . L
* ' . 4 "u" ~ .
The. basic approach and focal point of the treatgent this Manual is the measurement
— equation. We believe that every measurement problem should be addressed with:an equation

. - relating the quantity desired to the data obtained through a,detailed characterization of
) the instruments used and the radtation field observed in terms of all of the relevant
. parameters. The latter always include the- .radiation parameters, ds well as environmental
and instrumental parapeterg, as previOusly pointed out. The obJective of the Manual is to
develop the basic concepts ‘and characterizations required so that,the reader will be’ able -
to,use this measurement-equation approach~ It is our belief/that " this is the only way that
. uncertainties in the measurement,of optical radiation can gg(erally be limited to one, pr
- at most a few, per cent. . .. '
. . 4
Currently, ' the Martual deals only with the classical. radiometry o€ incoherent radiation.-
The basic quantitativesrelations for the propagation of energy by coherent radiation (evg.,
¢« | laser beams) are: just being worked out [1,2,3,4].1 Without that basic theory) a completely
. .satisfactory general treéatment of' the measurement of coherent (including partially coherent)
' optical radiation is nét possible. Accordingly, in spite of the urgent need for improVed
measufements of laser radlation, we won't attempt to deal with it now. Possibly this’sit- ¢
. , “yation will be changed before the current effort has been completed and a supplement on
laser measprements can be added - .
) As stated above, we first hoped to prepare this Mahual on % more elementary level but
" ) +found that it was impossible to avoid making use of both differential and integral calculus
. of more than oné variable. ‘However, to help thase that might be a bit "pusty” with 'such
' mathematics, we, go:Back to first principles éach time a mathematical concept or procedure: !
vbeyond those of simple algebra*or trigonometry is.introduced. This should also throw addi-
- tional light on the physical and geometrical relationships involved. Where it seems inmap- .

! propriate to do this in tha text, we cover such mathematical considerations in appendices.
. )I; is also assumed that the reader has had an introductory college course in phy51cs, or -';
! ~  ‘the equivalent. S . . s . R

\ - .
. « N

The Manual is.beingdorgahized‘into three barts, ds follows: ..
Part I Goncepts ) o ) L - e - . RN

'J' Step by step build up of the measurement equation in terms of the radiation parame- -
) ters, the properties and characteristics of sources, optical paths, and receivers, and the’
S \ . environmental and. instrumental parameters. Useful quantities are defined and discussed g
' . and their .relevancé to various applicgtions in many different fields {photometry, heat- . 4
transfer_engineering, . astronomy,‘phod?-biology, ete.) is indicated. However, discussions af ..
_ actual .devices and measurement situatioms’in this Part are mainly for purposes of® illustra-

; ting concepts and basic prtnciples. 5 .

] . . ot
N ' .

Part II. - InstrumentatiOn o L . '
N~ _ Descriptions, properties, and other pertinent data concerning'typical instruments, ..
devices,, and components involved in common measurement situations. Included is materia

LN

an - ‘ “ »:

1Figures in brackets-indicate litereture references listed at the end of,the Technical-Note.

’ . dv

. . . . 1 '
R . . 7 » - P
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) dealing with sourceé, detecgors, filters, atmospheric paths, choppers~?;h&‘§;her types of
L ptical modulators), pri » gratings, polarizers, radiometers, hotometers, spectro- v
. q sms ) ) . «
' radiometefs,'spectrophotomete;s, etc., . , . . . . B
v ',_) i R . . . . . - : ’ ’ J . .
Part III. Applications - ] * . o . »
" Measurement techniques fo achieving a desired level of, or improving, ‘the ac uracy .
. 3 T 0 S S~

_of a medsurement. Included will be.arvery wide variety of examples of environmental and
instrumental parameters with discussion of their effects and.how to deal with them.' Thig
‘48 where we deal with real measurements id thé& real world: The examples. will alsp be
drawn from the widest podsible variety of areas of application in illumination’englineering,
xid}ative heat transfer, military infrared devices, remote senéing,‘meteorélogy, astronomy,

Te

, photo-chemistry apd photo-biology, etc. . s ) s
. ot Individual chapter heaé}ngs hqyé“beeh assigned only to the first five chapters: . - -
Chapfer 1. InﬁroQuction - . ) v
. - ‘ v . o O . _ ..
, Chapter 2. Distribution of Optical Radiation with regpect to Position®and -
: C Direction -- Radiance . . o .- N
~ v L [

Chapter 3. . Spectral Distribution of Optical'Radiat;bn

€ .

Chapter'é. Obtiéql_RadiitionzMeésuremehtsm-- a Measurement Equatton
. . e * [

Cﬁhbter 5. More on.the Distribution of Optical Radiaiion witﬁ respéét to
. ~ /- Position and Direction

¢ t

.- Other subjec:s!definﬁ;ely planned for Part I are thermal radfhtion, photometry, distribu-
" tion with respect to time, polarization, diffraction, and detector’concepts. It is not our
intentfon, how ver, to try to completé all of Part I before .going on to Parts II and III.
- 'In fact, because we realize that a great many readers are prapably most interested in the
material ban applivations to appear in Part III, we will .try to complete and publish some
chapters in Parts I and III just as .soon as: adequate preparation has been made in the
earlier chapgters of ‘Part I. However, becatse pur approach to radiemetry differs 50 much
‘from the traditional treatment, we feel that unnecessary confusion ‘and misunderstanding
can ‘be avolded if at least the first nine chapEéEs of Part I .are published first and 80
are;availnbleﬁtb'rsadegs of later chapters, . < : :
R S .

F&pallyj,ée_iﬁﬁfﬁe{tﬁe reader to Submitlﬁomments; criticisms, and suggestions for
improvitig* future chapters in this Manual. - In particular, we welcome illustrative examples
and problems/from as'widely different areas qf.applicapﬁon as possible. ’

o
As preyiqusly stated, we are indebted to a great ﬁﬁny individuals for invaluableé
< "feedback" that has helped u@s to put this texsy together more effectively. Notable dre the.
. ~ "inputs and'gn#qurégemenqifrom the Council on Optical Radiation Measurements (CORM),
i éspeciallynthe SORM Coo:dinati}s, Richard a%, Becherer, John Eby, Franc Grum, Alton R.
' Karoli, Eﬂﬁn;d< . Steeb, and Ro¥ért B. Watson, and 'the Editor of ElectrosOptical Systems
- DEsign,lagﬁert D. Compton. 1In ddition, for egditorial assistance, we -are grateful to . , =
, - Donald A¥ McSparron, Jbsbph C. Richmond, and John B. Shumaker, ard particularly to L
- Albert T. Hattenburg. °~ . - . o . Lo ;

.‘\

i We aﬁéfespeéially,grateful to Mrs., Betty Castle for the skillfil and copsclentious
effort that produced the excellent typing of this difficult text.” We also want to. thank ' -
Hepty J. Zoranski for his capable help with the figures. ‘ ) PR

carY S soransii g L b ) .
[ ' R : . ' ) L o
N ) . Fred E, Nicodemus, Editor

Henfy'J;,Kostkowski,:ghiéf,.'
. Optical Radiation Section.
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SELF-STUDY MANUAL on OPTICAL RADIATION/MEASUREMENTS
' This ig the fottial Dublicﬁtiqnsof a new.gertes of Technical Noges
L (910) entitled "Self- Study Mapual 8n dptical Radiation Measurements."
- It contdins the first threé. uhaptbrs of’ this Manual. Additional chapters
< will be published, similarly, -as: they are’ ‘completed. The Manual is a
s et : definitivewtutorial treatment, of the ‘weasurement of incoherent optical
A radiation that ;is’complete’ enqugh f6r self instruction. Detailed chap-
1 ;. ter summaries make it also a .copvenient authoritative, reference source.
-'8:‘-' “‘“ . .
The first.chapter.is ah. introduction that includes a desgcription . ,
of opticdl radiation and the‘%ay approach to its treatment in this Man- 'ﬁ‘J
{ -ual (based on geometrical optics), a discussion of relevant parameters
‘and _their use in a meagffement ‘equation as a systematic. technique for
uabalyzing measurement pYoblems, and a presentation of the system of ! .
> - units and nomenclature

6. n

e The second - chapter, on the distribution of ‘optical radiation with
. respect position, and direction, introduces the basic. radiometric .
R o . quantity,.radiance, and its important invariance-properties It is Ea
: ] . shown how tg determine the total power in a beam from the radiamce ;
. . " distributien and to determine the distribution of radiance at any .
e . surface, through which.the bkam passes, in terms of the distribution
i o At any; other' surface - that also intersects the entire beam.
e . ’
Lo ey * The third chapter, on.the spectral distribution of optical radia-
w ' T tion develops the ° concept of spectral radiance. ?Its invariance
: ypx‘bperties.and the evaluation of flux in a beam-from a known distribu--
tion of spectralk radiance are developed in a treatment parallelling
RO that for radiance in Chapter 2. .
. Sy -~
PR B ’ Theae are th& first chapters of Part’ I in’ which are developed
Tt ot WL ‘the basic concepts, essential for the- subsequent discussions of
R " instrumentation in Part II, and of applications in Part II11.

s

8 .

- Py Key Words Optical radiation measurement, photometry, radiometry,'
T spectrbradiometry
'ffart,lg Concepts '; . . - ~ AR ;fi" ’ v - .. {
. 192 . ° . ! . . N * i
}l.’;:-éhapterrl. Introduction }'1 . :i _' ; _ o ‘.K\'
. | - by Fred E Nicodemus, Henry J J(ostkowski, andﬂ LY |

e B Albert T. Hattenburg
' 9

"fn this CHAPTER.. We describe .optical radiation and the ray approach to its treatment ind.

this”Manusl (based on.geometrical optics). We discuss'relevant'parameters and their use
We o in a measurement equation as a. systematic technique for analyzing measurement problems.- we‘

e also present the system of units and nomenclature used herein.

OPTICAL RADIATION - Energy propaglted in the form of electromagnetic waves or particles

(photons), which can be reflected, imaged, or disperéed by optical elements, such as . «
mirrors, 1enses, or ptisms, is referifed to here agsoptical radiation. In the' spectrum of
electromsgnetic waves,‘ hown in figufpe 1.1, 'optical radiation lies between x-rays and

S microwaves, i. e., in the interval from about one nanometer to about one millimeter 1

w ', B . S v ) ' B .
.;,_ﬂ' M — T E , A N
it 'ICommonlyLused physical units and symbolse ade listed in Appendix 1.
<. R - _ . Jo. C
AR . ‘ . . : . ] ) }
ca . . I
BN . )
R PR TR . Lo ’ 4 !
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The most familiar port!on is visible light, which lies between about - 400 "and 700 nano-
meters, the approximate limits of the human-eye } response in full daylight. None of: these
limits is very sharp; only approximate boundaries exist between the wavelength regions of
figure 1.1. '

< N ~

" Physieal theories and models of physical phenomena are abstractions or idealizations !

that . approximate, more or less, what actually takes place in the "real" world. TFor exam-’

ple, Newton 8 laws of motion are quite’ adequate for depling with most ordinary mechanical
,devices of everyday experience.' But in cases involving atomic particles or astronomical
bodies moving at very high velocities, the more sophisticated relations of Einstein's theory
of relattvity are needed. Quite possibly that theory, 1n turn, will be found to be only !
approximately ttue and will need to be supplemenled for certain applications.apy still more s
sophisticated treatments. Similarly, there -are. three approaches or models for dealing withy
optical phenomena, each with its region of useful validity. They are: geometrzcal optics'

(ray optics), physical optics (wave optics), and. quantum optics (particle optics)

The simplest approach to optics,,and the one used in this Manual almost exclusively, is
that of geometrical optics or ray“optics. It accounts very well for the way in which opti-
cal radiation is propagated from most common sources, such as incandescent lamps (light
bulbs), fluorescent lamps, arcs, discharges, light-emitting diodes (LED's), and laboratory
blackbodies. However, geometrical or ray optics can't account for the patterns (diffrac-
tion or interference) which are produced at the edges of certain shadows, in focal regions
whére rays sharply converge, or by devices called interferometers. Then we require the
treatment of what is usually called physical optics or wave optics. Finally, when we deal
with interactions with matter in microscopic detaif!tit is necessary to recognize that
energy exchanges take place in discrete amounts. Then we find it useful to consider opti- ¢
cal radiation as being propagated in discrete ' ‘packets” or photons, whose distribution in -
large numbers produces average energy distributions in time and. space corresponding to the
waves of physical optics. For our purposes, it 1s adequate to treat "classical" optical
radiation measurements or radiometry in terms of geometrical optics, with occasional rec-
ognition of wave-optics or quantum—optics phenomena as perturbations of the ray‘gftics
relations. Both.geometrical ‘and physical optics are based on the wave theory of light,'
although they can also be reconciled with' corpuscular theories. The distinction between .
them involves mainly the phenomenon of coherence. '

électromagnetic waves consist ofbperiodic variations in interrelated electric and mag-
netic fields, variations that are periodic in space along the direction of propagation~and
in time at any sifgle point along‘the path. Emission of electromagnetic radiatiorn can be

_considered as involving oscillations of individual charged particles in the atoms Or mole-
cules of the mAterial of the radiation source. 'If these are random oscillations, such as
those produced by thermal excitation in" heated matter,. the resultins waves will be similar-
- ly random in phase. Then they will’ combine and propagate ds incoherent radiation that 2

~obeys the laws of geometrical optics, where waves passing throUgh the same point in dif-

’
ferEnt directions seem to be completely independent of each other and do not interfere.’
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However, if the particles are somehow made to oscillate together, "n' ‘step" with each
other, ‘the resulting waves w e coherent. They will have consistent phase relations

so that they reinforce' or ca:ztlbeach other over many periods of oscillation, producing the
interference patterns that deviate from the laws of geometrical optics. The relations

based on geometrical dptics do not apply, in many instances, to strongly coherent radiatipn

> .

such as that produced by lasers. However, as previously stated we can use geometrical

‘optics almost entirely in connection with measurements [ -common sources, such as those

'listed, treating the wave- and quantum—optics phenomena é occasional perturbations.

1

4 -
This- Manual will deal principally with incoherent optical radiation from about 200 nan--
ometers to about 20, micrometers We will exclude, at least initially, all laser radiation

(see Preface) and the vaguum-ultraviclet and far infrared spectral regions. For brevity,

e '11 refer to this redu d region of incoherent radiation as just "optical radiation

A °

The MEASUREMENT EQUATI N. Every measurement of optical radiation‘Jnvolves a beam of radi-.

ation originating at a source, propagating atoﬁg an optical path and impinging upon a.

* radiometricsinstrument. The source may emit radiation or it may be an irradiated object

that reflects or scafters radiation incident upon it~ from another source. The propagation
path may traverse a v;cuum, or it may pass through a number.o;.different meédia and involve
a variety of interaccions with matter, such as reflection, refraction, scattering, pbsorp-
tion, and even emission (by fluorescence). Finally, the radiometric instrument can take
many forms, e.g., a bare photocell or a sophisticated spectroradiometer. Two measurement
configurations illustrating different combinations of some of these possibilities are shown
in figdtes 1.2 and 1.3. They are not intended for detailed comprehension at this point but
only to emphasize the wide range of complexity that can be encountered. We can cope with
such complexity only through’an orderly, systematic approach, and our approach is based on

a measurement equation. ’ ) . v " o -

The measurement equation is ‘the mathematical expression that quantitatively relates the
output of a measuring instrument to the radiometric quantity that 1is being measured, taking
into account all of the pertinent factors. contributing to the measurement result. The main

3
part -of that méasurement equation relates the radiafon input at the receiving aperthre of

" the instrument to the resulting output in terms of the instrument responsivity (output

signal"-per unit incident radiation input).- The complete equation also accounts, as

.needed, for, the effects of interactions between matter and radiation at the source and

along the optical path of the radiation beam_as well as at .the instrument. Setting all of
this down systematically in a quantitative equation helps to insure that all pertinent

factors will be appropriately considered and will not be inadvertently oVerlooked It ’

~also ‘facilitates the evaluation or estimation of the effects of indiv{dual parameters by

the investigator in order to achieve ‘needed simplifications The complete equation is

usually unmanageably complex until simplifying data or assumptions are introduced to make
it tractable. Fortunately, the effects of a number pof parameters or variables will often
be negligiﬁle; the effects of others will be small and easily evaluated. The basic prob-

lem is to identify and accurately asser the effects of all significant factors, making

: e | N
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N simpIifications wherever, possible in order to obtain tyactable expressions. The measure-'
ment equatioq provides a mechanism for approaching this systematically, thereby minimizing

- a

the chance that any significant factor)will be inadvertently overlooked .

.The quantities used in the measuremént equation are expressed i terms of the radiation
parameters and pgrtinent instrumental and environmental’ parameters. The distribution of
radxant power (radiant energy flow) or flux in a beam of incoherent optical ‘radiation is
completely described or specified in terms of five radiation parameters: position, ddirec-
tion, wavelength, time, and polarization. The measugement of optical radiatioa is a multi-

L t.-v; dimenSional problem that always involves these five variables and, pgssibly, others as

- well The strength of radiation .can be different’ at different points in-space, in differ-

| " -ent directions from any one point, for different wavelengths, and for different polariza--_g
tions, and it can vary greatly with time. In addition, the interactions betweenJradiation
‘rand matter - absorption, emission, scattering or reflection, and refraction>-- may also “
depend upon.. these same five radiation parameters. Lnstrumental and environmental param-

eters may also affect a measurement (e. g.,.temperature, humidity, magnetic fields) Al-

though they can t be so conveniently and exhaustively listed we '11 try to provide system-
a%ic approaches for identifying and dealing with all: those of significanoe in a wide‘ T

v . variety of situations, particularly when we reach Part III Applications (see Preface) N
. a AN
UNITS and- NOMENCLATURE A mechanicar englneer, concerned with dissipating frictional

heat, wants to know how much energy flows away from’ ‘an exposed hot surface as optical
v(heat) radiacion. He is concerned with the rate of elergy flow -- the power -- in the .
radiation beam, usually expressed in: watts. ﬁn atomic physicist, cbncexned\wdth the light.
emitted by individual particle interactions, wants” to know the number of photons flowing
in a beam, the number of quanta per second. An illumination engineer, trying to provide
’adequate lighting on a. desk for .comfortable and efficient reading and writing, measures .
light in terms of its effect upbn the average human eye, using lumens! for units. Thus,
there are different ways of. stating the amount of optical radiation determined by a meas-
urement;. we can use different units “of flux, the general term for the quantity of radia-

4 tion per unit time flowing in a beam.

This Manual will be mdinly coqcerned with radiant pdwer measured in watts. LJLens and
related units are used when. discussing photometry, and photon flux is utilized when we are
concefned with the quantum aspects of interactions between radiation and matter. It can-
not be too’ strongly emphasized, however, that everything said here about the fundamentals

. “of radiometry, even though stated in terms of watts, applies equally to gll forms of opti-
cal radiation measurements. For example,,the measurement of illumination for application
to vision needs involves all of. the fundamentals, not just those discussed in the chapter
on photometry. And, conversely, there is much that is. pertinent to, say, military appli—
cations of infrared radiation in' that chapter on photometry. After all, photometry is -

PR e

Just the_measurementvof optical radiation with detectors having a' specified spectral gt

R . . . ) 7 ‘ . ‘;‘

: "1 The lumen 1is defined and discussed in a lateY'chapter on "Photometfyfn = .
s,.v,.,,al. . .‘ - ' j A :_-
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'responsiVity-that is related to that of the~human eye Accordingly, ‘the problems of photom-
etry ﬁre many of them, equally pertinent to measurements with other spectrally-selective
sensors, many of which ‘are used extensively in the .infrared.. Also many military infrared

'devices, e.g., night-vision devices, have visual displays where the photometric considera-
tionS, .as —suc”ﬁ’ are directly applicable. It g all optical radiatiof* in spite of differences

3 . e

in terminology and units. C ol h . LR
¥ ‘\\~

As a matter of fact, ‘the great diVerSity of nomenclature that has grown from the use of

~

optical ‘radiation measurements in sq many different fields of application is a perennial
problem Different terms are used for the'samq-concept and, conversely, the same term is
often.used for different’ cbncepts We will employ, ag much as possible, the nomenclature
of the CIE International Lighting Vocabulary [5]! as the most comprehensive and least con:
troversial authority available Exceptions will be clearly noted when we do departﬁfrom-or
_add te the CIE nomenclature -at times when we find ic inadequate We will also 50 mention
alternative térms and practices that aré widely 'used in the literature where, at’ least: for
I a long time to come, complete standardization in so many ;ifferent areas of application
FJust isn t going to. take place. For example, it will be a long time, if- ever, before'
astronomers stop using star magnitudes 2 Accordingly, others who need to use published - .
5' star ;adiation data must learn to convert, them to the equivalent values of point brilliance
. or of illuminance or irraaiance 3 - [ )

Ce

’ One‘ofﬁthe most useful techniques-for 8oping with th

unavoidable diversity of- nomen-:r
clature is the regular use of unit-dimensions ang routine unit-dimension-consistency checks
for all radiometric quantities and -their mathematical r ationships [6]. This Manual will
follow the practice of associating the proper units:and-their dimensions with each physical .
quantity that ‘enters into ah important, equation.‘ ‘This will fecilitate verification of the
consistency of the unit—dime§1sions of the final result. All unit symbols are.enclosed in *
square brackets to emphasize their diménsionality in this connection Standard Y units

and symbols aré used wherever péssible snd exceptions are noted 3

- SUMMARY of CHAPTER 1. Optical radiation is defined as energy propagated as electromag-

‘netic waves or photons which can be manipulated ‘and studied by optical elements (e g
"mirrors and- prisms) - fThis Manual treats incoherent optical radiation in the wavelength
" region between approximately 200 manometers and 20 micrometers. The method of treatment

employs geometrical oplics or (ay optics ) *

Incoherent optical radiation is completely specified in terms of the five radiation
parameters: position, direction -wavelength, time, and polarization Its interaction with
"madter, as it travqrses an aptical path and is directed and measured by anqlnstrument is -

also governed by these radiation parameters, as wéll as by environmental and instrumental
. N ) ; ) ) .
. . Yo )

Lon 1Figures in brackets indicate literature references listed at the end of the Technical Note.

2A star magnitude is a logarithmie unit of incident flux per unit area.

- -

3See A dix 1. - ’ o ) ) : o
. -ee ppen | 21 | o

- . : . 8 . ‘ ~
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pardheters that cannot be exhaustively listed. The quantitattVe interrelationship ‘between

the incident radiation and the measufed result in a measurement equation, in terms of all®

J

relevant parameters, 1s the basic approach in this Manual. The complete measurement equa-‘i

tion, us aIly too ¢ plex for a complete general solution, facilitates the evaluation of
e LR

the effects of simplifying data and asSumptions used to obtain more tractable expressions

for particylar applications. It provides a systematic approach that’ helps to minimize the_

chance that any | ifiqant factor ~may be inadvertently overlooked

. . o n
) \ - g

S Radiometric ralations are usually given in this Manual in terms*of flux in watts, With °

photometric and photon-flux quant//igs .dlso employed when appropriate. Nomenclature-_v‘
follows the CIE system, with exceptions ‘and additions noted and with alternate terms also .

. supplied, if they are widely used. Unit- dimension checks are recommendad for dealing with

nomenclature confusion and diversity; §J units’and symbols are used wherever possible and

exceptions are noted. b T o et
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Chapter 2. Distribution of Optical Radiation with respect to Position
- L and Direction -- Radiance.

‘ RN R »

f{

s S ’ .« by Fred E. Nicodemus and Henry J Kostkowski.

¢

ﬁj)n this CHAPTER. We introduce the basiQ radiometric quantity. radiance » This quantity »

allows”us to‘explicitly character distribution of radiant power from point to point.’

and direction to direction throughout Ajleam of optical radiation.. This is particularly
important when both the power distribution and the sensitivity (responsivity) of a radi-

f ometer used to measure this power, are non-uniform or non-iﬂbtropic'_ We also show how the ..

' total power in the.beam can be obtained from the radiance distribution Finally, we show
how to determine the distribution of radiance at any, surface, through which the beam passes,

in terms. of the distribution at- any other, surfa¢e ‘that also intersects the entire beam

kﬁe OPTICAL-RAY APPROACH In figure 2.1 we see a side view of a lamp with a f1
t ngsten-ribbon ‘filament,- and- a detector-receiver that de irradiated by the lamb

glowing, .

"¢ -dypawn. from a point on the lamp filament to a poi on' the receiver surface wepresents . th

optical radiation,originating at a small -area el_ ent around this point, propagating along
the Iine dtayn, and impingingaon.the-receiver ared e meht Thus a ray is a line or dir
tion alona\ which optical radiation flows. In-tq

that particular part; of the light waﬁe is trave&ing

" From experience, we know that differunt p ts oE the'’g iﬁg tqﬁgsten surface will not

. appear equaily- bright to .the eye. The ends o the ribbo'n f,ﬂament, ixe cool éthﬁn the rest
80 point 1 in figure 2 1'will typically be.b ighter thanfpggnq¢2, Muoreoverf\}pough to a
lesser degree, the brightness of any point, guch a@s point 2, will ﬁ&sm-chaogé'with direc—

tion._ It will be different when yiewed froy directions a, b, and. ¢. Thus, the positional" .

Vi and directional distribution of° optical radAation can bé as ciaeed vith rays. 1f we can

find a Way of associating ‘a definite quant'ty or concentratfon of radiant power or flux with

each ray. This can be done Jthrough the q antity"called radiance a concept which we now

tity luminance and are aPPIOximately the same as those of the familiar psychophysical quan-
tity brightness. Radiathe pertains to flux (amount of radiation flowing) measured in watts

: or other power units, and luminance o flux measured in lumens, units that are related to
standardized eye response (defined nd discussed in the chapter on Photometry). Brightness

. is related to luminapce in that in andescent sources of equal luminance ﬁsually appear.

L , equally bright. However, a common/* optical illusion" shows that the apparent brightness of

an area can be strongly affected by a background or surround" of a different brightness.

Also, the familiar photographic "gray scales,” with steps of apparently equal brightness
"+ difference, actually have luminance
._a logarithmic scale of luminance or

radiance steps of approximately. equal ratio i e.,

adiance Introduction of "color makes things even more
complicated. A completely satisfac_ory theory still eludes “the experts in colorimetry and

vision research.

Prie
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RxaIANGE,(EhTOQEh two apértures). Consider; an experiment (figure 2, 2) with a large-area
visible-wavelength source that appears uniformly bright from all directions, two black . .
b screerts each having a small aperture,’ and-a photocell next to the second _screen. ‘Thp pgot: <
tocell responds to all the radiant power reaching it from the source through both apertar .

The beam from source to photocell -consists of all rays-in the shaded region betweeh the
extreme rays through both apertures, as shown in .the figure. It fs assumed that .the medium

. (a$r) 1s perfectly transparent, with’a negligible ldss of radiant.power from the beam by

scattering or absorption. If the power A¢ in the beam is measured for different aperture

] 'afeas‘ 8A) and_ 0AA; (perpendicular to the plane of figure 2.2), and for different dis- )
-

tances D between the apertures, it is found, over a wide range of values, to be propor-

tional to the quantity . Y

N . DA -2A, - '
. . ! Lo - . (2.
" p? CLE : . o
. N . \
- The measured power or flux A4¢ also changes .when the brightness of the ‘source changes . We

denote the radiodgtr quantity that corresponds ‘to that brightness by the 1etter L. Then
we can- write ) . '

,'.:; o AAI.AAZ .
. ) o P 49 = +L - T (2-2)~

Also,, if the apertures aren't kept perpendicular to the central ray through both of them,
we find that the measured flux also varies with the cosines of the angles of tilt, shown in
figure 2.3. This makes. our final expression

. AAI‘COSQI'Mz‘Cosez B

v A6 = L =2 . _[w].1 - (2.3)

Ve

Next we note that, holding the apertures fixed, the measured flux doesn't change when the
source is moved farther away from, or closer to, &he apertures or tilted juso as long as
all rays in the beam through both apertures come from.the uniformly bright emitting surface.
Only if we change the source go that it is no’ longer uniform and isotroﬁlc does -the meas-
. ured flux vary with the position and orientation of the. source. We can again mahe the -«
measured flux less sensitive to source position and orientatien, at least to small shifts,

by making the apertures AA; and AAZ small compared to their separation distance D and

LY o
. small.compared to the distances on the source surface between points of significantly dif-‘“
ferent brightness. *
The experiments show that the quantity L 1s not only related to the source brightness
but also to the small bundle of rays leaving the source in a region of uniform brightness. .
In fact,. it appears to have the same value anywhere along“such a bundle of rays Its value
*
can be obtained for our sample situation by solving eq. (2.3) for L, - thus:
- ) . . .
e ‘
T i : \"\ . (@
liw) denotes unit-dimensions of watts (see Appendix 1).
. A o o 12 ,_,", - . \
- s A ; T )
. 25 | o .
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.2
L’ = 49-D” , . - - 5(2.4)
AAl-cosel-AAz'cosez : :

Actually, careful measurements, and measurements with sources of more uneven brightness,
shoq that these equations yieldqonly average values of L. On the other hand if we try to
qevaluate' L for .a smaller beam, representiné’just a portion of the larger beam, by making
the apertures smaller_and the distance’ D larger, wt reach a point where there 1s no long-
er enough power in the beam reaching the photocell to make a measurement at all.  Even
before-that habpens, we may encounter diffraction efﬁects where our'geomecrical%optics model’
of propagation along rays no longér adequately-describes the situation. Nevertheless, if we -
" are careful to observe the limitations of geometrical optics, not applying our equations,
without corrections, to situations involving significaqt diffraction oﬁ interference effects,
we can obtain relations having a very wide useful range of,aguiiﬁgtion by the mathematical-
analysis methods of calculus. "To do this, 4ge.assume an underlYing gontinuous distribution
of flux among the rays of the radiation beam, even when the’ apertures are made arbitrarily

small (7]. v ‘ B 4
* We define the quantity L, then, as the limit of the quotient of £flux A%, passing
through both AA; and M4y, by the geometrical quantity (aA;- cosel-AAz cosez)/Dz as

’ o AAy and AAZ are made smaller ‘and smaller. This is written

U "

‘ Lim ' . >
N UE _ L= aapo0 Y @)
o ’ AA2+ Og{“(ﬂkl cosel-AAz'cosez)/Dz ‘

' v >\ ;:\
But this is just the defining equa:‘ion ggt\:\a second derivatiVe, 80 that
. LI A : -

. YrEs o
‘ LR Ak :
L = . . (2.6)
’ ' cosfy *cosdy . '
d.Al'dAZ' Dz .

4 -

In the limie, asvthe apertires becqme vanishingly small, there remains only a single ray »
through both of.them, sa radiance, so defined, is associated°with an elementary'beam col-
lapsed to just a ;in;le ray. "This doesn't mean however, that it's ever possible to actu-
ally measure the radiance of just a single ray. Real measurements always involve apertures
and beams of finite dimeusions, as in eq. (2. 4), which then yield only average values of
radiance Such ‘an average.value equals the actual radiance only when the beam is completely

3

‘uniform and isotropic with all rays having exactly" the same value of radiance.

.There’ is now no limit to how large the.apertures may be. -3y using integral calculus,
we can'relate the ray-radiance distribution to the total flux,or power flowing in a beam of
y size. We begin by imagining that each large aperture is divigded into mary amallaareas,

e h small enough so that, through any palr of these small areas (one in each aperture), ‘
thats,

. all rays have the same radiance. The flux\xhrough each such pair of small areas can be
' - oo o R '?v !
- SRR B T

Ve .28
O
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calculated by eq. (2.3) and the results added up, for all such pairs to account for the full
area of each aperture, to obtain the total flux in the entire beam. A simple example of
just three small areas in one aperture and four in the other is illustrated in figure 2.4.
Then if, for example, the flux in the portion of the beam betweey area 2 of the first aper-
ture and area 3 of the second aperture is designated as-« Adj4, we can write the expression

for the total flux in the beam through both apertures as "
J ' - ¢ = A%, ¥ A¢12 + A¢13 + A@lu ¥

A@zl + A@zz + A@23 + A@zq +

8031 + 8032 + 8033 + 03, ' ‘ 29

The flux in the beam through each pair, in turn, is evaluated by eq. (2.3).~ This is 1llus-
. trated for the pair AA in the first aperture and AA, 1in the second aperture, in fig-

0

ure 2.5 and the following expression.

. AAI'COSelu'AAu'COSeul . ) . ’
S A%y = Ly : 5 M . i (2.8)
) « . ] D 1"'0 . . . © .

:

More’ generally, if each aperture is divided intq-an arbitrarily large numbeq.of small areas,

. the first into 1 areas and the second into, j areas, the total flux in the beam can then

, . be written as _ . . ) A
j . ’ . L] .
o Tao, = Y. Ty L
T s 1y 11 13 D2 : ARl ,
® . 4 1 11 \ o
. ' S - ’ .
Again using calculus, we let the areas 'AAi and - AA‘1 become arbitrarily small so the num-"'

bers 1 and j become, at the same time, arbitrarily large. This is written as

Lim : ' . : .
. , - A S 5
g L ' ¢ = MA+0 izjmij Wi, (2.10) ,
- , ' AA+ 0 o ‘
< { > o
* j-)m-

where E A@ij can be expanded as in eq. (2.9). This is simply the defining equation for

the double integral over the two apertures

.
v

’ _ : _ .+ cosf)°cosh, ' " . TS A
¢ = f f- L. 3 * dA,+dA, [W]. RN ¢35 )
s Ct TAYA D . : -
- M v
. ¢ g : . : oy ’
¢ - In practice, if we know both the radiance L and the slant distance D along the ray

between the area elements dA; and dA; as functions of the position coordinates of thoge
elements over the full areas Qf both apertures, the integral for the flux. ¢ can be eval-

uated, at least on a computer. Usually, however, we try to make measurements under condi-

i
tions here the radiance L- is the same, or .approximately so, for every ‘ray through both ' 44
apet{ures._'Then, as a constant, it can come outside the integrals, leaving : e
> . -
4

e.',"'- , .'.""’2';6 ) /
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Evaluation of these double integrals can become quite complicated However, integrals of

- this type have been evhluated and tabulated ‘fot’ many-different geometrical configurations,

with different sizes, PBhapes, orientati

and separations of A1 “‘and Az, as we'll see

in more detail-in Chapfer & and the acc ‘.ying Appéndix 3.

RAY RADiANéé (at a point in a direction) The defining equation for radiance, eq. (2.5),
can be written in a different way by recognizing that (AAz-co,%ez)/D2 = Mwyp 1s the solid
anglel’ ‘In stéradians. [sr] subtended at AA1 by AA, as shown in figure_2,6¢ Accord-.

" ingly, radiance can alsolbe defined as: - -
. . Lim R
‘o : " L= A0 A s I

8w > 0 AA+cosf-lu

N o . - d%

- v . -2. -l.__'. .lv .‘ .
.dA-cose-dw (Wem sr:,]. - . } (2.13)

In this form it is easier to recognize that the units of radiance aré.watts per square
meter and steradian, as shown. This form is also more general, since it defines L at a
’ } point*in the direction of a ray through that point, rather than ‘between two - points " with
'this approach we need not assume e perfectly ttansparent medium with no attenuation between

the two points However, we have presented both approaches because this concept, involving

simultaneous variation and. distribution’ of flux .in both position and direction, 1s a diffi- |

cult one. Many find the first approach easier to understand while others prefer the second

“ .approach which in any event, has definite advantages for many applications.

‘

Radiance is a ray-associated field quantity . What this means 1s that its value’depends

on the point in space where it is evaluated and - '.the ray direction through that point.;

It»is the concentration of propagated optical f _ or power, with respect to. both positidﬁ

P and direction,,as a, function of both position é, “direction. We'll define it more .explic-,

itly in mathematical terms and use the definition to relate the radiance along an emitted )

.ray at the surface of a source to its value at subsequent points along that xay} particular— "

1y at the oint of dAncidénce on the: surface cf ‘ receiver At the same time we develop -f,'
P Qe :

the concept of the element of: propagated flux hssociated with each ray as the* product ‘of- .
(1) the radiance and (2) the associated elementxof throughput, which is’ also defined. The
distribution of these. quantities, as functions of position and direction, incident ‘on the uf
* receiving aperture of a radiometer or radiometric demice ‘can then be combined with the flux™
responsivity of the instrument, which may also be a Function of position and direction of -
o fthe incident flux‘element, to obtain the’ 1nstrument output in terms of the incident radia- "’

" tion input and ‘the spatial parameters HOVever, we‘won t take that step until Chapter 4._»“5'
The precise, explicit definition of radiance [8] is given first in words and then

’ . . :
\' o ' b

;"- . lgee Appendix-2 for definition andrdiscussion ofithe concept of solid angle..

v 7 .
Y.
. .

) .b T . “ 19 . S ‘ . E .
fl,}? b f’_ : 32 .;_. l_:f
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mathematically (refer to figure 2. 7). The radiance at a point on a surface'in ‘the direc-

. ‘tion of . a ray through that point is defined as the, radiant flux or power per unit projected-

area—perpendicular-to—the—ray-at-the—point ‘and unit solid—angle—in—the-direction-of the-

ray-at-the-point - '_4]’ v . _?&ﬂ o
3 : ' : d2¢ 8 L s | |
- N L(x,y,e,¢) ,5‘ dA':ose-dm) [W-m-ZA.s]:']'],t ‘ (2.14)
e T coe ) . - 1 v
e whereb : Jl:jh ) ] ; .mj?,' . '

E—

L(x,y,e ¢) [w-m ,-sr'l] fis:the radiance at the'point x,y'>in7the direction 8,0:

.{ﬁ: x and - y [m] are the pesition coordinates ‘on _the surface, ‘of the point of
intersection with the ray (usually, but not necessarily, it is ‘convenient
to have a plane reference surface, in which case ‘X and y are cartesimr

, cOordinates), ':, " s *: .
6 and K2 [rad] are sphgrical c;m;)rdinates'1 6 1is the polar angle between the'
ray and the normal (perpendicular) to. the surface at the point x,y_ and-
¢ _1s the azimuth angle about the point ,y in thepplane tangent to the
‘surface at the point ,y, - E ' o

dz@(x,y,e ¢) [W] 1is. the element of radiant flux through the surface element
dA = dx-dy [m2] about the’ point X,y . and within the element of solid

9

‘-dA-cpse [m?2] isvthe element of projected area perpendicular to' thé ray direc-
Fion 0,6. L ’: - _t ‘ ' . ,:.1 | o : j K
As we’saw in'eh (2. 13), radiance as defined here is the limit, as AA and Aw both
approach zero, of the quotient in the first line of that equation where A@ 1s the
radiant flux or power flowing through the area » AA within the solid angle Aw. In order
- - for this quotient to converge (approach .a definite limiting value) at the point X,y “in
. the direction 0,0, the flux . A® mast also become vanishingly small as AA and Aw
’ both approach zero. Ihus, as we've already pointed\out, we can never. exactly measurb this '
quotient at a point and in a given direction; all we can ever measure in reality is its t
) average value over small intervals of area and‘solid'angle .through which enough flux can
pass to produce a measurable output signal" in a radiometer (of course, if the radiance.
"has the same value throughout a beam, the. average value will equal the value along any
single ray, ‘o this is .the way we try to make the most accurate measurements ) It is very

important to understand this limitation clearly‘ but it.certainly doeén't. destroy the ‘use-

o .
fulness of the concept of radiance oo : s e

Actually, there are ‘many such 'point, fﬁnctions‘ that can t. be exaCtly measured Some

~are so familiar as part of our everyday experience that we never stop to think about this

P hd
. .

1Spherical coordinaafs, solid angles, etc. ) are discussed in Appendix 2 for those who may .

with to refresh their memories on. these topics - ‘; '.h- v : w[ /;“

- . - .

N . . '. 21 N ) . - , 2

O
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Figure 2.7. Geometry of ray-surface intersection . ..
: , -, (for, the definition of rfadiance).
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limitation. A good example would be the concept of density, i.e% pf mass per unit volume T
‘It's obviously impossible to- measure density exactly at a point in a region of changing
density, as in a flowing gas® or liquid where the density varies rapidly from point to point.
Nevertheless ‘most of us have no difficulty with the idea thae thére is a definite value
associated with each point along a path through such a region of (continuously) changiqg
density But any’ measurement we make can give us only the average value over a finite vol—

' ume not the exact value at a point ~In the same way, a- radiometer gives an average ‘ :
response to inputs spread ‘over intervals of area and solid angle or intervals’of position
Lo and direction But it’ s still very useful to ‘think: in terms of the radiance at a single
’ point and.in a single direction through that point as the basis for analysis Furthermore, .

as: already suggested, we are dsually able to detect or indirectly control the uniformity

, of such a quantity with mueh greater prec151on -than Ye .can measure 1its absolute value.

( Accordingly, by arranging, to have the beam for a measurement as uniform arid isctropic-

(constant radiance) as possible we can make the measured average correspond very closely ¢

-to the actual value of that. constant radiance for all points and directions within the beam
-~ ) . \
The ELEMENT of FLUX and ‘the GEOMETRICAL INVAﬂIANCE of RADIANCE Now let's see how we can ,

use our defin1tion of radiance to express the,element of radiant flux associated with a sin-

'

.,(;\

“glé ray. In figure 2.8 we show first (a) a single ray between two points Pl' and Py -and_
second (b) the elementary beam made up of all the rays between two- -area elements dAl band
dA, about the points Py’ and P2, respect1ve1y - As‘ we' ve seen, an’ element of area dA

" 1is just'a small area _AA' that can be made arbitrarily small in the process of pproaching

. a limit, the limiting value of % quotient for a derivative or ghe limiting vafue of a°summa-
tion for an integral It may be helpful »at f1rst, to think of dA;j as being part of the
emitting surface of a source, such as a tungsten ribbon filament, and, sipilarly, of dA2
as being part of the surface.of a receiver on which the ray P;P, is incident. However .
they can just as well be apertures in real or imaginary screens through which the elementary'
beam passes Eyerything we say now, in’ the followlng discussion, is equally applicable to

” any. pair of two (imaginary) surface elements intersect1ng any two points 1 2] and 2Py ‘albngnf

.the path of a single ray. These.points may be arbitrarily chosen anywhere along the ray.
l

] In figure 2. 8(b), we have also drawn'theiqormals P1N1 ‘and P2N2, perpendicular to
' the surface elements dAI' and . dAZ,; respectively fhe ray and normal that intérsect at;

- form an angle 6y; “62 is the angle between the ray and mormal {ntersecting at P,. 1In

.~ -

many cases, when the surfaces of interest are parallel -to each other 61 62 Howev&r we'

don't want formulas that are too restricted in their applicaxion,_s ‘we ve chosen the more

general case where these angles of tilt may (or may not)chelhgﬁqual

“: On the ‘other hand we
do want to restrict ourselves, at first,'to a medium in éh{eh'the inﬂep ff;refriﬁtion is ".é.j
everywhere thh\same, that is, where radiation flows at the same velocity everywhere and in

all directions (uniform and isotropic), s0 that alL rays are straight°lines. Later we'll -

see how to deal with the still more general case where‘the refractive index is. found to vary

PRI 3
% .

-The elementary beam of radiation between dA1 and dA2, Jthe beam defined by those

C twa surface elements, consists of all of the rays along which radiation flows gr 4s "‘“ P

gt
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' propagated between the two surface elements. In other words, all of the-rays joining

‘a point on the other is the 'same for all such points.

points on dA; to points on daA,,* taken as a whole, constitute the beam. If we were to
try to draw them all, we'd just have a solid black band that wouldn't show\the detail in

which we're. interested Instead, we've just suggested what 8 involved byﬁ](awing in these
rays for only three points on each surface element, one at Pl' or Pz, respectively, near
the center, and the other two at the edge on opposite sides in each case w Even this ends -
up as a fairly “busy" figure, with nine rays altogether, three from each point on one sur-

facé element to each of the three points on the other ayqface element - )
' N

Rays that all intersect at a common point are said to form' a'pencilipf rays. If we
consider the radiatibn in figure 2 8(b) to be flowing .from dA; to dAz, the diverging
rays from any one'point on da, . to all points on dAz form an .exitent! pencil while

those converging at any one point on  dA, frdm all points on- dA1 form an* incident gencil.

The extreme rays between a point on either area element ‘and the eﬂ%ire edge of the other

. area element fﬁrm a cone bounding the solid angle subtended at the point by that area ele-
: d fment.z The elegent of solid angle subtended by dA; at P; 1is given by .. - _
7-;;~adw12 = cosez‘dAZ/p2 [sr], where' D [m] 1is the distance betveen P, ‘and P,.. Similarly;
& the element of solid angle subtended at P, b} dA;- 1s given by dwp; = cosf)-dA,/D? [sr].

When the area elements are small enough, ‘the 8plid angle subtended by either one of them

With these geometrical relations established we can turn our attention to the flow of
radiant energy in the beam of figure 2. 8(b) When the area elements are small enough, there
will be no significant’ differences in radiance between the rays tHrough d ferent points.
across a surface element or in' different directions within the pencil of rays to the other
surface element through any single point of the first element.‘ Accordingly, we assume that

all of the rays leaving dA; tpward dA; are of radiance L, and thao‘those;same rays‘

all arrive at dA2 with radiance L,. -0f course, we've already seen that gxperiments showyl

FR) i N L4 S

that L; = L,. But we ignore‘ghat, for the moment, so that we can also show by analysis,-
that L; = L, follows Just from our definitién of radiance. We next write expressivns for'

the element of radiant flux or power in the elementary beam through each area element.

If all rays leavidg dA} are of radiance L) watts per shuare metetiof projected
area and steradian of solid angle, and they emerge through a projected area’ (perpendicular
to the ray P;P,) of cosfyedA, square meters and within a sglid angle og .dwy2 steradi-

ans, the flux or _power in ‘the exitent elementary beam is the product of these quantities,

or . ' 7 : *
. . R SNEN - Y - » o .
¢ :,- _d°l = Ll'cosel'dAl sdwy, ” ) T
..4’-. A . L ‘ )
. - Ll'cos'dAl-cosez'dAZ/Dz [, ' (2.15)

o
. ] <

1"Exitent" was coined as an antohym of "incident" by Richmond [9]

2Spherical cootdinates, solid angles,:etc , are\ﬁiscussed in Appendix 2 for those who may

wish to refresh their memories on these topics
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which looks very much like eq. (2.3) or eq. (2.8). Similarly, the element. of flux or poﬁer
reaching - dA; 1in this same elementary beam is : '
- . dé, = L3 *cosB;+dAs +duyy i . ' e
= Lp°cos8,-dA,+cost; ~dA; /D2 [W]. {2.16) -
' ¢ o .
If there is no loss of radiant power or flux in the intervening medium, so that abl of the

-

flux leaving dA; 1in the elementary beam toward dA2 arrives at dA,, we can set’
déy = doé,. Then ’ ) \

s

Ll-cosel°dA1°cosez°dA2/D2 = L2°cos62-dA2°cosel-dA1/D2 5 e
which reduces to - R - | . . ; . ? )
R KA f L - nzl . ‘ @2
, \\;a:, Since no restriction uas.plased on the choice of the points P; and P2 along the
¥, eq. (2.17) must apply to any pair of points, i.e. to all pairs of points, along that ’

ray. 'This means that the radiance in the directiou of a ray is- the same at every point’ y
"along that ray in the absence of'any energy losses or new sources of energy. Radiance Ls.
‘geomebrwally 1.nva.r1.arzt alorg a ray in a passive, - Zoasless, umform Lsotropw medium. S
Accordingly, “1f we know the value of»e;itent radiance at the surface of a source for a .
'particular ray, this also meaﬁs that We know its value at any subsequent point of that '

] ~ ray, including the point where it is finally incident on a receiver, providing there are v
no* losses of energy (or. newdsonrces of energy) along the intervening path. -Moreover,_if
such losses exist, they can be accounted for by an appropriate factor, the propagance of

) the pdth, which we'll define and discuss in detail later.! A
' . et &

ArPLICATIONS of RADIANCE INVARIANCE. Although we won't get into a thorough discussion
. of applications until Part III we wane to look at some of the usefﬁl applications of the
invariance property of radiance now because 1t will help to clarify the, significance of

this important quantity. First, however, we need to examine what happens when a ray trav-
ergses different media with different reftaétive indiees. Even though the atmosphera.is

often reasohably uniform and isotropic, especially for measurements in th€ laboratory, rays
frequently pass also through 1enses, prisms, or. other optical elehents with quite different

L refractive indices. We need to know how this affects the: vadue of radiance along a ray.
. : LI T .
Most’' of the optical elements with whiah we! are concerned have relatively smooth sur-

._face§ so ve '11 analyze the situation for regular (specular)gtransmission with rbfraction, o
B smooth boundary surface betweem two media of different ref:ac!iye indices, as \’
e&fcted in figure 2~9. He define a "smooth" surface as.

y surfagg’where it is possible
ent - dA’ caxr be ~treated as

at that point. ~This figure .
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A
. shows a vertical plané (plane of the paper).containing the normal (pérpeddicular) to’a sur-
.face element f?A of ”the‘ smooth surface and an incident ray, inclined at an angle 6, to .
the normal, within 3n element of solid angle . dw), 1in the medium of refractive index n,
above the surface. The incident radiancé is L; [W-m™.sr"!], and the element of radiant .

flux or power in the elementary bea.lgincident on dA through dw; 18 d¢; [W]. .

Below the Suffa.ce, in the second médium of refractive. index \ny, the refracted ray
* ! .
is ‘inclined at an angle 63 and the refracted elementary beam fills an element of splid
nangle dws . This solid—an.gle element duw; differs slightly from dw; ‘because the Irays
'bc‘>unding.‘ dw) are refracted by slightly different amounts. The radiance here 1is L'27 and
the element. of refracted radiant flux or power 1s d¢,. As.before, we can write the elei .

ments of flux in terms of the radiance and the geometrical quantities as

N

"

do;” = L,-cosf-dA-du, L) -dA-cos8, +s1a8, +d8)-d¢ [W], and

k9

[’}

(2.18)

v d0,° = LyecosBdA-d., = Ly+dA+cosb,-sind,-do,-d¢ [W].

‘

Aiso, as before, we are’ interested only in the eff;ects conneéted gith ray and beam geometry
so, again, we assume tllxere afé no lo's.s‘.es in either lne?lium...' However, we knbw that, even

w ~ffga4ﬁa11(‘ed antifreflection' coatings, there will alﬁays be some of the incident flux
r#}hctgg\ at a smooth surface so that only .part -oﬁ_it will ‘be transmitted and refracted.

1f %KM& al incident element of fl‘ux is d¢,' " with a fadiance Ly’ and the reflected N
portion 1s p-dd;' with radiance p°L;', " then the remainder-that 1is transmitted and
refracted without loss is dé) = (1-p)+d¢;' with iy = ‘(l-p)'Ll'. Accordingly, setting

‘dd’l = d¢,, . Since. it is transmitted ‘and' refracted -witho.ut loss, we have,v fromﬁs. (2.18),

g . ‘ : , 0 ]
& Tode, "~ Lj°dA+cosB)*sin6,+d6, +d¢ g “
’ do, L,+dA*cosf,+s1inb,+d,dd '
' Ly+sin8;+cosb,+d8 . - : L
- . R G— 1 1 1 ; (2.19)
L. ) ?Q'sinez'cosez-dez 3 ‘
a relation ihvolving onLy radiance and beim geometry and ignoring the portion of the indi-
+ 7 dent 'flu}c that. is reflg.c_te‘d. Y ) . : . . .
‘,1; s : o -

. The angle of inci;den'c'é .81’ for every incident ray 'is related to the angle of refrac-
tion 6, qu-yx;;{the'correépondiﬁg refracted -Say by Snell's law of ‘refraction, which can be
stated_zmtfx!e’matically as ‘ : . .

» @ - - . ’ -

ny°sind, = npesinf,. S (2.20)

By differerﬁa-ting‘wifth respect to angle, we also have

“

i” nl'cose'l'dél = nyecosfy+db,.’ ) (2.21).,
Rearrdfw .eqs'. (2.20) and (2.21), we can write
. o b ¥ ’ . | .
LN sin6 cosf, +d8 n,”

o S . o S 61°d6, _ _m (2.22) -

; ‘ " sinf, cosfip+df; | n) . ..
A} . '

A o .
, v . -, . . .‘ . "‘-.." 28 !
” \& B ’ . ‘ L . 4 1 ‘ ‘ . ' N .

ERIC

Aruitoxt provided by Eic:



ERIC

Aruitoxt provided by Eic:

. :;Einallyf\éombining eqs. (2.19) and (2.22), we have

Y

Ll 'nzz 1 e or" Ll ‘.Lz
—_— H : C

. (2.23)
Lyem? ‘ n? 02

4

vAccbrdingly, in going from one medium to‘another, the invariant quantity is not radiance L.

Instead, it 1s the basic radiance -L/n? (where n is the'index of refraction of the .
medium) that has the same value in the directlon of a ray at all points alonzvthat ray.

In fact, more sophisticated proofs [10) show that the invariance of basic radiance is a
completely general geometric property, even along a ray traversing a non-uniform, non-
isotropic medium in which the index of refraction varies continuously from point to point..
It must be reemphasized that this is. a purely geometric property and that the attual radi-
ance or basic radiande is usually further modified by interactions with matter, being
attenuated (reduced) by absorption, reflection, or scattering out ‘of the beam, and also )
possibly augmented (increased) by emission or scattering into the beam. The simplest Ehse

of attenuation will be treated briefly at the end of this chapter. MJ&e details on such
interactions will come later. ' ’

For the moment, the imputf—hs point 1s that, from eq. (2.23), we can see that radiance
L 1s geometrically invariant along.all parts of the same ray that lie in the same medium
(same refractive index), regardless of intervening passage through an optical element (with
smooth surfaces) of a different material (different index). The radiance within the
material of the optical element changes, keeping the basic ;adiance constant, but it
returns to the original value upon reemerging into the same . medium (usually air) again.
The only efféU‘, then, is possible attenuation by the optical element, which will be dis-
cussed briefly at the end of this chapter and later in more detail.

This is such an important point that it may be helpful to restate it explicitly in
mathematical terms. Given a ray of radiance L; 1in a medium of index n; that passes
through an optical element. with smooth surfaces of a material with index n, and out into

a third medium of index njy, the xadiance L, internal to tha optical element and the

/final radiance L3 in the third medium satisfy the -following (based on eg (2.23)):

L1/my2 = Ly/ny2 = La/n32[w~m' «sr-1], (2.23a)

Furthermbre, 1f the ray emerges, without attenuation losses, again into the same medium,
e.g., into air, so that n3 = n;, this means that Ly = L; and we can ignore the fact

that the ray traversed g different medium. As will be shown later, if there are attenua-

.tiom losses, this will reduce the final value of propagated radiance by the fractional

amount of loss. o N . .

) ’ e
’ .

An* EXAMPLE of ' RADIANCE ¢NVARIANCE; Hani photographic exposure meters for measuring

reflected light from a scene or object - (not theaincideat light on the object or scene)
consist:of’ a:photooell mounted behind  a baffle, grid, and/or lenses that define the

receiuing aperture area and solid‘angle through which/rays from the scene or object can )

. N
L



.

" reach the photocell just as ‘the apertures in the two screens of figure 2.2 define‘the beam
from the source to that photocell The solid angle of’acceptance or field angle of such an
exposure meter is typically about 30° to each side .or a cone with a total Veﬂtex angle of
about 60°, roughly the cone subtended by a circular object at a distance equal to'its
diameter. You can use such a meter to verify the part of the earljer experiment Ehat esj;b—
lishes the invariance of radiance along any ray. Point the meter at a uniformly bright wall

. % from a distance that ﬁ;_)carly less than the height or width of the wall, whichever is the

i smaller Note that, over fairly wide 1imits, the "reading" of the meter. doesn't. change as'».'.';,°
.you move it in or out or tiit it to "view" different parts of. the wall. Only when you get

. so close that you shade part of the wallin the field of view, qr so- far away’ or tilted so

far that some of the radiation from the surroundings beyond the uniform wall reaches the
photocell do you see any change Accordingly, since the rearrangement or substitution of
rays within the field of -vieg makes no difference, they must 211 be of the same.radiance

as they reach the instrument, regardless of distance or angle, as long as they originate .
from ‘the uniformly bright wall surface. * ! N .

The invariance of radiance along ‘a ray enables us to immediately write down a very
general. rule that is often obtained through a fairly involved mathematical derivation. The
rule 1s that the flux per *unit area reaching a point (e.g., on the surface of a receiver)
from a distant'extended (source) surface of uniform, isotropic (constant) radiance depends
only on the value of that radiance and on the solid angle subtended by the (source) surface

. at that point, the solid angle enclosed by‘the rays from the extremities of the surface as -

"seen" from. the point. It is otherwise completely independent of the geomettical config-
uration. For example, in figure 2.10 the heavy lines at . A, B, and C, represent three
possible configurations for such an extended source wigh, in each case,.the same uniform,
1sotropic (constant) radiance It is clear frow the figure that, since radiance is
invariant along every ray, the configuration of incident ray radiance converging at P will’
be exactly the same, and so willrproduce the same flux per unit .area, regardless of which
of the three sources, A, B, or ¢, 1is present, as. long as that surface has the same v';/,
radiance L [Wem™2.gr~1], _ - . : -

GEOMETRICAL INVARIANCE of THROUGHPUT. Although radiance is the complete distribution
function descrdbing or specifying the ‘spatial distribution of optical radiation in both

,pbsition and direction, the physical quantity that flows in a beam of optical radiation is
energy, and the flux is the energy-per-unit time or power flowing, e.g., through some ]

’ reference surface that intggsects the beam. It is to energy or power that rad!ation de- .

- tectors usually respond. We said earlier that we need to be able to associate an amount -f

or concentration of propagated flux or,power W}th a ra4 Actually, we've alrefgy done |

,this in the expressions for the elements of fTux or _power d@ [W] in eqs. (2. 15), (2.16),
and (2.18). "However, we want to g0 back for another look to get a clearer idea of this:
quantity and its significance. .

[

. ‘From our defining equation for radiance, eq. (2.14), we can dire&tlx wtite.the,
expression for the elemen't - of flux d@(x,y,e ¢) along a ray of radiance L(x$y,8,¢) g

30
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:th;ough an elenent of aurfece dA dx dy at ito point of intersection x,y with the ray s
’ end wi'thin an elenent of eolid angle dw - sineod9°d¢ about the ray in. the direction 9,¢, ' '

_ do(x.y,e,¢) - L(x,y, .¢)-cose-dm;u [w] o (z 24)
o i R .
Furthernore. if we know the di,atribution of radiance L(w,y, ,4}) across any refer:nce sur-
~ . “Eade over ‘an’irea A thas includs all points of intersection x,y between rays. of a given
' been nnd that’ re-ferencv surface, end over "a so1id angle w . at _each, point X,y that con- :
» teine all directions #,8 ‘for rays of .the beam that pass through’ that point, then by ‘sums -
EO ning up all elements ‘of ‘flux ¢ we can:obtain the total flux ¢ in. the’ bean.’ 'l'h:[s can
' be done by usins intesral calculus where R ) T

K

. ‘: -.”'v‘- : o ] Co . ) - f I L(x'y,e’?).«cose dw-dA ["] 2 s ) ke (2.25) . A
' Note that thie is just eq. (2 11) in slighljly different fom._ :

In a uniform, ieotlQpic— bean, where the tadiance -has 'the sane constent value L for
" all rays o£ the gem, as with eq. (2,12), this simplifies to

. . ’ | . ] : I I coge dwodA - L.e ["],_ .
L L ~ ; -
. . <. i
vhere .. . )
| . o e = f f cosfedudA [nz-sr] o , (227; - -

‘

L]

(2,29

o

,-}dcn would pretor that ‘the left side of aq.: . 24)- be lhoun a d__rd‘econd-order differentm e

i"dzo. ‘but thio reioes uthe'-ticel queet,iono thot we don' 't .vant to get involved with, - o In eny

o _:‘evont. tho order o ‘the ditferentiq 1s louuhet erbitrery, aince ,,d! L-de L-dA-dn - t.-
' ‘dx'drcono-dm - L' . _

JRRE e — s i

g
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unchanged along an elementary beam (associated with a ray) We’ equated d¢1 of eq. (2.15)
and d¢2 of eq. (2. 16) when the points P and Py of'figure 2.8(b) were arbitrarily
*;‘ .chosen as any two points along the same ray in such a medium. ‘We then found, 1in eq. (2.17), -

that,radiance /L

is invariant along such a.ray. Consequently, if both dé and L are
invariant alghg a ray-and'theypsatisfy eq. (2 29), then the element. of throughput d0° must’
- also be sim larly invariant along the elementary ‘beam associated with that ray. Furthet-
more, since ray geometry is not altered in any way by attenuation of the flux propagated
along‘those‘rays, the fact that dO is invariant along a ray in a lossless medium with no

attenuation means that it must always be so, even in the presence of attenuation

If do is thus invariant along every elementary beam or ray that makes’ up a given beam.
of radiation, then its integralqﬁor khe throughput of the entire beam in eq. (2.27) must be
. similarly invariant What this means is that, at any reference surface th ,intersects the'

' 'entire beam, the integral of eq. (2.27) will have the same VvBue: as long as no'rays'have.'
been added to or takdy " away from the beam--as long as’ it is iill made up of exactly the
same rays. Thus throughput, a purely geometr 1 quantity, is the geometrical invariant
- characterizing any given-beam of optical radiatzon.“ The larger the throﬁrhput the larger .e -,
o the flux propagated through an optical system. In fact, when-the radiance 1is everywhere
the-same‘throughout the beam,teq. (2.27) shows that the propagated flux is irectly pro- -
portional to the throughput Accordingly, the roughput has been found /szful as a figure

. -

‘of merit in making comparisons between different optical systems on' the basis of heir abil-
ity to propagate dr transmbo rauiant flux .01 Q\ '

"ower [12].

'AnothEriaspe of the geometricar inVariance of thzbughput is seen more readily 1if we
.further simplify e

(2 27) by assuming that the solid -angle .w filled by rays of the

beam is exactly-;he same ac every point x,y, where~ rays of the beam intersect the refer- -IJA‘,
. ence surface, over thé nntire area A In other words, there 15‘%6 vignetting Then the i: i
two integrale comprising the double integral on the right-hand side of the equation are '
independhnc?of each other, making them separable, so that we can write - v
< ) ..fi‘. - . . - Ae 2, ' - (
| | e o < (f,aa) (f cosordu) = Admtesr], .. (2.30)
where’ i 4 .
- z f cosf+dw [sr] - — < - (2.31)
" ‘ " ) , g
~

is called a. ptujected solid angle (or, sometimes, a weighted solid angle; for more discus-

sion, see Appendix 2) Here the throughput is exactly equal to -the product of the area A

> - ! -

1as alpurely.geométrical property, it is possible to establish the invariance of through-
put, independently of the invariance of radiance, by purely‘geometrical reasoning. How-

ever, the logic used here is qufte correct and a great deal simpler. .
’ '"1' B -

25ee any standard text on geometrical optics [14,15] for_définitions and discussions of
apertures, beams, stops,. vignetting, etc. . . ) B - . : .

33
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of intersecﬂlon between the beam and the reference surface and the projected sélid angle Q

is\

corresponding to (and, for small solid angles, approximately equal to) the: solid angle wv‘
filled by the rays of the beam at its intersection with the .teference surface . And even
. ‘ when" there is vignetting and the solid argle” " varies with position at different inter- .
section points X,y across-the area A, it is still true that each element of throughput
~dB 'can be written as the product of the area element dA and theé ‘element of projehted . :
- solid angle dQ = cose duw: '

R

D do~ £ dAvcos8edw

dA-dQ:[mZ!sr];i'.'ju : (2.52)

In fdece, Jonés {13).has proposed the term "area-solid-angle product" for the quantity we

-call throughput T - - T
. > EE _—

‘

The. foregoing is not . just an exercise in terminology and notation what.eqs (2 30)
and (2.32) tell us is that, since throughput is invariant for.a given beam and 1s also.
roughly equal” to the product of Cross-sectional area and solid angle filled by the beam at
its intersection .with a reference’ surface, if the area is reduced at the intersection with”_
another reference surface, the solid angle must he correspondingly increased to keep the

_ throughput the same, and vice versa.. For example, as illustrated in figure 2. ll, the solid
angle ws, subtended at the+slide in a slide projector by the projection optics 0 1is ' s
much larger than the solid angle wr subtended by those same.optics at the distant projec-
. tion screen. If the area of the slide is AS and that of the projected image is AI’
B the_approximate relationships are given by .
- . . R . ) a4 .
dl'a . AS}”S A oApep e, o D @)
" where the projected solid an ”éf Q= f cosefdw % w [sr].d Rays leave each point of the
small-area slide surface throu‘ “a faigly large solid angle and arrive at each point of the
large-area projected image‘tht sgh a correspondingly small solid angle, so that the through-

put or "area-solid-angle product" at each reference surface is.the same.

.

A good illustration, witaf.‘ill a different reference surface, other than that at the .

source or its image, iB'providqd by a simple lens’ used as a "burning glass" to focus the
-

, . sun's rays into e uery smally h | image of the sun (see figure 2. 12) The area AL- of the

: lens 1is very ;
jected solih

% Qg s:bten-f |

very much smallgﬁ m'f A . 'd,solid angle QsL' corresponding to the solid angle of Lo 't;
converging raysugubtehﬂed;at thg‘sun 8 image by the lens. For the throughputs to be the R
same, the A+Q pioduct,. ' '

A"rea Ag . of the sun's image, but the solid angle or pro- L

ch ; largeritha
k cbically the same for small angles where cosf % 1) ?

at the lens near the earthig surface is correspondingly o .?

§ -

aflbobh:refcrence surfaces, i.e., at L and s, must bé'approxi-
mitely equal '.}.r' ¥ov

- hd
" »‘ -
s,

e tie \

‘(2.3ﬁ)

Q
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f f cose du ¢ dAL coge -dw -dx;,[m?-sr], P (2.35)

L - . D . N .

: LS .:*_-: sL St : -
e < i :

‘ ) ' ) EX s ) S o, P

.where the quantities on the left—hand side-are evaluated pver a reference surface at the

lens L “and those on the right -hand side are evaluatedé%gcr a reference surfacé‘at the

- the sun's image.. ::.‘ (e,',ﬂ

. . e

As with radiance, we ve consiiered throughput first for uniform, isotropic media where

‘sun s—image s, and where’ the subseript - L refers go_the lens,EvS to the sun and 8 to

", the velocity of propagation (hence, the refra?tive index) is the game everywhere and’ in all
directions s0 that rays are all straight liQEs In che more generé? case, where the index
- of refraction changes from point to point along a ray, it is) the element of basic thrdugh-
‘ 225 "n?rdo, ‘rather than the element of throughput ‘de, that 18 invariant . This, follows
' immediately from the invaiiance lux d¢ & L-dO [= (L/n2) +(n2 -dO)] and the invariance
b of basic radtance L/n?; ! “when S::;Tray geometry is considered and intéractions ‘ith matter
| that may produce a;tenuation or augmentation are ignored We won't make much use of basic
s -throughput however,, It 18 mentioned here primarily for completeness. Ib ia basic radi-
ahce that is usually hore useful. Sep geometrical invariance along each ray ;tbgether with
functions taking int% account any interactions with matter along the ray, ptovide the basis
for transforming from the distribution of radiance across the intersection of a beam with
T one reference suriace to the distribution at a.secdhd intersecting reference surface." Once

A the second distribution is.known, the total flux in the beam at the second reference sur- %

face is qorrectly given by eq.f”

2*25), in terms of radiance (not basic radiance), even when

the index of refraction n a150 varies from point to point over that reference surface. : f
B OPTICAL PRGPAGATIOH, itINTERACTIONS with MATTER. = The propagatipn of optical radiation,
especially the inte;ctions with matter alqng’ the propagation path ‘that can either atten-

uate (reduce) or augment (iqprease)lzﬁe flux in a radiation beam, or do both simultaneously,
.;;};- could take up a separate chapter “pr. more. In fact, the complete,. highly sophisticated
: treatment of radiative'-energy tranafer i, or just radiative transfer as it is usually termed; '
is beyand the scope gof this Manual, buE we will giVe it some atteneion 1ater. Rigﬁt now.~ '
_ - o we '11 1imit our treatment to the atteduation of radiance by absorption and/or by scattering
‘.Q‘ "n(t*on-reflection into other. directions. This will be adequate for a. large ihjority of common
';meaeurement situat:qns which do not imvolve opticsl paths through- emitting or strongly .

~
r

-:~scattering material nor the observation of weak sources that are close, at Ieast in direc-
. ,tion, to very ‘much stronger onee.’ Fotr example,- amateur photographers are always cau— :
.. .. tioned at.least as beginners, to’ zake plctures out of doors on clear days ‘and not to point

the csme:a near the sun, These restrictions still leave them with: plenty of opportunities

4 Sl
. . s

. 8

- © oAy

e

B :." ) . . .o . . \ 4 - P ._‘\‘,’":, . . R .
lkb pointed out in an earlier footnote concerning bhroughput' it is similarly poss{ble to

“«

{",';Qﬁ.f sstablish the invariance of‘basic thro ghput along a ray by purely geometrical reasoning,.
- independently of the invariance of basic*radiance. However, again the logic used here is
2 .

quite correct snd wuch simpler. .
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“a ray. propagates along an optical path, req

tance of the particula

for taking satisfactory picgures -Incidentally, photography is a rough form of optical o

raddation measurement . An brdinary photograph cén be, and sometimes is, used as a measure-

- ment of the directional distribution qf the radiance of the rays converging on the camera

lens (the receiving aperture) from different parta of the angular field (the scene),. - How-

ever, reproducibillty and’ calibration accuracy are not as good as with most other tech- ) &

"niques Nevertheless, it\is*frequently helpful to think of radiometric problems'in terms.

of, parallel situations in photography, with which many people have at least some familiar-

flty. . R ‘_ ) * . . . )‘
Te further simplify things in considerlng attenuation, we '11 also confine our attention

to optical paths that begin and end in the same medium. Then weé can treat radiance L. as ¢

the geometrical invariant. We peed fot concern: ourselves with the refractive index and 3 e

basic radiahce as long as we are !‘ly interested in the initial and final values and not in -

. the nadiance within intermeUESEUAo tical elements of different index . . . o

-» .
Since an element of throughput 40" is always invariant and is a purely geometrical

S
quantity, unaffected by.a&tﬁnuation any at&:nuation of the element of “flux d¢ = Le dO, as- nﬁ._ih"

res corresponding attenuation of.the radiance'l':~;‘

L. ‘For example,’ consider an element of flux de, reduced to db, = T-d¢1 “in~ traversing

the path shOWanrom Surface 1 to surface 2 in figure 2.13. At each location, the flux‘

_-element 1s the’ pr?duct of the radiance and the element of throughput d¢1 = Ll-dol and
", d¢y = Lp-d0,. But do = doz = do, so o B , o 5

Lz = déy/do = r-d@l/do = ol . -" @38,

In this instance, .t =°d¢,/d8) = Lp/L;, the ratio of final radiance to initial radiance or

the fraction -of the in ial radiance that is (succeszully) transmitted, is the transmit-

. ray™path. _Mqre generally, a complicated ray path miy also include

ne‘or‘mOre points of T gularﬂKspeculaE) fefleétance where attenuation also takes place

A
A similar quantitative rel ion describes that%situatiog,.with refleetance p = = de, /d¢
Lo /L the ratio of refleeted to ihcident radiance or the fraction of incident radiance ¢ ST
L

that is (successfully) refletted in place“of transmittance. The corxesponding ratio og
o
final® to initial radiances, as a’measure of the attenuation due to all transmittances and : ’5

reflectgnces over an extended path, the fraction of incident radiance that 'is' (successfully)

'propagated over the entire path is the propagance . ' ' .,w . T {_
* = = L4 - .
r‘ z d@p/dd’i Lp/Li' ) (2.37)
] . . ) - ) -

where d¢ and Lp are the propagated quantities reaching the end of the ray path and- .
d¢i and Li J;;e the initial quantities at the beginning of the ray path : . . o

If the [Ppropagance is the same over all ray paths that make up a larger beam, it will

- have th&% game value for the‘entire beam. If not, the: overall propagance’ for the entire

beam, asﬁehe fraction of the total incident flux that is propagated to reach the end of
the path will be an average of the individual ray or elementary-beam propagances. It will -
] T - : : .
. ) : 38
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‘"'Figu_re:'ztl'.‘i. ‘Transmittance of ray path ™
from dA; to ‘dAy is
Tz d¢2/d01 = L2/L1, .
Qhere» doi = Lid{\.i-cfzsei-dmi
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' only the average value for a beam of rays, we can't measure the’ ray or elementary—beam

'encountered problem in making optical ‘radiation measurements is to transform from a known

" the source, what 1is the corresponding radiance distribution and its integral the emitted 'é

' coordinaces ‘of "the point »Y2 and direction 623¢2 where a
reference surface when given the coordinates of the point - X1,¥1 and direction el,¢1 -

" be covered in Part III, when we go more thoroughly into applications Hha; concerns us

’ . : I.' ». ) . I I B '.‘\ ) .

-

be a simple average if. the incident beam is uniform and isotropic, with all ‘rays starting
y .

“out with the same initial value of radiance Li If they do not, it will be a weighted
average, with the.spatial.(Position and direction) distribution of radiance l (xi,yi, i,¢1)

as the weighting function o ! .

Again, since we can t measure the radiance of- a single ray or elementary beam, but : ¢

propagance, only the average Value for a beam. However, the individual—ray or elementary-

beam concept 1s regarded as the more basic for analysis. It {s only in terms of individual

rays that we can completely analyze and account for the behavior of non-uniform distribu-
L

tions interacting with non-uniform media and, flnally, with radiometric instruments whose

. responsivities may: alsb vary with the position and direction of each. incidquﬁelementary

beam at their receiving apertures. Y S SRS

TRANSFORMAT ION from KNOWN RADIANCE DISTRIBUTION to FLUX at ANOTHER LOCATION. A frequently

distribution of - radiance across the Intersection of a beam with one reference surface Eo. the'

: correaponding dis;:ibution and its: integral, the flux, across the. iatersection of the same ,’ a

beam with’ another reference surface. For example given the distribution of radiahae from
a known sourqe, g., a standard for .which. a certificate has been issued by NBS what is .
the distribution of ingident radiance at the ‘surface of a. receiver after:thé beam has
passed through an atmosphere and optical elements for which the overall path propagance is
known for each ray of the beam? o, conversely, given the measured values of radiance as
a function of position and direction over a reference surface, measured by a scanning or
imaging radiometer, and the measured values of path propagance\to a.reference surface at -

- . -

flux, at the source? . S e - . .¥

The first atep, in'eithet case, is to establish corresponding~coo:dinates for ray A

. - positiog " (point of" intersection) and direction, between reference surfaces intersecting the

beam at the two locations.. We need to know, for ‘all rays of t beam the: value of the
ray intersects the second

¥
for the same ray where it intersects the first reference surface, or vicedzprsa While
not trivial a tab1e or formula for providing these corresponding coordindtes for the same

ray is often not a very difficult proHlem In any event, it is a ray-tracing problem for

. which adequate treatments should be readily available in texts and references on geometri—

cal optics, so we won't go into it any further at this point Particular situations will

now 1is that either set of coordinates, xl»yl 91,¢1 -0 ¥3,¥5,085,¢5, unambiguously iden-

tifiegs’ the same ray Hence we may express any property of that ray in terms of either- set
of coordinates, or, even another set, as convenient For example we can express the
radiance of a given ray at the second location as a function. of the coordinates of that ray

at the first location, Lz(xl,y1,61,¢l?, and vice versa,' Ll(xz.y2,62,¢2).. Accordingly,

. el . . .) ..{ . - ) y
L : - o * * 40 - . S B * ~ "
N L S - - .

D R . e - 54 . . e _—
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e011 d‘mp the subscripts from the coordinates -and, showhem Just as ,y,e ¢. They ga'rr .

....the. ,coordiifates at any convenient reference surface that intersects the beam. Of :cours

the sanfe set lnust be used consistently for all quantities relating to the same rays in»

given expressioix in order to eStablish meaningful relationqhips.

-

On this basis, ‘we can write the gmagance for a given ray, as a function of its

coordinates, from' eq. (2.37), as = - '-"*."‘ Sy . L. )
X ' ‘ . . a . .. - ‘ '-' . ‘. .,_1 . . ] . . . \
) , ™(x,y,8,9) = L (x,y,9,¢)/,1-i(x,y,9',¢)-‘--’ . ¢ (2.38)
, o S A A _ , .
Then, 1if we know_'_ the exitent propagatéd ,radiance Lp(x,y,9,¢) * and the ray-path propagance .
X . B - . 9 e N
f'. o Tx,y,0,¢), the_ incident initial“radiance %s ‘~ ;
o LGy, 0,0) " = Lo(x,5,8,0)/T%(x,y,0,0) [Wem™2esr™!]. (2.39)
. . R T .

C'onversel.y,' when the incident radiance Li(x,y,6,¢) and propaginge r*'(x,y,e,o) are known,

the exitent propagated radiance is found as

'

'L (X,Y,8,¢) = r*(x,'y,6,¢)-L (x,y,6,¢) [Wem=- -sr—!3. : (2.140)‘
. P AR . 1 RN e .

often the quantit'y that is finally desired is not the detaiied distribution of radi-.
ance but the integrated total -flux in the beam at the desired location. The corresponding _
expressions are the integrals of the quantities in eqs. (2.39) and (2. 40), respectively. v
The integrat1on is carried out over the area A containing all points of intersection x,y v
on.the selected reference surface and over the’solid angle .y at each point X,y that

includes the directions 8,¢ f‘ap all rays'of the beam that pass through "that point .of

A

AN S

intersectd.on. . ’
o = L@
. R o ’ } ..
’ KN ff Ly (%,7,8,0) 1% (x,,8, W;;ose awld W, (2.42)
1 w . '&‘7 . ’ ' . . -

It sbould be reemphasized that these e%ions are based on the assumption that each pair of

_x;.bueﬁ.of the radiances Li and Lp for thf. same ray (same value® of x,y.0,¢) exist atﬁ

Egints of that ray where the refractive index is the same (in the same medium). if this is

- ) not the case, the transfignations must be mﬂditied to take into account the different .
refractive indices at the twe® locations.! '

11f n id the refractjve index at the beginning of the propagation path, np the index

.at the end of _;he path andﬁn the index at the locatio{\u‘of the intersecting reference
¢ .
surface for the coordinates X,¥,08,0," these relations become: .
' Y B . : ?

. + | | 55 . N
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N o A
v . -t
™ (x;¥,6,6) = d@p(x,y,e,¢)/doi(x,y,8$§)'. - (Lp-dep)/(Li-dei) . .
- (L /n 2)-(n ?2d9 ; e . .o . R
. - P p2 P2 P~ . (Lp‘/Li) ._(niz/npg), : (2.37a)
: . (Li/ni )'(ni 'dGi) .
- ‘ . . . %
since, by the invariance of basic throughput, npz-dG - n{Zrdei; Then -
. . > 2 . 4 s
o ’ ‘up
oi_ = IAImELP(x’y’e’¢)/T*(x’y’a’¢)].(PZ/nP?).koéf.dw.éAf[V]’ énd é;?éla)#
. . ) 2.: . N L ;-- . ) 1 R .' :a, ) ,‘_4;. -
b = f f L (x,y,6,¢)*t*(x,y,8,4)*(n2/n 2) cosb-div-dA [w]. ] (2.42a)
P ° ‘Alw i P | oo ‘ R
- o L - 4: o e ,‘ :

SUMMARY of CHAPTER 2. In order to obtain an expression for the ampint of radiant (Iumtnouﬁ

over both the full area A, and the solid angle w at eacqspoint of that a;ea, that

or photon) flux propagated along a ray, we first introduce»radiance (luminan .as thﬁ com-

plete distributi;ggfg optical radiation with rsgpect to the spaaial parameters of position

and direction. aefined at. a point on a reference surface in thé directiou of a ray

through that point as (see figure 2. 7) ‘ A o S

e

d ®(x 8 =2, -l‘ : ﬁ ’
dAecosB-8u (W-m st 1. . ‘ (2°16)

<
~

' ) L(x)Y)a)¢) %‘
This quantity, radiance, is geometrically invariant along any -ray, in the direction of the
ray, in a uniform, isotropic, passive, lossless medium. Across smooth boundaries betveen

different media, ¢r in media with varying refractive index, it is the basic radiance L/n?

) (where n 1s the index of refraction at the point where the tadiance is L). that is

similarly invariant along any ray. However, in the same medium (same refractive index),

]

even after propagation through" anpther, e.g8.y !hrough an optical element of different index,

~just the radiance L  1is invariant (neglecting attenuation), with the same value in the

directioﬁrof a ray at all points of the ray in that medium (e.g., air). _ <

154

. «The element of fiﬁ;dgasociated with a ray is given by

- FW ) - : . e .o
Lo "a¢(x,y,e,¢) = L(x,7,8,4) -cos8-du-dA [W]  (2.24)
N = Ledo [W], S {2.29)
[ 2 L - . o) o .
where do ‘= cosq+du-dA [m2+sr] i C e (2.28)

'is the element of throughput associated with the ray through the point x5¥ in the direc-

tion 6,6, The thrOughput element’ 40’ is also geometrically invariant aloﬁg the ray at’
all points in the same medium (same index n) *

-

A

-9

, In order' to evaluate the total flux ¢ in a beam of radiation where it intersects - -

some convenient ‘reference surface, it is necessary to know the distribution of radiaace

¢
. N . . %

42
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~ ﬁxq surface oLg, source, and (2) the propagance, r*(x,y,e ¢) of

.

. i %
. R

- s . . N .
incldde*all of the rays that make up the beam. The total flux in the intersecting beam 1is,
@ N i "

‘then,. - . e ' * v
v e T ¢ = 4-] L(x,y,e,'¢)-cos0'dm_-dA Wl & ' '(2.25)
RS ”' » . vt -0 . 4

If that tadiance diltribution is known only at another reference surféf:e, it can Be trans-
mrmed to the desired values thr0ugh the invariance of (basic) radiance along each ray.of
the beam,ﬂtaking into account also interacgions with, matter over the intervening propaga-
t'ioﬂ\ paths thae may attenuate or -augment the radiance of each ray.', Usually, the points of }
interesWi’ll both lie iin the same medium (same refractive index; e.g., in air) where radi- T
&an& is invariant, with no need to resort ®to basic radiance and xefractive indices. Also, N

most* r%?,ltion measurement situations ,involve direct paths through' passive media where the K
> M

only interactions are those that produce attenuation For our purposg the mqst conven-
ient measure of \%18 result o; at attenuation 4is the propagance 5 ‘b

-
B /

W gyt L (x,7,8,0) /L, (x,yi00)° ) (2.38) . -
. . . P . 1705 .

. - L < gy e o & . * < s
. v Lo ‘ b "I
. . . : N . L3
over the ra}('path from the point XYy where an.inciéﬁt ray, of‘-radiance Li(xi'yi'ei'¢i)"
intefsects a- reférence 'sirface in the direction i'¢ k&to the poi_n.t xp,yp, where the same
ray intersects a second referehce surface in the direction 6p,¢ with propagat'ed radiance

p%p*Yp i'yi .,i'¢ or xp,y Gp, ‘ » . Or even those at
a third reference surface (also in the same medium—-same index) that intersects the entire
beam, may be used in eq. (2. 36), so the subscripts have been dropped there. It is only
necessary to use, consistently, for all quantities in the' same equation, such coordinates
that unique'ly identify each ray by its p&int of intersection and its direction with respect

to the same reference surface. : . '
¥

Given (1) the incident radiance distribution L (x,y,e $) at '.refe):'ence surface, e.g.;

fh ray over the path from
its intersection with the first reference surface te’ its intersection with a second Yefer-
‘ence surface, e.g., the sur‘}&’e of a receiver, the transformation to the distribution of =
propagated radilapce L (x,y,6 $) across othe second reference surface is.

? Lp(x'ly,_ésw) = Li(x,Yie.,¢)'T*(x,Y,9,¢) [w.m-z.sr-ll_ o i (2'40) )

s . °
L] ¢ I
. .

° L, -

' *

Conversely, if .the Wgated radiance distribution has been measured and ‘the trans-
formation~back to . t;he incident radiance distribution at the first re“ference surface is

desfred it is

T e

. ¢ A S
. . n

o “ "ﬁ';.«, B Y - N -
. o TL(xy,0,0) = Lp(x,y,em)/r*(x;y.em) [Wem™2 sr™l),o (2.39) .

I - ¢
: b . s

‘Finally, the corresponding transformations to obtain _the integrated Gotal flux in the

beam ‘at the second location, in each case, are, respectively. Nt ' ’

¥ . . - - . K ‘3‘3 " v.'“.\ . \ . . @
ot . : ] ' .o

. - , Co ’ \ .

RN ' -
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L = fAwai(xp)'pep¢)'T*(Xprep¢)'COS?'d;&)'dA, [W] ] (2.102) g
and *

- .' - o, = f f [L (X.Y 8,0)/1%(x,y,0,$)] cos8- dw-d&gﬁ?] . (2.41)+.

* ~

It is assumed that both reference surfaces are in the same medium (samé refractive index) as
well as any third reférence surfaee that might be used for the ray coordinates in an unusual

. situation If this 1is not the case, See eqs. 12 41a) aqd (2 42a).1in the footnoté at the end
of the last.i

raph preceding this Summary oo. A

it
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.Chapter 3.  Spectral Distribution of Optical Radiation

. S

=

o
.

!’ by Fred E. Nicodemus and Henry J. Kostkowski . ‘

.

In this CHAPTER. We develop the'concept of spectral radiance. This 1is the basic quantity

for specifying the distribution of radiation relative to wavelength and} at the same time,
relative to position and direction. We examine the interrelationships between spectral
radiance and radiance, particularly in ;elation to geometrical invariance along a ray.
Finally, we look at theﬂhay 1n which the .total flux in a beam 1s evaluated from the distri-
bution of spectral radiance. In the main,’ this is almogt a duplication of the treatmeqt in
Chapter 2> except for the addition of the new ‘variable. However, we've spelled it all out

in much theé same detail again fot phose who want it. Those who prefer‘to do so can skip

directly td the summary at the end of the Chapter and use it to decide what if any, details_

they need to review more fully in the body of the 1ﬂ1apter.

SPECTRAL ‘RADIANCE. In general, the optical radiation emitted by most sources, the. propaga-
tion over“many paths, and the responsivity of many detectors, all can vary greatly with the
spectral parameter, wavelength.! The combined result of all such effects of wavelength
(spectral) variations involved in a_measurement is usually substantially greater than the

effects of geometrical varlations (variations in ray position and direction). An example

.of the degree of variation that can occur is seen in figure 3.1 which shows the spectral

distribution of ‘the radiation emitted by the central, uniform portion of a 2750-K tungsten
strip lamp and the spectral responsivity of a frequently used photomultiplier detector.

‘The radlance of the lamp increases by a factor of 7.5 from 450 to 800 [nm] while the

photomultiplier responsivity decreaqes by a factor of 30 over tHat same interval.

In order to extend the concept of radiance so that it also covers distribution with

respect to wavelength, consider again the experiment illustrated in. figures 2.2 and. 2.3,

“bThe spectral parameter is commonly given in three different ways They are- (l) frequency

v ('c/Ao) (THz), (2) wavelength A [nm], and .(3) wave number o (-l/Ao) [cm'l] (where

c i 3’<168 (mes~!] 4s the vacu"l peed of electro-magnetic radiation, X (-n-A) [nm] is
the wavelength in vacuum, and - n 1s the index of refraction). The units shown are those
typically used in each case, but they are not consistent._ For v = c/A° to be in [THz]
with Ao 1in [nm], - we must use c { 3x105 [lm-g '1],'.and for .o = 1/A, to be in - [cm'l]

it 1s obvious that A, must be given in [cm] Incidentally, these wave-number units,

widely used by speotroscopists, are called "reciprocal centimeters." Although frequency v

is the basic spectral parameter, that remains unchanged as a ray passes through different

media, we will follow common practice by expressing most spectral quantities in radiometry

.in terms of wavelength., Note, also, that the term "spectral," itself, can be ambiguous;

there are~also space-frequency spectra, referring to repeating patterns in the spatial dis-

tribution of radiance, and modulation- or scintillation-frequency spectra, geferring to

frequencies f<<y. [Hz] of variation in the' average radiant flux or powér*é a radiation

beam; We will consistently use "spectrum” or 'spectra". and "spectral" lodq, without a
.

modifier, only to refer to the radiation parameters v, A, and/or 'o. i
oo 45 o
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where we found that the flux in the beam defined by two small apertures is given approxi-
mately by ’ o '

N . S -
. o AA} cosB) -AAj *cosb; . ;

A, ¥ L - — > (W) L 203)
. D ]

~

(this time we ‘use “the" ' approximately equals" sign to clearly Tecognize that this is dh

_approximation). Now, in this same experiment, we insert into the beam, one at a time,

filters that are transparent (transmfetance 1 = 1) only to certain desired wavelengths

and are opaque (transmittance T = 0) to all othet wavelengths, completely blocking them; -

as shown in figure 3.2, Of course real filters can’ only approximate those ideal character- ’

istics, but it's useful to make the assumptions for analysis to clarify the related concepts

With such a set of filters, of successively decreasfhg spectral intervals (bandwidths) A
aBout the same central wavelength ., we find that the measured tlux A® in the beam is
now approximately proportional to the spectral-wavelength bandwidth AM, as well as to the
spatial factors, as before *Also, ds8 with the spatial parameters, as the wavelength inter-
val’ decreases, thq ‘proportionality becomes more exact. In fact we find that, even though
we are stopped again by the minimum amount of flux A¢" required for any measurement to be
made, it is- once more analytically useful to assume a continuous underlying distribution to
which the limiting process of calculus is applicable Accordingly, we assume that, when :
the spectral interval is made arbitrarily small, the Pproportionality is exact and the pro-

portionality gonstant 1s called spectral radiance (more explicitly, spectral—wavelength

~ radiance) and is denoted and defined as (.

Lim Y
’LX' = AX >0 -
: $A1> 0 (AA-AA)-coBB)-AA7-cos65) /D2
Mz'* 0 '

d3e

T A @)
(dA-dAl-cosBl-dAz-cosez)/D?- . ‘ %

These relations correspond to those in eqs. (2.5) and (2. 6) and, like them .are important
aids for many who find this approach to the concepts easier to understand. Later, however,
for useful applications, we'll g0 back to the approach of eq. (2.12) and employ the equiva-
lent expressions in terms of position and direction at adZ:ngle location.

From eqs. (2.6) and €3.1), it 1is clear that spectral ¥adiance is the spectral distribu-

tion of radiance, the spectral ‘concentration per unit wavelength interval as a function of

IThe CIE-IEC Internaéional'Lighting'Vocabulary [5] does not use the term "spectral radiance."

Instead, it speaks of the value at a particular wavelength as & "spectral concentration of

radiance" and of the spectral concentration as a function of wavelength as the "spectral

'distribution of radiance However, we follow the widespread practice in this country in

our use of the term "spectral radiasce" for both of these quantities.

i
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" Accordingly, it provides a means for specifying the distribution of optical radiation with

respect to wavelength and, at the same time with respect to positjon and direction. Fur-,

thermore, by integrating both sides of eq. (3. 2), the” value of radiance in a wavelength

band from A; to Ay 1is obtained as : ',f : .
° »

. . . , A2 ) ‘ R
L - i C 3.3
| (1-1z) - fx, Lyd . 3.3)

For example, - the wavelength distributions of emitted radiation for three frequently used
light sources are plotted on relative scales in figure 3.3. If the ordinate scales were
adjusted to represent values of spectral radiance, thé areas under each curve between
limiting anelengths A1 and X2, 1.e., the integrals of eq. (3.3) between those limits;
wduld represent the emitted radiance in that spectral-wavelength band for each lamp.

' As with radiﬁnce, we want to define and work with spectral radiance as the property of

~a ray at its intersection with a reference surface (figure 2.7). Again, recognizing that

(24, cosez)/D = bwy, 1s the sqlid anglel! in steradians [sr] subtended at 4A; by AA,,

as shown in figure 2.6, we can rewrﬁte eq. (3.1). as

b . , < . rp '3
. .7 Lim
s Ad
. L., = A0 -
A : A Aw + @ AArcosBBuw-AA
G .
’ AN+ 0 ’ ' '
- —_a% . ~2.gr=1.ng-] V
dA-cosb-du dy [Wem *sT” " enm J. (3.4)

-The SI units for spectral radiance are often given as [Wem~ -sr 1], using .the same unit of

length (meter [m]) for wavelength as for other distances. However, it then appears,; mis- -

- leadingly, to be @ volume concentration, which it certainly 1is not.? (In fact, we'll see

later that there is a radiometric quantity called "sterisent" that is correctly given just

g

:@& :
lgee Appendix 2 for. definition and discussion of the concept of solid angle..

2Similarly,. if the wave-number unit is glven as the reciprocal meter [m'1], the:unit of
spectral (wave-number) radiance L 2 dL/do. , would be [W-m'l-sr'l],, rather than

[We ‘z-sr”l-cmlr* as we prefer pid because it correctly suggests a simultaneous distribution

with respect to. area, solid aﬁgle, and wave number. An earlier. footnote suggests that

- frequency v [THz] be regarded as.the basic spectral parameter. yrpm that standpoint,

" wavel th and wave number can - be considered as indirect measures oflfrequenéy,srather than

as lengths or reciprocal lenyths, per se, as further justification for treating tth as
having different dimensiona1ity from ather lengths.
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those units and is quite correctly treated as a volume concentration ) Accordingly, ’

prefer to use a different length unit (also of more appropriate magnitude), the nanometer

dimensional:[ty of the spectral parameter" :l.n checks: of unit-dimensio

[nml, for wavelengths and thus make it easier to recognize and keep track of the different-
#sistency

Thesflully explicit defin:l.ng equation for spectral radiance, thensis;g

a N \‘. S B .,

' ' . . 3y 9 A : . . ’ Q.Q‘ S
- L, (x,¥,6,6,1) $00 Y080 gty < Ml
’ -}6'

. : A ’ ., dA-cosB-dw-dr ) ~
where > o oL . j“M. .[
X,¥,0,¢ .Ere hefined,ﬁrelatfvafto the intersecting ray an% surface element dA{ in» g
« * .connection with eq. (2.13) (ard figure 2.7);

(3:5)

) . : :
L (x,y,e ¢,1) [Wem™ -sr'll-nm 1] " is the spectral radiance ‘at the point X,y 1in the .
direction. 6 ¢ and at the wavelength ‘“i; and ' :

darb(x,y,e ¢ A) [W] is the radiant flux thrdugh the surface element dA dx- dyﬂ,m&]
- ) - about the point x,y* with:l.n the element 'of solid angle .diw = sin@-dd- ﬁ'¢ [sr] .
. im the direction © gi.‘c “within the elementary wavelength interval "di [nm].
about the wavelength .

. v

° ’

GEOMI-:TRICAL INVARIA.NCE of SPECTRA%DIANCE In 'the last chapter, considering only- the

spatial parameters of position and direction, we found that the basic radiance L/n? is

invariant along -any ray, ip the direction of that ray, in lossless passi've media where the
’ .
.index of refraction may vary and where its value is n at the point where the radiance is

L. The same is true for the basic spectral radiance L /n2 ,or L /n , in térms .of fre-

L

quency Vv oOr wave number 0, nespectrvely However, wavelengths depend on. the refractive :

index of the medium, g0 that '»\(n) = Ao/n where A(n) 1is the wavelength in a medium of
refractive index n, and Ao 1is the wavelength of the same ray in a vacuum. To see how
N dL/dXx, " let's go ba'ck to the 5

situation depicted in figure 2.9. We now assume that the incident ray contains only wave--

this ‘affects the invariance of the spectral‘radiance” L

lengths in an elementary spectral interva]. dA; = d\,/n; 80 that its radiance, in terms of

.

the incident spectral radiance L)‘l' is given by ) )
_ : . dLl = LAI'dXI = 'dA @ n.(3.6) .

Similarly, the refracted radiance in the second medium, of index nz,\

#1& now given, in

.terms of t;he refracted spectral radiance L)‘z, by
} h ) ’ . ’ ° ’

dL, = L),z'd)‘z = .L)\z.d)‘°/n2' . - . -, (3:%) .

’
«

According to eq.. (2.22), these values of radiance_are related by
¢ ' . . . .. . .

: . o ay a, T

. : . : . A = _ S ' (3.8)

, ’ - ' . ' n12 n22 : .

‘." '. ' ’ .‘ =
: .

!See Footnote 2 on p. 49..
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in which we can substitute from eqs (3 6) and<f3 7) and cancel the common value of di,
to obtain’, ¢ T S o o o : . )
I G Ay T e .
V- . ) . "'\.-w,‘"' -, = —3 L - . 3.9
o - o Nyl st S I

M . - » .
. . y

The invariant ornba§ic spectral‘wavélength radiance, in terms of local wavelength X(n) _in

a medium of varying refractive index n, 1is, thuB,: L /n (not LK/nz) §mkﬁ workens,:

however, prefer to deal with, this problem by ,tsa?ﬁgnﬂl spectral quantitiea in terﬁrszpf

vacuum wavelength Ao = n- )\(n)‘:1 and then using the basic spectrai radiance in the form

L, /n? Also, in'a dispersive wedium, where the refractive index varies significantly with,

wagelength as ﬂn(k) or n(Xo), the value of :1 that would make theabjeic radiance L/n?
invariant depends on the spectral content -of the radiance L= fL +dA, . which may also vary
along a ray. If the medium 1is highly dispersive,_the variation of n with _A can also
significantly affect L, /n although the discrepancy is insignificant in air at .room tem-
peratures. However, the basic spectral radiancé in terms of Xg v, or © is Ao/n ’
Lv/nz' or.'_L.o/n2 respectirely, and 1is geometrically invariant along each ray in all

k4

. » . . -
TOTAL FLUX in a RADIATION BEAM. ° From eq. (3.5), we can write the expression for the ele-
ment of flux d@(x,y,e $,A) along a ray of spectral radiance L (x,y,0,0,A) 'through ang

element of surfafe = dx+dy at its point’ “of intersection x,y with the ray and within
an element of solid angle dw = sinf- .de - d¢ .-about the ray in the direction, ) ¢ and also
within a spectral—wavelength"element auput the wavelength Ao It 1s ’
. D “fj'ﬁh :
. Sd9(x,y,8,8,) = L‘A(x,g,e,¢,x)-sine‘-du-dA-d_x

L,-do-dr [W}, o L (310

the counterp:rt of‘eqs (3:23) and (2'28), now also taking account of spectral—ﬁavelength
variations and functional dependence. Then, if we know the distribution of spectral radi—
ance L (x,y,e $,A) over an area. A that includes all points of intersection x,y. between
Tays of a given beam and sope reference surface, over a solid angle w at each point X,y
that contains all directions 6, for rays of the beam ‘that pass through that point, and .

over a wavelength interval ax that “includes all wavelengths A for which thete.is a

. significant amdunt of spectral radiance,! the total flux ¢ in the beam at its intersection°

*‘dith the reference surface is given by : '. ‘ "

o =[] 1.8, ¢,x) dA+cos8 +du*dA [w] . (3.11)
: Aw A . . .

o . . . . .

.

L}

1Strictly,the integration should cover all wavelengths A -for.which LA + 0. 'Also, use .

of the symbol AA in nc waw implies that the interval is small; it may be of any size, _
. . M . _'.

.

v

[

“



This is the counterpart of eq. (2 24), ‘to: which the'spectral-wavelength dependence has now

been added. -For a morencompletely explicit expansion of this triple integral, see the
LW

footnote below 'eq. 42. 24) or Appendix 2. . dh

’l{ . : s
At’ the beginning of this Chapter;”we cailed attention to the w&de U

ctral variations

'that commonly occud It is quite unusuql for the spectral radiance L (A) of a Bource to |

. » . be a constant over a wide band of wavelengths However, there are many situagions where " §
the . rddiance L - f L (A) dh 18 a constant, to a useful degree of approximation (practically
uniform and iaottopic) throughout a beam of radiatidh Hence, even wheh there is a signifi-
cant spectral variation, the relationships glven in eqs. (2 25) through (2 33) may be appli—

Sa cable and are often useful . Lo =3‘F- : ” » S S ,': .

;) oo . . . K [) ,-'?;- " ¥ : »

.Tmsromqg from “KnioW srzcrm-mmcﬁg;sramuuon to FLUX ‘4t AinHE’.R LOCATION " We've'

already seen’,
“i .
.parameter ”@ﬁ,e1ength The same 1s truiiof.bcher interactions with ﬁatterggbat produce

. attenuatfon along a propagation path Accordingly, eq. (2 .36) must?now be. rewritten’to

gpa';detector response can’be highly variable ds a function of the spectral

- ' define ‘the spectral-directional propagance for.a ray through the point .X,y 1n‘ghe direction 3
C 0,0 and of wavelength X (at that point and in that direction) as ;f-. .

- . . . :e : ) Q ' ™, L ) . ) oo B -;T:J
‘ . Lo T*(x,y,B.d;,)\) .= ‘ 'L_)\ p(erret¢gA)/LA"‘i(‘x'y:e#?%)- - ‘ .(3.12) ;13 .

. | . R .o o : : ‘ - . . ' K ‘ . > .
<. Similafly, eue} (2.37) and (2.38) beconme, respectively, ' ’ i ' .
L X : , . - - . . - ,- -l . | . . e
o Ly 4 (x,7,0,4,)) p K5 0,0,0) /T*(x,y,0,6,1) [Wom=2est=lonn-1] ' (3.13) "

Ty
: . . . -
NN - LY I f -

e N : . . . L e

;;.e.wJ =L, i(x,y.e.¢> x)-r*(x,y.e %\7) [w-m-’--'sr-l am=l] o (3.14)

o - .
: : ,\,_ * . Ko

i : S v
for the’ tgansformation from a known spectral radiance at .one locat to that at another N N

i r-»location along the same ray when both points are in the game medium (same refractiVe index),

~lLikewise~ for the integrated total flux in the beam as the desired lOcatiOub eqs. (2 39) J
- .and (2.40) become, respectively, v T “; e 9‘ e ’
IH L, (x.y.e ¢ x)/r*(x.y,m m d/\'coée'dw 2 u3as)y e,

’ o . : s

and . . o ‘ ‘ng ' * o8 0 PN ﬁ"
r e
@p f i j L PR ANS )\)'r*(x,y,e i A)-dx-cose dw-dA [w] ' (3..;6)

S / . L, . . . . g~ . ‘e ) ; [ ) "
“° We reemphaeize that these relations hold” only when the pointkof incidence, .where A i .
. ¢ ‘v o 2%

exists .at the beginning of each ray path and the point of exitence, where LA P exisee T <y

at ‘the end of the ray path, are in the same medium (same refractive index) Also, because

'-of the geometrical invariance of both~the radiance and the aseociated element -of throughput,
8 _ e ) _ - TheoL T Co T 0w e for
' 53, R R AN
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along each ray,vthe reference surface for the coordinates x,y,6,¢,) . may be at eithet
location, or even at a third location, as long as the same coordinates and the area A,
the solid angle w, and the wavelength interval A)X (all containing only, and all, rays
of the beam) are alllconsistently referred to the same reference surface at its inter-
section with the‘beam. Thus it is possible to choose the reference surface where these

quantities are easiest to evaluate. ' .

’ . " LI

In the more general case, where the refractive indices at thé points of inoidence and
exitence are not the same, the'transformation must be based ‘on the geometrical inyariance
of basic spectrai radiance, taking dnto account those refractive indices, rather than on
the invariance of spectral radiag§e as above. Otherwise, eyerything proceeds'in‘the same

way.. Tt's all quite straightforward but the expressions are longer and more complicated‘

& i

and ‘they are seldom needed

-

REMAINING RADIATION PARAMETERS -- TIME and POLARﬂZATIO The'spatial and spectral param-

eters, which have now been covered, have traditionally received the most attention since.

‘their effects are. almost always-signifitant. On the other hand we may often safely ignore

. the - remainlng parama;prs, time or fréquency of : fluctuation or scintillﬂ{&on, and’ polariza-
tion, especially when an uncertainty ‘of a few per cent or more 1is adequate. Accordingly,

we will put off ‘our discussion of the remainfhg parameters for a while and turn, next, to

’ the measurement eqUation, to more about spatial distributions, to thermal radiation, and to

phqtometry . But we stfongly caution the reader that, in doing-so, we definitely are not
recomnending this as the ultimate or correct approach for accurate measurements. It is our’
“‘ conviction tHBt many of the problems and inconsistencies that arise every day in connec-
tion with optical radi?tion measurements can be traced to these remaining parameters, par-
ticularly to polarization effects, “that are too often ignored.” We present things in this
order«because we feel that it will be easier for the reader to grasp the new concepts when
they are presented in this way. But we strongly emphasize that, until all of the\param-
. eters are, included, the treatment of -the’ measurement equation and related topics must be
regafﬂed as only preliminary and incomplete. It will have a substantial area of usefulness,

. " but the limitations on 1its usefulness must not be forgotten. ' .
] ]

SUMMARY of CHAPTER 3. The distributio of optical radiation with respect .to position, ,‘

- direction;'and wavelength--the spectral—geometrical or quctral-spatial distributinn--is

, spectral radiance . )
‘ v Lg(;') = dL)dA|;, [Wem=2-sr=1-nm~!] b ‘ : ’ (3.2)
., ‘or,.more FOmpletely, . M ' ' ‘ V.
~.~ . '( . N . Lx(x,y,e,¢,x) = ,:Z?éésg:3m?d;j [w-m‘z-srTE;nm'I].u ‘ . '-(3.5)
' e e . L, ‘ ) .
, The spectral parameter of wavelen A LW.] may be replaced in thege defining equations g
» by the more pasic spectral p requency v [THz], or by the other spectral

‘parameters of vacuum wavelength- %, [nm] wave number o [cm"l],_both.of which also

R . C.os4 . .

o | - £a .o
\‘1
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W _ o ) _ .3
» -~ K : ’ : . L
® remain constant during passage through dif£erent media (differenﬁy refractive inddces). 1 * "’».
oA .

*  Like r'adiance 1L, «spectral radiance L)‘ is geometrically invariant along any ray, in

o° the, direction of the’ ray, in a#’isotropic, passive, lossless medium, In media of varying . .
refractive index n, A'[~hﬂariant basic spectral, radiance depends on the spectral- param-
v

.+ eter. For frequency ‘v, fox wave number o, and for those«who transform always to the
“

- vacuum wavelength 1o, 1t is I. /82, L /n2,: and L /n respectively: However, fyr
the spectral, parameter of "local" wavelength A(n), where *the refractive ifdex 1is - n, the -
basic . spéctral-wavelenﬁth radiance is f /n - . " ‘_ a
. S e 5 .
¢ W, b . R o N
¥ ’ ‘The elemenrt of flux associated with a&ray of spectral radi_Qﬂce L; is‘given by~ .
. . s WA ’ * ! o B
¥ PR i ' . R ,
. - ©d9(x,,0,0,0) = L (x,y,8,6,)) Cosdidueda-dr (W] ,
R+ i o o - 4 RN .
) » : = LdSean (W) - Gl

(-

The total flux in a beam, given the distribution of Sg;.ectral radiance at 1its intersection ;‘

B with a convenie?nt reference surface is . o _‘,« . o
# ‘ N 04 ' » ] ' . . )
) o = | f [ L,(x,y,8, ¢, & ecosf du-dA [WE. L (3.11) ' -

: ’ R A w AX - ‘. ] . -~ , KA o b

. q - ’, v N : ‘ ! ) . , \44/,-", N

Except “for ihe fact that the additional radia:ion parametérs, z;me or frequency of modula‘

" tion or fluctuation and polarization hgye been ignored, eqs. (3. 10) and (3. 11) are general

relations of wide validity. 1In particular, they are notwln any way giependﬁnt on.“the ind._ex

v of refraction. . . a{ ‘ R v . .
- . .
» For the simple transformations .from a known spectral radiance ot Spectral—radiance dis- -
" . " tribution for the rays of a beam at one location te the distribution or, the’ integrated

value of flux in the same beam at another, ‘location, based on the geome:ﬁt‘al invariance of
spectral radiance, it 1is necessary that both locations (both intersgt:ting teference surfaces)

be in the same medium (same refractive, index). The transformation. ‘relations are:

; . LIPS R o N )
BL,1 (Y000 = Iy L0G5,0,0,0)/T4(x,,0,4,0) [Wem2esrbenn1], (3.13)
' e Py R v : '

Ly o (6,7,0,0,0) = (%:7,0,0,0) -T%(x,7,8,8,1) [Wen~2esz SRt ) NN R

p )‘ i ' IS ‘v{',- - .

o Ly, p Y0, 0/ T%(x,y,8,6,0) ] -dh+cos6-du-da [u], '(33&15) SR

*and % | ’ . .
i \ ° ) i(x,y,e,-(p,})'T’f(x,y,e,q’,)\):d)\'-cosefdm'-dA Wl = 0 o(3.16)

. When the refractive indices at the tw%ocations are nog the same, simyjar. but somewhat. “Tote
complicated expressions mlgt be used, based on the geometrtcal invarlance of basic spectra/l ’ 4

radiance, taking into éc&unt those refractive 1ndices

t

L]

-~

i .

,nw, »

'

ISee footnote on- fir‘ page of Chapter 3. S K o ’ ," . ¥
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Appendix 1. Units and Unit Syﬂ)ols
B Y . . "
A * 5 - : ) .
.‘,i-."» The bhse unigs of the International System (SI) are given in Table Al-1, which fol-
LI

% yses to cope with the great diversity~of nomenclature in the literature on optical radia-

lows Table 1 of [16], except that we have added the squdre brackets enclosing each unit

oyab:

s -

That pract% was adopted to emphasize the dimensional:[ty of the units and the

~

‘essg'of that dimensionality in routine unit-—dimensidn-consistency <hecks and anal-""

&3

tion aasdrements

. . Table Al-1,
Y e e SI Base Units ' -
l & ‘ L 6. ’ !
@anti,;z Name Symbol
— (]
- . ‘
* ‘length .. . meter . « [m]
mass : e < kilogram g . [kg]

J .-

time .,.,.-..A“....’.tse;‘:ond [s]

electric current . .\, . ampere . . . . [A]
) tnerm'odyna:nic 'temperature'. . kelvin . [K]
amount of. substance .'.;; . mole | i « [mol] ' A . .
C . ’
luminous intens.ity . candela . « [ed]

-

Of the SI base units@ﬁhe one of, p grticular interest in the branch of optical radiatiop
measurements known as photometry is the candela, defined officlally as follows: "“The
candela is the luminouﬂ j,nten.sity, in the perpendicular direction, of a surface of
1/600 000 square meter of, a blackbody at the temperature of freezing platinum under a

pressure of™101 325 negtons per square meter {13th CGPM (1967). Resolution’ 5y [16]."

' o -,
, 'Y LX) _ s
o - . o
» - - ’ ’: w "
oy a W R
[ . v
. & PO
s YR . .
T RS .
n s, . ’ , . t A
- e ¢ & / e 7 g
. e
el i -4 A
. "
» . s
. ' - -
z . .
o . iy \ ] .
) S A
N . g — ' °
" - 3 Ny
‘ : ' Ay N
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N -~ . o L 1, S . o
. ‘ r
"
- . 5 . # » U P
. » . ' . L8 . » w " *» ]
. " ' - . -
- vl 71 . . &
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3 « ) #.I
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. ’ ' ’ S
N . & _ Table Al-2 - l.
L . ) o o .
e : Gy ' o T * SI Prefixes
. Factor  _Prefix . _Symbol Factor Prefix Symbol ! '
R B ' . 3‘." ;
1018 exa - \E 100! - deet d %
¢ 1015 peta P 10-2 centi c s
1012 tera T 10-3 . milld n »
10° .giga;. c 10-6 micro u .
. 108 mega M 10-9 «. Dano n
103 Kilo PR 10-12 pico P
102 hecto ; h 10-15 femto - £ T
. N *
10! deka da 10-18 " 47 acto a R
: v . . v o
-The names and symbols 'liste& above are used ,' in combination with the names and sym-
bols, respectively, of the SI units, as prefixes to form decimal multiples and sub-
multiples of those units. ‘(Th:l.s table is bdsed on Table 7 of [16] to which we:  have added
’ the two recently adopted! prefixes "exa" and "peta” fgr 1018 and 10!5, respectively.)
. lsee, for example, NBS Dimenskons, Vol. 59, No. 10, October 1975, p. 229. *
LS . . '
- O . . 4
. ] g .ﬁ
. - ]
O . .
yom ) '
n i o . 8
e ‘ ] ,
4 -
< ) . ’ . ,
R% “ L}
o Ve . : s
t .? L]
) P - " f . * ® ’ . '.
. ., ‘ . NA- 72 . ..
- 1:‘ [ ‘ [ ,4.@ . ot
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| O teblendh
o o "SI Derived Units for Photometry - C ,
g Guamedty . I . 'Unit Smbo )
1 luminous emergy = - o Q’Qv ’hmeﬂ-aecond (candela-ateradian—aecond) , [1m-a] { [cd 8T s])
v - \ '
. S Iumen-second (talbot:) e, " [lmes]
' luminous (diretted= ‘ H,Hv';. . ldk-second ' - ' o o [lx's] "
, ourface) exposure . - . : (candela-steradian-s¢6ﬁd-per square meter) . ([cd-sr-a-m'zl}*
o ‘ o a ‘ lumen-second per. squat;e metera " - [lmes -m'.2]‘, \)
luninous (omni-direc- | o F;F' o lux-.second . ',5}-'( b ‘{J’-":' ‘ T [ixes] |
tional) fluence ~ -.° 7 (caqdela-steradian-secqp;l pewqua;‘nﬂeter) ([cd sT" s-m-zl)
L e  Lumen-sgécond ‘per 8quare: mdleq ) [lnes 'm‘2]
o lunfnous flux ¢ .o "-0',"48"’,”7 ‘lumen; (candala-steradian) L ‘f‘{v‘ © (1), [cd sr])
. e dme R
' ‘ luminous intensity* ' - Id B candela S S R [cd] o )
' . ' . s ‘vluné‘l per steradian w N L : [lm'ar'll o
luminous flux (direo,ted- : ' W,W | lumen (candel,a ateradian) ‘ger aquara meter s leuu"211 ([cd ar"tﬂ“z
W | surface) density =~ . v , hmen per square nater s [N g [1 u 21, ;
{lluninance ({1lumination) -’E',Ev T (cmdelmteradisn Rer square me’ter) Hils ([cd-‘-m'zl)
| Ceoe o ) . uneén per. squate meter < b - . . .' flm m"2] .
luinous-exitance” o+ MM Jumen. (caude’la,-steraddan) p,‘ei squgre meter [Imeg2];’ ([cd or: =2
. S IR lunen per square ficter N {lmam.?sl e
4 TR 1
luminous (omni-direc- Lo Ft"F . lux, (candela-dterddian ber aquareameter) [lx] } ([c(! ar-n‘zl)
tional) fluence Te SRR "v,"-, lumen per square meter - ', c [laes?] L
" luninance \' L .', caadela per aquara meter ' | [cd-m 21 - ,f
R oY . lutien- per  square meger aﬁd sterqsian s [1m-m z-ar ] e
- luminous sterisent COLL candela pemcubig A B
. ok Y umen per; cublc g
| e IR
R o BRI

o NOTE The first enary or, entrigs for: each quantity give. u
© o base unit.. The last entrg“for each quaftity {s:the’ “gane, |
© " that parallels the, correspondin :ﬁdiom’itric unitziu terap c & i
B '_correapondfng quanti{y in, TablelAl-'S E }efinit'iémé{-( : R
AREF ‘:valso apply to the correapbnding quant :
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j | Table Al‘zﬁ
N : SI Derivec_l.Un te for Photometry .
0 . A 1 oy 4

,o o Smbl gt o

hergy | | Q,Qvi‘ o ltxmeu{seconq (candela-steradien-second)

o | o ) lumen-'-second (ralbot) .‘ ﬁ
irecrede rk A lux-second } o R .
exposure. - . o (candelansreradian-second-per square meter) e ,

N _ lumeu-second per square meter
pmi-direc-- . RF lux-second .- |

S A (candela-steredi,an-aecoud per square meter)
ST lumensecond per square meter

5 :-.g .

"cd*sr-s-m‘z]) S )
‘”'jl ‘lm 8¢ '2] I L
Ty L :‘,bv,'o"‘ oo lumen' (candela-s.teradian) o
tensity ;© I,Iv . ¢ande1a e S ‘ﬁ;‘;j,' Hedlo, oo v
TRCERILARN O w7 lumen per eteradian e . {_. .“' '{lm'fﬁ?:ll % o '
ax v-(d‘i"récrede?“ ,. ;' ,- W,Wv  Jumen. (candela-steradian) per square met 2},([§&- oI

deneiry R S % ‘, ~ lumen per square meter o ll!(:ﬁ"%l" s

’ ., ‘ L . '; X "";: . ) ’ .
4‘11“"1!3&!10!1) L E E ; L luxg (candela-steradiau per square neteglrd & [1x];
’ ._-.',‘j,-, ": lumen per square merer o - v Al 2] ¥ o
M M ~ lumen (candelaqsteredian) per square meterq " ": " ed erfl-m'z"])' ‘
PR lumen per square neter. . ‘ Ay S

»- - Fof 1“' (Cﬂndela-srerediﬂu‘pﬁr Square. metsmw ,\ i
S \ lumen per square meter. = Wzr ‘

. & :
Wt .Ju candele,Per square meter
g ‘f;"—,‘ 9 Coel equare,meter and steradian

ok A S . ’iandele per cubie meter » Co e f o J
Tt per eubic meter ahd steradim .' 3 SRS |
W ‘a i ' R ' :
- .f‘iv‘f‘.n""’ ,a% RPN S g’ ;f: ' ! ’
. cin ."'{:‘n »,Tv;,'q ‘r‘._"p*,*_f ;I 2. . .o A oo NP ) (i d‘ l I:J 1
BT (T ¥ A ' Soe |

o ‘eur‘rl for each queﬂtiry giVe the errict SI unireg. 'f“ the candela [(;d] 88 the
h,q'uantiry 18" the. seme unit in terms of rhe 10 ke

Itgesein] - or- lumen-eecond [1h°s},
&:m ra qmerric unif in terns of the ws}:t (W] or fugdle '[7], respecﬁively\, For.the .-

Ta Ai 3., The defi rions %ﬁnmg equatione) 1n ‘ ,';,‘f T%e, and the: foqrnotes r}nere,
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Aruitoxt provided by Eic:

.where . o
v(2) [dimensionless]

Unit
apsstilb .

candela-second

footcandle
"footlambert

lambert

light-watt**'

‘phot

stild

-

Table Al-5

Some Addi¢i0n31 non-S1 PhotometriC‘Units

© Symbol

[asb] .

* [ede8] .

(£e) -

- [fr]

L)
(W]
[ph]
[sb]

o 1[cd £t~ 2]
1" Hedsem™2)
AR - (1m]
1[1m-cm™2)
l[cd‘}m'z]

SI E uivalent
=" 1[cd-m 1
l[cd-s]

10. 764[1’m- 2]
3.426[cd*m~2)

= 104 o “l[edm™2)

¥ 680~1[1m]
10%[1m-m~2)
104 [ca-n_:'2]

‘Quantity

K F‘ldminance

RS

;ergolumic
intensity#*

illumipance .
lpmisance
luminance
luminous flux -
11luminance

luminance

*The CIE [5]) seems not to have any term for this quantisy, nor does there seem to be any -

also used. at times.

.posal [l7]

[

T
e

et

A (nm] .
01N (ivom

ol,[kW] 18 the luminous flux 4n light-waccs of the radiation described by
" the spectral -distribution o, x(A)

v

where -t
Km ;e_ 680 .-[m-w-_ll

A

"

% 680 O

760

et

[~ vy-e,

‘ .

b}

A a2,

s

"in general ud& other than the term for the units, although "beam—candlepower-second" is
This term for the quantity .is caken from Jones' "phluometry™ pro-

.i-_.*:me (ﬂgSj:cc [aW] - is .elated to the unit of radiant flug che watt [w], by

e
3

is che photqpic spectral luminous efficienqx [5 18],

is the wavelength,_

A

‘
Y

at A % 555 [om]

e

&

- '

llm],

-

is a discribution of spectral radisnt flux as a gpnction of -
_wavelength, and °

., v

L]

‘The luminous flux, in lumens, in chis same beam "of radiation 1s given by.
® Ix | 0,

)

"1s the maximum, spectral luminous ,‘ E N

efficacyi(of‘radiation) [5 181.

_Note that - both che lumen and the lighc-watt are udits of: luminous fldx.
' same dimensionality and differ only by the‘uumerical scale- factor IK | % 660. There -

The& have. the

a:e approxinstely 680 lumens per light-wstc at. all wavelengths 1n the visiBle region ,

of che speetrum,where 380 s AS 760, tnMI
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. of 8 physical quantity propagated in rays that obey t& laws of geometrical optics, = . : v

| no;r"ﬁ: the einstein )E] '-rNA'[d]‘ {where LA is the AVdga ro écnstant, the number of nolecules (particles) per. nplp
o LN ' o . . } o e
e (pol] of any spbstance},_ 18 widely used a8

. U L} K L
* P A' . .
B . ' i s p / \ ‘ [
| KA oo ’
iy ‘ ey ; .
] a3 A l.‘ '. . A
' CYombleds o 7T
P L “’ . Units for Photon-Flux Rad{onetry
L | ggantitxf"' ) © Symbol * Unit . .. e vt . Unit_Symbol
) 'g;pilbton eherEY .' ‘. , 'Q,Qp ( ' quantuntt : “ "‘ » - T
* ¢ . Lo : . SR 4 A . ' ; .
- .~ photon exposure L A H,Hp * quantum per square meter ; R o [.q;-m‘z] .
" photorr flyence f‘g' N F,Fp Y Clem™?) L
: PRERA R P o P, # SN - L | .
‘\ photon flux * - ; E - @,Qp . 4., ‘quantup pet second Cnh lqs™)) ‘
: photon~flux intensity ’I,Ip ’ " quantufh per second agd.égetdqmn — fqestlesrly
pho:o‘n'-nui (surface) demsity u,ﬁp SRR W o o
by R 4 3 SR o . o
incident ‘photon-flug:'density 'E,-Ep x qufp%t_m‘be sécond and squate meter [qf,g'l-m"zl
photon~flux exitance .o M,Mp o n*; \ .,« (a i ‘, |
- photon-flux fluencepate. Ft’Fﬁt . 'q&%ﬁﬁhﬁ\géf cdq:cll""qnd; square metér [q-s‘lom;zl
) . Pl ; T B oot L B : ' .

| phbm-flux"stgrahce (radiance) L,Lp RO ‘dh'a.ntum-.‘per'iv’secoﬂ;u‘{;sciuare' meter, and steradian  [q+s”] m~LogrL
phioton-flux gterisent . - L‘fL; © ", quantus per seconds Ei?‘ic‘ine‘ter,-and steradian - [q's™Lep"degr7]
' . “ i} o N . .) C , 4 _-;v.‘. R . :

.7';.'.'5;‘/4 . . L] )

’.'. ‘ ..' , \J o '..0' ' . ) ‘ )
~ tDefinitions (defining equations) are the same as for corresponding l',qilau.titiea\'!ain Table Al-3, Also- spectral quanti~

- ties are formed as shown in that Table. e . '
e nuaber of photons or quanta in a bean of radiation is freqﬁently'regafdéﬁf%gs a pure (dim‘ensionles."”-‘ ,?'l;‘inuiber,'
the ratio between the energy in that beam and the ‘energy (hv) of an -individuai';photon or quantum, However; that"

number is certainly a measure of the "amount ‘of radiation" in the-beam and-it 4s not just a number,:but 18 a number

N - 'of @ dlstinctive physical quantity, just as the number of joules.is a physical quantity, 'Accordingly, it is useful

to assign the quantum per second [q*871] as the. unit ‘of photon flux, Then #11 of' the other geometrical quantities
. and their interrelationships and units parallel exactly those for radiant flux, luminous‘flux, or any other flux -

! b :A. ..
. ’.

2 (auch lu‘r'gefl)l-'unit of photon flux, {The latest value of ithe‘lvog}ndrd

. constant in NBS. Spec. Pub, 398 (Aug. 1974) 1s given as BT AN
v By =(6,022063 £ 0.000031)'x 1023 [particlesmol™]) ) L
R ‘9". ) , S I A L
4 . : 'f ¥



Table A6 .
¢ | | Units for Photon-Flux Radiome‘tryl
S ‘ Sbol ¢ pate I
8 o . ,h | ‘Q‘,Qp, - quautmnfJr o
sure : N H'Hp | ) quantun per 8quare meter .
ce . PF e 7 " " .-"" n .. ;\‘
. p P N o P e
’o’ - - . ;‘:‘ , 0 sbp ) quantum per second | .
intensity L " I, I; © |, quantun per sécond and stkradian, Y
‘.(surface) density - W, Wp, o . ¢ | |
‘ton-flux density . E Ep quantum per secoud '.a'nd s'quare meter
'exitance - H',Hp e e -
fluence rate . .. , Ft'Fp, ¢ | 'quantum per second and square meter o | con
‘sterance (radiance) . = I."LP quantum per second, square metq‘g and‘ steradian lges™te f2°srf’jl,]'
gterisent c ‘L’,‘L* quantum per second cubic meter, amd steradian  q-s"lem~degr7l)

0 aq,

(defining equationa) are the same as for corresponding'quantities in Table. .i‘1-3. ‘Also sp‘ectral 'quanti-‘
formed as shown in that Table. - S T "

' - ' - 0 ! )
: . »
' 1 ..A‘ .4 . ! *

L

of photons or quanta in a beam of radiation is frequently regarded 48 a pure (dimensionless) number,
tween the energ} in-that beam and the energy (hv) of an individual photon”or quantum, However,, that ,

rtainly a measure ‘of the' amount of radiation" in the bean and 1t 1is not just a. number, but is a number
tive physical quantity, uat 88 the.punber of joulés 48 a physical quantity, Accordingly. it 15 useful " - ..
e quantub per -second [q*s™!] as the wﬁ of photon flux, Then all of the other geometrical quantities o Yo
terréldtionships and’ un&s parallel axactly those for radiant flux, Iuminous flux, or any other flox. o0 T
1 quantity propagated in rays that obey the *ws of geometrical optics. T . . b

Pamre o
]

“inste'in [E] = ,9 A *[q] {where N is t,he AVogadro constant, the numbar of molecuI‘es (particles) per mole
substance} is widely used as a (mueh larger) unit of photon flux. . {The latest vatue of the Avogadro

spec Pab. 38 (Aus 1974)iagiveq,u LT ey |
' 7 6 022NSto,omoa1)x102 [particles-ml"l]} S
: ‘\- . - ’ {’:" - ‘IA * :. : ' | ".' 79
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e ¢ -en;le fillqp by dll of t
f: ié.is tbtated about 0 t

Note thht the acute angle I,
Hodhver, thbse Iines

‘ -\’

- Appendix
P

.

r

’

SPHERICAL coonnmmzs (sol:id polar céordinates)

a; beam of" radiation.. We need coordinates for sp;cifying, at each point of that reference

. ‘I‘ |
BE
£

2. Spherical Coordinates and Geometrical Relationshi s-

' [

In almost all optical radiation measure-

., ment. situations, -we are concerned with the flux through‘a reference surface that intersects

surface, the direction of every intersecting ray incident from (or exitent into) the entire

hemisphete above the plane tangent to the reference -surface at, that point.

lane containing the element of surf

gystem for this purpose is illﬁhtrate& in figure A2- l.

or the

in that plane is selacted as the azimuth reference or X-axis\. -

X-Y plane.

Z-axis for’ rectangular coordinates.
is then - the’

dA- at the given. point.

.That 1is the

The most useful coordinate. [

The given point 0 1s tgken as the

The spherical coordinate

origin. The norual to dA° at O is chosen as the polar axis for sprerical coordinates..:
. The tang!nt plane, containing the element dA
A straight line extending from 0 in. some convehient direct

. any poipt P in qp éa as shown in the figure, are then p,9 ¢, where p 1is- the length k

pf the line

plane and‘the azimuth reference (the x—axis)

}‘ is the polar angle between the 1ine OP and the- polar axis, and ,¢$ -
‘is the azimuth angle in the tangent plane between or',

of P are, x y,z,

T

-

the' tan*ﬁnt 7lane, . 0

=

}

7,80 that

A SOLID ‘ANGLE.

x
Y
z

where

P
e
¢

B
c e

3

p*8inb.cosd,

[2s
.

p+sind-sing, and

~b'cose,

v

2

(xz, + .y2 + ;z)g, - A
5 tan’lj(xz ; yz)k,z];.éhaﬂ.d;L
tan11(y/x),

9

ﬂ/2 [rad] snd

‘ with a brief Iook at’plane’ angles.

defined as the locué of all directions that’ may be’ occupied by either line as it 1a rotgted .
inpo directional coincidence with the other 1line, -
and 0B form the afgle 6 aF the veTtex ... That 1§ tHe
ftmediate positions*that could be Occupied-by eitheneline as'?;
g it 1ntd céinciﬂencp with the direction‘of the other line.f
ad shoun, 18 cquerad by the most direct senst for such
»gao define an %terior obtuse angle of (360 - BJ ’{deg]_

: about-the Vertex to br ng ,

rotation.

.-

o<¢

-

62

,»80

Y

e

i

2ﬂ‘[rad]

-

the projection of op on that

—

a* particular poiht on the' ra’ “"The’ direction-of the ray through
- by just the tqp angles_

e

with the corresponding featurel~of the more familiar plane angle.:

S

The corresponding rectangular coordinates

and P is spec
Also, when - thay are often confined to the ‘hemisphere above

Y

s
°,

RN

Pt

FO!'

Y

examble,;

1o

K

One of the best ways to grasp the concept of a qplid angle is by andlogy O
Accordingly, ue'lL start _‘ .

4

A plane angle, formed'by two st:aight lines that. meet at a point, the vertex,_is -
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'Figure A2-2.- -The same plane angle 8 .is subtended.at O
_ * 1. the tircular arc CD, .
N N \ . - . . R P . ] . .
- v <% 2. " the straight line EF," s
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I3

or (2m - 8) [radj if the rotafion is in the-opposite sense [the units.are defined in the
nextharagraph] ’ o

The Yength of each line is immaterial just so it's long enough to be.a straight- line
segment. In fact, an angle is- alﬁb formed when two curved‘lines meet if 1c* s possible to
draw the tangent to each curve at "the point of intersection, E'he vertex “ The anglvbetween
the curves is then the angfe between the tangents. Hence, it is also the angle between the
infinitesimal eleéments of " the curved ‘lines at .that point In figure A2-2, the lower
straight line OB intersects a transverse straight line at F, a circular arc at D, an

P frregular curve at F', and the extreme point of a &lane figure at _F". The upper straight

Y line 0A is too short to meet any of these same lines or the plane figure, but. its exten-

sion intersects the lines at E, C, and E’, respectively, and {s tangent to the plane

. T@'a & E". Then we can say that the angle 6 intercepts the
ll line*§Egments EE“" D) dnd .E'F' and just enclosesA;;4%0atains the .plane figure E"F".
fﬂ.gpnvgyiﬁiyg the iine segments ‘and the plane figure all ghqiend the sSme angle. 6 at .0,

jhgn partitulap” the,cirtular arc CD has its center at Q, so its length is a measure‘of

.'the -8ize of the angle is given bye;he ratio of the length

o -‘;ﬁ; oy AT ¥ T8 = CD/OC [rad]. $ (A2-3)
. x'&)”‘)’*ﬂ. ) - '

,The'magnl!ude of ‘the same apgle in (cireular) degrees [deg] 1s given by '3

" e 'Y ’ .
. 8 = (180/m)-(CD/QC) (deg]. . (A2-4)

A solid angle 1s similarly formed at a point, also called theovertex by‘a conical sur-

face or cone. The cone, in turn, is the surface that contains all possible straight lines:
(1.e. , is the locus of thofe lines) that extend from the vertex point to a point on some
closed, 'simply- connqttegscurve in space tkat does not pass through the vertex. Such a
curve, using theklpnu q& s broadest sense may, include straight—line segments and dis-
continuous changes of direction or angles az is only reguired that, starting from any
point on the ' curVe and traveling_along it fat enough in eitRer direction, you return to
the starting point after passing é%ce and only oﬂte, through every other point on tha <‘
curve ‘h particular, wheh the-"éﬁrve is made up entirely of”stradght-line segments that
form a polygon, the "cone" is a #yramid, On the other hand, when a pencil of rays converges
on the axis of a cylindrical optical system with circular optical components, the solid
.-angle formed at the focug is bounded by a right circular cone and a solid angle .is very
oftemgso depicted In fact, speaking loosely, we often say that the solid gngle is a right
circular ‘qone. However, there is really no such limiratiop on thé concept of a solid angle -
which, as we Have just seen, Can be formed at the vertex of a pyramid dr of the conical
surface formed by the straight lines joining the vertex to a cloged curve of almost any
shape (see figut! A2v3;~‘ . ' )

» -]
]

L, - : oo e ’ . -
gLikena plane angle, .a solid angle can be defined ad-a locus of directions;_it'is the
. , i ) } . L
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locus of all directions lying withfn the defining cone, Algo, just as With a plane angle,

there-are always two possibilities'. the acute interior solid angle -and ;the obtuse exterior

solid angle. However, unless the contf&ry’is stated it is usually assumed to be’ the acute "

interior solid angle.

. i }

‘ Any plane through the verté; of a solid angle that intersects the cone‘enclosing the
solid angle will do so along two straight lines that megt at the vertex to form a plane
angle., Thus, we can consider figure A2-2 as depicting such an intersection with a solid
angle having its vertex at O and with the points A and B lyiné on the cldsed curve in
space, that defines the bounding cone and, accordingly, does’ not pass through O. Then the -
straight-line segment EF represents a plane area, the arc CD 3 spherical-surface area,
the line segment E'F' an irregular surface area, and the plane figure E"F" < a section )

through an irregular solid object, all of which subtend the same solid angle. w at- 0,
"

The measure'of a solid angle is sometimes confused with the solid angle itself The

i

solid angle is that which exists at the vertex, regardless of the extent of the,BOunding
conical surface, just as-.a plane angle can be\formed at a vettex by very short straight—line
segments, or even infinitesimal 1ine elem ements. The measure of the solid angle, on the other
hand, ‘is provided by the area intercept d by the bounding cone, or its extensionubéyond the‘
defining curve 1if necessary, on the surface_ of :.sphere centered at the vertex, just as :the
plane angle is measured by the intercepted arc of a circle cencered ‘at itS»vertgxa The

magnitude of a solid angle w , In steradians [sr] 1is glust the ratio of this intercépte( »

Ry

spherical-surface area A ‘to the square of the radius p of the sphere: o -u_“

X )
. v N
' W = A /p2 [sr]. % e (a2-5)”

&

' A SOLID ANGLE in SPHERICAL cooﬁﬁiugyzs “ To expregé a’ solid angle w in spherical coordi-

nates, we will start; first, with just an element of solid angle _dw. In figure A2-4, we
show the: angle o increased by an infinitesHLal element d6 and the angle ¢ similarly
increased by d¢. The point R, always at. the same distance b from the origin 0, moves

over the Surface of a spheré of radius p. The element of angle dé intercepts an arc %f

. length‘ p-de on the sphw sérfiace. The element d¢, however, represents rotation

about <he polar-or Z-axtg. Hence, the point -P does not move on a great circle. Instead,.

it follows an element of arc of radius p*sind’ (the projéction of OP, of length p,- onto
the X-Y plane, or orfko a plane parallel\to the X-Y plane through P). The length of that .
circular arc¢ on the spherical surface is -sine d¢, and it subtends«an element of angle
sineud¢ [xad]  at the originl 0. Two' pairs of these elements of are enclose the element of
spherioal:surface area dA = p2.8ing-do+ de, as -shown in the figure. The elemedt of solid

s angle dw, subtended at thé origin 0 gy that area element ‘dAs_ is, by.eq. (A2—5),_ ;

. A . . - -

B r.fd«”' Cde & ‘dA /o2 = sine de d¢ [sr]. : ' ' (A2-6)

da
3 - .

It is also clear, since each of the angle elements de 1and sinB+d¢ is_in units of
radians .[rad], that their product 1s in units of square radians Tgad?],  just as the

K2
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v[Ft‘L ] -lwhile ¥prque or monmt has»,the dime;lsions of force times .orthogonal ength--

corresponding'a.rc lengths p-de ‘and “pesing. dé, each in meters (m], have & Product

\

A
dA = pz-sinO *do-de¢ that is an area in square meters [mz].- THus ,a steradian [sr] is

a square radian [radz] .
. . ;

Al_t"hough;@e relationship between radians and degrees, as plane-angle units, is famil-

3

iar enough 560 at most people feel they understand it? there % confusion about their
. By

-niimensions. In ‘the case of a solid fangle,& similar confusion ex stls concerning dimensions

and, furthermore, concerning the relations'hip between, steradians“d square degrees Mopn

"~ and Spencer [‘19} have made a h'elpful.suggestion, that we recognize the orthogOnalit_y of

[Lr] and [L uI respectiveély. Then a plane angle has the dimensions [L -L 4 'rathe:
than being a dimensionless ratio as in the usual treatm\he distinctign may not seem
'

too impor£ant when the same length units are used for

th th arc and the radius to eval-
uate the size of an angle in radians as. .the quot; of these. two quantitieg. However, if
we mgasure the arc in smaller units, equal to w/180 Q: 1.745 329 x I‘D 2 times the lengf'h

unit for the' radius, the quotient will be* ;he size of the»!sama angle in degrees. Carr"ying

this/ one step further, - We can now relate th“é‘ unit of solid angle, the. steradian or square'ﬁ" ’

radian, to the square degtee Quite simply through this same relationship, since we ‘have

est blished the equivalence‘kof a sterddiap and a sq‘uare ra@.&n 'y . ® } ; ¢ o
A - " ° ] .'(

Lldeg] = (v/180) [rad] *3 1 745 329 x W-2[rgh) Y. (A-n

. Lot . * - \f
N t © 1[deg?] "= (n/lBO)g;[radzl = (n/lBO)zrsr] . ",;.
oo . Y 046 174 x 10-"[sr]ﬁ' . . c L (A2-8)
o F £ ¢ . - N\

'8, W 3 .

Incidentally, the usef.ulneas and vilidity*of the treatment based on the suggestion by -

.Moon and Speaxcer is well 'brought out by the wa)t'in dﬁich ita‘:larifies the confusion about ) )

the dimensions of work or energy and of torque“or moment, something that ‘bothers almost

every physics studgnt when first %troduced to aimen&ional analysis In the notation used

-.' above, worly or energy ha@ the dimensions of force times colinear length--either [Fr-Lr] or‘-'

i

usually [i‘ -L ]. But Work or energy is generated when a torque or moment acts through a
plane angle. , Dimensionally, :hat situation 1s” described by - [f L ] [L ‘L ] = [Ft-Lt],
which is gratifyingly,,self-cqgnsiste,\nt

s Sdi‘much for the digression into units and dimensions We . obta‘ined the ,expression:for
the element of solid angleiin spherical\coordinates in eq, (A2-6). The integral of that .
quantity over the‘appropriate limits then provides us with a general ex-pres_sion for any

solid angle in spherical coordinates o o . ' o '

= w = I¢Iesin8fd6fda> [s"r].p'. . o (AZ'-9)
For example, it is often useful to have the exin'ession for the solid angle at the vertex of

a right circular cone of half-vertex angle eh.,, If we choose the polar axis along thg"axis
] . a & .,".

w



- ' .i.. ’ . : . . x' . ,',’!

T R ’ 21! L ‘.’ [ B ',
R B 7, f sinB de d\pd = Zn(l - cose ) K hn-siug.(eh/Z) Isr]..
For a hemis'phere, Bh ='.ir/2" [xad}, cosel']_,=', 0, ‘and sin(8ﬁ{,2)'= 1/V7,
so that  ° . : ) . R

PR - o . .

¢ s : S e N § 27,
K S '/whemiSPhere 2 [s_r! o .2'0?2 648 X 10° [deg ]I'
T e YU el

. and - '_: * . ) ..\
B . 43 f’sf] " 4,125,296 x 10 (4 2.']"‘-'-"

s o wsphere_ . ;,' i 93, :

F'inally, we want a general‘expression far the elem,

'tended at a surface elemé‘nt dAl by an arbitrarily orief _

‘a’ dis;ance of D [m]. Thfs situation ié illustrated in fi

& with its- normal making an angle 82' with the line joining @Q
'evident in the figuré 'thag the soliJ—angle element dwy 2
cepts an area qltment d&z cosfy on the surface of .a sphere

’I‘hen, from eq (AZ -5), wercan write immediately _
50 '

T

; dwy, = (dAz-cosez)/D'2 .,{sr]g v
R AR ) - Gmas ot

Vo : L,cone enclosing the angle' is determined by a sim’p#-gonnected curve."

such simple solid gles can be combined in. various ways ro, produée.‘m;.uc r )

“angles. For example, as 1llustrated in, figurgyd 7, the solid -anghe _iiled by cogwergihg

fays at the focus of a Cassegrain—type opti&a.k%ys&em is ‘,"‘ "hollow" con‘é

‘verging rays only within the solid ang]:e betveen t!’o coaanI r}ght %ircﬂ]&t\‘cones, ‘tiere

are none within the smaller inner cone. i: * " BITI
ed

- . " .
%e‘re"-:"a.re cons” Y
L I A

B . - ¢
't' .‘ R .,

A PROJECTED. SOLID ANGLE.. In chapter 2, we.

‘in eq ¥ ('2 llo) in terms of r,-;;ﬂe A

. element of flux through an element iy ojec‘tgeéparea cose'#\, ,éqd é‘n element of 'selid -

° . 1 AL IR )
angle dw There., the obliquity 43 3 3 ,'tgicfhea‘t!:;h}.agsﬂgziafted wi;:l_;,_th_ej e“%‘t of
area dA However when we obta v ition the expression ﬁot the f in an

entire beam, eq (2. 2.5), partic of uniform’ isotropic ﬁdi&tion with cori="- .-

stant L throughout the beam, an:f) vignetting,eo that/ the integrals ﬂre sepa'):,%?le, _as :in .
&
b

ciate‘ the obliqlrity fact&@"&os 8,

s
e navt rofjiiR

eqo (2: 30), it is convenient to'a
element of solid angle dw‘ as; cosﬁ dw = cosf* sinB df-d¢.-
calling v

,'.M...f, ~.
.
&

/ 'co‘éb-dw ‘[sr]‘

~
Fe)
m

—
[+%
0
H

the projected solid angle associated with the solid angle m. By It is a weigw

' " (and 1is sometimes so~ called), with the obliquity factor- coie as the weighting functi“ - 4#
" ) = * o | '»'t’“ 70 - . " . }.n ~ \* :‘
B ' e RV
‘7 o ‘ L ,' . } Q* L 4’
T . o p o e 2. T iR,
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" The nama is suggested by the analogy with an element oI’%rojectéd erea cose daA. However,.

while the projection of an area onto another surface can be constructed so that there exists
an area that zk the’ projectea area, don' t try to picturé ér visualize anything himilar‘for
the projected golid angle sit doesn’ t exist in that sense; although there aré’at least two’
: geometrical constructions for the measure of a’ projected solid angle tﬁat can’ be very help- _

" ’ e A e ! * ? . A ’ e ( - M ’ » }’,

’ . The'first of these has ‘been called Nusselt s construetion [20] by Jakob (1 J 'whq also‘ S
eibert '[22] who published in the same year as Nusselt [20] However Gernhén [23}\ '*ﬁ&
lier. publication by Wiener [24] This, incidentally, is'a good illustra- TN

tion of "how badly “scattered and disjointed thihgs can be in the liEerature ot optical.radi-

cites

. cites a
ation measurements. Wiener' construction is presented in figures ‘A2-8 and ‘A2- -9, In fig-

. ure A2- 8 ,a hemisphere of uniﬁﬁradius above a surface’'element dA 1is shown both in verti-’
‘ cal~elevatiqn and in horizontal plan view "An element of spherical-surface area on this

' hemisphere is IaQelled dw because its area is equal to the element of solid angle .dw [sr]

that it subtends at dA~’ at the center of the hemisphere. The rectilinear projection of o
‘ that spharical-sdrface area elxment onto ‘the circular base of the hemisphere in thb tangent

. g plane containing dA. is, in” turn, labelled dQ = cosf-dw [sr], 1its area being equal to.
' - the projected solid angle in steradians The sides of that elgqfnt of projected area on °

the" base are also shown to’ be cose d6 [rad] radially and sin8-:d¢ [rad] in the orthogonal
_ direction,, a . o . . . ' ‘ L s ) ,
1 ' : yoos : . : .
) Figure A2-9 shows, similarly, how the conical projeotion of an irregular object -ontg L
the surface of the unit-radius hemisphere 1s equal in total area to the solld angle W, in
steradians, . subtended by that object at dA at the center of the hemiephere Also, since
the relationship shown in figure A2v8 holds for every element dw- of the edtire spherical-'
surface area w, the recbdlinear projeation of that, entirg: rea onto the base of the hemi- "5
sphere is equal in area to the totala$rojected solid angle kh f cose dw in steradians
subtended at dA" by this same object. 1In fact, the relationshipwholds for the complete
hemisphere of 2n [sr] -s0lid angle (the area of the unit-radius hemispherical surface) '
The corresponding projected solid angle.in steradians is equll to the area of the projec-
tion of the- hemisphere onto ‘the pPlane of . dA\ut :he full %githradius circular base - which

. i w [sr]. ..o }' R

pu——'

A
s We can’ verify that last result’ analytically First, we need the‘general exp;ess n.for

AN b

the projected solid angie at the .vertex of a right circular cone of half-vertex angle 'eh .

© . with its axis normal to dA Again as %r figure A2 5 ve choose the polar axis along “the -

2

axi% of the cone and the origin at the vedtex to write fbr the projected ‘solid angle

.

e ' . f L cosB‘sine do~d¢ = (ﬂ/2)§zl - cos26h)"' R <~ -
» '.“‘ ' . N ‘V» . o K K
, ) ’ . - ' / . . ’ - m+8in28_ .[Br] o '(¥-14)-_

For.the'full hemiéphere,"eg;: ﬂ/2'[rad]3 cosZBh'r,:l, _andv sinG h ll . - '1 . .
o . _ o . : . .
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= duw [sr] for p-l

o

LN
e

dS). p '-cosa dw )
‘P -sin@ - co§ dg- d4,
s pro_jechon.. of “atea ele-
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] sph‘ére : . .
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Sr0r L ‘ projected fdlid al Q subtenaed i da. by- an irre§ular dbject. o
v‘/“ o . o, :P is an. arbitrarily chosen poid{" on the object P! 1is its pro- - :
AET T B jection (q‘onical) on the,unit<radius hemisphere above dA; and P"
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so that, ' : - L )- ST - . - g

.ok -~
N

AU R nhemisphere - [sr] % 1.031 324 x 10¢ {deg?], .. = (az-15)

e, in agreement with the conclusion f{-om Wiener's construction

Tt - : I 6 I3

L

5 Wiener’s constructiDn pro;ﬁs &aluable inSight into the relht"lonships between solid o
angles and the corresponding projected solid angles and facilitates an,alytical computations

, It has also been the basis for analog comput:ers to evaluate p;:'ojected solid —angles or the
related configuration factors (angle factors, ‘view factors, etc.) in’ illumination and heat- L
transfer engineering f25] (The relationships between projected\solid angles, throughputs, - _,,”‘
and configuratibn factors, etc., are discussed in Appendix 31\) A second construction, . o
while not as useful for computations, may ‘Seem somewhat. more satisfying and mathematically
elega;xt, sfnce it invo].ves an area intercepted by the cone of t‘he solid angle itself rather E

than a second projection as in Weiner saconstruction . Lo et

R
o ) - ’
¥ ' .

The ﬁnit-diameter .tangent sphere constr.uction is illustrat d in ﬁguttﬂ 10., A unii'i .:. I

d‘iameter sphe,re is constructed tangent. to “the’ surface el-ent;
'

: at the origin 0: ‘Its’ s

cente? C, accordingly,:lies on the normal ‘to dA.; (the polir a:;is) midway between dA and .
the point where the unit diameter sphere 1is also tangent to the uhit-radius hemisphere about )
’0. The elementary cone, subtended at. 0 by a remote surface element dS 'P, inte.r—-f L ]

cepts an elemént of area 'dw [p2 *dw, ” where o =11

on thedturface of ‘the unit:-radibs .-

hemisphere at LP » as before. It also. intercep. area .da = dw.-cose = dQ at_ p" -

~

the 'surface of the unit-giameter sphere’[da: 2‘co 8+duw, where r= 1/2],’an area that T ‘
is numerically equal to t}?e subtended projectea soi‘id‘ angle “This relationship ho]:ds true - _.

, fors every element of sdlid angle i‘n the entire hemi,sphere above . dA .80 it is also true B 3 '.:_
for the integrated ‘®otal projected solid angle aubte’nded‘ at ' dA.| by a: more extended body Of:. el s

’ surface Again, we’ can verﬁy its vaPidity for the projected solid angle of the entire

hemisphere,, This would be numerically equal in steradians, to the iotal surfac”e area of

i, . : Ve

23

.the unit- diameter sphere S ) . , . s
, - Q'hemisphere" = lo‘nr ' for re 1/2 "&_ ' U :r ‘.'

,_ - . L T L . AT [
. The unit-diameter .tangent sphere construction is based on some relations tha&»&ppeag Bﬁ"b‘ "';_ B
to haVe béen first worked out by Sumpner [26] and have ‘been summarized, more recently and
accessibly, by NicoHemus [27] Phis construction is used or. referred to in a number of '. "c‘ﬁ_.
tega and papers on illumina‘tion and heat -transfer ‘engineering as' something that is rather_ """‘ .
widely known and we have not- succeeded "in finding 8ny citations dr references th'atahelp to "' :
establish who first devised anki ptrb}:i/!i ' " oY S : . _'_,' e S .

# OTHER SOLID ANGLE MEASURES and/or ' IONS There are two commonly used measures of .o,
i oa soJ“ﬂ'i angle or projected solid ang;l. g:én it represents the "light—gat'hering power" of T
y e gL
" S T R

. "'-0 . r A . - B : . R { : : ", ;
: 1Appegxd:Lx 3 will appear in a subsequent _Technical’tf’e-‘a_lo’ng with Ghapter &, ° } A
] . I - y. * ', L] a ‘e A . "..') “
b A o

L Ee LT
.’_'. ? ‘ . B -.- -
1 ‘. 96.%- .-?L', . .. -._' b'.‘ . " " .,.. . . ._'- ’Tﬁ
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an optical systém-or, ‘more exaCtly, the solid angle or projected s8olid angle subtended at ..’ '

’

the focus by, t*lﬁ converging pencil of 'a)‘{s That pencil is contained within Me cone’ ub-.
tended by the edges of the exit pupil, ‘usually a right circular cone. ' For such a cone bf

’

half-vertex angle, 6 the ‘two quantities are: | . o RS

h’. A N
1. the numerical aperture' 'N. A = n-sine [dimensionless], . S (A&rlﬁ)
. where n is the refractive index 6f the medium, and T B :
. the relatlve apert%e“.’or_ ‘f—nu;nbér.; . o ‘..,;1 o
. ™ e C . . -
Y L f/.# E (2-sineh)"1'« [_di;"pensionless]. . (‘AZ-lZ)

- . -

The popular definition\of f-number ‘as the (effectirve) focal length of a lens divided'
diameter would lead: to the approximation f/# % (2-tand ) -k, However, in well-corrected
optical syst ‘(that satisfy Abbe's sine condition -[14 28]), the height { of an idcident'
agial ray above the axis is given b-y h = f-sin?, where £ is thq\ effect:ive focal lgngth
and 0 the angle the ray makes wigh the axis at the focus. then f,\'
f/# = f/2h = (2-sin8 )'1 for the maximum value -of h"%and the cor

two measures are related to the projected solid angle as fo]&owah‘}\-

the. extreme ray,
dnding' 6 = eh.' These
A

ri - 'n'sinzeh‘ = ﬂ-[4\(f/#)2]'1_. -'n-(N.@.)Z:;'Z [sf]‘. ,(A2-18)"

3 B R »

J common approximation to:a solid angle w ‘or a projected solid anglu Q, with ref~
erence to the angular field of an optical system, is the area of the field _8top o® exit -
window in the focal plane divided by the square of the focal distance,. whi.ch redutes to

EE PR

Q "}; 'n'tanze [sr] in terms of the half-fiefd angle [rad] AnOther approximati n 1is h",

express the solid angle, or projected solid angle, 1@8 2 [sr] When’ eh is given in
degrees, rather than radians, this last approximation also yields a value in square deg.rees

Table A2-1 lists the values of each of the foregoing measures or approximations along

with the correspodding values of P ected solid angle Q [sr] for the same values of hdlf-- .

vertex angle eh over the” range ! 0\3 h <w/2 [rad] or 0 < eh < 90 (degl. ‘The peroentage

of each approximation with reepect to the projec"‘ed solid angle 0™ 15 also givén. - [ 7.

.
. B
n,i‘

The range of validit# a particulan approximation can be" estimated from the table; or
it can be evaluated directly. For example, to establish the range *for using ‘Ehe approxima- .-

tion Q % n- eh2 withbut exceedin& a a; e‘ error of, say one per cent, get

~/

a-% "0, m-o Or:g of 70,2« C (. 01)-0 = (1. 01)°ﬂ°ain28 e

hence T - (1 01)l§°sin6 - (l O " 932.-:562')-sin8 ,
.80 that 8, --0.1_72_7 [radr - ;9-.8954. _.‘ > .

. '~“,'-‘

L e i I .
ﬂccordingly, r0unding pff conaervat{vely, the approximation agy ﬂ°8 2 will be accutlto o
within. one per cent for e < 0 172 Irad] ot - 6‘ s 9.89 [deg]. o

u [

.79‘.

< 98

v
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- flux in a beam from a known distribution’of spectral radiance are developed in a
_* _ treatment parallelling that for radiance in Chapter 2.

L These ‘are’ the first chapters of Part I in which are developed the basic con-

cepts, essential for the: subsequent discussions of instrumentation.in Part II, and
.of applications in Part III.
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JOURNAL OF ?EARCK rep Nltlonal Bureau
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mathematics, andichemistry. It is pubhnhed in two sec-
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‘these -Fﬁlds. This section cgvers a brgld range of physi-
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standards of physical menurement fundamerdd] con-
stants, and properties of matter.  Issued six times a
year. Annual uubscnptlon Domestic, $17.00; Forelgn,
$21.25. ~ ‘

¢ Mathematical Scienc
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design' and programming of computers-and comi

systems. Short numerical tables. Issued quarterly. Aﬁ

nual subscriptioh: Domestic, $9.00; Foreign, $11. _Za

DIMENSIONS/NBS (formerly Technicsl News Bul-
letin)—This mont.hly magazine is published to inform
scientists, engineers, -businessmen, industry, teachers,
studentn, and consumers tof the latest advances “in
science and technology, with primary -emphasis on the

work at NBS. The magazine highlights:and reviews such °

iasues as energy research, fire protgctloﬂunldmg tech-
nology, metric corfversion, pollutiorn_ abatement, health
and safety, and consumer product performance. In addi-
tion, it reports the results of Bureau programs i

-measurement standards and techmques properties o?
.matter and matenall. engineering standards and serv-

\ .’xces instrumentation, and aut,omatxc dlta processing.

1

. Annual subscription: Domestic, 89 45 Forelgn. $11.85.
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+Monogrsphs—Major contributions.fo thé technical liter-
afure oh various subjecta related to the Bureau’s scien- -

tific and technical activities.

Handbooks—Recommended codes . of engineering and
mdustrlal practice (including safety codes). developed

in cooperation with interested industries," “professional -

organizations, and regulatory bodnel

+ Special Publications—Include proceedings of confer-
ences aponsored by NBS, NBS annual reports, and other
“special ‘publications appropriate to this grouping such
as wall charts, pocket cards, and bibliographies. :

Applied - Mathematicl Series—Mathematical tables,
manuala, and studies of npecml interest to physicists,
engineers, chemists, ists, math t.xcmns. tom-
puter progrsmmers, and ofhers engafed in scientific
and technical work. -

Nations! Standard, ‘Referenke Data Series—Provides .

quantitative data“on the physical and c¢hemical proper- -

and develq;&mgnt in “physics, .
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progum coordm,ate& by NBS Program ‘under authority
of .Natxonnl Sumdlrd Pata Act (Public Law 90-396).

NOTE: At p sent the ‘pnnglpaghpubhcatlon outlet for
these data is“the urnal *of .Physical and Chemical
Reference Data {JPCRD) published quarterly for NBS
by the A'merican Chemical Society (ACS) and the Amer-
ican Inatitute of Physica (AIP). Subscriptions, reprints,
and supplements available {from ACS, 1155 Slxteenth
‘Wash.D. C, 20056

Building Sclence Serlel——Dluemmates technical mfor-
matien developed at the Bureau on building materials,
“omponents, systems, and whole structures. The series

4 presemts regearch’ results, test methods, and per!orm-

-ance, . teria related .to the structural and environmen-
tal" fun tiona and"fhe durability and safety charscter- -
istics of building elements and systems. ,

. Technical Notes—Studies or reports which are complete
in themselves but restrictive in“their treatment of a

" of ‘interest " to ‘they ¢bnsumer

subject. Ana]Ogous monographs but not so compre-
hensive in scope or definitive in treatment of the sub- .
ject area. Often serve as m vehicle for final reports of .
work perfo;med at NBS under the gponaorlhlp of other

governmant agencnen
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Volun!lry ,Product Stlndlrd:——Devek)’ped under pro-
“cedures ‘published by the Department of ‘Commercé in
Part 10, Title 15, of the Code of Federal Regulations.
The purpose of the standards is to establish nationally
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recogmzed requirements for products; and to provide -

all concerned interests with a Basis for common under-
.standing of the characteristics of the products,. NBS
admirfisters this program as a supplement to the activi-
ties of the private sector standardmng ctganizations.

 Feders] Information Proceu\ng Stsndards Publications
'(FIPS PUBS)—Publications this series collectively
constitute the Federal Informa Processing ' Stand-
ards Reglster Register sérves as t ofﬂcull source of

and Administrative Services Act of 1949 as ‘l(lidnded
‘Public Law 89-306 (79-Stat. 1127), and as implei
by Executive Order 11717 (38 FR 12315, dated Mly >
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1973) and Part 6 -of. Tme 15 CFR (Code"of cheu]\\
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Regulations).

Consumer Information Serles—Practlcal mformlt.non.
-based on NBS. research &nd experience, covering areas
Easily understandable

language and .illustrations pr’ovxde useful background -

" knowledge  for nhoppmg

marketplace.

NBS lnteutency Reports (NBSIR)—A upecul series of
interim orﬁngl reports on'work performed.by NBS for
outside Sponaou (both government and non-govern-
ment). In genérbl, initial distribution is Handled by the
sponsor; public distribution is by the National Technical
_Information Service (Sprmzﬁeld Va. 22161) in papcr
"dopy or hwroﬂche form.

Order NBS publications (exc’ept NBSIR’I and Biblio
. graphjc- Subscription Services) from: Superinténdent of

ties of materials, compiled from the world’s literature , Documents, Government Prinung ‘Office, Washington,
~.and crltiully evaluated. Doveloped under a world-wide - D.C. 20402. .
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The followinx current-awareness and menture-aurve;

. bibliographies are issued periodically by the Bureau:

Cryogenic Data Center Current Awlreueu Service

A literature , survey luued bxweekly. Annual sub-

‘ - seription: Domestic, $20.00; foreign, $25.00.

. Liquefied Natural Gaa. A htenture survey mk\ued qulr-
terly. Annugl submcription: $20.00.

Superconducting Devices and M_atel'h'la. ‘A literature
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syrvey issued quarterly. Annual subseription: $20.00.

Send subscription orders and remittances for the
precéding bibliographic services to National Bu-
rcau of Standards, Cryogenic Data Center (275.02)
Boulder, Colorade 80302.

Electromagnetic Metrology Current Awareness Servlee
Issued monthly. Annhual subscription: $24.00. Send
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