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PREFACE

The needs ol military programs siuch as ARPA'Ss Project DEFENDER hive led to o bhost
of intrared thrget meassprenent programs, P toegets cange from hadliste misslle mse cones
during thehr re-entey Into the atmosphere th ships ot sew and vehbdes on rondn, The mewsire
ments nre mide From abreraft, vockets, ships, mwd other platlorms, with Instruments varylng
from slmple piihole radiometers to sophisticatal auttad-scaoning Inerle mmeter-spectrom
eters, Often the wavelengths observed cover a eaage from the nlteavialet to microwion,  The
results of these measerement progrians e asehl only tf several vonditlons are met, One

which s absolutely necesaary fo that the fnstruments ased must e adequately enliheated,

AMthough this requirement is simple to state, in practice the diflieultios are great and the
methods usually comples, T viesw ol the critieal tmportance ol this process called “ealibhri-
tten, o tutorial vepnrt his been prepared by the lnstitute ot Science and Techuology, The
Unlveesity of Michigan, under Contraet SD=90, whieh b n et of ARPA'S Project DEFENDENI,
The veport bs bhetug issued in this preltiminary form to o small group of sclentints Tor fmmedi
ate wse i the hupe that o sevies ol comments b contribations Wil be generatel, Alter nllnw
g time to recelve these resrtions, the wathors will review the report eritienlly mml melssae it
too e meh beger mnlienee,  Comments wre solletted as to the subtect mntter and the desirable
degrec ol coverge for ench topie, ittle ix sabd i this report, tor example, ahout ealihration
soitrees, be this a subjeet descrving o much decper and more exhaustive treatment © Shouwld
ace radtometry and calibietton methods Lo separately ireatol * Only by this process can i
useful document be made noview ol the pitfadls ty preelorming calibrotions and, even more, the

perils o ritig whont eallbrations,

Controct SO0l supparts the fallisth Misstle tmlintion Annlysis Center (RAMIRAC), o
Fac bty whieh boostions as o rescarch and technical information center nn phenomenology, the
ory, and that teehnology pertaining t the lundamental phenomenn associgted with bhallistic
mssiles mud spuee vehifeles whiteh may be signiticant tn the tornudation ol defense measires
apinst nssile nnd sprece-vehtele systems, TAMIRAC collects aml processes Tnformition on
clectroniaetie vl pconstie rolimtion cpmunting Tvam or coused by 1CRM s ar IROEN' % during
their trajectory Trom nunch to hmpact, The information includes fleld meny rements, lnhori -
tory studles, and theoretbal studies, and @8 avellable at the BAMIRAC veferener Hibrary lor
use by representatives trom dl vegantzations presenting @ properly nuthortzed vegrest,
HAMIAC comduets analyses (v which experimental el theoretien! results sre vvalunsled aml
exained lor encevintions, Some theoretienl and exprerimental investigntions are enreted ont,
el the resnlts are combined with the technieal Infarmation abtalned Trom autstde sonrees,

I its cnpieity as o technieal information crnter, BAMIRAC disseminates Intormatinn hy
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menans of abstructs, Indexes, bibographtes, technien! reports and Journal artceles, technicnl

meeth ge, nnd the Proceedings of the Auntl-Missile Resenrch Advisory Councll,

PBAMIRAC 18 wnder the techalenl direction ot the Infrared Laborntory, It drenws nlso, how-
ever, upon the capabllities of the Computation Department of the {nstitute of Sclence and l'ech-
nology, nd upon those of the Alreraft Propudslon Laboratory of the Depurtment of Aeronnutl-
end nnd Astronnutienl Engineering nad the Radiation Laboratory of the Department of lected-

cal Eugineering, both of which nve orgunlzed within The Unlversity of Michigan's College of

Enpineering,
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METHODS GF BADIOMETIOC CALIBIATION

ANSTHACT

This veport presents o tutorind nnd penerad treatment of the callbrntion of apticnl lnstru.
meuts which are to be nsed to measure etectronugmetio ridintion brom sonvees of fnterest ta
the mitney services, The ilrared spectrad veglon b5 cmphaszed afthoagh the nltraviole
and vistble wavelenpths pve s treated, The report Is being fssued non pretimpeees tevm o
a dimited geaup of selentist inoan altempt to stimnlate connaend ooa o itheism,

1
INTRHODUCTION

This veport deals with the cadihration of optien? instrmmeatntion nsed to mersnre chneacteristlies of
clectromagnetic radiation in order to obtadn fdormation about the sonrce af the radiatian, Thus 1t will he
concerned with radiometers responding primariy in the odteaviolet, visihle, and infeaved reglons af the
electromagnetic spectram,  The terng viadlometer I8 used here In its iondest sense, sothat it inehades spe-
clidized devices which can be naed to measure o partiaodar chavacterlstie of the radintlon field, sueh ns
Apectrometers tor measuring the specteatdisteibatlan ol endintion, or sceanners fur measuaring the spatial

(hiredthonndy disteihution,

A dbseusslan ol vadtheatiem methods and problems ean be helptal s o g lde in planning am? candueting
mstrument ealibration, 3t ean paint aat pithndls to be avolded, or possible sources of error, and passilile
technbgues Tor elbminating or minimizing their effects,  Powever, the exact procedure to e lolawed in
eallbrating o portieufay Instrument depends upon the detniis of that fnsteoment and the way T whieh 8 is
wsed, tnoaddition, 1t ennnot be too strongly emphasized that the guadity of callbeation, nnd hence the guallly
of subsequent measurements, depends peimarity an the lnmidlaeity of the operator with afl of the detalls of
hls nstrument and its operation, and on his dedieatlon ta thoroughness and ncenracy.  Intlmate knowledge ar
the partlenloy strumentation, gained by vperntion over o peviod of thime sufficlently lang to encounter o

vinriety of elrenmstances, and o passion for precisfon nre essentinl for any rellahle ealibration,

Mensneement is the process by whieh aoguantitative comparison s establishell hetween two ar mare
vilues ol n physled abservable, such as length, temperntare, ar specteal radiance, A report of 1 mesgure-
ment Is ol Hmited nsefalness, however, undess ot Teast one of the vbserved quantition I8 available, far cam-
parizon or refercace, te these recelving the repart, Absointe calihration is the pracess by which mensnre
ments are velorted to stvadaed values, saeh as the primacy standareds madntalned by the 11, 8. Natiannl 13u

renu of Stadards, These primary standarvds ave widely avallahle, at least throngh comparisans or endlhen-
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tions with intermedinte or secondary refercnce stiadavds,

The objective of w enlibration 18 to waike measurement vresuldts Independent of the partieniane measucing
Instrament or measoring techntgue ciaployed, 1o other wovds, it s destved that when the same magnltade ol
nopliystenlqunntity 1s measuved by difterent instrugents wt different times and Zor places, and possibly hy
ditfevent methods, the vesaltivg vadues =hould always be the smme,  However, hecapse we enn never: know
eshaustively all of the eslsting condittons nned undevstionl completely oll of the pertinent phystenl Tnws gos
erning the effects of those comditions in wny actunt slimation, theve Is alwiys the possibility that we wany be
overlooking some signiflennt parmoeter and its elfeet on o measarement vesalt, Fov this resson It (8 o
good generatl rale to enrevy ont cattheation under conditins which reproduce, ns completely s possible, the

situntion which extsts when measuranents bused on that cxithratton nre made,

The precision of o mensuvement i specilled by the mpount of diflevence or disngrecment (o I expected
between ditferent ineasnvements or determinations of the smne ongaltude, T o mensure of the reproduel-
bitity or conslswency of measurement vesults within o partieulnr set (e, odl aeasurements with o certiln
tnstrument), The necarncy of noameasnvement is specilled by the ditference bhetween the measared vidne ol
the true or correct value ot the quantity being mensnved,  Accarney relers only to ahsolute wmensnre ments,
while preciston vefers to relative quantities mud Is concerned pelmavily with regroduelbility within the set
of mensnrements and not with their celerral to au ubaolute standavd, (Fov o more complete discusslon of
thixaople see NBS Monogeaph <01 [ 1].) Of couvse, nefther precision nor secovaey can be determlned ex-
netly, but they enn be estimated by aon ervov nnndysis aslg statistiend methods,  Esthmates shonld be minde
and Ancludell wherever possible (n repovtmg measurement results,  In fuet, they should be consldeved as an
exsentinl part of nny statement of u measuesd value,  Note that, ginee ncenraey ivolves velerence to ahno

lute standiwds, nny estimate ol weenrney necessarily includes n statewment regnrding the eallbeation proce

ture followed, Identifying the source of standigadization or relerence which has been employed,

In strong cantrast to many areas ol physteanl meansuvement, such as the exact measnvement of time,
where precision of whout ove puvt In 10" s Iwen nttadned, the nsunl precision ot the better eadlometrle
laersurelaents 1% nbhont one part v a hmndred, gnd oy mensnrements nre veported for whiclo the error I8
200 o 0%, or even worve, Whitle theve wre Buste Hnltatians volved, many of which will lee disenssed o
detatl fu this paper, the nuthors beleve that much can be done to fmprove the gencral gnality of eadioaetrle
mensurements of optleal radintion and the veporting ol measnvement results: measurement quallty can Iw
raised substnntinlly If workees become more aware of the sources of ervor i the precnations which can

he takenr ta nvold them ov to veduce their effects,

Theve ave n pumtwer of useful refevences which are rocommended for cnvetul siady by anyone planntug
or enrrylag out nospeetfle ealihvetion of radlometrie Instenmentation (1 theongh 9], In paetientar, the dun

unry 1962 veport of the Wavkiug Geoup on Infrared Bockgraunds | 9], referval to heneeforth ns the WG
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Heport, s vecelved wids cII-n'llmllun,unal 1wl Le socmimed that eoples ave avalluble to veaders ol thils
report, Escept oo the most essential materid, we sl avold vepenting here things olrendy ndequitely
coverer i the WGHE Report, Iteteeenee will be made to paetientone sectlons ol that ceport whire nppro
priste, Spectteally, the delinitions, untts, and symbola nacd fn this paper will be those delioed Tn the
WGIRI Mteport, Fasenttally the sinme conceepts and nomeneloties are pecesented In Relevenees 2, 0t o4, 0,
nnd T although tn some stances the teeatment (= oot ns detwiled, It bs areged that the recommendntions
i Relerences 1 through o he considered earetally, ond that they be tollowed wherveyver possihle,  Where
depaytires e necessiry we nege thint they e esplieitty veported noad vedoted to the vecommended stied -
mrd preaetiees mosueh o way s to et itate fntercomparison with mensurement repords whieh do follow
the stadarvds, Vhese remiehea apply tooall eadiometeie e cments ot sourecs, and not just to the eall

Faratton mensorements by which sueh measueements ave stndardtzed,

|
CALUUEATION OF A BASIC RADIOMIET I IDEAL CASE

I this section we swill stady the tundomental caltheatton contigueations thet nee used Tor caltheation of
nearly every radtoanetrte tnstriment Thts will te done Ly examining the ealtbhvation ol o busle radiometer
(hoey, one which has nly the camponents whteh are common to every rdiometeie tnsteament),  Also, to
sipl iy the disensspoar st tarther, swe sall conalder only au ldeal ense  that 1a, one in which the (nstrament
thinctioms pertectly and where somphitytng nasumpttons are made to avold teeatiment of pertarbations due to
condpttons whteh cannot T tgnorved toany real sitantion. We s il deder Tor bater disenssion the Tmportan
proflems whitch arise becuase ot (b pectuetdag conditions sueh s baehgronid sndiantion awd ntmosple e
nttenamton, (Zromperfections o nenl instrument s and o thele opesation tov callbration measnrencnts,

and ¢ the imtroduetton ol addiglonal components and fupetions In more speclallzed Instenments,

o PHEINSTIRUNMENT

Three exsentin] comporenta tore present ta some Torm to every radlometer or cadiometele Instrmment

(see Plpgure Iy

() A detector clement which trnnsduees changes tn inctdent electromagnetic radiation Into vavlations

ot wn enstly mensured praperty such as conduetines

(I An optical system el ting the sensttive surtace of the detecetor vhitcn determines the comblnstion
ol revetving aperture and angador teld of slesw throngh which vadiation s collected, thus delineating the

antount of vielintion to which the tnstrument responds
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(¢) An amplilier and output Indicator, usunlly electronie, to teansform the output of the detector element

lito the desired Torm of presentation | §)

L] -

- "
J -
-
’ - x ' ze
. ———
: e
*-, u“ ] 0 r " » = i -
> | b
A D
-
T , X
t. Collecting opties whick also form i clyvenlar | B
aperture stop ol arei A ! T
D Petector element whiteh wso focms i elren
b dichd stop of aren n

#  soltd nugle in steradinns of confend tiehd | 11 T
corresponding to a half-angle, o, meas R —

weed I endlans (8 @ 20 (8 = con 0g) = n0y? = 0 /12
(see Sectlon 1,4,3)

o= Ampliller and electronle clreults

{ = Focal length of vadlometer

it = Recorder Tor output presentiation

FIGURE T A SIMPLE #fORM OF BASIC RADIOMETER

Boecause this s to bhe an ddeal case, we with assame nlso that these components hive the following con-

venlent properties (which are only approximated by actual Tnstruments),

(1) The optieal system conslsts of an ldeal thin lens which, together with the detector aeting as the fleld
stop, shply defines the civeular aperture and amadare fleld of the lInstrnment,  Every point of the object
(source) Is perfectly imaged ot the clrealar Teld stop (@detector suvface) regardiess of the wavelength of

cadiation Incident on the Teas nd within the solld angle of the fleld of view,

(b1 The directional (spatind) response is uniform over the fleld solld angle, Thius, il parts of the opties
e perfectly tenasparent to adl vays within the flekd and the detector 1s untlormly sensitive gevoss its

surinee,

(¢1 The spectrel response is constant over a stineply delioed wavelength bhard, Al S A A and e zero
outslde that baad, Thas, the optics ave unllormly pertectly teansparvent, amd the detector is miformly
sensltive fo a1l wavelongths within the band, It will be assnmed throughout the disenssion of this fdeal
cane, oxeept where otherwise stated, that all of the radiometric guantition (e.g., ¥, J, I, and N) refor

only to radiation ln this band Ay < X < Ay,

() The detector, amplifier, and output indientor nre nll tinear, no that the ontput 1s directly proportion-

al to the radinnt power veaching the detoctor from the field,



Institule of Science and Techuology The University of Michigan

(©) The averal) system, Ineladhygg detectov, mmpliler, and ontpnt Tudleator, responds nullormly to all

temporsl Frequencles preseat n the Muetnations (n the level ol the emliation bhelng measinreael,

L2 INSTRUOMENT HESFONSIVITY

We lenve ome Himlted fdeal situntton tempaornvily lar some conslderations whieh apply ta ol calllbivation
measirements,  Wadlometers st e enltbeated Toy the memsvement ol elthor the nmonnt of eadiant power,
1P, vecelved theongh the enteanee apertinre mud tebd ol the instramenat, ar the Teeadlanee, 1, wt the apertinte
verclved throngh the tredd ol the tnsteimnent, or the eadinnee, N, ol an extended soneee s leh covors the apor-
e nnd THES the Deld, Ttndlometers nre also nsed to memsnve the way o which any al these emllometile
auantitles viorles swith wavelength, diperction, or thme; Tt the eflerts of these Tmporetant paenmeties will be

consldered fn Tater secttans,

The veterence Yoentlon oy these tneldent endlametele gqueamtitios 15 te enteanee npe etuee of the Instrag-
menty This location tsdietated by one obpevtive ol vallbeation, whivh miikes weasurements Independeat of
the paeticnlar Instewment ased,  Later o we st alscoronsider iow ather fnctors, such as atmospherie trans-
s ston il Dhaehgraand radiation, aitert our attempets to relnte measnved values of the fteh] guantities ot
this veterence loemtlon to padiometete properties ol the sourer (ser Section 2,060 of Relerence O fur o more

detatled discussion of yadiowetvie gquamtities s fleld concepts),

The vatio hetween radicaneter ontput aud teldent vadiation Tupiut (Legg the vuatpt pee unlt lnpat) Is ealled
the radlometer vesponstvity, Theve are theee mnjoe kinds of padaometeie vesponsivity sinee the senlo nsed
Tor ealitwention md mensuremert ts established In teems ol the vadhametvle quantity of Interest st the refer-
cues loeatton, 1, as s tregquently the ciese, the outpnt, VY, o measineed Tn volts, these theee yesponsivities
e (Seetion S0, eterence gy

|l|' VO, the paoswenr pesponsivity, y o wrd

| g
l(” A, the teeadinne resp VIV, Y W e ()

| g
ll\ VO the rndtance vesponsivity, v oow s em s sternd
When the tevm Crespoansivity' (witheat the modtiery ov “the svinbol ™ (withont the sateeeipty Is ased In this
veport, 1 reders egudly well to any ol these three quantittes, Do terms ol the nren of endlometer apevtinee,

Ay o teld sodlad ngle, &, these yuantities mee velnted ot ldeal case as tollows:

It Al / 2
e ,\l” \UIIN (2)
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200 RESPONSIVITY CALIBRATION

In the Idenl ense letug consldered heve the Hnckgroand nnd atmosphervic tennsmission problems (which
detinttely must not be tgnored tnany netunl enfibeation) nre being iguored on the nssumption thut we enn
sotaehow obtuln the equivident of n background of zero vndinee wnd 0 perfectly transprrent atmosplere wt
nlt wavelengths af interest, We witl concern ourselves, for the moment, only with the possible calibrtion
configuration hn terms of stze and plncement of the ealibhration soiree In relntion to the radiometer, 1hese

nre muo trented In References 8 nnd & in n samewhnt different munner,

2000 DISTANT SMALL SOPRCE CALIBRATION, A samnll calibention sonree of eadinnt intensity J§ Is
plnced non Tnrge distance S (see Flgure 2) so thut the inmge of the distunt souvee fulls entirety within the
field stop of the Instrument. In terms of vnys, every sonve  “uy which pnsses through the apertire or en-
trance pupll of the insteument nlso passes through the field stog, The Teeadinnee vesponsivity enn then be
computed directly without knowing cither of the Instrument optical pprameters, A and £, Trom the following

relntions
B ;
R« V/HH e V8 /i |
I o

I A and & nre given, the power responsivity, .. nnd the radinuce responsivity, I!\:. nre hoth remndtly com-

l)
puted from this vesult nnd the relations {u Eguatlon 2, 1t should be stressed that the foregolng npplles only
to an denl sltuntion, wheve 1t dees not viney neross n shneply detined npertave aud Held wid where bnek:
ground aud ntmospherie-teansimisslan problems nre pssumed to hnve been eliminnted, In nny renl situntion,

these minst be considered, as will bhe discussed in lnter sections, In pareticulior, see Sectban 3,6, 1 of this re-

port concerning background radintion,

Image

B

= S — e I

Source f Hall- Field :}J\“ .

I ~
| "
: Anigle, ”0 i
: Clreular Fleld &
- s - Stap
|
The source Imnge |8 entlvely within Lens and
9
fleld stop and 1, = V/H = V8 /) Aperture
" Slop

FIGURE 2, DISTANT SMALL-SOURCE CALIBRATION



Institute of Science and Technology

S0 DISTANT EXTENDED-SOURCE CALIBRATION. A Inrge calibeation source of rmbianee N s
pluced nt a distonee sulliciently close to the instrament so that its Image campletely (s the ibeld stop (see
Flgure ), In terms of vays, noray from aoy point in the theld stop passtng through nny point in the nperiere
or patennce puptt aevives at the calibration source, In this case it s the radinnee responrdyity which cnn
be computed divectly, without knowing A or £, trom the detioing velution (1), ‘This is true beenuse, neglect-
Ingg teansmission towses in our (deal case, the radiance, No ot the npertuve of the (nstrument or nt the Held
stop, hies the snme vidue, N, an it does ot the source, This tovariance ot N along any eoy Is extremely nse-
ful in vadiometrie computationn | B and 4, The power responsivity, "I" nned the Lreadiance responsivity,

i e o then be computed Trom I(\, by Kguation 2,

Inage
'\JF"""‘-:?-.'._—_;——— ————— x S \
ek Ty, Mo
¥ Half- Freld Angle A -
RO
Clreular Fleld
sSaurce Stop

Loens and
Aperture Stop

The source lmnge completely 1Hs the elrealar Tield stop nad l(,\_ & V/N

FIGURE 3. DISTANT EXTENDED-SOURCE CALIRRATION

This method hns partieatar value for measurements ol extended tnegets, Thus, the spatinl variation of
radbaner over targets sinch ns ships, tanks, cnes, butldings, aleTlelds, and tervain ean be determined Iest
with tnstrunients ealibented in this manner, An especially destenble proctice 18 the loention of extended enl-
Ihrution sources nlongside the tavgets to e measured, In this case the atmospherie teansmission Is the
same Tor target and calibration source, 11 the specteal disteibutions ave sulliciently similar, n knowledge
ol the atmosphevice transmission I8 no longer necessnry for the enlibeation,  On the othor hiand, n mateh of
source specteal disteibutions or of patha to the rndiometer mny not be posible, The aun affords one exam-
ple of such n source, Optieally thin hot geses are nlso difficnlt to compare with conventlonnl extended enll
bration sources, Rapldly maving sourvces, such ns aleeralt and balllstic misslles in Dight, require o diffor-
ent crdibrniton technlgue beeause of papldly ehanging observationnl paths and specteal distetbutions diffi-

cult to mnteh by enlibention sources,

The University of Michigan
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DO NEAR EXTENDED SOURCE CALIBRATION A lnege extended saurce is jdaced directly in front
ol the radiometer aperture wheve it compdetely TS the aperture wd Tield with radlation of uniform rad|-
unee, N (see Figure 1), The vadianee vespousivity, ItN. In then cormguited divectly feom Equution 1, s
hoth the power vesponsivity, 1t P wnel the Trvadinnce respansivity, ItI ,enn e compated from It and the
vidues of A nnd £ by the velations (2),  As noted n Flgure 1, the source (s not Imaged at the fleld stop in
thix method, The radiameter should be focused exnctly as 1t would be during the mensurements of unknown

sovree rudintion,

i
Half-Fleld f’:‘_\.’uﬁl’vj)o/. \_:;‘
| l
o Circular Field Stop
souree
Lens g
Aperture
Stop

The source compdetely (s both the nperture and the Held, but the Imuge of the source s not at the Tlelkl
stop, Note that the rays which meet at the fleld stap are not panrallel as they leave the source, ty & V/N,

FIGUIE 1. NEAI EXTENDED-SOU'ICE CALIBRRATION

20040 NEAISMALL-SOURCE (JONES METHOD) CALIBRATION (8ee Seetion 5,011, Reference 9), A
souree with an nrea small compared with the area of the radiometer aperture I8 placed close ta the aper-
ture and (n o position wherve it will unifarmly lreadinte the fleld stop of the Instrument (see Flgure 5). Agaln,
sinee the radlometer Ix focuned for o target measurement, no lmage of the enlibration source 18 formed at
the Held stop. The source must be close encagh so that the radlameter aperture subtends an angle greater
than the fleld angle ol the nstrument with resjpect tn every jednt of te source, As can e seen (n the Tigore,
this menns thit the scree st e entively within the reglon enclosed by the Hnes X7 and Y2 which meet
at Z to lorm an angle equal to the Held angle of the redlometer,  Und e theae canditions, cach polat «f the
source lreadiptes the Held stoge, Hawever, onty o small porticn of the entrance apevture Is ased, I the non-

Ideal coxe variatiems In teacsomittance neross the entrasce aperture must be evalunted,

Computation ot the eadianee renpensivity 1s slightly wore lnvolved than in the previous cases, Conslder
no arbieenry point, 72, on the radtating survlace of the source, 1t I8 apgarent In Flgure & that the rays emit

ted Trom P within w solnl angle 8, cquivalent to the Teld angle of the radiometer, will wniformly Ireadiste
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the entive ctreculae teld stop, 1 the rndiance ol e soveee s N ond s peojected aven Is A". the vadbant
N

pewer from the source throngh the Beld stop (theve ave no losses in this ideal case) 18 glven by
PN A§ ()
noN

When the insterument s used Tor megsurement ol an extended sonree of endlance (1Tng Goth the mperture nnd

fhebd s o Gae oear=extended somcee method of caltbieation), the total vadiant power theangh the Held stop Is

plven by
I« NAS (%)

Thus the near wmall-soarcee tadinnes, N, which will produee the swme output, A (for which 1P 18 the snme),
)

as an ostended souvee of endiance, N, which (s tie ppertire and fleld, is gliven by

N = AN/A_ or N = AN /A (6)
» N nN
The vaedianee vesponsivity (s then piven by

PN e VAN =
“N VN = VA "/\” ()

The power vesnonsivity, |l|,. and the feradimnee responsivity, N”. wre agnin computed uslng N\, and the
values ol A and 2 1o reletions (). See Sectlon Lo 0, below, concerning bitckground problems In connection

with this metheud,

L _— -
Optic Axis - -
Circuiar Fleld
ot Stop

Lens and
Aperture Stop

The source Is completely within reglon bounded ty X7 wnd Y2, cach of which make nnoangle 64 with the
aptienl axis wheve o v the half=fleld angle, ¥ 1s any arbitrary point of the source, Rays Irom any such
polnt, 2, withln w eone of half=ungle oy wHlb unlformly trem®ate the clrentar fleld stop as shown,
,= V/N= VAN
N L]
where A ls the aperture nrea
Ay I8 the sonree arven
el Ny 18 the source ratintee

FIGUIE 5. NEAR SMA L SOURCE (QONES METHOD) CALIBRATION
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DA SUMMARY OF SOF RCE SIZE AND PLACEMENT CONFIGURATIONS  In sunnnary, we coan
prowpc the faoregaing methods in ditterent ways, The Held stop Is canpdetely Sibed wislo radintion i the
three methods ased to abtatn eadimee vespoosiyity divectiy, niomely, the twecestended -sonreee methods
unel the wenr smatb source o lones amethod, In the distant smnlbscaree metnod the Tebd stop Es nat (11

with vidintien, o this wethod it is the freadinnee vespemsivity which Is divectly obtalned,

As an alternative chassitiention scheme, e socerhols may lae granped necoeding to the loeation ol the
sourer fmage, o bath o the near sonree methods, the sonree amige Hes bheyand the Hehd stop, neneh

come cire must be tnken to make snee that the Hedd stop hies whadly swithin the asdlormly frvadisted nstend

ol the vignetted vegion ol the radintion,

Finatty, the methods may be gronped gecording 1o the sonrvee xize, In the extended=soaree methods,
hoth apectre aud Hetd are compdetely 1led with eadintion Tram the somrce, I the small-sonree methols
cither the apertare ar the sodid wngle of Held bs filled with vadiotion, o the distunt smab-soanree method
the apertare s Hled tat vot the tield, The veserse 15 tene in the ncare sondl=soarcee method, s there
s apportunity in both smadl-sonrce coses Tor beelkgronnd vadintion taoeater within the fietd salld angle (In
the seenud case 1t wonld be througho the vemaining nonsed yortion al the wpeetarey, This possilality, which

emipredace ancrrans sas oatpat, Wil becetsensaed o greater detall in Seetion G, Telow,

200G, USE OF A COLLINMATOI, The distant-sonree methods cun be employed without actunbly ploe-
ing the sowrees ot great distances, 1l noe places them ot the tocns of o callimatea, The vadiometer ta be
calibaemted 1s positioned o the calbtmmtod beam, whieh then appears to be comibag from u souree at infinhy.

This has the advantige ol keepang bl the camponents nvalved in the calibeation conveniently nceessible

1

for munipatatleoy and controb, In additicn, it makes it passible, noreat situntlons, to coantrol bnekgromnd ea
dhrtlem move eoxily and etiminte the ellects ol atmospherie attenuntion by plnetng the searee, callbmntar,

mal paciometer tnooarcenclosure whieh con e Mushed wtth dey nitcogen, Adidit

considarntions fnvabyed

i usihng o cadllmuton Wil lar digcngred In Section ,4,2,

SALT REFERENCE RADIATION, As painted ant in the WGIRD Report, Seetion 4t 1, the lacntion ol
the zervacon the sente estaldixhed for the ontpit at a eadicaneter by callbentlon mensurements 18 freguently
not wpectfied althongh (U I8 deflnitely o puet of any complete calibention,  Any veport of mensnred yolnes
af vadiconetele guantities shankd inehade noclewr stotement of the reference radiation (e, the amoant of
eldent padintion which would produee nozervo ontpmt glgnnl when the uperture and flebd of the radiometrie
mstrnment wee nntloaemby THed by the Ineident bewm), This vilue shoabd e added to that compated from the
raltomoeter ootpat gend ita respansivity) In aeder ta obtnln o resalt which 18 teaty praportionnl to the inei-
dent vudinnt poswer ot the eelerence pasition, Inomany eeses, the relerence radiation Is nslgnlficnnt i

campirlson with the Ineldent eadirtion so that the diffevence I negliglide; bul, ns cmphnsized In the WGHRN

n
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Report, this should be demonsteated, not gssunield,

The determination ot the vefovenee endiation con be o rather subtle and etusive process, For esample,
the vutput ot a theviocouple or thevmopite (s propoctionad to the diffevence between the junetion or set ot
juncetiona e thernwl contaet with the blackened recelving element and noreference Junction or set of janctlons,
1645 the temperaure ot the Tatter which estabbishes the relevence vand ton, This quantity (s not caslly ile-
tendned and may e ondy neederately constant, Sregquently depending upon the tempercatiare ol o hent sink

which responds xlugpishly to changes iy nmblent tempe vidare,

In st other vadbaneters, samettmes calted contenst vadlometers, the output I o mensare ot the dif-
terence between the yndtometeie guantity Tor the bemme trom the taeget (aond portion ol the baelogground) and
that tor the benm Trom an mdjneent reglon ov reglons ol the baekgromd, eve s the radintion trom the
adjneent hachgrownt that Is the reterence tor the measurement ol the cadiation Trom the toeget @end o por-
tion ol the baekprowud), This reterence otten vietes consdidernbly tor ditlerent mensurements, A tirget

ot radines equaal to that ot the bachpground (zero aontenst) woubd produce o zero output,

Anonnatter of convenience, the relerence radintton Is otten speciliod In terms of the vefeveonee tew-
perature ot u eadiometer, This f delined as the tempecatare of o Dlnekbody which will produce n zero
output when it completely s the vntiee apertuee and el of the tstiament (when the npertwre s Inege,
thix condition con be closely approshiated by using o colllimbptor), Uhe nse of temperature as n eadlometric

it e diseussed in Sectton et

i
CALIBRATION OF A HASIC RADIOMETEIL NON-IDEAT CASK

Actual ealthration pnd measurement situntions, even nstig the shiaplest ferm af husie radlometer, can
only approstmate the ddeal conditions which we constder In Section 2.0 1t s thevefore aecexsnry to exmming
the ways tnowhieh real sitiations ditley teom the ldeal nnd to determine which of thexe differences have slg-
nlitlcant ellects on mensurement results mnd how to deal with them, For s partienlny mensurement oy enll-
breatton, the only wiy to beswre thot wll of the possihillities have been covered ndequately b to mnke tosts,
vorving the ditterent parameters nmd obsevving the ellfects of each on the eadiomete r output sader controlled
conditions, ‘Che possihilities are so mouevons and ey so widely with the differences between the Individuaal
Instruments pod the sttontions In which they nre employed, that 1t 1s not passible to cover them all In one
penernl trentment, The discusston will therefore be Himited to the more Tmpavtant of the effeets most fre

quently eacountered,
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We will conevrn onrselves especially with the elfects o the three pareameters regoresenttng spectienl,
spatinl and temporal vaeintions,  The radicanetrte guantition to which o eadiometer vesponds aee, in general,

functioas of these pavameters, This, the rudintion ot the radlometer apevture mny be chiorneterlzed by

the spectral vadiant power, l')\()\: 0oty or |'A(A-. o)

the spectral freadinnee, ”AM' 0ot t) or “AM' Lo t) ()
114
the ®pecteal yadianee N\(,\ 0oty or \‘\(,\; i)

Heve A s the synthad tar wovelength,  The spatial dependeney [x stated elther in terms of rays, in ref
vrence 1o the optical asis ood aperture stap ol the radlemeter by ¢ and ¢, o Do terms of £ wnd g, cnptesian
coordinates In the projected fmage of the instrument fleld stop, The letters ¢ nnd ¢ symbaollze the nsnul
mgnlin caordinates for w puy passing theongh the center of the aperture stap, as shown tn Fignre 6, The
coordinates, foand v, have thelr ovighn ot the Intepsection af the optice axis and the tleld stop Inmge (see
Flgure 5, The tempeatad dependegee Is dndicated by 1, the syanlol tar time, In this repoarct we frequently
use the varlables 0 and o eather than = wnd o to dlustrate the valne of spectlying the spatinl dependency
of radlicaneter response (o terms ol divections enther than by caordinates tn obeet space,  Sinee an object
and on tmage af tinlte dmensions me olways jaesent in radicanetry . those forms ol representntion nre
completely cqnivalent, Rudfometers with tields ol vlesw whiteh nre symmetele nhout the optical nxis nre

most simpdy deseribed by ooand @, while those with vectongular Held stops ore best treated with £ and 1,

) y
//1 Projectinn of Ray
: | onto x, y-Plane,
or Aperture Stop
VTR
17
7 - /
[ L
.( ] o
| t 7

Optie Axis P
Field Stop

1 = The poroljected Tmage ol the Held stop, shown withont nny distortions whiclh might come from nbeyen
tons of the optles
s 0o Cnetestun cooprdinates In the Held stop Image plane
) ooGdglas of caordinite systems

-~

iy o Angulnr coordinntes ol o ray passing through the center ol the rndiometer apertinre
A Rudiometer apertnre in the plune N, y

FIGURE vie. METHOD OF DESIGNATING DIRECTIOGN OF RAY
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We will conline one attention m this seetican ta neasurements minde with o basie enddometer and will
comsider more caomplicated amd sophisiiaited straments 4o later sectlans,  Coltheation will be consldered
for the mensarement ol the Teld quaetities ot the enteanee apevtnre of the instenment, Problems sueh us
atmospheric attennation and buckgreound cadintion, whteh can aelse in comnection with attempts ta refer the

cabthivatlon meastrement resibts back to valies extsting of the sauree, Wil he deferred iar liter disenssion,

Bodo THE INSTHENMENT

The threee essenttal convonents poresent i every radinmeter or ciefametele instrnment were Hsted In
Sechon 200 Inadiiition to those sepueate metions theee aee equally husie tunetlons whieh, in the setunl ar
nom=tdead xitnation, wswally mvolve intesitetions between the components,  The wovelength interval In whieh
the cndbommetreie quantily i messeeeed ol the specteal resjemsivity ol the endfometer withhn that Interval
pree Secthon o ave vedis ety decermioed by the specteal eharnetecisties af the optleal camponents (in-
chiuding, that vt any Hlters and micvors) combined with the spectral responsivity of the detectar, The «dl-
enl svystem ddone (nchadimg, as spectited, the sensitive sneface ot the detector) nsnelly determines the di-
recttonal ce spattal dependence ob responsivity, ineheing the sgatial cesolution, The respanse ta temgurn)
thetuntians o fncident eadtion and the Lannlw ldth or resotuntion in Mnetutilon freguencey ® measnrements
ave determined by the detector elemwent in combinatfon with the wmplifler and ontjont fndientar,  Hawever,
Hthe vespmmses b ospectenl or spatind vaveattons ot inegdent vadimtion nre irnnsformed fnta temporn! ae-
tiations b some torm aod seanning (e, sswinging the entive instrument o n contlnnons spatlal senn, or
changig flters with o votating blter wheel to admit, snccessively difforent narrow spectend bnnds) then
the temporid fregueney respanse ney become o bctor tnadetermining also the spectral, ar spatlal, respange

sl e sotutjon,

It shenhl b apparent trom the toregdng that even the stmplest tovrm ol radiameter cannot be eallbrated
avenratedy o can the vesults of meossorements mide with it he interpeeted ol evalunted withant very
complete and detatled imlormation nboat the vy operties ot ad ol s conmponents and thele funetlann? relatan-

B2y INSTHEMENT RESPONSINITY

Feom the fovegoing comments nhout the churactevistios ob cenl radiometers, 41 enn be seen that the e

sponsieities ol peltmmeters nee also functions of the prrameters disenssed, so that

*We recannnemd the nse ot 1o peler taotemporal feeqguencey as distinguished from e, the Treguency of
the rodintion ftseld, whieh 15 given fn terms of wavelenpgth ond the veloeity of Hght as 0 = /X, Similarvly,
we will nse the words speetrum and speetrad to veler anly todisteilatians of waselength, A, nnd nat 1o dis-
teibtions of tempornd or spatial fregnencles, or of other gquantitiens,

1
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o YA 0, ¢y 1)

This, together with Equation 8, means that, mathematically, the defining relations (Fquation t) in Section
2,2 con be evaluwted only when n picticutare value 14 ansigned to each ol the pneameters (Leo, Tor o single
wavelength, divection, and time),  But in reality there s no such thing an a precisely monochromatic nnd
perfeetly colllmated heam of vadintlon, even lrow n laser, Al veal vadlation Helds consist ol disteibutions
of rndintion over n range ol wavelengths, divections, awd usually nlso Quctuntion frequencies,  Portiealoely
in the ease of wavelenpth dixtvibutions, these pre stpailleant nud may not be ipnored in maklog rodiomnetrie
mensurements, Our problem then §x to deal with responsivity in terms ol the intepeated eliects of these
dismteibutions, Before looking ut the net oflect when nll ol the puenmeters aay e chinging simultaneously,
which also includes poxsible interactions between the poemneters, we will Hivst diseass only one pnrameter

nt oo time,

Yobo SPECTRAL RESPONSIVITY

It 1= velntively eady to minlmlze spatinl responsivity problems by nebleving nealy constant divectionnl
(«putlnl) response over u well=defined leld solid angle, Similarly, tempoval requency response elfeets can
be minimized by working with rensonably steady nonrees and uxing rapldly responding detectors with mmpll
flers oud yecorders ol wide Lregneney response,  However, 1t s abimost tmpossible to elbminate entively the

spectral responsivity problems lrom the results of radiometyie mensure ments,

in the ense of o endiometer with an ontput, V', whicl vartes with the wavelength ol the ineldent cadintion,

one must use the specteral power vesponsivity delined ns

.

l(.s\' ‘A,\)] | .\L
ll

I (N = Lim — (tn
¥ 1
o aah LBP/SA
where
. i\
\A 0 In v/
i

'I
1" 'y inw/p

The notatlon nsed 1a in keeping with the WGIRE recommendations concernlug other wavelength =dependent
quantities which are vatlon, sach o a{A) or p(A), 1l no rensonable lkelihood lor conlnslon exixts, the no-

tatlon of “l'(M may e uned for the spectenl power responsivity. The outpnt voltage I8 given hy

v I v, A flt], (A) ) (A) A (10)
A A
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where -\l © A oA s chosen to bahude ol wovelenptha Inowhivh the Integeands nre not zero, Fhese relntions

are Hnstrated in Flgnre T W con nlso define nonselub guuntity, s reintive spectiend power responsivity,

|,|‘(.\)I s the spectral power responsivity divided by o normalizing constant,  For eximmple,
IlIl (A)
1. (A) = 1
" o b
I mhx
A
where A I the wayelength ot whieh 18 (A b masinnnn,
TTHAN | \
oy,
1t shoubd be noted thnt “‘|| (V) 72 = - Insteml we hnve
A )
'\-n J)\-)
8 rd s 2 X
j \A()\N\ Ilp ()\)|>\(>\)ll)\
g A, A
R - - —_— (12)
' (A)ar J‘ PodA
N . \ .

Thus “I’ In velated o R (A1 by noenleulation which Involvas the spectenl vibinnt power as n welghting

II
A

hinctlon, As o resnit, the value of “‘|| depends upin the winvelength disteibution of the radintlon nsed In

the enlibrntion, The sapectead fevidiimnse responstvity md the spectenl rollinee vesponsivity enn be trented

stmtlarly,

Lol NORNMALIZATION, 'The next step In applying the results of the preceiling sectinn hivolves the
lden ol normalizntion, In the above Tnstanee, o8 will be seen, we hnve normulized to the peak of the spec-
tral vesponsivity,  Asonne that the value of “I‘ (Am) s been determinel from Equation 11 by n ealihen-
tlon measnvement with n certaln Instenment fo )Q\'hl('h l'l'(M 1w known ol with a eallbreation conflguration
for whish I'I\()\) ia ulno known, (The problem ol measnriog the spectreal distrihntions "p(}‘) nivl I’)\()\)
will beoliseussd In Tater soctiong,) ‘The Instewment Lo then placers! In nn unknown ben of raliation, nixi
the mtpnt, V, 1 obtalnel, Frow this vidoe of V, and the value of I(I,(A m) In the relntions »f Equntion 11,

It 1x pmsalbie to obtaln anly the valnahile of the Integenl

v/ - f- 0 ’
VRGO D ) NGNS )
1
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mstesal ol the desived mensnre ot the power in the unknown Isam,

A

N
-

P f 1 (Aydr
AA A A

Equation Lt dellnes the eadinnt power nornmlized to the peak of the endiometer spectenl vespousivity, Note
that this quantity does not contadn Information about the radlometrie quantity nloae, but s the result af the
tnternetton between the vaddometeie quantity nid the instrment specteal respouse, §t telis us nothlog mare
abont an nnknown spectenl disteibution of ineldent vadiation than the response whieh enn be expected from
another istriment \\l_ll\ the sume relutive specteal responsivity !Iﬂ”_\_\'ﬂ}'(‘l('l\‘uﬂ!. To Hlusteate, the oet-
pnt ol i hnstyiment will e the snme Tor (00 w ineldent at o wavelength where (ts response I8 {07 of the
peil response, or Tor 1000 w at o wavelength where it vosponse 1 177 of the peak, Novmallzed to the peak,
hoth responses enn be dnterpreted only as the equivalent ol 10 w ineldent at the wavelength of peak response;
hiet the same wonld be tene for another instrument ondy 1f {6 had the snme specteal respoasivity at all of
these wavelengths, not st the same voalne of peak spectral vesponsivity, Even with the most careful nnd
complete calibration ol o radiometer with nonmiform specteal responslvity, one ean never exactly achlove
the gonl of making the measuvement resualt, by itself, completely Independent of the measnring Instrmnent,
The fmportunce of reporting the instrument spectenl vesponstvity whenever data are reported shoald he

obvfous,

o grent many cnses, Independence ean e achleved on the basis of additfonal Informuation abant the

apectyid disteibation of the inceldent radiation— teo, abont the quantity

'A ¥ ]
r(A) l’\(M ln

Heve £ 4s 0 scide Inctor whieh may e I'A(Am) oy l'\ ' However, withont additionn] information or as
" Ay

stmptions, the statements o the pyeceding prengeaph cepresent the Timitations on the Intoymntion to b

devived from A nlone, even with the best possible calibration,

For exuimpie, ttmay be known (or nssumed) thiat the selative specteal disteimtion of power In the fwter-
vl \' <A A Tov neident vadiation Trom nn unkaown source Is the same ax that In the beam trom the
wovee nsed tor calthration (Jor which the absofate vidne, ns well ns the disteibution, s known), n that

awe, the power o thnt woveleagth Interval from the unknown sonree cnn be expresaed ax

o A,
By f INEIT I’Nf AN = 1 A an
i M
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where v(A) 18 the refative apectienl disteibution of the vadintion
l'" in the nenle fnctor
An dimcumsed in Reference 8 nod in Sections 4003000 prd 4,0000,2 of Reference 4, the value of l'u nnd the max

frnunn value of v(A) will depend on the method of novmallzation employed, The valve of the titegial

A

f v(A YA = AN (15)
M

In the specteal interval ov imndwidth over which a constant value, I'N. would present the same totnl power

ux the intearnd of the spectenl vadinnt power from A to A e,

A A AN
] & 3} o' P 7 ) ;
IAA '{ IA(A)(IA ln ]; I\ INAA (1)

If, In fact, I'N In the maximum value of I'A(}‘) (a8 in novrmalization to the peak), then the value of handwidth
given by Equation 15 must e Inbelled the pesl normaltzed Wandwldth, Obvlously, If I'N ig tho average value
of l’)‘()\) in the Interval )‘l <A< \2. then the bandwldth glven by Equation {5 will be that of the entive interval,

Al = A - Al. In the case of normnllzation to the nverage the power in the fneident beam 1a given hy:

l..))\ » ./; l')‘()\)(l)\ ] I,A,u\"[ r(A)dA - l')“m'()\2 = )\l) « l')“"vM (7
| i

We wrlte the velationships ip terms of the responatvity obtained from n previous calibration since we
know (or huve ansumed) that the ubknown souvee radiation hns the same apectral distribution at the refer
ence position as the radiation from the calibration source, From FEquations 10, 1T, nmxl 17 we ¢an write

(for the unknown souyce)

b A, Ay
- ] 3 o 3 / 3
v f l)‘()\) "l’ (A)dA I'A.nv "l’ ()\m) f r(A) l.p()\)(l)\ (l'A)\ AA) l(p ()\m) I 1()\)1,"()\)(“
)‘l A A )‘l A )‘l

From onr callbration we have

Y /P a /
Ry, = v/ [up)‘(xm) AA] f)‘ rAM LA A (18)
1
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nnd #o we enn compute

2 VI (19
Thus it 18 poxsible to employ o specetreally selective imstrament to measure exaetly the power, "AA Pn
A

)

( \" (A YAA L an unknown beam ol radintion ondy inder the very special coremastinee that the instemment
|

18 cnlibrated with a known beam of ewdiation which tues the some spectrad disteibution, (A ), T thiad cose,

the vidue of ltll detevimined from Bguation 12 witieh (s the frest preat of Squantion 18, can be used together

with the output, V. produced by the uknown eadiation, to compute the power, 1 i the unknown bewon by

AA
Foauation 14,

tchdentally, this bs n good lasteation of the apphicability ol the generat peincipte stated in the fntroe-
duction: to conduet cadibention mewsuremernts wider condittons which veproduce, ns coapletely as passible,
the clecomatinees waler which mensurements hased on that calibention wre made, Chis elenely apglios to
the spectral distetbution of vadiation in each sitaation,  tm the other hand, 1 shouhl be recognized that, as
Wopraetient metter, itmay be esteemety ditfientt oe impossible to veproaduce the spectenl distellatiocn of
torgets ol interest in the radiatian from calibration seavecs for which the valuea nre known,  Blackbody
sourees nre nmong those most feegquentty cmployed for ealtbentlon measurements becirse the values of the
vidometrie quuantities tor the cmitted eadiation are more easily determined than for most other sources,
However, the vedition bewms Lrom many sonrees to be measurveld, pocticaliory those ot distanees whore
the vadiotion is steongdy attenunted Dy the atmoxphere, ave o spectead disteibution ot the eadiometer whieh
virles widely trom the Backhody . As aovesult, the gond of makang the specteat disteibution of ineldent railin-
tion the same tor hoth eafibeation and measurement becomes one that (8 desirable ot aften very difffealt to

nttuin,

Perhnges it shoutd also bwoaentionsd that, when the specteal responsivity of o vadiometey (s nearly con-
stnt over the specteal ronge fre which it eesponds, the vadiont power ol an ineldent bena of radiation can be

measured with an imeertninty whieh depends upon the constaney ol "I' (A). Note, however, that it I8 abso-
A
tutely impossible to estinmicte the degree of uncertalnty in this sitostion withowt some information etunl or

nxsumed) chout the specteal distebution of eadintion fn the ineident benm,

Al of the foregolng liscussion In this section hos been in terms ol power, ', and power respansivity,
] P However, it applios cqually web! to other radlometede quantiftes i1 18 or N 8 everywhere substitutoed
for ', nnd N“ or Il\. in mubst nted tor "I" Note that ¢(A), tor the sieme laeldent radiction, 18 not affected by

this shift fronc one radiometrle guantity to another,

The method of normanlizotion to the peak 1s the one maost freguently employed: g there nre situntions

where 1t i wot appropreinte to use 1 omd where obler sehemes nree used, as in Equation 17, These other
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methods witlh nad be disenssed fuvthier heve, Fwo exanmples ave presented (o some detadl in Section 4,1,3.2
of fteference . Beeause ol these possible vartutions (naethods of wvormabization, the nse of novmalized
vithies (o a veport of measuvements ov eatibrations without spectfieatiorn of the way ip which they were
novmntzed, can fead to amblguity and misintevpretntion, We thevefare vepent and concar in the recom-
mendation given in the cited section of the WGIRRB teport: "It in tmportant that the wetiuxd ol normntiza

tiow be enrefully desceribed,

L2, SPECTRAL RESPONSIVITY CALIBRATION, Although (t should be elewe fraw the fovegoing
that nu necurate measure of the spectrel vesponsivity of «rndiometer I8 a vory hapovtant factor in inter-
preting mensuremoent results, this fuctar (8 probably one of the most neglected phases of enlibeation, One
veason for this (s that 1t is among the most difflentt, ‘The diffieulties, which ave well sumanvized in the

WGIRE fteport, Section 5.7, enn be acen from the following consldevations,

Two appronehes cun be tuken to obtuin the spectval responsivity of o radiometer with n velatively
brond spectral ppsshand (the entibration of spectroradiometers with norrow Instaatnneois spectral pnss-
hunds will be discussed ina lntee sectiom),  One approwch (s to compute the overatl spectenl responsivity
from datn fov the spectral charactevisticn of all of the components involved, ‘Fhe other s to mnke direct

measurements of the velntive vesponsivity of the complete radiometer as o function of wavelenygth,

There are numerous pitinkis in the flrst method, Most of the fmpovtant anes nre mentionsd 1n the
WGIRHB fteport In the section cited ahove, Manufacturevs generally do nat keejt the vnviabitity of the spec-
tral chavneteristion of detectors nnd filtevs within nnerow vnages, Published cupves, purtienlarly those
uned for ndvertisiog purposes which apply to “typlenl” ttema, fvequently differ substantiatly froms the char-
neteristion of n puvticulnr sumple,  Another pitfall Hes o the possibitity of interaction between conponents,
such nn multiple reflections between adjncent paratiel suvfnees, The travsmittance of such o combination

may not be just the praduet of the separately mensured transmittances,

In keeping with the geneval preincijile of making eatibration reproduce, na closely an possible, the con-
dttons to be used in mnking wensurements, o spoctrai-respansivity eatthiration af the entire instrument, ns
nounit, in to be preforved wherever 1t is foasible, ‘This ean be done fiy observing the response of the radiom-
eter to the rndintion from the oxit st of 1 good monochromator as a function of the wavelength setting. The
boam from the monochromntor (s niso measured na a fusetion of the wavelength setting with a reference do-
tector, with vesponstvity suhwtantiatly independent of the wavelength (n so-enbted black dotoctor), ‘The rela-
thve spectenl responsivity curve of the radiometer (s obtnined hy tnking the vntio of the vesulting radiometer

response to the output of the veference detoctor,

For relinble measnrements of the entire passband, pavticularly of the degreo of rejection for wave -

lengths citside af the region of substantinl rosponsivity, it is lmportnnt that the monochromator benm he

20
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one ol high specteal puelty, Thus, w donbte monochvomator is prefevable. Supplomeatnd (ters mny nlso he
used with it to fesuve ngalnst the preseace of smull smonnts ol radintion ol wivlesteable wavelengthy, At
these wavelenpths the nstrument vesponsivity s so moch greeater than (8 1s ut the winvelength setting of the
monorhromator that even o very small amount wonld otherwise prodoee o signifleant eevar in the eudiom-

eter outgt,

Thie WGIRTY Report polnts out thot theree may be diftieulty (n obtainibg enongh rdiant power lvom the
estt wlit of the monochromator and sugpests That o cobtlhmmtor may e nsed (see comments In Sectlons 2,3,
and b2 of this papery. When this Is done, (1 prohably will not be feastble to phnce the mderence dotector
in the sume beam feom the colbpmator hecaose, somndl I sizec 1 pyobably wonld not intereept v safficlent
feaetion of the avaitable eadinnt power. Insrcod 18 will probably be wecessarey th nse wtwo-position mirear
to diveet an fmage ol the exit 511t of the monocheomator nlternately onte the Held stop of the colbimutoy nncd
onto the reference detector, To that case [t 1 highly bmportant to hive the two positions of thts mirvay
mevhanteatly sl and mecetely cepreodocibles Inoaddition, every effort shonld e made to fnsnre thit
the specteal qualliy ol the beam ineddent on the veterence detector esaetly matehes thit of the colblmnted
hewm on the vadtometer, which will nvolve ntrodueing the same nnmber of veflections from the snme types
ol mibrror suvtinces, consldering polarizniton etleets, nad tking other precantions 10 his cunant be done
the differences should be cavednlly wnalyzed and aveeonnted Tor, keeping inomind that womireor hus a spectirnl
emissivity cqnal to one mbms s spectend total hemispherieat relectanes whieh, ut the tonger wavelengths,
cin resnlt by sipniflennt seli-emission from mireor surlaces ot room temperntnee, In pny event, where the
two beams take ditferent paths whieh have heen designed to e similoe, 1 is wise to redetevinine the reflec-
tivity of the mitrors feom thme to thme to see that ditferences huve not neisen theongh wnesen solllng o gend -

anl Vdeterioration,

Finally oo wovd ot cantion about the bloek detector: sinee this i the reference stonduml, 118 geenraey
contrads the necurney ol the spectenl=vesponsivity calibration, |1 possible, the spectenl nhsovptunce (eaqunl
to one wminus the total spectenl vettectanee) shoubd be vhecked hy nmewsnrement of the totl spectind relect-
mreee, Note thut 1t is not the speentanr, hot the total o hemispherie reflectonce thit Is repiired,  Ax nearly
ns posslble, the incldent henm o the celtectanes mensuvements shouhl minteh the geometry af the heam [rom

the monochromptor in the specteal responsivity ealibratlon,

th view ol the tmprolnhil ity thit the Henm extting trom o tonovhromntor will possess the requived ween
and sobi? wngle to pertovin absolute spectiral responsivity caltheations, we steongly wege that only o relutive
specteal vesponstvity enlthratton e made tn thiy mnoner. Absolnte vilhies ut selected wavelengths ean be
obtnined by the wppropeinte nse of morrowbitnd flters and o blockbody (00 separute set of caltbration mens-

nrements,

21



Institute of Science and Technology The University of Michigan

s SPATIAL RESPONSIVITY

At the entrance nperture of the endlometer, o8 indeed ot any aperture, there nee two wiys In which ra
dintion vy be disteibuted In space,  Fhest, there bson spatiol disteibation of bvendbonee wt different polnts
(elemeats of aren) neross the aven of the apertare, Secomd, theee Es oo dbvectiomd distetbutbon on the brea
dince at any oae pobnt due to vadbotion coming tvom difterent clements ol solid anghe,  Inimast measure
ment configurntions, where n radiometey (8 used fo mensuve the cidintion from n more-ov-tess distant
sottree, the vitue of feeadinnee, 11 (or radtanee, Ny, is the siome s all points wevoss the aperture, in these
canen, we are setdom concerned with probdems involving « spathd disteibutton of the first kind, On the
other hond, b only when o souree of antform radtinve 1H1x the entbee Field of the Insteument that the an-
wobiee o dbvectionn] disteibution of vadiation b uniform in olb divections withbo the Hebd solid aogle, 1'his
divectional distetbntton cion be thowght ol in terms of the spuaial disteibution across the bmage plioe when

the Instemment bs focused so that the image plune and the field stop coinetde,

ftefore teaving the Nest type of spuctbd disteibution, we should point out thit there arve instunces where
It may be o significant fimctor, For example, when o collbmator 18 uued whtlen enbibreatton source, as sng-
goested by Sectbon 2.0,6 above, §0 1 easentiel to have o unbform disteibution of viehintion nceross the cobl hinnted
beam nvldent on the entrance apervture of the vadiometer, 1 the beam s unttorm mnd U8 the rndiometes
aperture, the output will be dirvectly proportional to the breadinnee, even though the radlometer' s responsivity
DY VIEY ACPOSN I8 aperture (@ 8., becnase ot vorlatians in the reflectance cnused by dirt ov detertorntion
of the surface neross n primary mbvror). I the beim is not anbtovim or (08 £l only nopneet of the vadlom-
eter npertare, then the mmdiometev's ontput response will vaey with the cetative positions of the two aper
tures (even with the optieal axes ol coltbmator and radtometer abways pueattel), B then becomes impossible
to wasbgn & meaninyriul value 1o the ievadianee at the relerence posttion or to determbne |l”. the responsivity

tiounform irendiance nevoss the entive rndiometer apertare,

In the nesr smnll-souree o Jones method of enbihratton therve I8 an assomption that the eradiometer
responds unfformly to eadbation recelved through wl portions of Hts ppertnre, Seetlon 2.0.4 mnd Fluve
fparttenlarly, show that radbation from nny polint of the source to the flekd stop passes throngh only a
portion of the rndlometer apertine, Fraethermore, this povtion b difierent for ench different polnt of
the source, Conseqguently, the net or totnl power passing through the ekd stop to the detector will
vitry with the position of the sonrcee if, for exnmple, o collecting mlrror has nan-unlorm reflectinnee or if

ite foenl lewah vartes neross the nperture ([ B] Seetion 5,000,

LA DIECTIONAL RESPONSIVITY — USE (F A FIELD LENS. tnfortnnately, a grent many rndio-
metrie measurements are made with insteanmoents whivh do not respond untformly to radiatton coming from
different divections within a shueply defined nagular flell, This I8 most often due to the fact that, in the

simplest form of rndiomeloer, the detector I8 Tocated In the Image plane of the collecting optica where It
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werves as the Held stop. Any uonnnblormity fn cesponsivity weross s sengbtive suetnee, combined with the
cticets ol any optical abeveatlons, produces ovareybog response (o vnys venching the Tosteiment npertuye

trom diflerem divections,

Iy enses (i possible to aehieve aoanore nearly ldeal divectionn] vesponse by the ase of n Held
leus, A Held stop i the pmage plane ol the pebmoey opbies b used o ghoaeply deline the augatar tield, A
tichl Tens placed close to this field stop boonges the entranee aperture on the siemee ol the detector, Sinee,
wn polnted out ahove, the enteanee apectuee 5 anilormly beeielinted under most elvenmstances, even though
the Hield (= not, oo vearly unitorm feeandidion of the detector s prodoced regardless of snrintions neross
the theld stop, Howevee, it swell o Geae oemtad that the uaitormity ol divectional vesponse his een
oltained at the expense ol passible nonuntoradty ol spatiad response oross the entvance aperture,  This
conld Tae g stgnitieant problem, tor ecampde, i nttempding to calibrate such wn fnsteament by the near smnll-

Kouree o Jomnes’

micthosh, B shonleh b e noted that the soceess of this use ol o Held tens 15 grentty de

pendent on the gquality of that tens, Sabstantial abeiteitions con do much to yeduee its ellectiveness b pro-
shuctng wnbtorm divectionsd vesponse over e Geld, Finanlly, the spectend transmittances ol nvallable maie
viats for such Held fenses place Thaitations on the cases inwhich this s o teasible appronch, We strangly

concnr with the recommendatlon i section 5.5 ol the WGIRIY Report Fhis conthgarntion is recommende:|

when winvelength constderntions permin

HoR 2 NEARPING TNE FUELD The field of viesw ol aoradiometer should ntways be mensired nnd the
vesults included o the catibration dagn, which should he o parct of any report ol mensarement resnlts hased
on that colthrmion, A escepiton can e niele when the tisteament bs ased ouly o measure the endiance ol
wabtorm extended sonrees amd schere, for all ol ithe mensueements Dneluding the catibention, there (s elearly
no question that the entire Beld e Wed with vadiiction Trom the inilorm souree, I that case there 18 na
need tor detatled sntormation about the exaet mize b the Hebd nor abou the distelbailon of diveetionnl ve
aponse within the teld, Howeser, i the teld estends over regrons ol substantial savltation 1o n nonuniform
estended souree, mnd 1o destred to obtidn meiaingtal mensurements of avernge rndianee ovey these re-
Rions, o antform diveetionid response nevoss oo sharply detimed Debd s cxsentinl and shonld e verifial ns

part ol the calilaation

PThe Bt can be mapped swoith oy conveatent small sonree al constant vadinnt intensity (for velntive
meastrements the value of b need nob be hnown) at o distouee wheee [t Tmage covers only novery smnlt
portion of the Beld stop. “The sz of this image determines the vesolution with whieh the vavlation of dl
vevtonnl vesponsivity cion be detevmined,  The size shold Be Thmted by the elrele ol lenst confusian of
the collecting optivs ol the vacliometer, The souree can beomoved hooclzontally and vertically Inon plane
perpemlieatar to the optie wnds ol the rndiometer, o the vadlometer con be sennned nerass the sonvee (8ee

Fhonre 8), Section 5.5 ol the WGHU Report discusses methads of presentation ol the Held ol vlew which

e
-t
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should he eompared with this and the disenssion in o8 elow

| Sniall

#&‘uurc(-
-

/)
I
I' / Fleld Stop
. 1] __A |7
I ¥ \ L Opile
| Radivmelvy Axls
I

Plane of
Source
7 = Distance trom radiometer ot origin to plane ol source ut (o, 6, ¢) or (5, y, 2)
9 2]
" V.\ 4y e paintie g tun

sy are Hnear displacements in the plane perpendienlar to the optic axis

0 asin”! (v/p) = tan~! (v’2)y =r/z vadlans, a = x/z2 aned 3w y/2 nre the corresponding angulne lls-
placements,

FIGERE 5, GEOMETRY FOR MAPPING THE FIELD WITH A DISTANT SMALL SOURCE

The distoner of the small source must also e sultclent to fnmiere that 1t s in shaep focus in the fleld
stop if, an A (requently the case, the instrument has fixed locas opties, 11 o shorter distance 18 used with
an instearment with adjustable forus, it Is wise to check the measurements ut more than one istance to
munke sure that they are not affected by the focusing, 'This should be done cupecially hofore npplying the

results to measurements of sonrees nt ranges different from those at whivh the calibration measirements

nre pade,

A collimator may also he ased Tor mapping the field ol o radlometer, The size of the sonree In the
focal plame of the colimator (the collbmntor fleld stop) must be adjusted to produee the desired size of
source lmage in the field stop of the radiometer. For ideal opties, with po abereatlons, the source and its
imuge will subtend the some angle with vespert ta the venter of the aperture stop af their own opticnl sys-
tem (the aagle @ in Fhguve ), The magnifiention of the system is the eatto between the souree and its imnge
In the radiometer, which s the same as the patio between the foeal fengths of the radiometer and eollbmator
opties, 'The collimntor should e of gomd enough optical quality so that it does not degrade the results of the
measurement,  The Dlur cfrele of the collimator, moasured tn twerms of the angle which it subtends at thae
center vl the colltmator aperture stop, should be wmndl in relation to the blur clrche of the rndiometer, nlsn
measired by the angle whivh it subtends ot the radiometer aperture, Pader these cireumstances the minfmum

Imoge iz in detormined hy the abeveations of the radlometer opties,

The colllmutor (s positioned se that, a8 the nngle o between its optic axis and that of the radiometer
In varied, the two axes always intersert at 0, the center of the caddometer nperture stop, This arrangement

will keep the aperture of the radiometer Tilled, ax shown in Flgure 9, The Thaure has been deawn shawing
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the puths ot the estreme riys through the cadiometer aperture to lusteate the need (even with perfect

abignment) Tor o collfmator ipevture somewhint lneger than thit of the rediometer,

oS, COMPUTATION OF EFFECTIVE FIELD SOLID ANGLE, We will define the effective tield
sobich anghe nx that valne of £ which will satisly the relation ol Eynation 2, even fov a won-ldent piudiom
eter, In other words, it is the ritio between the feendionee responsivity nml the rudinnee responsivity of
the instvament, 1 there (s nonuntform divectionn] vesponse, so thuat the feendbioce responsivity varles
with divection, it ix necessary to be more spectlic, Note thut the virhue which sntisties Eygnatlon 2 shonld
be designnted an the elfective fleld solid nagle with respect to the divection corvespondiag to the maximnm

Levadinnee responsivity,

Before looking at this detinition ol ellective Held sobid angle nonore detidl, it may bee desirable to
review the compntatton of the purely geometreival solid pogle sabtended nt 1, the center of the nperctiree

stop, by o clrealwr febd stop (see Ftgure 1), The esact vilbue of the subtended solid angle I8 glven by

Q ) MO0 i« 2a(l - con 0 ) (24)

where the symbols ave detined i the fimre, However, w asefab wd freguently cmployed approstmntton is
to treat distinees in the plvne ol the fleld stop as 1f they were divectly proportional to the sagle they sab-

tend nt the ovigin, Thos, approstmations mree used, such ns
"o posin 0 & pt (@10
With this approximntion, the solid wngle hecomes

2« r"p e o (22

The vange over which this appeostmation may be used for o desteed degree ot precision is vendily evalunted,

I we expmit the coslne tnto w power serjes, Eguation 20 becowes

2 1
[l [} ([}
o 0 0
91.'5(‘1.'0 ? Ql_' (h' )
i g H (2

0
(o 2 0 )
- N — s — 000
(1} 12 )
It is pmmedintely nppurent thnt the approximation of Exguntion 22 amomts to retwining only the flrst term of
this sevies expansion, The error involved In dropping all of the terms beyond u certnin point {n n conver-

pent nlternnting serfes 18 equil to o leas than the magnttide of the first term to be dropped,  Hence, for

13 neeneney of approximntion, we mny set
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U= Maximum value of 0
0 = Origin at center of aperture stop
X, y = Coordinntes in plane of the aperture stop
7 = Axin B optie nxis
vo=postu 0y @ radius of fleld aop
F = pconiy
2 » Solld augle subtended at O by fleld stop

2e ol
L j ' s Od Oy = 22 (1 - e Uy) = r!'n". or = = 2/F¢
0 Jt

FIGURE 10, SOLID ANGLE OF CHICULAR FIE LD STOP

Anothier approsipmtion, probably even nmre eonmmonly used, (8 the computation of the solid angle {rom

o " O
2 @« 1 /F = vian v (25)
v
AR usiug sevies expansbm, we can write
0 h] 30 0
tan 0 = 0 -4 <
an - 4 — + — b,
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0 o i 2846
(21)
[
20 1] 10
n (3] (%]
1 — ¢ — ) emes—— o0
H] H 15
t
g R0 170
- 0 O
0 P T R
@ 1 45



Instilute of Science and Technoiagy The University of Michigan

This s seen to le gquite rapldly canvergent, ot Jeast Tor smud] vidues ol 0, so that the magnitade of the Orst
0
terw dvopped 1s st n gomd apperashnntian te the ervor volved iy deopghngg (Cand all fadlowing terms

Thus, fornlout 19 gecurney by this metlaxd, the voupe te esthoded by setthogg

0
« 0010 °
o

0 L VOOTh = 0022 rod e 7"
(1]

I arder tecvelnte the definttion of ellfective solld nugle, given at the beginning of this sectlan, to the
renults af mapdng the fleld as described In the preveding section (Sectian 3.4.2), et us connfder the aatpa
from w radiometer with pon-unifarm divectiaml respeame plnced In o Beld o aniform raalance, N, which
completety (18 both (e meertnre and te fleld, Fhe value of 1 ineldent throwgh nn element of satld nagle,
d@, In uny given divection 18, by definitien, equnl to N cos 0d 2, Henew the autput mny be comjputed from

e 0
(3]
= N con 0 ll“ (M, eh) sin Ol

0 °n

ur
\j
1

If thin were un ldeal radlaoeter with anlfaem resjamse inadl divecticns withla o shiorpdy delined solld wagle,

«
J R (@) min ¢ vos addg
) 0 "

2, and with my Iremblnnes responsivity equal to thit of the actaal eadicaaeter In the directian of 1ts masl

mum respoanse, R . then the output would L
I mas

Vel = Ng

H.mnx el

It
H.omnx

An stated at the beglnnlng of this sectlan, the vishie of & which will ke these two ontput values the snme

1w called the effective molld angle, @ o In by wasds, 1t ia the sadid magle of nn equivalent ideal radiom-

eff
eter (uniform spatial resjemse), 1 we equite Equations 27 nnd 28, we olitnin

2non
‘0
|
- It R(0.¢ b aduld o
2ot 1, max J’" J” ‘"( @) win 0 con ddihlg (2

For smull vilues of ¢ we may mpproxtmate by asing cas 0 ®§ o sln 0 & 0, and wrelte he approximate

relation
]
3 l «
l I ] th b
g«-ll " tIl.n\n\ f f ‘n("' R (:t0)
00

In terms of the cacrdinntes, toawd n, defined n Figare 6 and Eqoation 8, the elfective sotld nngle 18 given by

28
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where A i represemts the elective wren of the fregge ol the feld stop and 5 8 the distance fron the Hedd
o

stop Liage to the instviment ape rtare,

Ax noted In the WGIHRE Report, Section 00, sinee this espression involves only the vatio l(“ ’”ll,mn.\'
ubsolute messuvements ol the beeadianee vespansivity ox o function of direction wre not needed for this com-
putation of etfective fteld pagle, relntive values pre suttictent, Bt s nsetul, us port of nn actunl calibreation,
to carry out this computation to compare U with the value obtataed trom sepnrately determved vatnes of

the vidinnee responsivity and the fveadipuee vesponsivity (o the direction of maximom responsi used in the

expression (hased on Fguntion 2)
%] - IR R
eff thmas N (:12)

In poetieulan, 15 the use ot on estended sonrce whiceh s w very nieh Inegesr softd nogle thun the puarely
peometreienl solid angle subtended Dy the teld stop, resnlts in o mneh smeller valone of Q. rus computed
from tguation (12 thay thot from Eguation 30 or U, one showld ook for the possibility that the fnstrmment
I8 respouding to seatteved radiation prom Inege angles outside the Held because ot inndegnate bidiles or

Pundeguate nonreective conting of stencetural surlaces in the beaw,

A TEMPORAL RESPONSIVICY (] 8 and ) Sectian G

1t in usnnlly possilde vacdestgn radioneters o that the lrequency response (see footnote) is ample for
the vonditions ol cul byation and measuvenent, i that ease, uo detalled eallbeation 8 veguired, b is
merely necessary to check the response thme @ verily thot the Instreaoent will vespond rapldly enough to
meantre the destred changes tn the inctdeat radtation, This (s ecnstly done for most instooments which huve
dee response by copddly cocning ond elasing wosltter e Gront ot o conventent souree, Observations are then
wade ol the thme veguived o the outpat to reach 1ts Tinal valoe In response to the practically instantaneons

choupe In the rodiotion incident on i,

It has andeeody been paided ont that, In some spectolbtzed tiustonoents which eanploy some thirm of senn
nhig to transdate spatin) or spectrad vacintfons into tempornl vaviations, the temporal or freguency response
copabliity of the nsteoment may bee the Ttiniting tactor in determining the corvespone ing spatial or spectral

resolution,  Vlhis wild be ditscussed inomove detnfl in later sections,

A busle vadiometer may be used 1o measnre chimges @n inefdent vadiation, or to measnre the madula
thag of the output of 0 source, The first type muy bave zevn response it 2ero treguency In order to respoud
only to changes In vadintion fevel (Section 10058, felerenee ), Sinee the trequency = response chavavteris
tles are due to the combinell charencteristies of the detector element, the omplitier, and the ontpmt proseata-
ton components, noel con be done with approprintely desiened electronte cleentts to modity uid control

thin charueteristic, ot Teast within limits imposed by the detector element,
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Goe Torm of Tnstrameot bs delitwrately desipned to respond ta the time rate of vhiange of the neldent
mdinnt power (L, o the thest devivative with respect to the), Hlowever, theve 18 alwieys an apper mit,

nsuably set by the fregnency vesponse capabltity of the detevtor element, whivh shoultd he determined hy

valiheatlon mensnrements,

Mothe eaciometer I8 belng vallbreeded Toy use 1 the mensarement of modulntion or tluctuntion in the out-
pat of o tveget, 1t bs essential that (e vesponsivity as o Tunvtion ol teeguenvy be esibtished over the ol

range of Tregnenctes that are to be mensuared,

NG TEMPORA L RESPONSIVITY CALIBRRATION, Observation ol response to o vapldly opened ar
closed shutter to determiae that an lusteoiaent hos an edeyniete response thme hins wlvendy beon mentloned
s oo sulflebent vheck in mnny vases, 1t somewhat more extended Iregquency response Is needed ta 1o ow
espected fluctontions In Invident cadintion, n check can be mnde by nsing o rotieting mechantes] slintter ar
chopper th ront of v convenient sonree, with provistons both to vary woul to mensnre the specd of rotatlon,
I the npper Hmit ol unlform Frequenvy vesponse b5 not veltical and not difftealt to ahtain (o terms ot the
Tundamental fregnenvy prodneed by the rotuting slintter, the guestion ol the wavetorm ol the entput of the
detector element nesd not be ealsed, Howeser, 10 the response does appenr to fall olf at freguencles b
Tow vhose 1o be paesesaitved und elpuatine ots are not enslly nvete in the eloctronies or elsewhere to correct
this, 1t nmy be necessary to examine the waveform of the modnlated radintton level prodneed by the shut-
ter or chopper, The antpat eng be recarded ot o lower chopper votnthon specd where the response s st
Tinewr, and con teaadvzed mathematicadly to detevmine the relatbve strengths of the vortons hnrmonles
In ovder te determine which nre Hest bedng atteanmted th the ontpnt as the speed of rotation ol the choppey
te gemdually inerensed, However, another approavh, whteh will avoid wmbiguity awd involved vomp antlons,
18 to use mn apevtare ol chopper-blade confignration destgned to produce almost purely staosahial vhop-
plag.  Mechonienl ehoppers ciun he desigied ta modutate o endintion henm over the range Trom zero fre-

wuenvy up to several hndred thonsand eps, novange which Is adeguate lor most mensurements,

N REFPERRAT QF MEASURED QUANTITIES TG THE SOURCE

L'p to this point we hove disvissed the response ol radiometers In relution to the Incldent vadiation at
the reference joeatton, just In front of the entraace apertare of the Insterament,  This hirs boen stre=sed In
arder to emphastze that an instenment, when placed th o racintion Held, necessartly responds to the condl-
tons eststing et that location, Morcover, [t is passible ta enliticnte In terms of the radiometrie tleld yoan-
ttles extsting nt this relevence location with assurance that mensuvement condilfons nre belng reprodoneed,
If the enltheation resabts nre relnted to mace vemote loentlons, less confldenve ean be plivced In thy vallhen -
tion nal the mensurements bansea on 1t, When attempts ave mnde to Toler, fromn radiometrbe mensirements,
the properties ol the eadintion flekd ot o distance Trom the rmllometer, partiealnrly in the nelghborhood ol
the sonvee emitting the eadintion, 1t is fonnd that the chances tor crvor and amblguity nre sabstonthidly b

crenned, Nevertheless, It ts ireqaently the properties vi o mare ar less distant sonree that are ot primary

Interest,
N
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o

Phere e a mmber al fnctors to bae considered,  Sometimes it I8 dibfienlt ta obtaln an necnrnte meny
urement of the Tocatton of the sonree, especlatly of o cemote and rapidly moving soneee, and Inlevences
abordt s vadiant itensity from the Teendinace at the vadiaaneter depend upon the accurney with which the
distimree 18 tnown,  However, the two prinetpnl soarces of ditflealty nre bnekground soseees and ntimospheric
mttenuatton, the fntter asunlly beiug complieated by lacle ol fnformation nhout the specten) disteibution ol

somree radintion, :

N BACKGROUND SQURCHES, The distinetion between o toeget sonree e o baekgraund souvee ol
vadintion ts an arbiteary one whivh depends only npon the fnterest ot those making o messirement and I8
ot an dnhevent propeety of the sowree, A calibeation, any eadintton which enters o cadlometer along with
the vadinticar frone the destred sovece and which, henee, cin conse un additionnl ontput response not cor -

recthy atteibatable tocthe soaree ob interest bs elassed ag hackgeound viadiation,

As previoasly noted, birekpreamd sounrees can beon pretienlarly teonblesome sourvee of error i distuat
sl = memrece calthraticn amd (o near smatl=sonece (Gones ethody eallbeation, 1t should not e overlooked
abso, s apgested i the diseasslon ab Section G, that radintton from paeticalarly strong sonrces which
Hoe sntestiontindly voiside of the peometelenl fleld salld angle moy still be senttered Into the feld stop due to
indeguate optlenl design, Conseguently, this type of backgrownd source radintion may nlso be tronblesome

In the estendeds sonree calibeation contigurations,

Stnce ealibeaticn measarements wre usuatly condueted wder talely well contreolled conditions, 1t is
olten pressible, with n Httle eave, to eltminate moust of the sevloaus bnekpgronnd sonrces, However, partien-
Tnely swhereweakdng he the Tonger inleared wavelengths wherve even abjects ot roowm te mperatiure bhecome snb-
stuntinl soarees, one iy Hind U impossible to elbminnte all signilicant background soneces, The only alter-
wietdve, then, 45 tocfdentity the destred source eadiation by some distinetive madulation, so that the cutput
response due to it con be differentinted from that due to the backpround, ‘The shaplest methad 18 merely to
e it an and olf with o shatter ut the soeee and (rke the difference between output rendings nnder these
two conditioms,  Even then it may somethmes reguive constderable pains mand tngenulty to Insure that the shut-
ter s ot itsel o soarce, cithev due to mn elevited temperntnee cesulting leom cadlntion absorbed Teom the
sonree which 1t s hlacking, or s the result of reflections of vadinticn fromunsuspected sources elsewhere,
I foet, at the longer intrnred wivelengths, 1t ts probaldy Impeaction] to attempt to devise n trae shutter that
witl functien ns o nonsrwdintihng source, wnd the best solutlon I8 to deliberately destgn n second sonree ol
dtiterent, hat equally well determined, value which can be substituted for the fiest one, Thus, the eallbrution
hecomes nomensurement ol the diflevence between the ontput indientions from twa known sonrees with ull
backgramd conditions held constant, I these Tonger wavelength regtons, heyomd sis or seven milcerons,
wheve radintion Trom the suvroundings ot room temgevoture begins to bevome n probiem, It I8 nlinost man

ditory to use only blackhody souvees lov calibreation, The value of the vadintion Tram any other type ol souree
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Becomes nncerialn to the exteat that §8 msy Tnelnde cadbation rellected Traan the sovvonndings (| 9], Section

B dl)s

tha periodie Itervuption ot the scavee radiatlom by meanus ol aomtating, chopper 1s empdoyed, §8 s ha-
portan to place the enthre chopper (ol gny deive motor or other weoving elemaenis) behind o constant- tem
jeratnee balile which contagns the Hddeing apevinre detining the posivlon and aren ol the soarce,  (Any oy
Leom any point in the cadiometer aperture ond within the radiometer Held, which passes theongh this delin
g apertnee, shookd Bdevsect the soneee within the aven and sobid ongle tor which the endintlon ynbues ape
Kknown)  tooking toward the sonree feem the radlometey, the cly poriion ol the chopper which shouald e
visible 45 the poriion ot the chopper hiade shich passex iy bront of the sonree s seen throngh the delining
apertnre, With this nveangemeni, the detingng apertare ecomes idternaiely n sonvee ot endinnee equal to

that ot the source behind it aod thea o source ol vadianee cqual to that ol the chnpper blade,

W2 ATMOSPHEIIC ATTENUATION — APPARENT SCA RCE RADIATION, The attennation of Inlea-
ved vadintion by the idmosphere 15 a bighly cartable inncetioa ot savelengih, d ol meteorologieal pagame-
eters (partienlorely of the cancentvation ol swater vapory whles ave themaelves ighly variable i not amenn -
ble to exact determination,  Beirge o tnetlon of the wavelength, the ner attegistion ol o beam which i com-
posed el o ddstetbution ol wasvelengths can be estimaied anly when the speeteal disteibution ol the beam s
known, Thos, o order to assess the atmospherte aitenamion ol eadiailon Inoa speeteal band leom o distunt
sonree we most know the specteal distesbntbon of the somrce vadiation, Atmospherie spectral attenaitlon
i% 80 highly vartoble with swovelength thin this st tenenr 18 usoally teae, even tor nbely norros wovelength
hinds, sneh s e specteal sTit swidth (see Secting G, telow ) ob i spectirometer or spectroradtometey,  In
other words, belore we cin congeite the wtmosphevie attenaathm in order to aredve at the salae ol spectead
ridlanee, N)\' or ol spectes] adiant mensity, .l‘\. o dfsiant soaron, we o must kinew s relative specieal
dtsteihation, ¢ (A),

For the vensons ontlined in the precedieg pioeageaph, thers are ousvoldable smeertinties ivolved 1o
Inlenred measnrements ol nodistant sonece inoan attennsting medbon, and partienlnyly in the eavth's nimos -
phere, Also, there Is o Tuck ol complete agrecment on the hest methods lor dealing s ith this digenle stinn-
ton. 1 dx obvlons, howese e, that 1t s desoeable to report In as mach deindl ax possible regavding the pertl-
nent canditions al any weasuvement e callbration, These haetnde the geometry, the meteordoglienl comdl
tons nlong bl vy paths, anelnding tempe vatnree, pressnee alttndey, aud homddiey and any tadlentions of
himze cp seittertng porticle content, Theve is paeeticulne pecd Tor study and deselopment ol techaigques lor

dealing practienlly with attennation by seidiering,

When souree mewsrements ave mnde over shart paths tn the Tnhoratory, i is best to attempt to eliml

unie the ellects ol atmospherie attennation hy Noashing ont the optical paths with o pas such as dey ndiirogen.

e
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Fuiltug this, owe shoubi minke ealtheation measurements which veproduce as nearly as pussible all of the

weasurement condithms,

A dhimensned n Sectinn 2002, the secnnd techulgue hias heen profitably empluyed during fleld piensupre-
ments of muny turpets such us armored vehleles and duildings, I the ense of other turgets no possibility
extats tor calthration In this manner, At best an aveangement may be devimal to altow dlrect evaloation of o
nttenyation by the Intervening atmosphere,  Often data are reported with no adiustment for ptmospherice of -
fects, this practice, which has been discussed In Reference 8 and the WGIRD Repnret, Involves the use of the
muditicr “apparent” oo quantitios which descerthe the smvee which wonld produace the snme endintioa nt
the instrument aperture H no Intervening ntimosphere weve present, T’he following notation follows that of

Relerence B aml b8 0 moditicntion of thiat recommemled by the WGIRB fteport for sueh enses:

J'e ) e 48T aml N' e TN (1)

where '« apparent vioblunt intensity

N apparenat rmlianec

-+

stmosphervie teansmittunce (o the pavticulnr path and spectreal benm)

N o= beeadiance at vinlometer due only th sonree rodiation
N viehinnee ut the souree
d = ot Intensity ot source

S = distance from vinliometer to sonrce
In ¢y utl of the rwbtometyte quantittes reter pnly to vinbintion i the hoam from the soree since rmtiatton
from backpground sonrves hivs been ignored, The same relatlions hold (f the specteal guantities, 'll)\' T(\),

")\' II)‘. N X vl '\A‘ wee ned,

When o ealiheation 18 belng mwle (o support of meamorements which uve to e veported only in terms of
the apparent vadtometreie ynntities e distant sonvees, the ealibeations shonld e mnde an nearly ns pos-
wible in terma of the rmbometrle guantities at the reference position, Thus the reported measivement val-
nes con e regarded as gheolute valnes at least at the reference position. The ancertalnty (s lmited only
to that resulting from ntimospherte attemation conditions for the mensiuvement of the distant sonree, I,
lmwever, the culibention results nre also detevrmined anly In terms of the appavent radinnee or appavem
vadinnt Intensity of the knpwn sonvee, as obscrved by the vndlometer throngh nn anknown ntmosphere, thely
use Intradnees o second ancertninty tnto nn nlremdy ancertain sRnation. The only exception 1a the one nl-
rondy snggestell=—when it (s really possible to reprodaee _u_ll of the condttions for both the ealibyation nixl
the subseguent measarement, so that, in effect, the anknown sonrew In bheing divectly commared with the

callbyntion souree ander exoetly corvesponding condittons,

1 compntattons uf atmospherle atteniation nre needed to ofitaln the valnes of the vmbometele ynntittes

nt the reference position of o ealthyathm measivement, hdl detalls of the vompatations and the meteorologlenl

i)
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data on which they ave bivsed shonld be (netuded G the enlibeation veport,

Nivte APPARENT SOURCE TEMPERATURE VS, APPARENT SOURCE RADIATION, Jnst us the cefer
enere endintlon 18 sometimes conve nfently specitied in terms of o refevence tewmpevatnee, so i many Instances
vadbonee las come to b expressoud by temperatuve anits, paetienlavly in connection with lowey tempevatare
tvpets snch sy veleles nmd terewdn teatives, As pofuted out in the WGHItIU iteport, Section 4.00,.2, the souren
tempe vituve wndgquely devevibes (s radianmeae only 1 e sonree 45 a0 binekbody,  Fov graybodies w comhiinn-
ton of tempevature and totnl cwmidssivity Is vequival, For other situations, involving specteal emissivity
virrbietions and non-equilibeiam conditions with temperntie gradients, it hecomes quite weaningless to ns-
crthe o tempetature to the souvee on the busis of the wppneent radipnee abserved with o vidiometer, ‘his
ts paretieulnrly trae If the racfometer lins n spectel characterisiic an well, 1t s strongly recommendead
that the possible confusion that iy vestbt froocthls ase of tempevatiee e avolded wnd thnt the vesults he
expressed, instead, tnounits ol appavent vidinnee supplemented by« stetement of the specetenl ehnvacterin-
te of the istermnent nnd the wethod ol wovmalization used by given (see Section 0.2, nhovel, Acenvdingly,

we do not reconmmend ealthentions monits of soucee tempueeatare,

aoin LINEARITY

1t wan wssned o the kdeal case (Section @00 that the ontput of o vaddometer is divectly propovtionnl
to the incident endinnt power, This s imphicd also by the velattons (1) defining the responsivities, which
ure usunlly conslderved to be constionts,  However, the vesponstyity of o radiometer need not Ise a constant,
In some instaners, (norder to gecommodiete o greter dynmmle range, md ot the same thne to malntadn nn
approximntely constint peverntige of prectston over wll parts ol thit vange, nstrnments nee delilsevately
designed to hieve an outpnt which, wftev some nebiteavy level Is venched, 18 propovtionnl to the lTogueithm of
the (neldent vadiant powey, In sneh o case, the estiblishment ol the reference eadintian level far the zevo
point of the output scile (sew Section 2oL T) becomes even move important than for an fnstrument with lnewy

response, w8 previously discussed,

It s uerticalnrly diffieatt ta generalizo about this watter of vonlinearity becaume, s with the other fea-
tuees of radiometers, there wee iy subtle vietntions, Peobably the Isst general camment is that non-1in:
enrity tnny system should be trented as o waening of patential difficalty wnd should b cnvefully pawyzed
to determine the possibility that it may distart the fnput-output relations nanintended ways, For example,
conslider 1 radiometer with n chopper designed fov hnekgronnd disceriminntian,  ‘fhe electreieal sigounl ot the
ontpmit of the detecting element (Input to the wmplifices) s usually proportionid to the diffevence between the
eadiant power (o the beam of radintian from the saurcee to o measieed (and possibly nlso sowme of the baek-
ground, which we shall (gnore for the moment] ol the radinat power in a refevence beam of vadiation from

ndjncent povtions of the fuckgreound, In most cuses, the nmplitude of the sigaal out of the defector element

at
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in chivectly proportional to this difference i radinnt power over n wide dynpmic rnnge.  ‘Thus, vegardions

of the subsegoent use of 1 logarithmie or other non-Hnear nmpltiter, the fioal output signal enn be ealibrated,
without ambiguity, as o mensuve of this difference in the tnctdent endlant power, flowever, I the sauree is
quite skl and fur away, so that s hmage i concenteated in g very smatl area of the surface of n detector
at the fleld stop, and 4f the raciant power concentrated In this small fmage ot times exceeds the beradinnee

to which the detector wil respond Hnenrly, foen] saturation takes place. In this case the electrienl signal
from the detector itsetf 1s no longer diveetly proportionsl to the difference in ineident vadinnt power, There
tn no information in the finnl output signal to show when this type ol saturntion {8 tuking place, so the inter-
prettion in tevms ol inctdent tavget radiation becomes mbignous. ‘This, tnecldentally, is another strong

reaxon forr the wse of a {leld bens (see Sectton G4.4).,

We have #add that o complete ot of endibration measurements should reproduce ns fav ns possible the
full enunge of valuexs for the diffevent quuntities fn shtuntions sach an those discussed by the preceding parn-
geaph, Thus, one should try to make ealthreatton mensurements over o range of freadinnee ot the entrance
npervture of the nsteument —n rrenge which ineludes the highest values expected in netual mensurements,
Stmilnrly, sources shiould be used which ave fmaged theough the smnllest fleld-nogle element expected for
e Kouree tn nny of the measurements based an this enlibrattan, The way in which the responsivity varies
s n funetion of these vaeiables should be observed (n order to deterniine tf, nad nt what polnt, sny non-
linearttles may oceur, The nanlyain of such situntions must be thovough nnd prinstnking ta Inscre that nll

velevant factors which mny arise in the measurement situation hnve bheen evaluated,

On the other hand, 1t must be vecogntzed that there mny be some basfe Hinltntions mnking it lmposstble
to achteve the entive recommended range of ealtbrntion cheeks, The Planck vadiation law establinhes a def-
Infte Hmit to the maximgm ribinnee that can be obtatned from any thermal souree at a glven temperature,
wnd there are Hmits to the temperature that can be achleved fa a practical enlthratton souree, Furthermore,
the fnvnriance of radiance nlong any ray mnkes it mpossible to increase the radliant pawer from a source
of given radianee throagh o glven aperture and field angle, once both are completely filled, regavdless of

changes In extevnmd conflguratton or the Introductie 1 of any additionn] external opticsl elemonts,

LT LINEARITY CALIBRATION, The linearity of vesponse (constiney of responstvity as n fanetion
of input level) can e mensured by use of o number of methods for abtatning differeat known levels of Incldent
endiiation nt the reference posttion (endlometer entrance apevture), fach method has ndvantnges and disad -

vintngens,

Probably the most frequently used method, at least in both of the small-sonree configuintions, I8 merely
to chaage the xize of the source, Cammercially nvalinble blackbody souvcos nre often supplied with an nper-
ture plate with multiplo npectures, making it posstble to chnnge the sperture area quickly by known amounts,

Although thix {s certatnly convenfent, it has the disadviantage that, in the distant small-souree configurntion

HH)
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(8ee Sectlon 2,00, 1), 18 also changos the s{ze of the sonree bmage tn the tmage ptane ot the eadiomater, if the
detector is Toeated tn the fmnpe plone, this means thint there Is o sloultaneous chinge hoth in the totl nmonnt
of randtant power nad in its disteibution over the surtace of the detector, 1t thns hecomes gnite complicated
to relate any change {n vespansivity unnmblguaasty to one ov the other of these changes, 1o the near sl -
source or dones method configneation eare most he exercised to Insare thit, even with  the 1argest apertnre
nsed, the limitntions on source size and posttion are mudntained os deseribed th Section 20,4, Also, chnnges
In souree size prodoee correspondinmg changes in the reglon ol the gperture through whieh eadiption pnsses
to the Held stop (mee Flgnre 5, The outpot can wlso be allected by vierintions in spatinl rexponsivity seross
the wpertnre, However, an discossed in Section Ga, this contignration shonld not be ased unfess checks hinve
entnblished thut sach spatial worlations do not exist to o slgnifiamt degeee or anless enongh mensure ments
nve made with n systematic disteibution ol sonree positions in relation ta the apertnee to insure that an ave

erage of the vesults I8 representntive of the response to unlform teendintion of the il gpe ctnre,

Another conmmon method of obtlaing w distribution ol points along the responsivity eneve I8 to vary the
temperature of a hackhedy caltbration sonree =i method ased porticalarly with extended-sonree conflgurn
tions, 1t has the ddsandvantage of Inconventence — blnekbody sonvees mast weetve st temperntnre equilibriom
hefore they provide a velinble level ol ontgat radianee, After this they cool very slowly; so it tnkes a sub-
stuntial nmonnt of thme to mike mensuvements over any range ol temperatnre vadnes,  FEven move serlons,
howeser, Is the faet that the spectral distetbution of radbinee 1s chnnglng stmnltane ously with the total rn-
dianee, This means that the computatton of the normalized radinnee bhased on the relative spectenl respon
sivity of « selective rndiometer vequives nsepneate integration for each vildne ol temperatnre, Fhis ndds
conspderably to the labov and to the oppovtunity for ervor, Farthermove, it does not provide n cheek of

Hoearity, which is clenrly independens ol other juavameters,

Acenvntely known [readlnnce vidaes, readily compnted by the inverse-sganre retationship, can be obtained
by moving u small soncee on nn apticid bench earvinge, This will not chinge the spectend distreibation if we
can neglect the variation in the wmmonnt of atmoxphere which is teaversed hy the radiation,  However, this
motion witl chunge the slze of the source tmnge; and even worke, it will be aceaompanied by motton of the
image plane, necessitnting refocusing of the radiometor tor ench mensurement. ‘Fhe focusing nerange-
ments may themselves alfect the responstyvity of the instrignent, stight changes In slignment of the optical
olements cnn Internet with the optlend ahevrat,ons allecting, for instance, the minlmam image size and the
directionn] response, Movement of the sonvee ean also shift the position of its imnge in the Image pline,
reqairing rearfentation of the radiometer lor the divection of maximum response,  f, however, n good fleld
lens In nued (Le,, explorntion of the field shows nnltorm divectionns] response over a well =defined field), then
these eflects will not he 1 sonrce of diffienlty ns tong ns precantions nre taken to insnre that all sonrce rays

praxing throngh the recelving npevtnre ot its nearest posftion, are stit well within the flotd stop,

an
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In usbng vecedvers and sonrces ol Hndte arens on an optical beavh, (U 1s fmportant to revognbze the Hinlts
to the valtdity of the fnverse-sguarve velatlonship when the dbstances ased are nwasired along the bench be -
tween sonree and vecelvar, The Inverse-aguare Inw applies steictly between nny paie of infinltesinnl sveas
ol the souree wid of the recebving apertuve, using the slant distanee between them,  However, the Integrated
vesult for oll such pabvs s only approximuately an invevse-sguare viariatton of the total Mux through the re-
celving npevture from the entlee source in terms ol the distiones between thedr centers (ns moensured alang
un optieal beovh with hoth souvee noad recetver perpendicular to the bench and centered nt the xnme hetght
above 10, Walsh | 11] has computed the intepeated values of Ivvadinnee at finfte distonces from n dise nlong
the tne perpemdicular to the source through its coenter, as well as the deviation (rom the Inveysv-mypave
relationship, Graplitenlly shown, his vesults indicate that the relatbon (s pecuvate to within 1% at distunces
gevater thin en tmes the radios ol 0 elvenlor dixe sonree. However, this bs only st o recefver potnt “on

axin, ' When the vecelver, ton, is of finite dimensions, the sltuntion becomes somewhat more compliented,

A common worklng rule in using an optieal biench i3 not to apply the inverse-syuare relattonsbip to distances
lens than twenty thmes the larpest dimension of source or receiver, flowever, such a enle should not e
uned blindly, 10 must be veatized that the mmber chosen depends entirely vn the tlegree of precision destred,

and that the choiee of o inctor ol twenty repeesents o precision ol the order of o few pereent,

St another method, which can be used most easily with a colllmator (see Section 2,:0,6), 18 o obtain
virinttons in bncldent vadiant poswer ot the radlometer apevtne by faserting precialan aereens or gray Iters
which ent out feactions ol the collimated bemn, The reduction ean be detevmined neenrntely by measire-
ments of the elear and opigue areas ol the seveens ns Tong as dillraction elfects are negligible, This has the
cisncdvnntage that, fn effevt, i modties the aren ol the eaodiometer apevtare stop throwgh whieh radintion pas-
s to the field stop, Consevuently, it should be used with cantion 0 cases where there 1a any yuestlon ahot
vaviations In sputinl vesponsivity weross the radiometer apevture stop, Thia is teae pavticularly when n fleld
lens is used to bmage that apertuve stop on the surface of o detector which mny lmve variations In cesponsivi-
ty over Its sensitive suvlnee, o such cases, hewever, 1t may be possible to rotute the seveens nnd take the
nvernge ontput as the response which would be obtained to uniform ivvadinnee of the enthre aperture at the

nverage valuw,

LH DETECTOR TEMPERATIRE

U'nfortunately, the responsivity of wiany detector vlements ix n lanetion of the mpevature of the element,
This makes 1t highly bmportant that this tempeatnre be controlled or, H HCennnot be controlled, thiat 1t be
meamured and recorded, The ellects ol detector temperatuve and the elHectlveaess of the provialons for con
trolling 1t shonld be vhecked ws part of any complete ealibration, 11 the tempernture (s ancontrotbed, then
cullbrotion weasnrevmeats should be cnveted out at enongh dillerent detector tompevatures so that o vveod

of the temperativee at the thme of o measnrement will establish the proper valae ol Tnstvument responsivity

T
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to he ased b evaluntiog the Instemment output Tore thit menstneement,  Whitle we do not know whint the offerts
of n tempeviature gewdlent 1n o detector elenent may be, 1t should be noted that such grndients imny exist,

partientnrly in the so-enlled bulk detectors and that this mny signiticnntly uffect thye responsivity,

4
CALIHRATION QF A CHOPPER RADIONMIETER

Although It ix often overlooked, one ol the maie reasons tor employlag o chopper In o oradlometrie -
streanient b8 to get nway from the deilt problems that eon Le ko teonblesome In d-e Insteiomems,  Amplifier
deslgn 18 ndso tnellitoted by producing wu a-v rather thon n d=¢ output rom the detecting element,  (n-yv
ponphillers nre, In general, stmpler to destgn than equally stable d-c anpliflers.) The relerence radintlon
of the instymaent s establixhed o terms ol the rdintion trom the chopper bindes,  Furthermore, In some
ditttentt flekd sttunttons, choppers e bee destgned to provide bhackground diserimination, This ny make
1t possible to obtiein mensurements i situations where norndtometer that responds to the totnl ending power
Incldent within its Held would e more easily satuerated by w high level of bavkgvomul radinnee, Becnnse af
the trequenyy with whiceh chopper endlometers ary employed nnd the barge nutaber ol vurtauts among them,

1t weems deslrable ta accord them specinl trentment (i this separate sectlon,

Fhere arve two lmportant ways In which the use of o chopper (n n radeometer enn nfteet the vallbeation,
One 18 the effect o the relerence eadintlon ov zero polnt of the ontput seale, The other I8 through whint we
hve terimed wavelorm problems, This vefecs to the ways 1o which the waveforin of the output signal of the
detector element nnd, ulthinately, the Hal output nuey depyeid on the Interaction hetwern the vhiopper conflg-
weatian and the wlze, orleatutton, wud position of the tmage of the sanree [n the fleld stop ol the radlometer,

In tnen, the shape ol the resnlting slgual waveform can affect the responsivity,

oo CHOPPER AS SOURCE QF REFERENCE RAVIATION (] 4], Sectlon 4.0t 1)

An alvendy stated, one of the priveipn) reasous lor nsing o choppey 18 the stabllity whieh 1t enn provide
hy extablisliing the reterence rndiation bevel, At short wavelengths, through the UV mixd visible out th nbhout
one mleron n the near TR, this bs aceomplished rather enstly inerely by nmking sure that the chopper sar-
fuce In unlformly vontel with o blaek suvinee,  Even throngh the lend subflde reglon, out to abont it e, the
temperature of the chopper nxually s not o erithenl Inetor beennse ot gablent temperatires there Is itthe
ricdintlon In these shorter wavelengths from o black or gray body,  However, In the vase of deteviors which
respond to langer wavelengths, the ellvets ol varintions In vhopper temperature and emissivity heeome o
serlous couslderation,  Emissivity eltects van be mtnbimbzed by sl n highly refloctiug chopper hinde, bat

then It s Iviportant to voutrol the holdent vadiation veflocted from the surroundings to the detectar by the

"y
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pollshed chopper, This i3 done tn many radiometers by moanting o smnll reference blackhody In n position
wheve, by specilue rellectinn Teom the choppee=mieror, viedintion Tram this veference sonrce completely
reptuces the external cadintinn bewm when the tatter (s blocked by the chopper. Thix not only provides a
stable soure ol relecence rudintion, bt alsn an adiustable one when appropielate teroperatiuve controls wre
provided Toe setiing the relerence blackbody temperaiuee ot dilfevent vatues,  As delined In Sertion 2,07,
the eedevencore racdbntion vidue will pot necessaetls agree with the actual vadianes of this reference hluek-
beddy, Diserepancies may be due to dithaences in the solld angle theough which this reference sonvee 1era-
thiites theoletertor element ws compared to the solld ungle tor estevaul cadintion. Other diserepancles wony
oviginate b the number ol vellections in the opticid puths travevsed by the relerence rudiction amd that from
externnt sourevs, or in possible paetiol potacizantion ol the radbdiaon, 1t s haportat, as paet of the calilivn-
tion ol such an instrament, to measuare aml extablish the relerence rwdintion level, as well ns the cesponsl-

vity, by means ol externid cidthration soneces,

Ao LOCATION GF CHOPPER, 1 is desirable that the chopper establish the refovence level with
respect to the beam ol radintion from the source, nnconteninated s e as possible by fmekground rulin-
tion, Thus the (deal Tocutinon tor o chopper ts tmmediately [n Tront ol the emttting sonrce nnd behind a
Dadlhe prate, This dedines the beam Tront the source to the radiometer s described wt the end nf Section
nl wbove, Itis not ulways baesthle to plaoce it there, however, for obvious ronsons,  For convenlence [t
In usuntty destred that the chopper be incorporated s a pueet of the vadiameter, particularly If the instru-

ment 18 to b portable amd to he used undee viceying cleenmstances to measure o sarlety of sonrces,

When the chopper s part ol the tnstrument, the loregoling considerntlans make the prefervel loention
Tor 11 st ia frant of one ol the stops, either the epertnre stop or the fleld stop, With this areangenuent,
racdintion peaches the detector alternetely Trons the externnl beam and fram the chopper through the stop,
adintton rewching the detector Trom the suceronmlings ontsdde of the stop opening, tneluding thad from the
materiol which detines the stop, Is not modulated by the chioppey, Any (Htevs, porticularly If they might
rodiute signtiicantly becmse ol thetr own temperatares, shonld also e pliced bedween the chopper nd the
detector whoere nny sneh self=vudiation with mot e chopped o modilated, The loention In front of the aper-
thre slop s seddom ased, The Held stop @8 asually mueh smaller than the apertare stop 8o that n smaller

hopiper wilt sultice ut the tield stop Tocation,

U'nlortunatety, there are still other conslderations, some of them conflicting, which also have s boaring
on the chopper Tocietion, A field stop mest e positioned aecarntely In the image plane of the vollecting op-
tes if the field of view 18 1o be shareply defined, Nowsver, when n chopper (8 bheing wserl for backgrawnd
suppression, (s Tmportint that it too be oeated Tn the Tmuge plane, oo will ve discassed Tn Section 4,2,
This cun he necomplished hy using wdditionid opties fo reimage the bnage plane e o scecond image plane,

The (el stop s Tocutol in one ond the chopper in the othee, “This mrveangement adds ta the size aml com-

B



Institule of Science and Technology The University of Michigan

plesity of the insteument nnd the optiend fosses nre fncreased by the nddition! optien! efement(s), sa It Ix
not Trequently employed,  On the other band, 1010 I8 deslred to measure only the radiot power from a tar
pet, regnrdiens ot ite wlze, shape, and tocietlon tn the Hleld, and to measure 10 wtthtn as wide 1imits s
possible (which ean only he done with minfium background suppression), the chopper definitely shoutd not
be close to the Teld stop and, Ideatty, shoutd bhe just in tront of the aperture stop, Chese considerntions
nre reviewed heve beenuse of thelr bhegeing on enlibvation measurements, ft s tmportant Iv muking eodd

Drartlon measurements to know nod evithurte wll ol the preameters which may nllect responsivity.

Ly WAVEFORM PRODBTEMS

Whenever n chopper Is boented in, orclose to, the tmoge ptane of n vadliometer, for the reasons given
i the preceding section, the wavetorm ot the modabnted output ot the detection element becomes n function
of the teget hnnge, The waveform Ix ullected by the Tmage wlze, shape, orlentation, and toeation In the
fledd stop,  How these pavimeters, In taen, stieet the Hand output, wnd hence the responsivity, depends grent-
ly on the subsequent slgnnl processing by the amplificrs nud the presentation device, Such things ns the
frequency handwidths and the type ot demodatation used, poctteutnrly phiase =sensitive demodulution, wny
mike i great dend of difference tn the wiry In which respansivity varies with these parameters of the tavget
Imnge, While it Ix possible to prediet these elleets by sutlietently thoreugh anafysin, the best course s to
verify them by appropriate caflbration mensurenents, This enn be dove with n known sowree for which
thexe different ponrameters cun be virted tndependently tnoa controtled  nanner, Probnbly the use of n eol-
Hmator, ax dexcribed tn Seetion 2006, 08 the most praetient uppronch, The puremeters of the souree | mpge
enn be controlfed by vievying the slze, shape, nnd ovientation of an apertare boented ut the focus of the col -
timntor, The toention of the souree Tmnge 1 the Yomge plane of the radiometer 18 shifted by rotation of the

coltimator about the contey of the rndlometer gpertice deseribed in Section 24,2 (see Fiimve 8),

H
CAIARATION O SPECTHOUADIOMETERS

We constder spectrovadiometers to be those fnstenments which can be ased to obtatn an absolute mens-
wrement of the specteal varintion of w sonree endiometvie quantity,  These instewments can use prisms, dif
franction geatings, and many other optiend elements to produce spectea,  oa senase, radiomelers whieh rupid
ly nequence throngh a «ot of narrow {ilters atxo can be called spectroradiometers, Sinee the previows dis
cunslon In directly applieable to such Instraments, they with not be treated n this seetion beyond the men-
ton on one precaution to the rewdor, Often the fiter sequencing Ix necomplished by the ratation of n wheel
contnining the filtors, ff the speed of rotation Ix sufficiently great, the dwell time for any ane fliter can

approwch the respouse time of the nafiltored radiometer, In sich enses, the rexponse thine showld be detor-
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tained under dynamiv rather than static conditions,

The specteal measuring instrnments hnve one propercty in common, “The virions wavelengtha present
tn the source vidiation are sprend or dispeorsed fn spoee, Prisms make ase of the vinetatton in tndex ol re-
fraction with wavelength to veveal the eadinth o spectent content, DB fraction gentings ean disperse n paral-
lel bundle of rays fnto sets of angles correesponding to the nysocknted order numbers,  Fresmel zore platos
cnn dbuperse wavelengths along thebr optie nxes, The fringes obtained with inte vterometers will be loonloed

in difforent portions of spnce mecording to the wavelengths present tn the radintion fleld,

If the absolute magnitade of the radintion at the dispersed wavelengths ts measuved, then w spectro-
radiometrie determinntion has been made, The ealiheation of such nstroments must sncompngs they estahe-
Hahment of hoth 0 wavelength scate wnd 0 vadiometrie senle,  Inmany cnses these seales aro not Independ -
ent, 8o that the eatbtheation involves constderaidy more than establishing the effects of varylng each paranm-

eter separntely,

The necd for complete Tamilinrity with the chnreacteristios and operation ot the instrament I8 even
preater for dispevsing spectroradiometers than for the Jess sophistiented types of radiometees discussed
previonsly, The need is grenter bevause of their added complexity and the incrensed opportunity for nmbi-
ity and prror, It s not feasible to tnelide hore n complete discanston of all of the subtheties of dispersing
tnntruments. The reader {5 urged to consult, wnd study thoroaghly, good standard texts on this subject,
such ns References 12 and 13, as well as the articles and books Hsted in the hibliogrephy and un p, 01 of
Reference 8, Al that whl he included here will he comments about some of the most fmportnt fentures

which affect the calthration of these Instraments for quantitativee spectroradiometrie measurements,

We have alrendy stated, nod cuphnstzed o n genercal principle, that ealthration measurements should
be made undvr chreumstances which reproduce, s completely ns posetble, nit of the condittons which wiit
apply during the measuremaents based on those calibrations,  tn connecticon whth the use of dispersing lnstrn-
ments, this statemont verds even stroager reemphasis, The possible (Interactionn, especindly if non-=linearl-
thes extat, bhetween the vartous components of an actant monochromator or spectrometer, can b extrenmly
perplexing. Wihthoat vertfleation hused on extensive esperience with the partiealar Instranent, no attempt
should he made to compate the results obtatned with one combination of varinbles (sach na slit widths, scian
spesds, nnd gnin settings) Gram endtbeation measurements mnde with a diferent combinatton of these parnme
ters, A separnte enbibirntion shoabd e mnde with eneh combination that wHt be nsed in avton! measarvments,
With this cautton nhou! vombined net effects and infernctions, we wll procesd to conslder individunily the

fontnres and theby eflects for several instroments,
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A purtientarly common Torm of specteorndinmetey (s one which nses prisms and/or gratings with an
entennee 1 and one or move exit sltts, This type ol insteamert I8 teented in some detadl i the inllowing
nectloa, In view ol the tremendons verventiiity of latevierometers, n brief discussion on i lew pertinent

Interferometer chacnctevistios (s given in Sectlon 5,2,

.00 PIUSN AND GRATING INSTHUMENTS

The exsentinl components ol wny prism or grating spectroradiometer nee the snme s those of any

radiometer, with the addition ol the tollowing (see Flgure 11)
M) An entrance stit, which usmdly acts ns the fledd stop ol the colfecting opticn
) A eolllmator, which may be o lens or w mivror, with the entrance slit at {ts locus

(0) A dispersing element, eithey o prism or o geating, which sprends the benm from the cotlimntor into
n dinpersion ol paratlel bewms, cach waveleagth continalag In i colbimnted henm at i slightly differ-

ent angle than that tormed by other wavelengths

(A tomveatap plement which prodicees an Image of the enteaners g1t from the parallel benn ot ench

wavelength vo that these tmnges ave dispersed Haearly to torm the fmmiline spectrnm

() One or more exit sbits to select the radintion in any desired reglon of the spectram nnd allaw 1t to
pass on o the detector
fietefly, the Tovegolng caon be sumimariecd by sayiag that n spectrorndiometer is o eadiometer with s mano-

chromator Interposed between the collecting opties nnd the detector,

'ﬁ :

- -
e . - R
| 4 -
- \l o -
- v_ .‘\| B
L
\
Monachromator
1, = Callecting optics H.: = Exit slit aof manachramator
8p = Entrance slit of muanochromntor acting nlso as the fleld stop 1) = Detectar eloment
C = Colllmnting optlen e Amplidier and electronie clrcuits
A = Disporsing element (prism or grating) R« Recordor for autput presentition

F = Refacussing optics

Floune 11, A SIMPLE FORM OF SPECTRORADIOMETER
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I mny so=called sell=collimating specteameters and monochvomntoes, v single opticnl element serves
Laoth for collhmatiag the begm trom the entranee sHi nod Tor jeloenssing the dispersed benm anto the plane ol
the exit 8lit, One ol the most Teeguently used conligivations of sell-vollhmnting insternments I8 the ittrow
Ivpes In this instement o plane ntheeoy is positioned so a8 tooreturen the dispersed henm ek to the preism

ay peating lor o second dispersion bhelwre B vetuvns to the sell=collimating mirror or lens nnd the exit slit,

1o the so-catted denl <ty numochyomntors, the fuewsed bheam @8 sent bacic theougds the entlre sys
tem o second thne Tor st higher dispevston, 10 e doaubde=pass instraoment 1s o Littraw type, the henm
P aeted upon Touy thmes by the pcism o geating, Nol only 18 dispersion incrensed by these repented disper
shoms tat specteal vescdution ael pureity ave also fmpraved, oo double monoehromator (two sanochramn -
torvs in seven, the exit slit ot one fovming Hie entennee st ol the secoml) the repented disperstion nlso
praves the spectval vescdution wmd pueity, The emervging benm Trom the exit 81t of o well=designed double

monochromator contalons o minimum of seatteved vadiation of wavelengths outslde the desived pmss hond,

Lo doulde-pass pnstraments, howevey, the second pass b omade over portions ol the smme pnth a8 the
test, hnone type Bt fsodistinguished Teom thest-pass eadiation, nlso cmerging lrom the exit slit, only hy the
Insertion ol w chopper taa portion of the second-=paas bewm that does not overlap the (lest, I this ense, nl-
though the modulnted beam Dram the secaml pass mny have high spectinl poaeity, there can e o fairly high
levet of unchopped ttest-pass cadiation ol unwante D waveleagths alsa inetlent on the detectar, I'he elfect of
this Hest=poss vindintion on the vespanse ol the detector element to the chopped secand-pnss rndintion of
the desired wavelengths should Tee covetully tested in sueh coses, This s partienlnely Tmportant for meas-
nrements mowavelength veglons in whieh the specteal vesponsivity ol the detector element can e very low
as compired ooty respoastvity to the anehopped waveleagths trom the Best pass,  Spectenl Hiers Inserted

ut the entrance s con be used to produee suletantial changes in the tevel ol this nawanted, nnmodalnted

radintion in ovdey to obseryve the elteet, 1 any, on the ontput, Idently, there should be na elfeet, beennse
the output should tee o omensure only ol the ehopped endiation in the desived wavelength hard,  However,
this necds to be vevilied Tor cach detector element nsed over the complete yange ol wnvelengths for which

1 will be employed,

The wavelength tatad in the cutput ol o pyism monochromator 5 an aambigitons funetion al the velntive
peedtions ol the slits, the prism, and any cptien] elements (such as o Littrow mberor) nsed to shift the dis-
persed spectram neross the exit st neoa grating monochromator, however, theve can be overlappdng we
ders, Radintion ol one woavelength dilbeacted fn the Thest ordey wilt lewve the geating pavallel to that ol
anothey wovelength in another aeder, and the Baages in the specteam con overlap, A Talely low <dispersian
loreprism moncehvomator, cor switable filters, con e nsed bn tront ol the entrance sHE to reanove wave

lengths ol the undestred orders and to eliminate the ambigaliles,
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The wavelenpth anslgned to on autput feom o dispersing lnstrament 18 defined as the wavelength of the
ray from the centec al the entrance slit b the venter of the extt stit, oo speecteally seannbng tnsternment
thin wavelength 1s changed by changing the position of any of the components which determine the velation
ship between the exit slit and the spectyam focussed in the plane af the exit sbit, This ean be dane manunlly
for n potnt=tey-polnt xean, or mechinieally for o continuous sean, o oll cnses, this wavelength of the ray

hetween the st conters will be called the instantaneous wavelength setting af the Instregment,

There are alpo Instenments with multipde exit slits with o separnte detectar nssocinted with ench siit,
Heve, too, we witl refer to the wavelength of the centeal ray nt ench exit slit, ns described above, s the
witvelength setting fur thuet slit-detectar combination nind hence the wievelenpth associnted with that cutput,
The prablem of determining the specteal puessland, spectenl vesolution, ar spectet sttwldth at each wave-

length setting will e discunsed under the heading of slits aod slit cllects,
K

The wavelengtle ealibration (Le., the establishiment of the seale of wavelength settings ar the wave-
lenpthe (o be anscelnted with ench output), 1 usunlly covered mlequately tn the instructions hrralshed with
any commerchidly avallable instrament, ns well as o the stuoadned texts on spectroncopy,  Aceardingly, it
will ot be dincunaed here in any detall, FEasenttally, it consbsts of observiog the outjut as o function of the
wavelength setting when the enteance slit s evadinted by sonrces with well known, sharply varying spectra,
There may Inchide mourcen whieh emit sharp specteal Hoes, such as the tamiline mercary green Hne and
the yeltow sodium D-Tines tn the vislbde, s well as cantinuous sonrces combilned with fiiter materinls such

nu polyethelene, padystyrene or vartous giuses [H1],

Our concern here will be to disenss nicre thoroughly the vicdiometvie calibeation by which vahies are
assbgned to the amplitude of the ootput assccinte! with cach wavelength setting, We will discuss, partieular
ly, the witys in which this vmliometeie ealibeation s dtected by the feidures peculine to digpersing instrea-
mentx, o addition, all of the constderations wready treated (n commection with less sophisticnted riadfomet.
rie instraments, siuch as the propervties af the coltecting optics, Hiters, choppeers, detector elements, am-
pliflers, wnd ontput preseatntion devices, wpply cquinlly well to those components when used In o spectro-

radiometer,

The tastrument responsivity can be determined ot one wavelength (retunlly over o narrow wnvelength
reglon) hy the nae of 0 sufficlientty nnerow specteat line souvee fror which the absalute spectrorndiometrie
values aro known, Such sources are especinlly wseful in shorter wavelength reglons o whieh the yndintion
from a blackbody 2 very often nat of sutliclent mgnitinde (over the wavelength Interval carvenguanding to the
spoctral nlit width) to inmure o high signnl-ta-noise vatlo, ‘the sonree-recelver canfipnrations discodsed
In Sectlon 2.3 are wpprapriato for responsivity determinations for prism snd grating instraments, althongh

auite aften the sanree In gdaced ta Tuminate untfarmly o stoge which comes wlter the entraace aperture stup,
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The spectral responsivity ot a spectrovadiometer must be specilicd both as o function ol the spectead
slit whith and of the instantincoun wavelenpth setting, ‘The fiest wavelength dependency is a statie function,
white the second 15 a dynumic one developed by the wavelength scanning. it should e noted that these nre
not independent quantities, ‘The specteal slit funetion can be considevnbly dilfevent at different wavelength
settings. This subject 18 adequately treated in the 1iterature veferenced before, but a breief veview will be

useful,

The specteal shit width, AA, At an lnstantuncous wavelength setting, A, Tor slit widths sufficiontly lnrge
that diffrnction effects are negligible (this i most often the case for instruments used in Held messurements

ol sources) in indiented in Figuve 12 Tor equad entrance and exit siits, and for Hinenr dispersion,

|
I
|
[
|
| A
|
A .
a ah hl. Y A‘)‘I
__.___u - —— -
»
FIGURE 12, TRIANGULAR SPECTRAL SLIT WIDTH
Thus, AJ\H in the half intennity breadth, and the transmittance, 'rn()« ). i8 reprosented by
h* x|
'r'()«) a |1 — - for )«I - M" sAg )«' + M‘ (M)

"
TN(M = 0 for all other valuva of A

If the slits nro of unoqual width, then under our fdenlizing assumptions, the spectral bandwidth is an

shown in Figure 13, Now the instrumental half-intensity Iswoendth, AX“. i glven by Mw‘ the spectral slit width

th
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corresponding to the wider slit, Thus we have:

A [t} b g N ah
T”( ) for A 5 (40)
A=A
n
N . YA A (At AN
r"( ' A,\“ L n ( n - n)

T N\ = em— 0r (A AN )YgEAgA
L h n 1y

T (A= UdorA A
) h

The spectval power responsivity of the detevtor, normalbzed to the peak of 1ty vesponse, cnn be wsed to

abitmin the output fy the Tollowing relation \

oh
(N, AN - A\ / (N A A) dA R{H
\(l.x_) I(”( m).\ |A()Tl()l()'| (30)
"
whery \‘(.\i,.;\ ) 1% the spectrarndiometer output o wavel optle scttiog, ,\' ot with o wpectenl instenment
~

width A
]

Il“n\' ‘i tn the specteal power vesponsivity of the detector, novmaltzed to the peak value ot Am
)

I"\ (V) s the specteal endiant gewer ol the entrance sHt, (10 b nssnmed that the collecting optics
have Leen envelully matched 1o the opties of the monochromatoy so that the apertuve stop
of the collector serves ns the aperture stop ol the combdned system and there 1s no subue-
quent vignetting, e, byoamy ol the optien) components af the monochromator,)

(A)  baon hmetlon envompassing the relative spectral responsivity of the detector nmil all nther
apecteidly dependent quinttties such asn the reflevtance nnd absorptance of the mirror aur-
ficven, prlams, ete,

r”()\l In the fdenbized specteal transmittance,

If we were to write Equition 46 in terms of the specternl power responsivity of the tnstevinent, then the guan-

tithen w(A), 1"()\) o IR I)(,\") wouldh nppear honped together In the quantity "I’ (A).
)

In the eane of nnrvow slits the spectenl teanumittance mny thke un the shape of a typleal single sl

dHfrnction prttern, In this case,

win" ;
Tl(f\)s T (17

o
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m oain 0
where ) Pt S

I

n slit width

1
1 mngle Trom the astal vay (asmaing thot the angle ot ncidenee 180 ’)

The use of Fguatlon it7 in th is then necessary,
t
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|-
an
n
1.0
_ L - N
| |
| |
| |
| | ' A
A \ A
d | b
- - A ———————
W

Specteal St Wideh of Wider Shit
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FIGUILE Bt TRAPEZOIDAL SPECTRAL SLET WIDTH - UNEQUAL SLITS

The determination ol divectionnl response toy the spectraradiometer ilhsteated In Figure 11 18 snme-
what more complicated than tor the baste radiomeler discissed (o Seetlon G The enteanee sl ol the
monochvamntor tn this instranent nlso serves na the aeld stop ol the collevting optdes, T the nsanl orlen-
tntton, with the slits vevtical, the entrance skt width establishes the estent of the fleld o azimuth nnd tae
entrnnee sEE helght determines it exteat by clevation, Magging the tleld ol view with o distant small souree

e outhined In Section 02 will reveal woavelength s well as spatial varlations,

Lot us constder the sitution wheee the Tange of o distit small souree (s mueh smaller than the width
of the entrance st and nlls entively within the sjace between the sHE jaws, o this situation the soneee

Linage nets as o nnerower enteance sHE @s in the so-callmd slitless speetrogreaphs wseld Toe stae specten),
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The Taet that 1t is navrower will not change the overall specteal sHEwldth ol the instenment, ns long ns the
exit St ds ot denst e wide as the entemnee 8 to bepin with (see Flgare 1), Nowever, any chunge In the
hovizonti) positton of the sl fmnge aervoss the width ol the enteance 8 vesulls Do chimge b the wise-
Tength of the ray Trow the contey ol this image, or ceduced enteance 81t to the conler ol the esit st (e,

w change n the Instantoneons wavelength setting .\l). The resalting uncertainty thus Introdueed Tn the wave
length seale bs obyfousty Jess than the specteal st width ol the entranee st 10 this degreee ol uneectalnty
comnot be tolevated, the cormreet wavelength setting can be computesd from o bovesight enmers record or other
determbuirtion of the exaet position al the distant soull souree In the Held [ 16), StimDue waselength senle
changes togethey with some degreadntion ol specteal resolution cun be espected when the sonrce b8 mosad i
clevantion all the optie axts, The analysis ol these changes I8 complented and dillers conslderably Tor dit-
ferent dispersing elements, such as goutings and prisms,  Actoal explovation ol the Teld as outlined in See
tHon ol d s the only snee way todetevmine tie sarcltation ol pespoasivity with dbecection, ad the wavelength
Wit swith azbmath wnd elesntion chinnges st be tahen into gecount e order to Interpret corvectly the re-

sults of sueh womapping,

In the teeatment al the temporal vieelutlon ol responsiyvity (Sectlon GG} o cantlon wins preseated inovegingd
to spatiatly seanning vindiomete vs, This ase ol cudlometer can it the spathid cesobhition ol the Instrmment
1 the hounds al the vadiometer fregoeney sesponse wre exceeded,  tn spectrovidioneters the same enution
upplies o veged toospecteal scanning, Just ox the ellecetive Held ol view of w scewnnlng radlometesr can e
determined by the velationslup etween the spatial scun speed and the Treguency response, so the spectyid
resolution ol a spectiorschiomercr e bae ailected by the specd ol its wavelength seanning acting with its

Ivequeney response,

The prablem ol determinbng the spectyal disteitbution ol the cadfation ineldent ot the entvanee slit, I'\(-\).
s

Teom the fastrnment output, \'(.\|. .\-\‘l, il the Iatrnnen parimetes, I!“(.\ b SN a7 (), by solving
] ~

n
the integeel Eguation 56 is o very ditfiealt one, Whitle vavtous methods Tor dealing with sneh o convolution
Integrnd can beosuggested on pavely amethemation! prounds, it appears that they wee Tmpyactical Tor dita
reduction computatioms in most tnstances hecanse ol theie seasttivity to the peesenee ol nolse (whieh con e

regarded as anothe e pertoebidion or distortion ol @ (V) tn the output \'(-\I. ,\\”I). The approsimction method
L)

that 1x most generntly used, whide nar estirely Anlisluetory, enjoys the tremesdons iiviasage ol simpliclty,

1y suceessive npplicetions ol the mean vidhue theorem of Tntegeal calentus, the Integenl Equation (it

nhove caa lee translormed to

A
I
(A A [ A LAY A} iIN e ] ' (A " e
Ty @0 Rybog) ¥oby "‘Az).k Tghh @ T M) B0 Wi, e
n
where )\I nd )\2 nre wivelengths within the Inlevenl (,\u, )\h) at whieh I'\(M ) w (N have their

AN
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menn vidues, vespectively,

Iu the usual treatment, ane replauces these mewn vihes with the vidues it the conteal wavelength, Al, The
exnetness al this procedure depends upon the amoant « varlation in I!”(A). wA) nned I’A(A) within the Inter-
vat (,\". '\h)' I thene varintions tead to too great ervars, then the prabtem ol solving Eguatt e 36 reqaires
uoveextemination, The use ol a amatler vilae ul’Az\" (L, higher resotntian) ov o different ealthration saurce
with P)\(M which I8 more nntform in the Interval, may allow the use of the method oatlined nhave, Note

thirt, In terms of the Insteinment spectenl power responsivity, Fguation 38 ciun be rewritten as:

VO B ) - “PA )P A)ar (30

5,20 ABSOLUTE VS, RELATIVE CALIBRATION OF SPECTRORADIOMET ENS

It I8 cleny Tram the foreguing that any mensurements (Inctuding ealltarntion measnrements) with Hpoetro
viidiometers nre extremely diffieult, particularly in the fleld where all of the pertinent fuctars nre not ens-
iy controlled or nccounted for, For this renson Investigntors scametimen find It enseer to use 8 spectral
Instrument for the mensuremont of onty the relntlve spoetral distribution r(A), rather than an absalute
measurement of I’A(J\). Thin entablishes the shape of the spectrat cnrve, The seale fuctor to establish the
correct values of ardinntes Iy ateoliute units t8 then abtabied by ane or more sepurate mensurements with u
slmpler rudiometer, which (s more easily culthanted (o uleolute units, If thin 18 done correctly, it (s villd,
However, It may be very difflealt in many cuses to insinre thot the two instruments, the spectrorudicaneter
from which the shape of the spectrol eurve is estublished and the radiometer used to obdaln Integrinted val-
nes over a wider biund In alesolute units, are actually mensuring the swme benm of radiatian, Becaune of
the frequent use of the monochramutor entrance slit na the fleld stap in a scanning spectroradiometor, the
shapo and size of its fleld (partienlarly with the curved slit of some prism instruments) muy nat correspond
at nll to that of the radiomoter, and the partians of the source and biackground which fle within the two fields
muy be quite different, Also, the overnll specteal responsivity of the radiometer must he known accurately
In order to relnte ity Integruted response correctly to the mensured curve of the retntive spectrnl distribu-

tlon (noe Section 3.3,3).

5.8, INTERFEROMETENRS

High resolutian spectrascopy hus boon enrried out In the past Ly extensive use of Interferometors |16
through 21), These Inatruments elther divide the nmplitudes ansocinted with each Incldent wive front or
divide the wave fronts themuelves, ‘They include the Frbry-DPerot Interferometer, the Lammer-Gehorke
plate, the Michelson Echolon, nid the Micholson inderiorouwwioc, With each Instrument except the last mul -

tiple bonmn wro used to obtaln very sharp Interforonce fringos and thas high resolutien, The functions, r"()\).
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P these mattipde bewm fasteaments mve tatotated Toelow,

Fabrey s Mevot interferanetey

&5
W /dp
'N(.\)"' " I

t v wn® rp

wherve

3 I
t — X
(-
oo Is the relectmnere of the contings
poots the ordev mimber
I
o
i\ | -
RN Lo —p g -
N 2 [
where t = spacer thichness

it t - Geherke phate

L o ,.‘\'r:" iy n;n Y riN M

(=) wapn §Ftn (247

where N s the munber ol emergent heams abtained foee a given (date Tength nnd angle of emergence
;o= reflectunee
e poth e renee between two siccesstve begms

Mtehelson Fehelon

§ o N s AR T
L]

1 r i
whiye P B nee fnctar s for the Frannhofer patterns olaalined with rectungulae abjects (they nre
ol the n_ln‘ Cfurmy, I-'_l descvibes the interfevence attern doe ta the N steps of the echelon

In the cuse of the Nichetson interferameter, recent interest hns stemmed Teom the atilizatlon of the fact
tht the spectenl distedlatton (n the felnge patteras s equivalent to the Fanrler trnnaform of the spectram,
Stpnnl gracessing technbgue s, many of whiteh have been developed In cannectlion with radar work duving and
sinee World Wae I, extst tae rnpbd reconstruction ol the specten from interferogemns, These have een

vepearted i the Hterntnee fE0) and same cconmervedn] nsteiments ustng these techntgues are now avatlnble (22,

The angditade, w, ol i Incident wove In n Michelsan interfe rometer ¢an be constdered to he split equnlly
into b paeets by the bearm syditter, I8 (eglecting etors snch as phase shtlt on reflecthan, the need for com

penesintion putes and athey degasetnees Ieam the ddeat case) ns shown In Figare 11, Hepe the divided nmpht
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tudes 072 nre nssocinted with the two paths, HM’

the result of the veetov addition of one half of cwch of these napditndes, We nssnme MI to be pevpendleuinr

and BM nned o', the amplitude of the emergent wave, in

to M. The emergent inteasity disteibution s obtained by o'® n' where a® [x the complex conjugnte of o’,

Chus the transmittance lor 0 Micheison intevlerometer Tor wive fronts which nve pavnflol ta M nind 1\12 I8:

9 “
(A = 10" con® 6/2
8

where ] -l£-l
t = relative dispdncement of MI from the zero phase position, {.e., from I!M' = BN

fa the absence of mudtiple reflfections the interle rence teinges obtalned are quite bhroad as compared ta those
from o Fibey={'erot interterometer, However, high resolution con still be obtnined with fong path differences
It the problem of overtapplng ordevs can be easlly sefved, 11 the movable mirvor {s asclliated In n snwtaoth
wieve mo that the nrirror moves it o constant velocity fov un wpprecinble portion of o wive cycle, then the
transmisslon ol the Interfevometer also varles for ench wavelength, The autput frequencles of such an In-
terferometer-spectrometer are directly refoted to the wave numbeers (the Inverse of the waveleagth) present
1n the Incoming radlation, Wavelength identifiention is not difficult in this method of operation, On the ather
hand, Fabry-Perot Interferometevs used with fnvge sprcers require caveful ovder savting. There exist

pgenphicnt means which can gventty stmplify this problem (24,

—\{
n o= Amplitude of Inltinl incldent vadiation at B

= Amplitede of radintion In paths BN, and 1M,

Amplitude of exit radintion
Ly My = Mirrovs
B = Beamusplitter

FIGURE 14, MICHELSON INTERFEROMETER

Although Interferameters enn be regurded as spectrometors, thely use as apectrovadiometers I8 not

particulavly direct, A geaerally nccopted practice 1s the use of 1 boresighted radlometer limited to o fixed
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nurrow spectral reglan whthin the sennned spectral range of the Interferameter spectroneter to glve a sl
gle nhaalote radtometrie vabue (see Secthan 5,2), This value (or several such valuens) enn e uned ta anke
absolute the reluttve spectrn obtidned,  Cultbhentton of snch instruments, therefore, does not eall for proce
dures basteally different frona those outlined before, The precautlions stated before often ke on greter
tmportanee for these Instraments.  Temparnl changen of the source radintton nt frequencles which enn con-

fuse the analynts of the Intevfevometer outputs pwst be wvotded if Fourter sondysis wethods e employed,

n
CALIBRATION SOURCES
Any riadhitive sonrcen whose rudintton chnrnctertstien nre known enn be uned for enltbritton, Thus, «
heated contenl envity, i hented woleculnge gus, 1 thin filia of polystyrene . n Getusler tabe contnintng hettum
at nlow pressure, an bron nre — il of these may be used for adibratton sonrces, ftihietton, etther cmbtted
or absorbed, with known spectrnl, spatial and temparal distrthuttons, can ise clnsstftable nto cantinun, band
nnd line mpectrn, ar wbstures of these, Discunnions af caltbratton saurces wre to te fonwl In References i,
A, 12, 14, T4, 20 and 24 thraugh 32, In view af the extenstve Hternture on this subject, it wHi not ts trewted

here,

7
SUMMARY

The definitive work on rndtametrie enlthration hawn yet to e written, it bs the opinton of the wuthars
that no paper can treat thin sabject completely nince exch tnstrument requtres a separite gnnlysts, In the
preceding aections, we have tried to discusn In i« generel way several toples which have nat been cavered
Iwfore tn the manner of ouc approach, We have strensed thowe Hems which hnve been slighted or overlooked
in the ltterature, as well ns those which we conslder na mportant as to warrant i refteration, Still, this
report, or any ather document, cnn never e a sahstitute for a thoraagh sturly of the Hternture tn this field,
We crn lenrn theangh a review of the pracedures uned by our muny fellow vorkess tn rndiometric resenrch,
Far thin reanon, wo have added n bihltography of articles we have faund to be uneful, A nenrch thraugh them

will lend one to many more papers relating to radtometric ealthra’ion,

The most aseful summary of this paper may be prepared best by the render, 1t shauld be {n the farm
of n summary check 1ist for the calthrntlon of his awn instrament, {ts preparation involves enrefully re-

viewing thin report and oxamintng nuch quentians ns;

=1
e
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Do the enlibvation conditions veproduce, wy closly na possible, il of the pevtinent conditions ol the
measurements which will be based on this ealibration?  Are the extremes in level of endiation covered”
Have spatind, speeten] and tempornd dependeacles been veprodueed during the enlibeation” T'o the extent
thnt they have wot, are the ditferences adequately vecognized and teented In the mensnremoent, datin-reduc-

tion, and veporting proceduves

Have ndd of the posslble variations In the Insteament funetions and methods of opevation been enlibrnted

In tevins, pot only of thedr Individunl etfects, but nluo of the Internctions between functions and opevntions ?

A final remnrk should be made, Not long ngo laborvatory instraments were ot least nssembled, 11 not
minde, by the selentiat destined to use them In reseaveh, Todny commaerelal instrumoents, completely pack-
nped and povtiolly or wholly automated, nre purchased for the lnrgest manber of Inboratory nnd fleld studios,
Unfortunately, too many fnvestigntors hnve necepted these instruments na black bhoxes whose interiors nre
known only through the nmnnfnctuvevs’ insteacetion manuals, While we have no longiug to returr to “the good
old days' when opties were mnde, coated, mounted and idigned by the selentist himself, still we doplore the
other extreme, 1t does not seem poaxible to make necurnte nnd precise measnrements of the radiation from

souvees with eadiometrie instenments whose purts and functlons remmln unseen and untouched,
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