
UNCLASSIFIED 

ADi«L" 
Rep-odaced 

m   tke 
r 

ARMED SERVICES TECHNICAL INFORMATION ACKNCY 
ARLINGTON HALL STATION 
ARLINGTON 12, VIRGINIA 

UNCLASSIFIED 



BOTICli     When government  or other drawlngu,   speci- 
fications ur other data tire used for any purpoae 
other than  In connection with a definitely  related 
government  procurement,  operation,   the U.   U. 
Government  thereby  lncuro no  rcuponBlbillty,   nor any 
obligation what,HOPver;  find the  fact that the Govern- 
ment may have  formulated,   fumlnhcd,   or  In any way 
oupplled  Un-  iiald drawlngu,   uped ficatioiiB,   or other 
data  la not  to be  regarded by  Implication or other- 
wiur an   In any manner licensing the holder or any 
other person or corporation,   or conveying any right« 
or peraiOBioii to manufacture,   uue or sell any 
patented  Invention  that may In any way be  related 
thereto. 



6 
CN 

CO 

<> 

t 

c 
oc 
CM 

PRELIMINARY 
COPY 

Report of BAMIRAC 

METHODS OF RADIOMETRIC CALIBRATION 

I 
FT 
•r. «       } 

% ■       * 

r »    O 
L.      £  
< : 

•      - 

FRED E. NICODEMUS 
GEORGE J. ZISSIS 

INFRARED   LABORATORY 

Institute a^ Science and, Vee&HeiGfXf 
THE      UNIVERSITY      OF      MICHIGAN 

October 1962 

Propornd for Advancnd Rmvarrh Project« Agiincy, 
Department of Oefeme, Wathington, D. C, Contract SD-91 

NO  rr    . 



Plt'usi'   not«'   In   thi>   I'rclucc   that    Mils   IN   U   preliminary   report. 

It   wuN   .a i K. i nil I 1 v   intended   for   limited  dl H tri bu lion   to   u   small   group 

In  order   to obtain  comment H  und  < ritt» isms   to  help   In  preparing   I 

I i nu 1    version   lor  wide  dl Mt ri bu t 1 on   niter   study.      Tie    Interest   which 

In».-,   been   nhown   already,    in   the   form  ol    request«   for   uddltlonul   copies, 

has   been  most   encouraging,     Muy   we   reiterate  our   request   tor  comments 

und  criticisms.      I'li'iisc  give   "s  your   reaction*   to   the  prul 1 mlntiry   re- 

port,   purtlculitrly   If  you   find   it   uselul   or  if  you  v    junior dllll- 

iiilties  when  reli-rrinK  to  it   in  connection  with   the  conduct   of   uctuul 

» a 1 ibrat ion   measurements. * 
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NOTICKN 

Bponioi ihlp    Tiii' «ml. reported herein wti conducted by ttui Instituts ol lolenoe 
iimi Technology foi iiw AIIVHIHIMI HI'HI'IIITII I'I'IIJIM'IM Agency, Dopertmenl "i Detente, 
uiiiii'i' Conlrtoi 10 'M (ARI'A onlcr an«) .11 11 purl nf i'micei in FENDER (reteireh 
1111  ili>|i'lini'    lltlilllitt ImlllHtlr mlSlllOl),    ContltCtl mill fTMtl I" Tlir  I nlvi'iMly nl 

M11 iiH ■.!!! im (ii<- lupporl ol .|nnr.in nl reeeerch by tbj Institute ol Iclonoe tnd Touh 
nology HIT .ti 1 n 11111 ■• 11' 1 <'i 1 through the Office nl 1 in  Viet President for Rescsrch, 

\-i.iHittii'iiniiH'Mii    ihr niitbin'N ui'iiti'iully scknowtedgs ihr many Informative twl 
Umpiring illHi'iiHslui'"-< v ,!h     I .  Mull,  A.   I iRoGOt, W   Wiillr,  A    I..  DsBsll, C,   E.  DiinilltiK. 

11  1   Isoto. .1. i'   CougMln, H. Nxauer, P. w. Cramer, P it. oast, s. s, Qhoah, A. it. 
Km nl I. A. u. Dennett, Ei w. Ifsiirtng. w w. Talbert, w. >• lolwppi l|1''1 M< Kimit/. 
I'm linn» i>l Hu . riiporl Inn i'  •liiiiiiii'il limn material prepared Inlm iniillv liy V.  NUixli1 

inn» ffif UNI' Iiv Ihr  I',  S,  Al'lilV Signal   MiSSilC Siinpiil't   Vgrni'V ill tin' White ^nnil»  MtSSil* 
Itiingi'  In II"' rillllil'llllmi nl 11  I'liplil   mwn iptCtromrli'l      IMlli'l  piirtliiim 11II' .ill ntitgi'nwtll 

nl earlier work performed by A. IJIROCCI tnd <;  Etaali on Project MICHIQAN, under 
{'iiiitriu't DA MI. 038 sc 'iji.ii, between riii' 1 nlversity "i Michigan's Inttitut* ol Iclonoe 
iiml Tschnology iimi ihn 1 . s. Army Btgnal Corp»,   Mir I'I'IIMIM- iiv sviviiniii Klectronlc 
DvftnM   I llliiil'llliil lr» nl   Pi   S'tCOCismUS  till' Ihr llllli'  nrrili'il to pl'rpill'r till»  rrpnrt   |i 

i', 1 ii ■ 11111 v licknii« IIMIKI'II. 

I-111111 I ii'.1H. MI um     A llr 1   1 In ■ -1 11  I11 1    ' 1 \ i'il 11 ■ 1 HI 11 1  IM)  I»' 'li".i 1 'iv'l 

I'li'iini' tin nut return 11 to IM Instituts "i Iclanot tnd Technology, 
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I'Kl EPACI 

The H i* ni military programa «uch im AHI'A'N Projtol DEFENDER have lad to i I">MI 

ni Infrared tar gal maaauramanl programa,   rha targata ranga From initiiMtir miNMiir none oonai 

during iin'ir ii' I'nii'v Into tha atmoaphara to »Mi»« ui tai und vohlcloi mi roadai  Tha meeeurc 

ini'iiiN HIT mach from aircraft, rockata, ihtpe, and othar platforiMi with Inetrumenta vurving 

from slmpla plnhola radlomatara to lophlatloatad Mpnt>i«l icennlng iii't'rffi*oni"ii,r -• i>»■«■ 11 <>r11 

etcra,  tMii'M Hie wavelcngtha obaarvad oovar ■ ranga from the ultraviolet to mlcrowavei  Tha 

raaulti "i thaaa maaauromani programa are uaaful only ii tcvoral condlttoni ara mat,  Ona 

which is abaolutaly nccceaary i* that tha Inatrumanta iiaad mual ba adaquataly calibrated, 

Although ihli requirement is itmplt to itata, m prtotloa tha diitiruitirN ara graat and KM 

mathodi laually complex   in via« ol tha critical Importanca ol tin» proooai oallad "oalibfi 

nun,   :i tutorial raport hai liaan praparad by tha Inetituta ol goianoa and Technology, rha 

i niveraity ol Michigan, undet Contract si> m, which i- ■ pari oi ARPA'a Pi cl DIPKNDER, 

Tin' i• i"■ 11 ii being laauad In iin» preliminary form lo i imall group ni iclantlata for Immcdl 

:11■ - uaa in iin hope thai ■ torloa ol commanta and cnntrlbutlona «ill ba ganaratad,   After allow 

Ing lima i" racalva thaaa react lone, tha authora «ill review tha report critically and reteeua II 

lo :i much larger audience,  Commenti ire lollclted la lo the lubject matter and the dealrablt 

degree "i ' overage foi each topic,   I Ittle la Mid In Ihli report, for example, about calibration 

»■"ii i ei,   I- iin» n luliiecl ileavn Ing ■ MUM II ileeper und more exhauailvt treatmeni '  Ihould 

:i i radlometry and calibration methoda be leparatcl) treated '  Only by thia proccaa can i 

uaaful document ba made In view  >i the piiiulN In performing calibrationa and, i van morn, Ida 

perili In writing about calibrationa, 

Contra« I ID ''i luppot 11 the lalllatii Mteatla Radiation Aaatyela Ctntar IIIAMIU \<i. i 

i H ihiv «hull functlona ai ■ reaearch and technli al Information center mi phenomenology, the 

ory, and thai tei hnnlogj pertaining to the fundamental phenomena aaaociated «nil inilliMiic 

mlaallei umi ipat e vehlclei which may ho »iumnc am in the formulation ol defenae meaaurei 

agalnal mlaalle and apace vehli le tyatema,   IIAMIHAC collecta umi proceaaei Information mi 

elei trnmagnelli ami •( nuatlc radiation emanating from or cauaed by ICBM'a or IRSM'i during 

their trajectory from launch to Impact,   Pha Information Includei 11H1I nteai 'rementa,tabora 

lory itudlea, and theoretical itudlea, and i^ ivaltabla at UM IIAMIHAC reference library for 

uae by repreaentatlve i from ■ • 11 organlnatlnna preaenting u properly authorlxed reojueet, 

ii wnii \(  conduct! analyaei In whl< i> experimental an'I theoretical reaulta ire evaluated ami 

examined fot correlation»   s,,nir ilicnia iKHI ami experimental Invi itlgatlona ire carried out, 

and tin- reaulti are combined with i!"' technical Information obtained from outalde lourcea, 

in ii   oapaolty aa a technical Information center, BAMIRAC dleaemtnaiea Information by 

in 
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IMtlM   III   IlilStl'IICtM,   Illlll'M'M,   blbilogrtphl«!,  (I'clllllt'll!    IVportN   II IK I   |lllirillll   II I'll I'l C-H,   tl'clllllcll! 

IMOtil £H, »nil tlir PrOMOdlngl • >I tV Anil   Mllltlt ROMiroh Ailvlsnry Council. 

BAMTRAC IN iiniii'i' DM toohniotl direction of the tnfrtrod LniMimtory,  11 ilntwM iiUn, imv* 

i'M'1', Upon UK' iiipillillllliN ill Ihr Computation llimiiililiint Ol Iht« limlltilti' nl Nrli'lit«' mill I'li'li 

ItOlogy, mill Upon Hum" nl ihr Alii rillt I'|'II|>UINIIIII l.lllmnitiit'y nl I In ■ I )i'|ill 11 mrlil nl Ai'l'niimitl 

Clll mill AHlrmiimlli'iil  EnglnOtflltl I ltd Ihr Hiiilliitlnii I .iilinintiiry nl Ihr I )r|m Itllli'llt nl  Kll'C'tl'l 

rnl EnglnMrtngi both of whloh in orgMlicd within Tin Untvortlty ol MlohlgMi'i Colli |i ol 

KiiUlili'iTliH',. 

IV 
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«'.">        Figure U       For} rend " (two anpctrancoi mi Figure ind iwo in note) 
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• I .III 
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ABSTRACT 

rin . repnrl pro lent» n tutorial and general treatment ol the calibration ol optti ul Instru 
mcnta which are to ho ui I in meaaurv electromagnetic radiation from lourcei ol interest to 
ihr military lervloca,   rhe Infrared aiiectrai rcp.iiiii is i'tiipiui.Hi/.i<ii although tha ultraviolet 
and ^ lalblv wavetengtha arc alao treated,   Tha report ia beim iaaueil in ■ prellmini '■■• ni in 
■ limiii'ii iirnup ni aclential   In an attempt to itlmuleto oommeiil and   i iiiii* m 

i 
l\lROOUCTION 

i hi■ report deala with tha calibration ol optical Inatrumentatlon uaad to iMiiun oharacteriatioi of 

electromagnetic radiation In order to obtain Information about the eouroe ol tha) radiation,   Tims it will lie 

concerned with radio mete rt reapondtng primarily in tin* ultraviolet, vinihle, and intrii red region« nl the 

electromagnetic ipectrum,  Tha term radiometer i* uaad here in ttn broadeal eenec in iii.it it mi imii    »pe 

11.ih -iid rte\ i' M »inch elm i»' uaad to meaaura ■ particular oharactertatlc ol tha radiation UrM, mich n* 

ipectrometera for menaurlng the ipei tral diatribution ol radiation, or «dinner* fur meii«uriiig the ■.i■.11 ■.<i 

(dii,, tlnnal) diatribution. 

\ dlacuaalon ol calibration methods and Probleme can be hcipiul aa H K' Ida in iilumiing und conducting 

Inatrumenl calibration,   it can point out pitiniii to be avoided, or poaaibte aouroea of error, and poaalbta 

technique t for eliminating or minlmialng theli efft eta.   How vat, the exaot procedure in bo followed in 

calibrating ■ particular Inatrumenl dependa upon the dotalli ol Hint Inatrument ami thr wuy in which it IN 

uaad,  in addition, n cannot IM too atrongly emphaalaed that the quality ol cnliiinitmn, und hence the ipmlitv 

ni autiaoquent meaaurementa, dependa primarily on the lumiliuritv ol the operator with all ol the ■ i• tail* ui 

his Inatrumenl and IU operation, und mi his dedication t<> tliorotiKlmcH« and accuracy.   Intitnuie knowledge <>i 

the particular Inatrumentatl gained i>v operation over a period ol time lufftclcntty long to encounter » 

variety <>i clrcumatant es, and a paaalon for preclalon me eaaential for nny reliable culiiniitini. 

Meaauroment is the prooeaa by which n quantitative comparlaon i ■ oatabllahed batwoon two or aaataj 

valuei ni a phyalcal oboervablO) auch us length, lemperature, or epeotrel radlanoo,  A report of ■> BMWUN 

mi ni la ni limited uaefulneaa, howeveri unless ut least one <•( the obaerved quantities is availnhle, im com 

parlaon or reference, to Ihoae receiving the report,  Absolute calibration is the proce»« i>y which menmirc 

nients are rofOf  «-«I In Itindard Millies, such as the pi iiiiiiiy standards iiialiilalneil liy the I'. S.  Nutlniiul  Mil 

nan nl Standards.    TheM |u Unary standards are widely nviilliilile, ul leusl through cnm|iniTsiinn Of ciillliru 

I 
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iimiH »Mil Intermediate or eecondnry reference itandardc, 

riir objective ol a calibration It in make meaauremenl reaulta Independenl ol the pnrtiridni nii'iiNurinu 

Inatrumenl or moaaurlng technique employed!  In other worde, it i» deelred thai when the an mi' mnnnittnlo ni 

ii phyalcalquantity IM meaaured by different Inetrumonta al different tlmei and 'or plaoeai and poaalbly i>v 

different mathoda, the reaulting valuoa   hould alwaya i"' the MIM<   Howevet, beoau M wa can never know 

exhauattvMy til ol the existing condltlona and underatand completely nil of tin- pertinent physical laws gov 

arnlni the effecta ol those conditions In any actual iltuailon, there i* uUuy» UM poaalblllty that «r may be 

overlooking some Niutilllrnnt inii'umrlcr nnil 11H rllcct <in n iiicuHiircincnt ICMIIII,   lor HIIM rcimim II IN II 

good general rule to rarry out oatibration under oondttl ma which rrpriiduci«, n« nunpletcly as poaalbla, the 

ittuatlon whloh r\ists when meaauremanta baaed an thai calibration arc made. 

Tin' priTisinii ill :i mi'iisiin'iiii'iil IM Npcclfled I>v the ittn<>Iuti ul difference nr dlNiiKrecment in I«' expected 

between different meaauromeata or determinations of MM MIM magnitude, it IM ■ meaaun of MM repreduol 

blllty or conalatanoy ,>i meaauremenl reaulta within ■ particular »et (cu.. nil meii»uremeiii» with » ccrtnin 

Inatrument),   fhc accuracy ol ■ meaauremeitl la specified by tha difference iieiwccn the mcu»tircii value und 

tha im ■ oorroct value of MM quantity being meaaured,  Accuracy refera only in nimuiute mciiKurcincnt», 

while prtctaton reiara to ralattva quantltlaa and Ii concerned primarily with repraduclbllity within thr »et 

ni Rteaaurementa and ant with their referral to aa abeoluM itandard, (For n more mmplctc di»cu»ai<>n »i 

Hit"« topic aea MIS Monograph 11 | l|.) Of course, neither preclalon nor aoouracy oan i»' determined aa 

BCtly, lull they cm IH" c»llmutcd l>y nn riiur nmilVHIM IINIIIK HIIIIISIIIIII tiii'tliuuV    I Itlmatei should I«' iniiili' 

mil included wherever poaalbla in reporting meaauremenl reaulta,  In (Mt, they ihould !«• noneldorod UM M 

I'SII nitiii pun ni iinv >«tnt«"ini"nt ni n mcnittirfd viiii»'. Note thnt, itaoe acouraoy Involves referenoa toabM 

luti" "iinniiiii'iK, liny I'ntiiniit«" ul iiriiiriirv nrceaanrlly Include» n »tntement regarding the calibration preoa 

dura followed, Identifying tha aouree ol itandardlaatton or referenoa which IHIN I n employed, 

In itrong eontraal to many nreu» ul physical meaauroment, auch »» tha exaol measure meni ul time, 

whan preclalon ol about one part in itc im» i»<en nttnined, ihr mual preclalon ol MM batter radtometiic 

ini'iixiirrini'iitH i» IIIKMI MM pnri in » hundred, tad iniiiiv measurements an reported for which the error IN 

-" •' or SO ', 01 even more,  While there are basic limltatlona Involved, many ol which will be discussed In 

detail in IIIIM pcpei, tha authora believe thai much CM I»' done to Improve the general quality ol radlomctric 

RMtMrementa ol opttotl radiation and MM reporting ol meaauremem resoltsi measurement <iuuiity can IM" 

raised tubatantlally 11 workers become noro aware el MM icetroai a| error and tha praosutlons which CM 

in' i.ii ni in avoid them or in reduce their effect». 

There »re ■ number ol useful rcferenoea which are rocooaaaawled tor oarefiil atudy iiv snyoaa ptanning 

er oarrytng oW i apeolflc celtbretlon ol radlometrtc ItMtra mentation i i toroegdi l|, la particular, the ,11111 

iiiiiv IMI report el tin' Working Qrovp en Infrarrd laokgreunde | l|, retorrod to bencetorth UM MM WOUM 
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Id'I in It, h:i .  i n i'iM'il ulil.' i IM i -I I ml hm, ii iii I II  will Iw   I     d Hull  OUplOI an   available In renders nl  !in 

report,   iMi'|ii im iin' imii■ i i". .i'nli.iI iii.iiii i.iI. we will ■void repeating in re thlnga already iduquately 

rulrlnl   III   Mil    WlilHH  lti|mll.     Id • lr IT • 111 T '   Ulli   In     III,nil    |n  | i;l I'll I'll IIII    Sl'l'llulis  III   Hull   |i'|ln|l   where   ll|i|l|i, 

prtato.   S| >.. 11 u :i 11 s   ihr iii linn 11 in ., iimi .. and lymbol . II .1 < i in ih i, papal uiii be thn M defined in tha 

U'llIKH Report.    I   . .eiillnllv th«     .im ICOpI I and nomenclature me presented In Helerenees   ',  .1,   I,   , 

and in, .iiiinuir.ii in  II in i im i'   tin  in atmenl |i imi n, iiri.'iiii'ii.   II I-, urged iimi the recommendation! 

in Hi in i in i-, i through ' I»' ran ilderod < nrvfully, and thai they Iw followed wherever possible.   Where 

i, |I,Iiimi . :nr itoccaaary we urge thai they i« explicitly reported awl rotated i" the recommended itand 

MIT I   pi    II   I II '   11   .1    V    l\     .1       '"    In   I I H   III      I I ill'I  I 'I I lll| III I  I'.nil   U Mil    MM'II   'HI I   IIII   III    I I   | n i I !   .   U III I'll   I III   I o| 11IU 

I lir H| iimi :i ills.     |'ln< xi'  11'iii.i'     . Iipply  In   ill   I .II ll'Mi ii'I I'll   HUM   MI i nil nl . nl   .mil rr ., iimi mil  in si  In 'hi   i nil 

I'l.illuii ineMsi'i eitients by «hull   III! h  mi :i'"ii I'liirnl I ,IM      I :i in I.i nil /< -i I. 

i  \l IHK \ I H i'. i'I   A BAMIC HADKiMI lilt    IDEAL CASK 

In Hi is faction »i uiii si in i v the fundamental ■ allhratton ronflguratlona thai ara uaad for calibration ol 

in-.ni, aver) radlometrli  Inatrumeni     rhla will IM dorn by examining the calibration of a baelc radiometer 

ii.,    .in which haa onl) Ihi component» which ar mmon In every radlometrli Inatrumant),   Alao> to 

iimplify thi dlacu    Ion itlll lurthci   wo will conaldrr only an i■ I■ ■ .*11 caaa  that la, one In which the Inatrumeni 

linn tloni i'< 11' ' H\   imi where •Impllfylng aaeumptlnna arc made in avoid treatment nl parturbatlnna dua in 

condltlnni which ' innoi i«  Ignored in any raal iltuatlon.   Wr u ill d< far for I a tar dlecuealon tha Importanl 

i>i I,I,ii in - u 111111 11 i,i' iii i in -i ni iii i»' 11n11iini i "iniii inns surd ns background radiation and atmoapharlc 

itti . i ni'iii, 1.1 imporfactlona in ai tual Inatrumcnta and in thali oparation for calibration meaauromi nis, 

and 11) iin  inii'„in 11 >n ni additional i omponanti and functloni in mora ipaclallaad Inalrumantai 

1,1,   I ill   IN8TBI MI M 

i in IT i'ssi ni i ni i mill nt» tire pn  i ni II   "Hu form In every radiometer or i adlomotrtc Inatrumanl 

i • ■  i lgun  11 

iii   A Hi ii' 11 n i Ii im ni u im 11 11 .in 'imi    ' hange • in incident elect romagm 11« radiation Into variattona 

.I in i i i||)   in i .uiii property »uch ■ i < ondui taw • ■ 

(in   \n i|ii II ii iv,11 in Including tha aanaltlve aurfaca ni ihr detector v hi, ii dalarmlnaa tha combination 

ni n IT iv iiiK aportun and angular Hold ol t law n< gh whit h radiation is . iillactad, thua delineating tha 

amount of radiation in which Hm Inatrumanl rcaponda 
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(c)   An  11111 > 1111 • i  .'mil output Indicator, usually electronic, In t I'll MM tor ill Uli' output ill Ihr detector element 

into ihr iti'Niri'ii iiinii ni presentation | B| 

"-^■--l: 

i      Collecting optlca which alao form I circular 
Aperture '-1■ •[• ol irei A 

n    Detector elemenl which alen forma ■ clrcu 
i.ii in hi ttop "i area u 

u    Snlul angle in »teradtana ol conical field 
mi reepondlng in i hull ingle   "M  RICH 
mill in radiant (U     .'- (i     i'im »,,) * »•»■ ■ n f*) 
I eeotion i. I.*) 

It « Ainpllller anil electronic circuit» 
i     Focal length ni i'iniiiiiiK'ti'i' 

it - Recorder for output presentation 

riOl Hi   I.   A IIMPLI i'nllM HI-  BASIC RADIOMETER 

Peoime thli is to be an Ideal oaae, we »m aeeume nlmi ihm them' component» hnve the following eon 

vonlont propertlei (which are only approximated t>v actual Inatrumente), 

(;0   Ihr optical system consists "I mi IdeeJ Ihlii lens which, together With the detector iictliitt an the Held 

»top, shaii'lv 'liliin■ - the circular apcrturi' ami annular iirlil ill the Instrument.   Every point ol the oli|ect 

(eouroo) la perfectly Imaged at the oiroular field atop (detector lurfaee) regtrdteaa ol Ike wtvelengtli <>t 

radiation Incident on the lens ami uithin the »olid alible ni the iii-i.i of view, 

(tu   The directional (apattal) reaponee IN uniform over the field solid angle!  Thee*ell parta of the optlci 

are perfectly transparent In all rays within the llelil anil I In- detOOtOr Is uniformly sensitive acroSH Its 

lurfaoei 

(C)   The spectral response Is constant over a sharply defined Wavelength lianil, \       A ■  A   , nml IN zero 

oiitslile thai liaml.    thus, ilu- ODtiCI are uniformly perfectly I ransparent, anil the detector IN uniformly 

sensitive to all wavelengths within the liiinil.   It will lie assumeil throughout the IIINCIINHIOII of this Ideal 

case, except «here otherwise -dated, Unit nil ol the rudlometrlc i|tinnllth s (e.g., P, J, II, and N) refer 

only to radiation In lhi-. I I Aj < A < Aj, 

Mi   The iletei'lor, amplifier, anil output Indicator are all linear, so that the output IN directly proportion 

al to the radiant power reaching the detector I loin the Held, 
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(•)   Tin' overall   i i' HI, Including detector amplifier, and output imliciiinr, rc«poinl>i uniim-mly in nil 

li'inpm ill froqucncto i i'ii    i ill In thfl HIICIUIIHOIIN In 111. ■ I ■ • \. I n| Ihr radiation Ulni; IIIOIINUICII. 

2,2.  iss rut MI: N r m SIMINSIVITY 

Wo leave our iiniiii'ii iiii'ni iiiuMiinn ii'iiipiiiin iiv im  iiinii' I'lin-ihii'i'iitloni which »ppiv lo nil oalibratien 

mi   l   MM   in.'Ml  .,     HlilliiMU'Irl's   inn .I   In    lIllHllllli'il   for Hi''   Mi"il'MI nnr'lt   nl  ellhl'l' I 111'  lllllillllll   ill   rilllllllll   power, 

I', n (■<■ i\ i'ii ihrough the entrnnci aperture and iicM ol the Inatrumonti or the Irnulinnce, II, ni the iipi>i*tun< 

received through the field ol the Imtrumonti or the radiance^ v, ol tn extended Rourcc \ iich cover* tlw upor- 

;::!''■ uml Ulis the lli'lil,   11: i< 11 > • 11 n -1 < -1 ■ :in' nl m  i H I In measure tin- wnv In which nnv "I lliene rndlnmetrlc 

quantities vartoa with wRvolongth, direction or tlmei bul the ■ffvoti ol ihcse impoiinni pnruineterN will in« 

considered in liter Mct(ona< 

i in  till-r< nil location for tin1ie Incldonl radlomotrli quantities i   ihr fiiimncc upcrturc ol tin iimtru- 

i m nit,    I til-. I ni.il 11 >n Ii (llctnted Iry nur objective nl > iililniill  which miikc* mcnmirement* Inilcporolo it ol 

the |nirliiuliir liiili'iiiiicnt iisril,   | ,iirr, wo must ll»a consider how nthcr liiclors, such us iilnumpherlc trnim- 

mls lloil   in" I..H I |,| niiii'l  i .nil,il lull,   illi . I ,iiii' ntti'iiipl'i In I'clnlc niciisiii'cil VIlllieH nl the I It'll I 1)1111 lit It I«' .1 III 

Ihl- reference lontton to inill'iiiictilr properties nl the »ource (nee Section ii..'l, I ol Itelerence !l for II more 

detailed dlacuaaton ol radlometrti quantities ni field oeneojpto), 

i im i,iii" iN■ t\-1■ i■ 11 radiometer output and Inoldeni radiation inpni (I.e., the output per unit input) u cnlleil 

tin radtometi r reaponalvlty.   rherc are threa major kiwis ol radlometrtc reapoiiNivltv »luce the Rente tmeil 

tur calibration and meaaurcment is eatabUahed in lerma ni the radlometrlc quantity ol intercut nt the reier 

■ mi location.   Ii, ii' frequently tin i aae, the output, V, is meaaured in \o|is, theae three lenpiiimivitie» 

II■!■ (Si I ii'in  ../, II. ii 11 m i    l| 

ii i    \' p, tin powei H ■ i...i■. ilvlty, v • w"' 

i        :' 
ii       v il, the Irradlnnce re p      \Ity. v • «     • om (I) 

H,      v ' . the radiance reaponalvlty. \ • w     • om   • tetrad 

whin tin'in in n ipnnalvlty" (without the modifier) ui the lymbol (without the auhoorlpt) lo uood tn thli 

report, H refer equally well lo unj nl the ic throe qunntltleR. In termo ol the men ol radiometer aperture, 

\, ;iini field .olni 11.i•.l■ . u , Hu".. quantltteo are related in the Weal c« ■•• 11 folio« i 

,V       \.t||        NU,.N (,) 
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1,1    REIPONIIVtTY CALIBRATION 

tu Ihr lilcnl case being ciinslilcrcil lirrr I hi • 'MOkgroiind ami utiiioMpherlc I r.'iiisinlsNlun problflRM (w hi ill 

ilrtlnlli'lv innK| mil IH' Ignored In liny iii'tuiil calibration) are being Ignored nn Ihr .1 .  '11111.! I..I. ii. ii wi' run 

sin ii'h'iw obtain Ihr equivalent ul u I >;i i' k |j 11 >u in I ul /em t in I In mi' mill u perfectly Irunspnrenl iitniiiN|iliei'c lit 

nil wtivc ICIIKIIIH ul Interest.    We «III ciincci'M IIIIINCIVCS, Im  I lie tiiiimciil, iinly with the BOMlbll I iillliriitlun 

configuration In term* of IIM ind plictmenl "i the cttlbratlon louros in Mutton i<> Hie rndiometcr,  Thene 

lire nl DO Iri'iiti'il In ItclerenccM H mill 11 In n lORMWhnt illfferent niiinner. 

1,3.1,   DISTANT SMAI.I, IOUIICI CALIBRATION,   A inutll calibration leuret of radium Intensity J i» 

placed ii II large distance S (aaa FlgUra ;i) .in thut the Innige ul the illstnnl sutil'ce lull» entirely within the 

In-h 1 Itop ul Ihr Instrument. In terms ul rays, every sutirc iiy which passes thruu",h the ii|ici'tiire ur en 

trance |iii|i|l ul the Instrument IIIMII pllHHes iin'inch (he llchl Htup, The I rrnillnnre respiinslvlly run then lie 

i II nil nil i 'i I illicitly Without know hi", either ul I he I list i n incut < ipt lin I puru meters, A iiml iJ    I ruin I he following 

ralatlotia 

l<     -   V   II  -   VS    .1 
II 

(Ml 

II A iiml  ii me gtVOBi the SOWS)! rsepnnelvltv,   It   , ami the riiillnnce rcsponslvlty,   |l, are Imth readily cum 

pitted from thin rcxult ami I he relations in Ki|iiallun .'     It should lie »(reused Ihul the Inrcgnlng ii|ipt lex unly 

tn mi Iileal Situation, win re  It linen nut vary ninmi a »hnrply ilellneil aperture unit llchl anil where hack 

ground ami atmospheric: trenemlaelon problenta are laaumod tu have hecn eliminated,  in any real situutiun, 

these must Is' considered, as will lie ill sens seil In Inter sect Inns.    In pnrtlciilnr, see Sect lull ll.li, I  ul this  re 

purt oonoernlng background radiation, 

linage 

The snurce Innige Is entirely within 

tli-lil stop anil     It V'll       VS"'AI 

I 
<  lirul.il    llelil     * 

Stop 

I .ens and 

Api rture 

Stop 

FTGURE 2,    DISTANT SMAI.I.  SdUHCK CALIBRATION 
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1,3.3,   DISTANT EXTENDED SOURCE CALIBRATION,   A large oaltbratloa aouroa "i radlanoa N ll 

placed :ii ii distance lufflelently ctoao to the Inetrument 10 ilmi iti Image completely nils tha itatd atop (*>•<• 

Figure 3)i  in tarma ol raya, ■ ray from any point in tha field atop paealng throntih any point in tha aperture 

or entranca pupil irrlvei m tha calibration louroe,   in thla uaee n i* tha radiance raaponalvlty whloh oan 

lir oomptltril dli'i'i'tlv, without knnwlnr A or U, limn tni> ilrllnlnK I'i'liill'in (I).   Till« Is trur IH'I'IIIIHI'. ni'Kli'd 

inn tranamlaalon loaaei in nur ideal oaae, tha radiance, s, ni tha aperture <>i ihr inatrumeni or << the iirhi 

itopi haa Hie HU im ■ value, N, n» n doai at tha louroe, Thla Invarlanoe ol N nimm »nv niv i* rxtremeiy nur 

lui in rtdtotnetrlc computation! i ■■■ and V|, rha power reaponatvlty, it , nml thr irrmliiinct' rmiioniiivity, 

it     inn than i«' computed Prom  it   i>v Equation 2, 

Iln.U'.«' 

Bourct 
Circular IlHd 

Step 
1,1'llh ,111(1 

Aperture stop 

riir louroe image completely HIN thr circulnr iiitii «top nml it . • v'N 

lh;ritl  3,   DISTANT EXTENDED BOVRCE CALIBRATION 

Thla method hat partlculiir vnlur lor nimmirrmcnii« i>l extended largeta,  Tim», 1 h«-   1, >',, 1 viiriuiinn ni 

radiance over til I'Krt» mich 11» nlllpH, tiinkn, en,'», Inillillnn*. III'III'IIIN, IIIIII Icrriiln I'llli I«- ili'lri nilni'd lirxl 

»Ith liiNli'iimi'iils 1 iilllit'llti'il In IhlN miinni'l',    An IBOOOlally ilr.ilriililr prnrtlrr IH Ihr liicatlon nl rxtrmlnl i'iil 

Ibratlon IOUI'CI'N 1111 >II^Ml<!■- the turteln to lie mi'imurcil,   In Hu . t'liNr Ihr ntmoapharto triiimmUMiin IN Ihr 

-.inn,' lor target and oaltbratlon aouroa« 11 ihr eprctrnl iliitrllmtlom« «rr nufftcicntly iimllar, 1 knowledge 

ni ihr atmoapherlc tranamlaalon IN mi Immer ncreiutiiry lor ihr iiiliiirnilim. 1 in ihr other hand, 1 match ol 

louroe apeotral dlatrlbutlona or ol p.iti,■. in thr radiometer mnv not N' poi*ll>lc, ihr MID iiiimii* mir rxiim 

pi i' ni itioh n HI «11 rr. 1 >pi 1, iii v thin imi r,.i ,r. nrr iiNn iiiiiiriiit in compare with conventional extended rnit 

bratton aourooa, iiiipiiilv movinn aouroea, inch n» alrorafl nml luiiiiHtir mlaallea in iiiriu require n 11111,-> 

•-•it calibration teohntejui booauae ol inpiiilv changing obaervatloniil piithn nml »pertml ,N n ii,,,i ■. 1I1111 

lull  lo llllllrll  I.',   riilllii ntliill niilirri'N. 
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1.3,3,   NEAR EXTENDED BOIIRCI  CALIBRATION    A large extended aourrc IN plucrd dln-clly In front 

ul the iinil i inii-tr i   iipri'lut '!• -A tn li- H completely HIN the iipriturr imil t ■ ■ -1 • I with i iiilliitloti of uniform null 

lltOti N ('"'i'  Ml'.urr   I).     Ihr i iiilliiiur reipomlvity.   It   ,.  IN thru compute I directly li'oin Kquutlon 1, und 

both ihr power reeponelvlty, it t , end tht Irmdlanoo roaponalvlty, it   . enn ix computed from it >iml ihr 

VUIUCN ill A iiiul ii by thi' relations (•')     Al noted In Figure  l< the source IN not I tint K<*>t ut the Held ntnp In 

thli» method,    The radiometer Ihould be focuied exactly UN It Would IMMIIII In« Ihr meamircmenti» nl unknown 

■ource radiation. 

ll.tll   I H'1,1 AiH'.l«''" 

Souret Circular iiewi stop 

l.enn and 
Aperture 
Stop 

The tOUroe completely nil    both Ihr iipellure und tin   lli'ld, hut the Im nut' of the Nource IN not lit the In hi 
itup,   Niilr Hint tin' rtyi which meet el tlM field «top lire not pnnillrl UN they leave the itouree, H^  ■  V/N. 

riOUM i    NEAP EXTENDED KX7KCE CAUMATIOM 

1,1,4,   NEAI SMAI.I, siiiitt'K (JONE! METHOD) CALIBRATION | Section ...i.i, Reference li).   A 

source with mi uri'ii NIIIIIII compared with Ihr iircii nl the iiidlnmclei  aperture In pi :K i'il oloM to the uper 

lure und in n pniiiiiiii where 11 will uniformly Irradiate the Held atop oi ihr instrument («••<• Fi|iiirt< »).   A«uin, 

■Ince the radiometer la focuied lor i target measurement, no Image oi the calibration louree IN formed al 

tin'  11■ ■ I■ I atop,     Thi' innrer niiiM lie elOM OnOUgh MO Hull Ihr  radiometer aperture subtends nil un|(le nli'llli'I 

tliiui tin' iii'hi angle of the Instrument with reaped to every point ol the source.  AN CUM !«• aeen in the figure, 

ihii moans Hun the aouros muel lie entirely Mithin the region enoloeed by the HIU'N X/ und v/ which mcci 

ut / in im in mi angle equal in ihr field angle oi ihr radiometer,   I'm   v theae oondltlona, each point <>i ihr 

aouroa Irradlatea the iirhi stop,  However, only a small portion ol the entrance aperture IN uood,   in the ion 

Ideal ' ii-»- variations in tranamlttance scroas ih«* entranoa aperture mual be evaluated. 

Computation ol the radiance reapt nalvlty IM IIIKIIIIV more Involved than In the previous caeee.  Conelder 

mi arbiträr) point, ,/■'. mi ihr radiating surface of the aouroa,   It i   apparent In Figure I that ihr my» emll 

trd ii'.in f within II solid angle U. equivalent in the field angle ol the radiometer, will uniformly irradiate 
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ihr I'liiirr ctrcutai in'iii itop,   li Ihn radiance i>i .I»' »ourcc in N   ami itn projected area ii A , Hu  imliiiiii 
N 

power from tin' iouroe through UM field Hop (there ire no loeeei In tins Ideal oaeo) IN given t»v 

P     N  A W (II 

When the Inatrumenl ii uied for moneuromenl ol in extended iouroe ol radiance lining both the aperture tnd 

field (■■ in lit* ni'iii extended tource method ol calibration), tin1 tot id radian) power through the Held slop IM 

given by 

P     NAfl (6) 

rh'i- tin' near imall   louree radiance, N , »iiieh »ill produce the eame outputi V  dm' »hieti I' i ■ i!»• minii') 

:io im >Mcnded (ourcc nl radiance, v which nil« the aperture end 11<■ l■ I. i« niven by 

N AN   A    HI   N      AN     A ('■I 

11»   radiance rcipnnilvlty !■ then given i>%■ 

It V  N      VA   N  A 
N H     M 

(V) 

n»' power renpnnelvIty   it   , tnd the Irredlanoe rcupoimivitv.  '<   . nrc nuum I'umputcd iminu II , und the 

valuoi <>i A tnd ii in relatloni (.'i   gee Section i.• •.I, below, concerning background problem! in connection 

mill tin» method, 

Circular Field 
Still) 

I I II'. .111(1 

Aperture Stop 

The iouroe ii completely within region bounded by \/ end Y/, each of whloh make M nnglr »,, with KM 

optical axil when In Ii the hull held nnuli . P I« unv grbitrnry point nl the »ourcc  H.IV- Irom any mich 
imini ,~P, «,thiii i rone ol hall angle " , «Ml uniformly Irre*1 ate the circular field «top »n *imwn. 

It,       V   N -  V >   A   N 
N MM 

where   A I . Uta aperture area 
AS IN UM iouroe ana 

mill     N   la the iouroe radiance 

l let■ itI-: i.   NKAlt sMAi.i. sin itci  (.HiNi'S MI riuUM CAMBRATION 
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1,3 ■   si MM \KY 01 sin mi Hl/E AND i-i ..\< i:Mi s. r CONFIGURATIONS   In lummary, wt ean 

group thf foregoing methodi m different wnye,  Tin  field itop is completely 1111«•• I «..I, radiation In UM 

I1111 ■ - method ■ uied in obtain radiance rnpnnilvlly directly  namely, 11>:- two extended lource methodi 

and iin Mi.li imall lource or lonci inothod,   in the dlitinl nirutll lource metnod the i■. i• i itop li not mini 

»nil rtdlttlon.  in thli method it li the Irridlancc reiponilWty which li directly obtained. 

,\-> ,in alternative clniitflcntlnn ichcmc, ihe methodi may lie grouped iccordlng to the location ol the 

■ mil < i Image,  In both ol the near lourc«  methodi, the lource Image I lei lieyond the field itop,   In each 

caae i itii' muai lie taken to make lure thai the inM itop llei wholly »iiinn the uniformly Irradiated Initetd 

ol tin' \ ignttted region of the i adlatton. 

I 111.■ 11s, the methodi may lie grouped according to the louroa line.  In the extended louroe methodi, 

both aperture and field ire completely 1111 ■ -• I with radiation hum the lource,  In the imall louroa methodi 

either the aportui r the loltd angle ol field li ulliM  radiation,  in tin dlitanl imall touroi method 

the aperture li filled but not the field,   rhe reverie ii trta In the near imall louroe method,  Thu» then' 

i. opportunity in imtii imall lource caaei for background radiation in enter wiihin the ii<*l<i lolld mH   (in 

the ii i "mi , m it would i« through the remaining unuaed portion "i tin' aperture),  Thli poaalbtllty, whloh 

can produce an i i ron   iu    tutputi will he dlaruaaed In greater detail In Section ■' fl I, below, 

2.S.S, Iff! of A COLLIMATOR, rhe dlitanl lource methodi can be employed without actually pits 

inn the lourcoi nt greal dlatancei, ii one plaoei them at the fw m "i n colltmator, The radlometei to be 

i il Hinted li positioned in the i olltmati d beam, which then appeari in be coming from ■ lource tit Infinity 

Thli hai the advantage ol keeping nil ol the componenti Involved in the calibration conveniently loceaalble 

foi manipulation and control, In iridltlon, it makei it poaatble, In real iltuatlona, to control background ri 

dlatlon in 'i, easily and eliminate the effecti of atmospheric attenuation by PIHCIHK Ihe lource, eolllmator, 

and radlometei in an enoloaure which inn be tin.in-• i «mi dry nitrogen, Additional consideration! Involved 

In n ,lnr, n mill innlnl   Ulli be dlSCUSSSd In Srrllnn 1,4,8, 

.',:i,7.   REFERENCE RADIATU »N.   Aa pointed out In the WOTJtB Report, lection 4,9,1, tin looatl « of 

tin-   »'I'M nil  Ihr   -trlllr  I'Ntlllll lulled  lul' thr  OUtDUt  of   I   t'lldliimrlrr l>V  I III llll'lll lull  IMrllMII I'l'llll'lllN   In  I l'l'l|lll'lltIV 

nut ipeclfled ilthough it li definitely a part ol any complete calibration,  Anv report of meaaured valuta 

of radlometrlc quantities ihould Include » clear itatemenl of the reference radiation (l,t>, the imount of 

Incident radiation which would pi-mlucc n /.em output ■• 11-.>ni when DM aptrtura und Hold of the radlometrlc 

Inatrumenl ire unlfoi mly 1111<■<i iiv the Incident beam),  Thli value ihould !>■■ added to thai computed from the 

i,i,in iii nulpuf (.mil us reeponalvlty) in order to obtain i reaull which la truly proportional in tin' Incl 

'lint radiant power HI the reference pnaltlon,   In many cnsei, ihr reference radiation i« umigniiirnni in 

oomparlaon with ihr Inoldenl radiation 10 Hint the difference i   negligible; but, ai emphasised in ihr VllIRR 

in 
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Report, thti ihould I« dcmomtrated, nul aeaumed, 

riii- iii'ii'i initiation ol the ro fore nee radiation can be ■ rathei lubtla and elualva proeeea.   For example! 

tin' output ol > thermocouple or thermopile It proportional to the dlffefenee between the |unction or Ml ol 

lunctl  m thermal contact with the blackened receiving element und H reference lunctlon or Ml of lunottoni 

li it Hu' temperature ol ii» latter which eatabllahoa tha reference nul    iona  TIHN <|unntitv IN not eaally da 

termlned .nul in.iv i niv modi rately ronetant, frequently depending upon tha tamparitura ol a haal link 

which i< ipnnd i iluKKfahly to chanitea In ambient tentparatura, 

In ittll other radlometera, lometlmea callod contrail radtomatara, tin output la i meaiura of tha nil 

teroncc between the radlomotrlc quantity for tha beam from tha tarial in ml portion of tha background) and 

Hun i<ii ihr iir,mi from mi mllacenl reftlon or ii'i:i"ns ol tha background,   Kara H la tha radiation from tha 

adjacent background thai li tha reference for tin1 measurement of ihc radiation from tha target i ■ por 

imiiiii tha background),   fhla reference often variea eon»Idarably for dlfferonl meaaurementa,    A target 

HI radiance equal to thai ol the background (aem oontraat) would produce ■ wro output, 

A* II matter ol convenience, the reference radiation IN < >i i<' n ipadfiad In tar ma of tha referenoe tarn 

parature ol ■ radiometer,   Tins la defined ai tin* temper a tu re of ■ blackbody »imii will produce u /em 

outpul whan it completely till . tha entire aperture and in i i of tha Instrument (whantha aiierture i> large, 

IIIIN condition tan ba cloaely approximated bv ualng n colllmator), Tha UM of tamparatura ai ■ radiometric 

HIHI la dlacuaaed in Net iimi :i,n,3, 

I 
CAUMA1 ION <>!■ ,\ IAMC RAMOMI I'm    NUN DIAL CASK 

\i tual (allbration and tnaaauramanl iltuationa, even ualng tha ilmpleat form ol Imnlc radiometer, can 

only approximate tha Idaal condition! which we conatdar m Section i, It IN therefore necenmirv to exumine 

ihr waya In whleh real iltuationa dlffar from the idaal and in datarmlna which ol the»e ditfercice« have Nig 

nitn :> tit effectl mi unjoin mini ICNIIIIN tnd ROW h> deal «Uli them.    For a particular mciimiremcnt or cull 

hration, Ihr Otlly WBJ to be aura that nil ai the j • ■ • • . 11 • 1111 > ■ • . have liccn OOVCred adequately IN In make leiilN, 

varying tha different paramatari ami obaarvlng the affaota ol each mi tha radlomoti r output under controlled 

rniii III mil,.     The |KIHM|I>|1 IIICM ale mi nniii IIH ami VII I'V MM Widely With Hie d I He re neeN I M'I ween I hi' Individual 

in.11 'iimenlN iimi the Iltuationa In which thi-v are employed, lhal II IN not poealbte 10 cover Ihem all In one 

genaral traatna m   i ha diacuaalon will tharefora !*• limited to tha moro Important ol tha allaajta matt fra 

quontly i nr itared, 

ii 
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Wi' «ill concern ourulvoi cepcclally uiib the effects til the three |KI!■ ■■ im-i•■!■■• ii'pi«••UMIIin^, Mprrtnil, 

ipatlil .mil temporal varlatlone,   Phe radlomotrlc quantities i" which i radiometer reaponda nie, in general, 

function! <'i thcie part mete re.   Thui, the radiation ■! the radiometer aperture may '»' characterised t»v 

or 

the spectral radiant power. I'.IAil *)  t) 01 P <A   [, I   II 
A A 

the ipectral Irradiance,       11 (A •< ■:■ n or 11 <A    . n n 
A A 

tin ipectral radiance, N (A • $ t) or N <A.   , ,   i) 
A \ 

IN 

Hera \ la the aymbol for wavelengths   The apatlal dependency la itated either In terma ol raya( In pel 

ci,'inr I,, ihr optli al axla iiini aperture atop ol the radiometer by fl and i,'>. or in terma ol I and <•. oarteelan 

coordinate a In the projected Image nl the Inatrumenl Field itop,   rha letteri fl and a  aymbollaa the usual 

angular coordlnntea for a ray passing through 111«* center "i the aperture stop, ,o« shown In Figure H,  The 

coordinates, I and >, have ilirii origin al the Intersection ol the optic axla and the iirlii stop unn^i' (sec 

Figure il),   Tin1 temporal dependence la Indicated by t, tin1 symbol for llmo,  in Hi    rtporl we frequently 

uaa ilm variables fl and o rather than    and i in llluatrate the value ol specifying the apatlal dependent y 

nl radiometer reaponss in terma ol tllrocttona rather ilmn by eoordlnetoa m objeol apece^  Blnoa mi objvol 

unii an Image ni finite dlmsnalona are alwaya praaenl in radlometry these forms <>i representation arc 

completely acnilvali m   Radiometers with flelda ol view which an symmetrlo aboul the npticnl n\i» arc 

moal simply doacrlhed l»y •■ and Oi while thoac with rectangular iii-M stopa are I»'»I treated »lib   and "■ 

,t| 
♦ V 

/ 

Projection of Hay 
until x, y   1*1:1 ix-, 
or Aperture Slop 

Optic Axla 

i     i in projected Image ol the 11• ■ l■ I stop, shown without any dlatortlona which might coma from aberra 
nun-- ni Hu' opttea 

, i     Cartealan coordinates In the field atop imau.< plane 
(i    Origins nl coordinate systems 

9, e     Angular coordinates nl :i ray paaalng through n»' center of the radiometer aperture 
A    Radiometer aperture In the plane a« v 

mil in. 8,   METHOD OF ni SKINATIN«; DIRECTION OF HAY 

I ■ 
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v.v »ill < i>iiiiin i attention In thli aoction to muiiuromenta made »ttii i baitc radiometer mid »in 

coueldcr more complicated mil lophlatlcated inatrumenti In liter leotlonii   Calibration »ill I"' considered 

foi the niciiuremenl "i (In field quintlttea :it the entrance aperture ol the Instrument    Problemi luoh MM 

atmoiphcrlc attenuation ancl lint l.r.i nund radlatlnn, which can irlie in connection »itli ittempti to refer the 

calibration HUM urcnwnl re iiitl i liecl tn viluea »xlitlni nl the lource, will lie deferred lor liter dliouiilon, 

:i.l,    Uli'   INSTHI MlM 

Hi. three e i icntlil i nn nonenta pre ion! In every radiometer or radlometrlo lutrumenl were lilted in 

section  ! i    in nihllttnn to thole lepirito function! then  are equally luilc function! which, in i In * uctual nr 

nun ideal   Ituitlon uauilty Involve Interaction! lietwoen the componentic  The wivelenflUi Interval in which 

the radlometrlc quantlt) li meiaureil and the »pci tral reapnnalvlty ol the radiometer within thit Intervil 

(aoe Section ii.ll) are nnllnorlly deiei nilnoil hy the ipcctrul characlorlatlci ol the optlcil componenti tin 

cl ml i in. 111.11 "i any HI ten anil mil roi i| i nmhlneil with the ipectril reiponalvtty ol the detector,   rhe optl 

ml ayatem alone um luilini    i ■  -r < Ifled  the lenaltlvc aurfice nl the detector) uaullly determlnei the di 

ii 111'iiml <>i   1111i.iI iii i" inii in i "i I'l'apunilvlty, Ineludlnii the apatlil rcaolutlon,   The reipoma tn temporal 

fluctuitloni in Incident radiation awl the Inndwldth 01 reaolutlon In ftuctuitton frequency* meiiurementi 

.nr determined lij the ileti i tot < lemenl In combination »nli the amplifier and output Indlcitor,   However^ 

11 the ri ipon u   to ip< 111 .i m   ipntl .1 rai latlon   ol Incident radiation ire irunninruii'd into tciupural line 

11I.I11"ii   lij    ..nil  form ol    iimr, ii .r..  iwlnulnu the rut I r" Instrument for a contlnuoui ipatlil iCMi or 

■ hi ii. mi  11 iii i    with i rotatlnit lllter wheel to ndmll    lucccaalvcl)   different ntr row iped ral banda) then 

the temporal frequency reaponae mij I me  i fictot In determining alio the iped ral, or »i mi in I, rei| • 

III.I I.   nlutlon, 

11   i in u|. i in  uppnri ni 11 ..in 11 II  foregoing that even the  ilmpleal form nl radiometer cinnot be cillbnted 

, rated y, noi can the null   "i mciauremcnta mide with it la" Interpreted ami eviluated without very 

 pleti   in>i .ii inii .1 i ni.. i mat Ion il i the | . perttei nt ail ol n-. comi mta and their functional relitton 

hip 

I..'.    INS lid Ml- NT 1(1 SI'MNMV || V 

I ■••iii lln   h II i im nr. i i nn im'i it . .11 ii ml I In- chinctcrlltlci nl  tin I  rndliimrtrrn, II can U- Hern I lull I hi'  IT 

iponilvltlei ni riillometen are alao (unction* nl the parameter! dlacuiied< «" tlmt 

*Wi' recommend the uae nl t to refer t" temporal frequency na diHtinnni.ilifil from r. the frequency ol 
11 n i .II 11. it i. H i ii .iii, »h i rii |i given in in nr. ni wavelength ind tin' velocity <>i 11 >■ in ■■ v o '■ ilmllirly, 
we »dl im' tin' »mil. apectrum mul apectral tn refer only in dlitrlbutioni ol wavelength, \, und mit tu IIIN 

11 iiiiiiinii. ni temporal oi   initial frequenclea, or ol other quintltlei. 

la 
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H H(.\;   II,  ,/, .  I) 

Thi«, toajtthar »ith K(|iiiiiiiiii H, nii'iiiiM tlmi, inniiirniiiiiciiilv. ill«' defining ralatloni (Equation I) In  Baction 

'i.'l ciin lie I'viiUinti'il mil v when u piirtli'iilnr value IM nHNlnneil In each of Ihr |Hi i :niiil<' i ■■ (I I,, lor n Minnie 

WlVtlvngthi illreetlon, :i in i lime),    put in reality llii'i'i' i    no Hiirh tiling »H n pii-i I nil v monochromatic unil 

pi-1 lectt v i'i|| iniiiti'il IH'IIIII ill i ntlttitlnn, even from 11 Inner,   All renl radiation in hi. cOIUlll of distribution! 

ill rmliiiiinn over a ranne ol wavetangtha, direction!, uml uautly ulMI> fluctuation ireiinencilat,   Parttculai IV 

In Ihn CIINC Ol wavelength ills! illint IOIIN, these ale Significant  uml miiv mil  lie Innoreil In making rmlloniel I li 

mcamircincntR.   Our problem then IM In ilenl with reNpiinsIvIty In term« ol Ihr Integrated effpcti ul these 

dlitrlbutloni,   Bafora looking ul the n»l uffad when nil o( the parameters may ba ohangtng itmultonaoualyi 

which kllO Includes i ■ ■. .   11.! < • Intcruelloiis bafWMH Ihe parameters, we will IIIMI IIISCUNN nt'lv OM |iiiniineli'r 

lit it time, 

l.:i.   IPBC1 HA I. HI SI'tiNSIVII V 

It IM relntlvelv eimy I" minimize spatial responNlvltv prnlilcm.s D)( nehlevlii)', neinlv cniiNliint illreetlnniil 

(•initiiil) rfiponH ovar i well defined (told lolld angla,  similarly, temporal frequency reaponae •((•oti can 

I-- mlnlmlMd by working with reaaonably atoady touroti uml uaing rapidly responding detectors with iimpM 

fieri and reoorden ol wide frequency raaponaa,   Howavar, it IM almoal Impossible to eliminute entirely the 

■paotral raaponatvlty problems from tin  ICNUIIN oi niiliom"trie meaiurementa, 

In the ease nl ;i  raillomctc r with an output,  V, which varies ullh Ihe Wavelength ol the Ini'lilenl  rmllat Ion. 

one inUMt line the  spectral power  I'eKpnuHlvltv 'lellneil IIN 

It       (\| II 
AA 

WAV 
in —-- 

(Al1 

,  kl)    L 

AA) 

AA) 
CO 

when 

ami 

V    « —     In v n 

\ m  "■* 
Ihe notation IISIOI IN In keeping with the Wi.lltlt rrrommcmlntloim concerning other wuvelength ilepenilenl 

qtllintltlen whleh are ratios, Much IIN O(A ) Of i ( * >■ II M reiiNonalile likelihood lor eonlUNlon e\l»lrt, Ihe no 

liitlou ol   lt.,(M may I«' UNIMI for the Hpectral power IeNponelvltJf,    The output vnltiige IN given liy 

K2 S 
J        VA *        J       U,i   (M ''V(

A)',A (I'M 

I 

II 
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uhiTt' \   ■ A    \   i . riiiiMi'ii IM Include nil wnvelennjtha In which the Intetranda ire not aero   These relations 

■ ff   lllll'.t I ,11 I'll   III    |'||'IIIV    , .      Wl'   CUM   III HI I ill'11 Ml'   ■   I IMC I III   <|UMIllllV.   I IT   IT I III U I'   Npt'cl I'll I   pllWel'   l't'.1| II IMNh II V . 

i   i \ i, ,1-. ill.1 .i•■. ii .ii powei responalvtty divided by i normalising constant   For example, 

'V (*) 

P lllll\ 

when  v       ii Hu' wavelength ni which  it    (A) Ii I maximum. 
Unix I 

!i ihould t"' llOtvd llmt   l<      ( \ ) /  - .   liiNtiMitl wc have 

\ 

(A) V   (A)ilA \ \ A A 
J ;; •/(*)«       P     it 

< v~ 
J Fv<*|A J I'   ilA 
\ 

ThUI    It     i ■  related In   It        (A) by n rillrilllllluM which Inviilv* llir N|n'rtl'lil  ruillant power UN II welKhtlnx 

function)  At :i retulti KM value ol  it   dopendi upon KM wavelength dlatrlbutlon of ihr radiation wand in 

llir calibration*  Mir ■pootrtl irrndianoa roaponatvlty and the spectral iiulianec rrspnmilvlty CUM lie treated 

ilmllai'lv. 

Sa9.li    NORMALIZETIONi   Tin' next ili'p IM applvlnu UM remits Ol tlic preceding section Involve* thr 

Men o| MHI 'iiiiill/iiliiui.   hi Hie tbovc I nut II ncc, ii.i will lie »I'm, uc have noriimll/ril in llir peak nl the spec 

tral reeponalvltyi   teaume ihm the value ol  n„ (A   ) ha* baan determined from Kiiuution I I iiyn cnliiini 
i'     in 

A 
linn nieiiiiireinent with II certain limti'iiini'Mt foi  which I.   (A ) Ii Known mul with u ciillliratliin configuration 

for which I' (A ) li alto known.   fHn problem nl measuring the spectral dletrlbuUona 1.   {A.) ami P. (X| 

will lie iliscicscil in Inter sections.)    The lull I'liiiii'Ml i:  then pi fleet I In an unknown lieiiin of radiation, uml 

Hie output, V, Ii iililiilitcil.    I'I MMI llir. vul I V, .mil the \ ill uc nl   It. (A     ) III the relations Ol IIIIIUIIOM  II, 
I'      m 

It IN poaalbla tu nlitliln ntilv the viiluulilc nl Ihf Intertill 

V/W     ' 1\(MI.|,ilA (13) 
A 

I 

I . 
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PA(A). 

Up   (Am) 

",,    (A) 

1\ (A)     Spectral radiant powei 

I'.,   (A)     Spectral |X)WIT rcNpoiiMlvlty 

V        Spectral voltage outpu   In 
volt/micron 

A        Wavelength f»r maximum 
of H      (A) 

A 

A , >      Ualti M v 

-» A 

V     (A) clA      V     ShiuliMl iiim 

11(11 IRE 1.    BPCCTRAI. I'liWIlt HKSPMNSIVITY AND SPMTU.M, Ot'TI'IT 

II. 
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inatcnd ol the dealred mcaaura ol iiir power in the unknown beim, 

\v      /     'VM'IA 
A 

i 

Equation 13 deflnci tha radiant power nornuliMd to UM peak ol tin■ radlomater apaotral ronponnivlty.   Noir 

dint thli quantity doei not contain Information nUnii the radlomatrlo <iunntitv tlotWi but in the raaulf of MM 

Interaction between the rndlomatric quantity and tha Inatrunwnl apaotral raaponaei  n tell« u« nnihinu more 

about an unknown ipoctral dlatrlbutlon ol Incident radiation than tha raaponaa whloh ran ba aapaotad from 

another Inatrunwnl with the tarn« relative ipcctrnl rcMpoimlvity m nil wuvclenntlm,   in illuntrntc, ihr out« 

i > 111 ol an Inatrunwnl »ill ba tha ranta for |MM » Inoldanl al ■ wavclenuth where it N rcupoimi' in in,' of the 

peak raaponaO) or for 1000 w at :> wavelength whtra Ita raaoonaa la I    of tha peak.   Nor mull/.ml in the pfnk, 

Imlli M   .|'MII,C . ran I»' lull ■ i-| 11 I'ICII nnlv .1 . Ihr ri|iil\ iilciil "I   Ml w  luclilcnt ill tin- w nvcleiutfh ill pi'iik ronpnnne; 

imi tha lama would ba trua for another instrument only H n i ■ ■• i the mi nie Npeetnd rcnpnimivitv m nil nt 

theaa wavelengtha, no) mst tha aama value of peftk apactral reeponalvltyi   Evan with the mont careful mid 

oomplota calibration of ■ radlomatar w 111> nonunlform apedraJ renpnimtvtty, one run never exnetly neiiieve 

the goal nt making tha maaauramant result, by ttaalfi oompletaly Independent of tha mraaurtnii instrument. 

The Importanoa of reporting tha Inatrunwnt apactrnl rcspnnnlvltv whenever ilntn nre reported nhonlil IK' 

nllVlolls, 

in i greet many < aaaa, Indapandanoa can IM< aohtavad on tha |i n i ■ of additional information about the 

spectral dlatrlbutlon of the Incldonf radiation    l.e.i about tha quantity 

r(M      I'.lM   I' 
A n 

line I'    la ■ icalo Ini lor which may i>   I'  l\   I or I' Howevei . without nilillllonnl inluinintlon or n» 
I V    in ,\,iu 

•umptlona, the atatomonta In the preceding paragraph rapraaant the iiniitntionn on iin Information in ba 

derived from V alone, even with tha iwnt poealbw calibration, 

I in example, it may !»■ known (or ii*niiinc<i) ihm the relatlva apactral dlatrlbutlon of power In the inter 

\,<\  \ \      *     Im   Inoldanl  radiation from »n unknown »nlirec In the Hiiine nn thnl in I lie lieiilll Irotn the 

source uni'ii for calibration dm' which tha abaoluta value, nn well nn the dlatrlbutlon, m known)   in thm 

enne, the powor in Hint wnvelennlh Interval Iron) Hie unknown nource inn IN' e\preni»cil u* 

I' I I\(A)IIA       f     J r(A),l\      P  M (I I) 
AA *. A H   » N 

\ A| 

17 
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where   r(A) In the relative npeclrul dlRtrllmtlon »f tin' rmlllitlrin 

I'    IN the nettle factor 
N 

AN illHt'itHHi'il In deference N mill in Section*   I. .1.11. I mid   l,M,.'l,Ü of Inference ft, tilt' value of I'    and the max 
I 

ImURI viiliic ill r(A) will tit>|i<>lit 1 mi tin1 method ul normalization employed,   The value ill Uli' integral 

J      i < A ) <IA AA (IB) 

I 

IN the Npeclrul Interval or Imndwldth over which ll ciniNtiiiil value,  I'   , wnulil present the HIIIIIC IIIIIII powei 

UN Ihr Inli'Tiil ul the spectral  radiant power Irom A    to L I.e., 

A iM 

J       l\(A)dA       P      I 'IA       P 
K A I   J I -U A 

I 

AA (Ml 

II , In (feet, I'    IN Ihr maximum value nl P (A) (IIH In normall/atlun In the peak), thi'n the value ul lianilwlillh 
N A 

Klven liv K(|untlon I i miiNl IM' lalN'lleil the \\<-A:  normalized > 'ndwld'h    (»livloiiNly, If P    IN the nveniye value 

ul P  (A) In the Interval A    •  A •   \  , then the Imnilwlilth K'ven liy K<|iiatlon Pi will IN' that ul the entire Interval 
A h 

AA - Ai(     A   .   In the itme ul normalization to the averaue the power In the Incident INMIIII IN KIVCII hy 

\ \ 

P /        P   (A),IA       P J       ,(A),IA       P (A,       A   )       P ^ (17) 
AA        J A A.iiv ' A.iiv     I        I A.HV 

I 1 

Wi write Hie relalluimhlpN in terniN nl the reNpiniNivlty olilalneil hum a previous callliratlnn NIIICC we 

know (or have iiNNiimeil) Dial the unknown »ource radiation IIIIN the Name Npectrnl dlNtrllmtlon tit Die retei 

ence puNltlnn IIN the   radiation from the cisllln atlon miurce,    From K(|iiatlon«  pi, I I.and  17 we can write 

(Im  the unknown Noiirci') 

V        J        P   (A)   H     (A)dA 
A A 

1 

'V.v \<KJ _ 
A A 

(• P J        r(A)|,i|(A)dA      (P^  AA)    Hv  (A|n)   J     r<X)L.(X)« 

from our ( allln allon we have 

»,,      VP »„ <*    ) AA 
'A    " 

J      rlAjl.^AHlA (IN) 

IN 
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mill mi .vr inn compute 

Thui II li iiiiMNihlr in employ ii ipectnlly loloctlvc Inatrumenl i<> moaiure exeotly iln power, I1 P 
M        N 

r(\)iiA, in mi unknown beam ul radiation only under the vary ipaclal oiroumatanoa timi the Inatrumenl R. 
IN calibrated uiih i known Iwam ol radiation which haa the lame ipaetral <11Ntriimtinn. r(<\), in thai caaa, 

iiir v;ilin' ui R_ determined from Equation 13 which la the Ural part ol Equation i». mn lie uaed touether 

wiili ihr outputi Vi produced by the unknown radiation, in compute tha power, I'    , In thr unknown beam i<v 
An 

Equation IB, 

Incidentally, HUH I- ■ good llluatratlon of UM applicability ol the leneral principle atnted in ihr Intro 

duct Ion   in conduct calibration moeeuromenti under idltloni which reproduce, IIN completely HN pimaible, 

ihr i Ircumatancei under »huh meaaurementi liaaod mi thai calibration ire nude,  Thla olearly >i>j>ii■ ■ ■ to 

ihr spectral dtatrlbutlon ul radiation In each iltuatlon,  On tin1 other bund, it MIUHIM dr recount/cd ihui, nn 

i practical matter, n may be extremely difficult or Impoealbte i<> reproduce the ipectral dlatrlbutton ol 

targeti "i Intereal In the radiation from . illbratlon louro • t >r winch tin »nlue.i nn known.   RUckbody 

louroei a■'•' imoni thoae moat frequently employed for calibration mciiauremenia beniuac ihr vnlucn ol the 

radlometrlc quantltici for the emitted radiation ere more eaally determined than im moat other aourcca, 

However, the radlet Ion bcemi from many louroei to be meaaured, partlculmlv tho»c nt diatiincea where 

the radiation IM itrongly attenuated by the itmoephcro, have i ipectral dletrlbutlon ni the radiometer which 

vartei widely from the blickbody,  Aa i reault, ihr n"ni ol making the ipectral dlatrlbutton of incident null» 

lion the lame for both calibration end meaauromont becomei one ihm li dealrable but often very ditiiculi to 

tttain 

Perhapa it iimuM elan he mentioned thui, when the ipectral reeponalvlty ol i radiometer la nearly ion 

sijini over ihr ipectral range In which it reapondi, ihr radiant power <>i mi tnoldenl Ix'iim ot rmlmtlon enn IM' 

meaeured with mi uncertainty which dependi upon the conatincy oi it    (X),  Note, however, timi it ia niiao 
\ 

lutely Impoaalbla in eetlmate the degr I uncertainty in thi» Nituiitmn without MUM Information (actual of 

taaumed) ibout ihr ipectral diNtrdiuiinu ol radiation m the Incident beim, 

AH ni ihr foregoing dlacuiilon in thla lection IWIM been In lernte ol power, c, tad power raopoMlvtty, 

it      iiowi'vcr, II upplina equally well to other radlometrlc quantltlea n It or N i* everywhere lubetltuted 

for i1. iimi it   or li , I» lubetltuted lor it .  Note Hint 11' i. lor the HIM Incident radiation, IM not effected i>v 

tin-   inn from oiH' radlometrlc quantity in mother. 

The uii'iliml oi normallaatlon to ihr peak i   ihr one   < frequently employed; 'mi there ire NIIIIHIIIHIH 

whore 11 IM nol appropriate to UM II end where other achemee twf ueed, UM in Equation iv,  TMM other 

in 
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IMthodl will mil IK' III.HI.MI lurl'ier hen«,   Two example« lire presented In .some il 'I.ill In Section 1,3.8.1 

ill Ueferi'iice II.   Ilcenimc ill ihi'Ni' |i.. .   ihii   viirliilluiiH In methods ul imrmiill'/.allon, I hi   IMP nl normalized 

VIIIIICH In II report ul tnciiHiiremi'iilH or calibration! without Npcclllciillon ol thr WIIV In which Ihi'v were 

nui IIKIIl/ril, otn Icml In .iiniiii'iiiiv iinil misinterpretation.   Wc therefore repent mill concur In the recom 

nicniliilliin |tveit In the cllcil section of the   WcilltK Itcporl     "II i■. Iinportiinl (hat Ihc method ol normnll/a 

lion !><• Mrafully ilescrllH'd." 

1.1,1,   IPICTKAL ItKSI'oNSIVITY CAI.IIUIATION.   Althounh It «houlil \H- clear Irom ihr foroKolnu 

Hint mi accurate niciiHiirc ol ihc spectral rcnponitlvtty ol n I'mlliimctcr IK II very Iinportiinl fuclor In Inter- 

i'ii 11; 11' measurement results, IhlN Inctor IM prolmlilv one ol Ihr moil netjlectcd phiincM ol cnllliriitlon.   One 

reiiNon lor IhlN In Ihul II IN nmoUK the IIIONI dllllrult.    The difficulties, which lire well summarised |n the 

Wiilltll Iteport, Section  i.V, cttn lie NIMM) Irom the following conNlilcriitlonN, 

Two approaches (Mil IM' taken to olitiiln the spectral rospoiMlvlfv ol n niillonieler with II relntlvcly 

Inoiiil spectral IIIINNIIIIIUI (the nilIhniiIon ol »pectroriidlometcrs with niirrow ItiNliinliincniiN spectral pnia- 

luinds will he IIINCIINNCII In u Inter Nectlon).   line approach IN In compute the overull »pcclnil rcaponilvlty 

Irom iliilu lor the »peelrnl rhnrneterlstles ol nil ol the components involveil.   The other In to make illrecl 

nicnsurrnicnls ol thi' re I n Use rcupnniilvlty ol the complete radiometer IIN II function ol wavclennth. 

There HIT mimerouN pltlnllN In the MINI method.    M«ml ol the imporliint OIICN lire mentioned In the 

Wi.lHH Iteport In the Nectlon clteil iihove,    Mnnulllclurei'N nenerilllv <!<> not keep the vurlnlillllv ol Ihc spec 

trill chiuiiclerlNtlcN ol ileteetorN and III tern within niirrow  mime»,    I'ulillsheil curve«, piirtleuliirly thime 

iiNeil lor lulvertlslnK purpottcN which upply In "typical" lleniN, lrei|ucntty illffei  NiiliNtnntlnllv Irom the chiir 

iicterlNtlcN ol ii pnrtlculiir Niimple,   Another pltlull IICN in the possibility ol Inteructlon Is'twcen componenti, 

Niich IIN multiple reflection« lielwcen iiilinceul pnriillel NUIIIUCN.   The IriinNinltliini I NUCII II eomlilniition 

nuiy mil hi IU-.I the product "I the aepnrutely mciiNureil triinsmltlnncc«. 

In kei'plnu with the general principle of milking cnllliriitlon repi(«luce, IIN elimely IIN poNnllile, the con 

illtloiiN lo IN' UNCII In milking ineiiNurementN, n npeetnil   responslvlty cnllliriitlon ol the entire Instrument, as 

n unit, IN to I»' preferred wherever It IN ICIINIIIIC.   TIIIN can IN' done liv observlnu thi« rcNponNc ol the rudlom 

etei  lo the rndlntlon Irom the exit Nllt ol n HOIK I monochromntor IIN II liinetlon ol the waveleiiKth seltln«.   The 

IH'IIIII Irom Ihc monochromntor IN IIINO meiiNureil IIN II II, ictli.ii ol the wnvelenKth settlim with n reference de 

lector, with responslvlty MIIIMIIIIIMIIIIV Independent ol the wnvcleniTth in NO culled lilni'k delector).    The rein 

tlve Npeclrnl  rcNponNlvlty curve ol the nidlometer IN olitlllned by taking the I lit lo ol the ii'sulUn« radiometer 

response |o thi' output ol the  relerence delector. 

lor rellnhle measurements ol the entire piissluiml, piulli iilnrly ol the dt'Krcc of re|ectlon lor wnvc 

1 ■ i.i■.111■. ' utNlde ol Ihe ii'Klon ol NuliMlnntliil rospoiMlvlty, It IN Iinportiinl Hint the monochromntor IMMIIV. lie 

JO 
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one "i high spednil purity,   rims, a doubl« monochromster li preferable,  Nupplementel filters mnv »INU in 

M  c,l uitli ii in insure : 1141 ■ 111 .-> t the presence n' siniill RRKWntS nl i :i< I l.il hm nl unileslnilile Wavolsngtha,    At 

these wavelengths tha Instrument rosponstvlty IN to much greater than 11 IN al tha wavelength NCIUNK ol tha 

in chromstor thai svon ■ very IIIMIII amount would ntharwlaa produoa ■ ilgnifloanl arror In tha rsdtont 

I'IIT imi|iiii. 

rim udiiiii Report polnta out thai thara mnv ha difficulty in obtaining anough radiant power Front ihr 

axil -'in ni the monochromator and suggests thut n cotllmatnr mnv ba used (see oommante in laotloni l.l.fl 

and 1.1 ..' nl tins paper).  Whan tins la d , It probably will not ba Feaatbta to plaoa lha ralaronoa detector 

in ihr lama beam Iron tha colltmator bocaueo. imall in sine, u probably would not inieivepi n iuiiicj.ni 

ii'iiiii i iin available raillanl powar.   Inati mi n »ill probably ba necessary to UM I two poattlon mirror 

in direct ,in Image ol the exit sin ol lha monochromator alternately onto tha iiHti itop ol tha cotllmator and 

onto the reference detector.   In ihm caae n is highly Important in have tha two poettloni ol thi» mirror 

mechanically rigid and accurately reproducible   in addition, every effort simuhi be made in Insure thoi 

the ipectral i|unliiv ol the beam Incldonl mi the reference detector exactly mitteile* ihm nl ihr enllimiiietl 

beam on the radlometi r. which will Involve Introducing the aame number ol reflect inn« irwii the sunn- type* 

nl mirror lurfeces, cnnalderlng polarir.ntlon effects, and taking *ther precautlona   n this cannot •»• done 

the dlfferencea ihould i>e carefully analyxed and accounted for. keoplng m mimi ihm a mirror haa n apeotral 

emlaalvlty equal i" one mlnua n» ipectral total hemlapherlcal peflectence which, m the longer wavelengthsi 

can icsiiii in si^miii'imt srii I'lnissinii icom mirror lurfacea m room tempenittirc.   In miy event, where the 

two beama take illfferent pathi which have been dealgned to be iiimliir, n i . wise i,> rcilctermine the reflee 

llvity <>i tin' mirrors from lime in time to tee ihm dlfferencea have no) arisen through uneven »mlinu or w rut I 

mil deterioration. 

Finally. ■ word ol > autlon aboul the black iletector ilnoe this is ihr reference ■i.m.i.mi. its aoouraey 

controli Um accuracy <>t the ipectral rvaponalvlty calibration, li possible. the apeotral absorptenoe (equal 

in ui\r minus tin' total spectral reflet tance) ihould be < becked t»v < meaauremenl ol the total apeotral reflect 

,'inee      Note Ihllt   It  Is nut  the  s|ieillllll.  lint  the total 01   he ml s|ihe lie  I eile. Innre Unit   IN  rcl|Ul teil.    AN neill'lv 

ns | sidle, the Im lilenl lienm In the  i eHeeliini e  men su lements nhnilhl nillteh thS geometry Ol the lieilin Irnin 

the m chrnmatni In the ipectral reaponaivlty calibration 

In view  n| the i nipi nl, .I,. In \  tlwil the I nil ill exiting limn n  inullnehi nnmlnl  will |inssess the  rei|Uliiil men 

iimi soil'1 angle lo perform absolute apeotral reaponelvlty catlbratlona, we .1 rji urge ihm only a relative 

apeotral reaponaivlty calibration ba made m nn ■ manner.  Absolute values m selsoted wavelengths can be 

obtained i>v the appropriate use ol narrowband niters »nil i I.I.I. i-.i..«i\ m » separate set nt calibration mess 

ui entente 

L'l 
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:i.l.   SPATIAL IIKSI'ONSIVIT Y 

Al llii' entrnncc ii|M'l'lill'(' nl llii' riidlniiicter, || Indeed ill liny ll|M't'tui'i*. there lift' twn wuys In which ill 

illiilhiii miiy OS distributed In Npucc.    I'IIMI, there IM II «putlnl distribution nl Irriiilluncc lit different |• >11ii 

(clement« nl nrcil) III'I'IINM Ihr nri'ii nl Ihr   ipcrliirc.    Second, Iherc |H II ill irrt lunlll illNl rlhnt Inn im Ihr hill 

dinner nt miv one i i iiur in rmliiitlon coming from different elements <>l «olid tingle,   In  ii mciiKtirc 

mi'iii configurations, where ■ radiometer IN used in mossurs th<■ radiation from ■ more or ICNN distent 

lourMi UM vsluo ol IrradlsncSi n (or radlsncs, N). II UM MIM it ill points scroll the iporturc,   in themi 

cum «, «r me m'lilnm concerned with problsRIS Involving II H|iutliil distribution Of UM IH'NI kind.   I in lim 

other hnnii, II in only whsn i sourcs ol uniform rsdlsncs iillH ths sntlrs Meld ol tbs in«tnimeni 'hm tin- nn 

gutsr in directions! distribution ol radtstlon Is unlfoi m In »ll HI root Ions within ths hold solid ingls, i hi« 

directions! distribution inn lie iiwui'hi ni in terms iii iin |.,'i ii distribution scroll the Imsga plsns when 

ihr Instrument IN focused so ihui ths imiiii' plnnc snd ihs iichi stop coincide. 

Before Issvtng ths iimi typo ol spsttel dlstrlbutloni ws «hmiiii point oul ihm there me inatuncc« »here 

It  maV lie II     Ignlfli ml  lucliir.    l-nl  SXimplSi »hen II iiilllln.ll.il   In USSd »Uli II r.'llIhl'iilInn V.IIHT    UN    ii|. 

HCNleil In Sect I. in J .'l.n iilinve, II I« ONNCIIIIUI In huve n uniform distribution nl rsdlStlon »crn«« the cnlllmaleil 

IN'IIIII Inclilenl nn Ihe enlriince ii|iei'lnre nl IM riidlnmctcr     II Hie DS0KI IN null HI MI unil IIIIN Ihe riniinmctcr 

»pcrtiire, Ihe nulpul «III !«• directly proportional In ihe I rriiilluni e, even Ihrniuli Ihe ruillnmctcr'N re«pnn«lvlty 

tniiv VII TV IICI'IINN HN lipet'ture (e.g., IH'CIIIINI' nl  VSrlStiOnS III Hie  rcllccttiiii c CIIIINCII hy dirt    ir ilclet'liiriltlon 

nl the miff lice IICI'IINN II primary mirror).    II Ihe lieiini IN nut uniform nl   il It till, mil y 11 purl nl ihr indium 

I'ter upci'tiire, (hen the  rilillnti:elei ■'« nutpill  rOOpOASO will  vary «Uli Ihr  relative pnxlt Inn.i nt the lun apcr 

tnri'N (even with Ihe npllcul IIXCN nl i ulllmiilni  mill i millimeter iilwiiy |IIII illicit     II then bOCOHMS ImpiiNNllile 

In  i   ,i|'n a mcnnliiflul \- nl in- In Ihe i rrinlliini c nt the relerence position m  In iletermlne   II   . the reiponslvtty 

to uniform Irrsdlsncs soroii ihe entire rsdlomstsr sperturo. 

In the in-II■'   .in.ill   Niiurce ni .lone« melliml nl cullliriillnn Ihere IN In iiNNiimptliin Hull the radiometer 

psspondi 'iiiiim miv in rsdlstlon rsoolvod ihrouuh all portions ni n*< spsrtursi  section J.M, i mui K inure 

I. | in It It ill ll 11V.   .In m  llinl  I'll' 11 III I on Irnm liny point ol the Nnnrce In Ihe In 1.1 Ntnp i i-i .-.•■-. tin ..nj.li only II 

portion ol the riiilliimcler iiperture.   Kiirthermore. thin portion Is different lor euch illllereni pnini of 

the Noiirce.   Connrquetitly,  the  net or lutiil  power pu««lnn through  the  Kehl  «top In Ihe detector will 

viirv with Ihe pimltlon ol Ihe Nnnrce n, lor rxumplc, n collrcllng mirror linn nun uiillorm refleetunee or ll 

Itn loi'lil h'lir.lh viirleN IICI'IINN Ihe upertuic (| ll| .SectInn I,I, I) 

.1.1.1.   DlltllCildNAI. REHPON8IVITY     I'SK u,   A KIKI.I) I.KNS.   Unfnrtunnti'ly. u great muiiy nidlo 

metric meiiNiirementH »re minie with Imtrumcntl which do not rcNpiiml uniformly In indlulloii OOmlMJ Irnm 

ilIII« rent direction« within u Nhurply defined angular Held.   Till« IN IIIIINI often due lo the lucl Hint, In Ihe 

simpleol form oi rediometeri MM detector i« located In HM Image plane ol the collecting optici where it 

11 
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serves '■>* UW field   Itop,     \nv nuniinllurmltv In rOSDOnslvlty ,'ieruss Its seii.illlve smillce, cumlilncil with llir 

riii ■!•(■< HI ;inv optical ilwrratloni  HI IKIUCK II ;i varying responii tn rays resetting the Instrument aperture 

I I "Ml   illlh   I elll   MM I '('Hulls. 

in many Dim it is possible in achieve ■ more nearly Ideal directional response i>v tha use ol ■ iichi 

lena,   A field itop In Ihe image plain nl the primary optlca la uaed in iharpty doflns the angular field,   A 

fit hi lints placed 11 use tu Uns field itop I magi • the enl i a nee aperture on tha lurfaoe of tha detector,   Klnot, 

ns pointed MIII above  the entrance aperture la uniformly Irradiated under must olroumatanoea, even ihunith 

the field i" nut, i nearly Miii',i in ii radiation ol ihr iletectoi la produced regardloai ol varlattoni at roaa 

ihr in hi .tup    However, 11 is well to Iwat In mind thai the uniformity ol directional reaponae lire. been 

iili|;i|ne,| ;il  I he e\|ieii ,r ol pollllllc II r 111 < < l MIMV nl   -pit l: i!  roiponBS ill I'nss Ihe entl'niiee iipei'liiie.    This 

, nuld i" .1 significant problem, for v ample, In attempting to i atllirate luoh an Inatrumenl by the near imall 

..„ii,, or .i      method    (I   I hi alia lie noted thai the lucceai ol this use of ■ field lens is greatly de 

pendent on ihe qua) It) ol thai len i,   riubstsntlal aberrations can do much tu reduce its effectlveneaa in pro 

duclng uniform directional reaponae over ih« field,   Finally, the tpe< tral iranamlttancoa of avallabls mate 

rtlls I,,r   .in h Hi'hl i, n  ,      |,|.i, ,   111111! 111 ■ M i . ,,n Ihe i rises In which tills Is Q leusllile ri|ipi'uiieli.    We     ii.,ii|-l\ 

concur with the recommendation In sei tlon I, I of the WGIRB Report     This configuration is reoot»mended 

when wavelength couatderatlnna permit,' 

3,4,3,   MAPPING riii  in in    Pho field of vie« ofi radlnineter ehould alwaya be measured and Ika 

results i in lutled in ii» i .1! > 1,1 .in MM ilata, which slum hi lie 1 pari ol any reporl ol men- ureineni result« iwucii 

,11111 in 1 calibration,   Ait exception inn lie made when the Inat rumen) Ii uaad only tn men sine ihe radiance ol 

niiiini m extended lourct 1 and where   hu .ill ol Ihe meiaurcmenti Including the calibration, then  is clearly 

noqueatlon thai ihe entire field 1 1 filled with radiation from the uniform lource,   In ihm caaa there is no 

11 1 im detailed information about ihe exact aixe ol the field not about the dlatrlbutlon of directional re 

sponas witiun the field,  Howevct. II the field exit ml   over region! nl sniisinniuil variation in 1 nonunlform 

extended irce, and n Ii deilred in nlitaln meaningful meaaurementa ol average radiance over their re 

glona, 11 uniform direi tlnnal reipon ic acroaa a iharply defined iiehi is      , nn ii and ihould ba verified m 

pa 11 of Hu 1 alibral Ion 

1 in- in hi 1 .in 1,1  m;i|i|ieii w iiii nnv 1 Mir,, MII iii sm.ill enures ol conatanl radiant Intenalty (for relative 

llierisiiremenls Ih ■ wilne i ,1 ,1 neeil n.,1  lie l.iinuiil :il   i illsliinie where  Its I inline einers unlv II verv sniiill 

portion "i iii, field itop    ihe alae ol tins Image determine! the reiolutlon witii whloh the Variation of dl 

in i .ii re iII msivit v can Iw iletermlnwl,  The alae ihould lie limited liy the circle of least confusion of 

ihe collecting optlci ol the raillomoter   Tha soun <■ csn lie moved horlxontally and vertically in i plane 

perpendicular to ihe optic axle nl ihe radiometer, or ihe radiometer can lie acanned acroas the aouroa (see 

figure s).   Seetiun 1.1 ui the WOIRR Reporl dlicuieei method! ol preeentatlon of the iiehi of view which 
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ihould I»' compared with 'his and the dlacuaalon in 1.' 3 below, 

I Small 
Sour IT 

, 

*—& 

KiHil Mop 

H.llllUNH'tl 
Optic 
AxlK 

I'l.llir (il 
Soun'i' 

/. - DiHtiinci' ii'nin riicliniiii'ici ;ii origin in i>1 titu■ oi lourot il u>, "• •!') of (x, y. ■) 

r ■  h   » v   - p IIB" ■ i tun " 

\ mill v nri' 11 ix*iir displacement« In Ihr plimr prrpciullciiliir in Ihr optic iixln 
fa Hin   ' (r  p) - Inn   ' (r   t)  - >'   I nulllin»,   8"   X 7 und ,1    - y'/   HIT the eiirrciiptindlnK u menhir din- 

place me nte. 

Menu: |, OBOMITRY tan MAPPING mi: in ELD WITH A DISTANT SMAI.I. BOUUCI 

Ihr illHliinrr ill Ihr «mull Miiiuii' [IN .1 .il ... IM NIIIIII ii'iil In limnrr thill II IN In NIIIII'P IIIIIIN In Ihr Hehl 

Itop Id II If 11 <-i |u ■ n) I %■ Ihr CIMi Ihi' iimtrumcnt IIIIH fixed IIIIIIN optlcN, Il n Nhnrtrr illntlince IN IINCII with 

.ii! mil I nini'iil      1111 uillUNliilili' IIIIIIN.  It  IN W lac In illi'rk Ihr nirilNiii'rmrntN lit  ninl'r Ihlin nnr dlNllllirr In 

make lure that they an nut affected by tha focualni   Thi» »hould !«• dniu' rNprriullv iwfori upplvinK tha 

rrsiilli In incllNUIrmcnt« nl lOtirOOl al  rangal illllri'rnl from IhOM III which the cllllhl'lltliill niriiNHirnirntN 

.Mr min Ii-. 

A rnlltmilliir iniiy IIINII IH' IINCII Im   miippliiK the fttM <>l n  rndinmrter.     Ihr Nl/r nl Ihr NIIIII er In Ihr 

focal plana ol UM oolltinator (ihr ootllmatoi field itop) mual \n- adjueted to produce ihr daalrad ilia oi 

eouroe Image in ihr (laid itop <>i the radiometer,   For idrnl optic», with no iiix'rrntinni, the «ourca aud itM 

Image will lubtand tha earne angle with raapaol in ihr oantar o( ihr apartura Mop ui thalr awn optiooJ NV«- 

trm (Ihr IIIIKIC   'i'   In  Klipiri" '')      Ihr  in.ii'inli'.il  nl Ihr NVNlrm IN Ihr  I'litln between the »OUrce lind It IN IIII.IIT 

in ihr radlomatar, which is ihr aama aa ihr ratio batwain ihr (ooal i< m-ni. ol ihr imiioinctcr und enllimutor 

OptlOli     Ihr riillliiiiilni' ihould IN' nl  i •... -1 rnnii^h npllrnl i|iiulltv 10 Ihnt  II ilnrN mil degrade Ihr  n Il , nl Ihr 

inriiNiii'rmrnl.       Ihr lil'ir rlrrlr nl Ihr ml 11 mill ni , mrii'iurrd In Irr ml nl Ihr until'' which II NiihlrnilN HI Ihr 

center nl Ihr cnlllmiitnr iiperture »top, NIIIIIIIII IM'   m.ill in rcliitlnn In the lilui  rlrrlr nl the rinllnmetrr, IIINII 

mciiNiirril I iv Ihr IIIIKII   which It NiilitrnilN ill Ihr riiillnnirtrr iiprrtiirr.    Inilri  these i ; rriiniNliiiirrN Ihr minimum 

UnilKC Nl/e IN iletel mined l.y the litM-■'I'lltIIIIIN ul Ihr l llillnmrlri   npllcH. 

Ihr rnlllnuitur IN pimlllnneil K thill, M UM Bügle n INIWI'I'II IIN npllr IIXIN unit tli.it  nl Ihr  rildliunrlcr 

IN vurleil, Ihr Iwu iiM'i iilwny . Intericcl nl 0, Ihr rrulri  nl Ihr i iiillnmrlri   nprrtiiir Itop,   Till« arrangement 

will keep the iiprrlurr ul Ihr  riidlninrlrr llllril, IIN NIIIIWII III  FtgUN I,     Ihr  IlKinr IIIIN IN'I'H diiiwn NIIIIWIIIK 

M 
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Ihr ptthl nl lln> i' si ri' mi'  I' i I y M llil'uiinh llic niilliiini'lri  iipntnir In III u Ml lull' Ihr I I (rvrn with prrlrrl 

illgntrwnt) for i oolllnuktor ■porturo ioiruiwhot Itrgor timn ihm ol ihr radlomotor 

1 1,3,   «i iMi'i' I AT ION OF BPFKCTIVI I'll: l.i> BOLD ANOLC,   W.> will DORM UM INMUVO MM 

mil III   mr.li   ■■ llnit viilui' nl  il M. huh will Kiit IMI v 'I»' ii'liiUmi nl K(|Uil'.lnM -, I'vcii Inr ii nun  lilriil ruilloin 

rii'i'   in other words, u m ihr ratio botwocn ihr Irrtdlanci irNpoimivity nn<i UM radltnot raipoiulvlty ol 

Ihr IhNlrnmrnt.    II then' IM noniihllorni ill 11< • t ti >i,n I raOpotlMi 10 llml tin- Irrnilliinri' I'l'HponNlvlly wirli'N 

»Uli it 11 I'll lull, It  IN ni'ii'MHii IV In IH'  molt nprilllr,    Nutr I lull Ihr villiK' whu Ii    ■ i r i . I n   .  |:<|ulll lull .! ihould 

in doilgnctod ii tin' I'lii'ciivr in in .nil.i infU with rtopoot tu tin1 direction corroNponilinn in tlw mnxirmiiti 

ii'iiiiiiiiiui' ratpoiwhitv. 

Sofort liinkliiK III thin ilrllnlllnn ul rltrrtlvr lli'hl sullil ingt*  in moi'r 'h'tllll.  II  tunV IH' llrHlI'lllllc In 

I'i'vii'u ihr compuuitton ol tho purtly loomotrlcil M<>It<i mri   lubtondod it 0, UM otntor ol thi iptrfurt 

■top, I iV II  i I I'inil il r lli'lil Itop (■•(  PlfUff   I")      Tin' <■ Mill  villiic ul tin- snlitrnilnl millil mi'l.    IN nlvrn liv 

r     r 
il I I Mill   II   11II   il.',      I   tt(] I  I IN   II     | (.ill) 

uhi'l'i' Ihr  IVIIIIHIIK inr ili'llni'il  in Ihr flgUIti    Ilottrvrt', n nnrlnl inn I II rqilrnll v rin|ilnvi'il iippioMinill Inn In 

In Iri'ilt illitnni'i'N in Ihr plunr nl Ihr llcM Mop im II Ihrv wrtr illl'l'ltly proportional In the IIIIKII1 thi'v IUb 

t i ni ihr origin,   i'iiui. ipproxlnwtioni irt uMd< luofe M 

r     p "In (i » pf CD 

With I III M ii|i|ii'ii\liiiiilliin,  Ihr inllil : 11 n' I <   nOCOmOl 

»    ■ i 

il   *   -r" b       -n " (jj) 

Thr rang! nvri' which thl« upp m i\ I MUH Ii in limy I«- IIHIMI Inr u III'MIITII (MgTO* nl prrrlnlnn IN rrwllly rvnlniliil 
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IhlN inii'H rxpiiiiNlnn.    Ihr rrini  Invnlvril In ilroppliiK nil nl Ihr In in« IH \.m.l u rrrliiln point In 11 runvri 

,',i nl iillrrnntlnu NciIrN IN r(|iinl In m   liit Ihiui  Ihr nui^nlliulr ul Ihr in   I In in In IH' ilnippril.    Ilnirr. Im 

I     iiiriit'iii'v nl iippinM million, wr tniiy Nrl 

M 



Inttilut«   of   Scienci»   and   Technology T h •   11 ii i v IM i i i y   of   Michigan 
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I'hlH lit MM tO I»' quitt rapidly I'onvcrgi'M, lit li'HNt lor HIIUIII VIllili'N ol H   , mi tIn11 Ihr IMgRltllda of UM Mi'hl 

tarnt droppad i» »tin I KIHKI approximation to tha trror Involvad In dropping n and all IUIIHWIHK term» 

Thui, for about r'i icourauy i>y thti mtthod, tha range i* oatlmattd i>v aatttnf 

II 
■     II.I)    II 

:i n 

II   • V'.uli'i      i). I-- nul * 

in ordar to ralatt tha definition of aftaotiva »niiii angia, given al tha '«r ^ of thi* aaotloni to tha 

raaulti of napping tha ftald aa daaciibed in tha preceding Motion (geotton 3.4.l)i ttf nn oooaldar MM output 

hum II riiillnmrtrr wllh nun iinllnrm illi rrllnnul reapOOM plnrril In n lli'lil of iinllnrin riiuliiiirr, N, whirl) 

rimiplrlrlv llll» linth It» nprrtuir mill It» llrlil.    Ihr vnlnr nl II Inrlilrnt IhroiiKh nil rlrmrnl Of Mlid Hiiulr, 

II0. In unv Klvi'M illrrrtlnn I», liy ilrllnltlun, ri|iiul In N 000 N U.    Ilnirc Ihr niilpnl limy I»' OOHipUtad Irnin 

f" r V        II       N in» H It 
'n   'II 

f t "- 

(11,0)  Hill   »lldllljl 

(IT) 

•    N H„   (».<,'>)   1111   I   COM   lllllllli/, 

•II       "II 

II iln . »I'lr mi It It'ti 1 riiilliiinrlrr «Uli iinllnrm raiponOl In nil dlraoUOIUl within u ihurply ilrllnnl Mill III nngli*, 

u.   unit  with nn Irriiillnnrr rrNpniiNlvlly OOJIiaJ tO thill nl Ihr iirtniil  rmllnmrlrr In Ihr illrrrllnn nl Iln mnxl 

mum rrnpiiiiNr,    It . thru Ihr niitpnl unnlil IH 
11, mux 

V       lilt,, N«lt„ (2H) 
II.mux II.mux 

AN Htlllril nl Ihr IM'^IIIIIIIIK nl Ihr. MOtlOO, Ihr villilr nl U which will  inllkr Ihrnr twn nulpilt VIllili'N Ihr «UMH- 

IN riillnl Ihr rllrrtlvr snllil iinulr,   U     ,.    In uthrl   «.ml      II IN tllr Nnlhl mi|ilr nl llll r(|iilvillrnl lili'iil  null..in 
rll 

i'tcr (iinlliirm Nputliil  rrNpiniNr).    II wr ri|inilr  !■ qunlIUIIN M mill |g, wr nlilnln 

I«    II 

It lt. UM »In II rim llill/iU (M 
II.mux      J„    J„ I' 
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|«    II 

.It    ' 
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It   ' I K   in. M riilml.;. 
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III IrrniM nl Ihr rnnnlllilltrN.  /   mill t|, ilrllnnl In figure II mill  l\l|illll Inn |, Ihr rllrrllvr Nullil   in,-In  IN (IIVIMI by 
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\M       1/   "„<■'■ """"' 

II,MIIIS 

whore A     represents iiic sffectlv* sros ol tin1 I man« »I the field itop and ■  i UM distance From UM (told 

'«loll Image to ilx  Instrument aperture, 

Al noted in the WQIRH Krimil, Srrllini .,. i, ilnrc this i'\iit'i>NHliiii Invnlvi'N niilv llii' rut It»    H        H.. 
II       11, mils 

tbsoluts nMneurements <>i the Irradiencc reiponitvlty ■■ ■ function of direction ire not needed lor thli oom 

putitlon oi effective field ingle; relitlve values ire »ufflctent,   n is uicful, n« pint of in actual calibration, 

io carry oui tins computation to compore 11 with the value ohtiiin<'ii limn srpiinitrly ilcti'rniini'il vnlum of 

ihr isdlsnce reiponitvlty ind the Irridlince responsivity in UM direction of maximum reiponis uMd in KM 

expression (imsni on Equation 2) 

IV u it 
ill 11, mil \       N (SI) 

In particular, ii the UM oi mi extended source which till» » vi'ry much liiriirr solid nnglr tlmn ihr purely 

goometrionl solid angjs subtended by the (told itop, reiulti In i much imi'llrr vnlur <>i u     n« computed 

from Equation M than thai (ram Equation SO or 31, one should look (or the I iiuim thai ihr inNtrumcnt 

is responding to icittered i i-im (ram lern snglos outside ihr iirM beciuee of inadequate btfflei or 

Inadequate nonreflectlve coiling of itructurel lurfacei In the beam. 

S, ..   TEMPORAL RESPONIIVITY (I I ind It] lection S.l) 

li ii n-oiniiv posilbli w doalgn ndlometeri to the) the frequency response (see footnote) i» smpls (or 

the condition! ol csl brstlon ind menurement,   In thai rise, no detailed calibration is requlredi   H is 

merely neceaaary to i heck the reaponae time 'n verify thai the Inatrumenl »ill respond ni|iiillv rnounh to 

manure ihr desired changes In ihr incident radiation,   nils is easily done (or moaf Inatruments wiitoh have 

'I i II ipnnsv by rapidly opening and closing i ihutter m (rani ol u convenient source,  Observstlons mi- then 

midc oi ihr time required foi ihr output to reach iis 11mil value m responss to ihr practically Inatantaneoui 

change In ihr isdlstlon Im Idi nl on n 

Ii has already boon pointed om that. In same spectsllited Instruments which employ some foi m of scan 

IIIIIK io translate spatial or ipectrul vat litlons into temporal virlitloni, ihr temporal or frequency responss 

i ipablllty oi ihr inatrumenl may IN UM limitinu (actor In delei mining ihr correepom mr spatial or spectral 

resolution,   This »HI IM' discussed in more detail In Inlet sections, 

A IIIINIC rsdlometer may be uaed to measure changes in Incident radiation, or Is measure ihr modula 

nun ,ii ihr outpuf of II source,   i in in".i type may have sera response at sera frequency in ordei to respond 

only to changes In radiation level (lection 1,3, >..', Reference it),   Since the frequency reaponae characterls 

lies are due to UM combined characterlatlea ol ihr detector element,UM impltfter, and ihr output prsaenta 

Hun oomponenta, much run IM dons with appropriately designed electronic circuits in • 11\ and control 

11 ■ ■ i oharaotoriatlo, sf least within limits Imposed by UM detector element, 
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OM im HI I>I Inetrumtnl li dtlltwrately dtilgntd in rtipond in tht tint rata of ohenn of tht Inctdtnl 

I'IIIIIIIMI powtr (i.i1,, in the nisi 11<• 11\iiii\i■ »till rtiptct to tlmt),  Howtvtr, then IN tiiwnv* in upper limit, 

uauelly NI'I By ii»' frequency roiponM tupuiiilitv HI UM detector element, which ihauld he determined by 

I'lllllil III Inn  llii'il   III rllli'llls, 

II tht niillniiirli'i' ll he Inn riillhtnleil for line In Ihr menHuI»-m<■ MI nl iniMliilnllnii nr llurtuiitlnn In Ihr mil 

|iul of ii ttrgtti H Is ••••nMil llinl II« rftpontlvlty us u funi'tlnn ill li'i'ifinuy IK' <'H<M!I!I»III*II nver (he lull 

rangt ni froquoncloi ihm in in bt moaeurod, 

1,6.1,   TEMPORAL HI.SIMINSIVH Y CAUMATiON,   (»nervation nl ie*pnni«o in n rapidly n| I i>r 

olooid ihutttr in determine Hi.ii im imtrumonl bei in adequate ratponoo tlmt hei already boon mentioned 

II« II lufflcltnl chock In many ceeoe,  u lomewhat inort txttndtti frequency rcipnnie i« needed in iniinw 

expected fluctuation! In Incldtnl radiation, ■ check i in bt made by u«inn H intuUnn mcchiinic;il ihuttcr of 

chopper In I r i Hit nl II convenient  lOUrCti »Ith provllloni liolh In vil IV nnil l<< men mi re tht' 111 < •' ■ < I nl  rotation, 

II ihr upper limit iii uniform frequency raaponee Ii nof critical and no) iiiiiicuit to obtain In ttrnu of ihr 

luniiiiini'iiiiii frtqutney produced by tht routing ihutttr, tht qutitlon of tht waveform, of tht output of tht 

dtttctot eltmtnl n i no! i»' rilttd,  Howtvtr, ti tht rtiponit doti appear in fill nil m frequent Iti !«■ 

low thou in i»' nttiturtd iml iU|uatnM »tt trc not *nelly made in tht tleotronlci or tlitwhtrt to correct 

thl'<, n iiiiiv In' MOtllir) in •' sit ii 11 in' th.' waveform of tht modulated radiation level produced hy Ihr «hut 

ti'r nr chopper,   Ihr output run i«' rtcordtd it i lowtt chopper rotitlnn »prcil when' the rciponae i« «till 

llnrnr, ninl run lie iimilv/cd iiiulliciiiiilli ullv to dtttriRtM tht relative Btrongtha nl the wil'lnu« harmonic» 

in ordtr ti <h tii mint which irt flril being attenuated In tht output ■■ ihr tpttd of rotation of ihr ohopptr 

li niiiiiiiuliv incrtiied,  Howtvtr, inothtr ipprotch, whirl, will ivotd amiiiiiniiy m«i litvolvtd computation!, 

i . in UM mi iptrturt umi chopptr hlidt configuration deilgned to product nltim«t purely «inuNniihii chop 

i'1'ir   M"'i iiiiniriil chopper! run I«' dtilgntd to modulate » radiation beam ovtr ihr ringt from itro i•■«• 

quency up to leveral hundrtd thouoand opt, i rangt which i« adequate for moil mtiiurtmtnta, 

:i.i,.   nil'! itHAl, in  MEASURED Ql ANTITIKS TO THI IOUI1CI 

i |i tn ihiM point it htvt dleouaaod tht rtiponit ol radlomtttra in rtfitlon to tht incident radiation tl 

the reference lewtlon, |u»t In front ol the entrance nperture ol tht ln«lruiiirni.   Thll hn« lieen «ti- u-,1 in 

ordtr in imphulM thai nn Inatrumtnt, when placed in u radiation fltld, ntottaartty rtaponda in ihr OOJMM 

Horn lalitlng ni iiuii location, Mortovtr, it i« poutbli in oaltbratt In tarmt of ihr mdinmctric n -I,I ipnm 

tltlti, -I tiiii'. ni ihi« rtttrtnot location with aiiuranct thut mtaaurtmtnl condition! art iicitm reproduced, 

ii tin' calibration raiulta art rtlatad to mort remote inrutinn«, ir«« confident an in plaotd in ihr calibre 

tion nnil the mtaiurtmtnta bateo mi It,  when sttempta art madt in Inltr, hum radtomttrtc mtaauramtnta, 

thtproptrtlti ni tht radiation fltld al i dlatance from tht radlomtttr, particularly in ihr ntlghborhood of 

Ihr MIII nr , nniiini   Ihr  radiation,  II  I« Inunil thill Uli' chlllice« lul' error II nil IHlbtgUtty Bit Substantially ll, 

ereilNi'il.    Ncverlholc««, It I., 11 i'i|iii'iill v tin' properllc« nl n innre nl' ICNN IIINIIIIII MIIIIIIT thill   HIT nl piiinui v 

Interact, 
M 
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rtters ir< i rtutnbtr "i factors i<> !"• considered,  Sometimes n IN difficult to obtain mi accurate mons 

uremonl ol the location ol ihr lourot, oapoclalty ol .1 remote and mindly moving source, and Inferences 

iboul 11 1 1.nil.mi Intensity from tin- Irredlenoe al the radiometer depend upon the Mouraoy with which UM 

dl itancc la known.   However, the two principal souroea ol difficulty tre background lourcei tnd »1 moaphorlc 

attenuation, the latter usually tielng complicated by lack ol Information nboul the spectral distribution ol 

lourct radiation, 

3,11,1,   BACKGROl'Nn s< due is.   The distinction betwet n a tares I MOH m and 1 background aouros ol 

radiation la mi arbitrary one which depends only upon the Interest ol thoas making 1 meaaursmenl and in 

ui.i an Innerem property ol the source.   In calibration, any radiation which enters a radiometer uhniK with 

the radiation from the desired source and which, hone i, 1 ;:!i cauao an additional output response not cor 

rectly attributable i" the source ol Intereal la claaaed n» background radiation, 

\. previously noted, Itackground aourcea can be a particularly troubleaoms louros ol error In distant 

small source calibration and in near small source (Jones n» rs,.■• 1» calibration, It 11 • >> 11,! not in overlooked 

also, as suggested in the discussion ol section II, I,II, ihm radiation Irnm inirtlctdurlv strong Monroes which 

II« substantially nuutde ,,1 tin geometrical Held solid angle may "H l*' sen tie red into the field stop due in 

inadequate optical design. Consequently, this type <>i background source radiation may alao !»■ troubteeome 

in the extended source calibration conflgurattona, 

si in 1 calibration measurements are uaually conducted under fairly well controlled conditional it i» 

of ton possible, with .1 little care, to eliminate moat ol the serious background souroea,  However, partiou 

larly when working In the longer Infrared wavelengths «here even obieets nt 1 m temperature become sub 

•tantlal sourcea, one may imd 11 Impoeslble to eliminate nil significant background source»,   The only niter 

native, then, la i" Identify the deal red source radiation i>v some distinctive modulation, to thai the eufaeaj 

ri sponae due lo 11 can be differentiated from ihm due to the background,   The simplest method 1   merely in 

turn 11 mi ind >>ii a nil 1 shutter at the source und t ike 1 he difference between oui|iut readings under these 

two conditions,   Even then 11 may sometlmea require considerable paina mid Ingenuity lo Inaure tlutt the shut 

tei Is ""I ii <n 11 souri 0, either due to an elevated temperature reeultlng from radiation abeorbed from the 

source whloh 11 is blocking, or us the result of reflection! of radiation from unsuspected sources elsewhere. 

in fact, HI ihe longer Infrared wavelengths, it is probably Impractical to attempt in devlat 1 true shuttei ihm 

»ill function us 1 nun radiating source, mid the 1.,   1 solution is in deliberately design n second souroa ol 

different, but equally well determined, value whloh can he substituted for the iirsi one,   rims, the calibration 

becomes 1 meaauremenf ol the difference between the output indicmions   two Known sourcea with nil 

Kl, 1 ground conditions held conatant,   In theac longer wavelength reglona, beyond sis or seven microns, 

where radiation from the surroundings al room temperature 1» rm   in become ■ problem, 11 is .■ 1 ■ >i<■ 1 man 

datory to uae only hlsckbody source', for calibration,   The value of the radiation from any other tvi 1 souroa 

:il 
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become! uncertain to the extent ihni n nniv Inclutlo radiation reflected from the lurroundlnga (| ii| , Section 

3.1), 

ii .1 periodic Interruption nl iin irec radiation bj monni ol H roiniinn chopper is employed, n is Im 

portiint h> place the entire choppei (and any drive motor or other tnn\ mr, elemental behind n uonatanl tern 

peraturc baffle which ■ ontaina the i ii»i aperture deflnlnii the poaltlon and area ol the lource.   (Any ruv 

from any point In trw radiometer aperture and within the radiometer field, which paaaci tlir<>UK'I thla dofln 

IIIK aperture, ihould Interaecl ihr lource within the area and mlUl angle lor whloh lha radiation valuta art 

known,) looking toward the lource from the radiometer, the only portion ol the • hopper whii h ihould i» 

visible I» tl«' portion ol the chopper blade which paaeea m fronl ol the aouroa aa aeen through tha ileiininu 

aperture, Wiili thti arrangement, the defining aperture becomea alternately n lource ol radiance equal to 

ihm ol the lource iieliimi 11 and then i lource nl radiance equal i" thai ol the chopper blade, 

U.a.a.   ATMOSPHERIC A IIIM ATIO.S     APPARENT Ht»l RCI RADIATION.   Tha attenuation ol Infra 

i ni radiation by lha atmoaphere it ■ im iiK variable function ol wavelength, and ol meteorological pa ram 

cteri (particularly ol tha concentration ol water vapor) which mi' themaelvea highly variable and not amena 

iiii i>, exact Determination,   Being .1 function nl the wavelength, Ihe net itteguatlon >>i ■ beam which is com 

poaed "t 1 diatributlon ol wavelengthi can lie eatlmated only when the ipectral dlatrlbutlon ol the beam is 

known.   Tims, in order In aaaeii the atmospheric attenuation ol radiation In 1 ipectral imiwi from 1 ihsiiuii 

lource we mual know the ipectral dlatrlliutlon »I the lounc radlatl Mmnapherlc ipectral attenuation 

is ao highly variabli with wavelength that this itt temeni is mual I y true, even for fairly narrow wavelength 

banda, auch 11 the ipectral sin width (aee Hectton n, hetow) nl n ipectrometer or apectroradlometer.   In 

other worde, before we can compute the atmnapherb attenuation In nriler in arrive ai Ihe value nl ipectral 

radiance, N,. or ol ipectral radlanl Intensity, 1    ;ii 1 dlatanl inurco, we mual know iis relative ipectral 

dlatrlbutlon, r(k 1. 

I MI Hie reaaoni outlined In the preceding paragraph, there arc unavoidable uncertainties Involved in 

Infrared measurementa <>i 1 dlatanl louroe in an attenuating medium, and particularly In the earth'a atmoe 

pliere,    Also   I be re   Is n luck ol romplele iiKieement on Ihr heal  niethmls Im  dealing Willi Ihls illllli nil     linn 

iion   11 is obvious 1 houcvi i. ilmi n is dsslrsMo in report in us much del,nl aa posalble regarding the pern 

neni conditions ol any meaauremenl or calibration,   rinse Include ihe geometry  ihe meteorological condl 

lions along nil inv patha, including temperature, preaaure (.iltitiulr). and Inimniitv nml any Indication! ol 

hi" tjf icattsrlni particle content,   There is psrtlcular need for itudy and ilevelnpmrnl ol technique! lor 

■ leulint-' practically »nh attenu itlon liy scattering. 

whin mi roc meaaurementa are marie ovet short patha In Ihe laboratory, 11 IN iie*t to attempt to eiimi 

nil. ihr effect! oi itmoaphorli attenuation hy ilnshinu mil ihe optical puihs with n r."s auch aa dry nitrogen 
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Pilling HUM, mil' NIIOIIIII  IIIIIIT calibration mi'UNiiri'lili'iilM Which  reproduce IIH imurly »N | •■ ■ . ■. 11. t. ■ nil nl t In - 

moaauromonl condition!, 

A.i dliouiied in Motion 2.3 '.'. the leoond technique ii.i ■ been i>ri>niiiiiiv employed durinn I■ • ■'■ • MHMIMIIT 

IIH'IIIM nl nuiiiy IIII'KI-IN NIII'II U nimm i'il vrlilrli'H nnil building!.    In Hie DAM <>l oilier target! mi JIOHHIIIII My 

txliti for calibration in thiH manner,   At in■ .1 mi arrangement may be dovteod in allow diroci t-vtilmiti<>n oi u 

iillinniil'iin I iV Hii' I nli'iv i'nl in', :il 111, >M| ihi ■ ii-.   Often data Iff reported With nn 1111! 11 Ml mi'nl for nl 1111 IM| ihr ilr el 

ii'i'N. thli practice 1 which IIUM boon dlacuaaad In Reference I and the WOIRB Report) Involvti the UM ol Ida 

modifier "apparent" for quantltlei which deacrlba the lource which would |n-<»luce Hm Mime niiliiitinn m 

the Inatrumenl aperture 11 nn Intervening atmoephere were preeenti   rim 1 ■ > 11>■«■ ■ ■ 1 ■. notation followi that of 

Reference I and Ii 1 modification ol thai recommended i>v the WOfRB Report lor auch maea 

.1'       r.l      US'   mill N"       rN (ff) 

where J' ■ apparent radiant intcnMtv 

N ll|l|)lll'l"ll   Indianer 

r      atmoepherlc Irantmittanoe (tor the particular put ii mid Npectrnl \* 1 

11     Irradlance a) radiometer due only to lource radiation 

N       iiiilliinri' ill llm Miiiirci' 

.1      radlanl Intenalty ol aourM 

s   1 diatanoe from radiometer to louroo 

in (33) nil nl t>>•* radlometrlc quantltlei refer only to radiation In the beam from the aourM atiiM radiation 

from baokground loureei baa Men Ignored,   rim tame ridntinni imid n the apcetmi ipuintitira, ,r , MM. 

■I,, II. , N".. und ML , are IIMI'II, 
A        A A A 

Whr 11 11 <nl 11 it'll 11c m IN IM'IIIK IIIIII II- In Miippiirt nl IIII'IIMI I r mi'iil x whlt'h nn- In la' reported only In lerina ol 

Hm apparent radlometrlc quantltlei foi dlatant aouroMi the oallbratlona ahould be mwle im muiriy ua pm- 

■Ibli in terma ni the radlometrlc quantltlei at Ike reference poeltton, Thui IM reported mciiaurcinrni vui 

lira run l,r reunt'ded 11*1 illmnlutc VIIIIICN nl IniNl nl Hm rrlcronce poHltlon.     Tim unrrrtuliily IN llinllrd only 

to Hint  1 r Mil I IHK lioln litmnaphcl'lr llttl'lltllltlon OondltlOM lor UM mciiauremcnl ot Ihr 111 Htlllll  aiiurce     II, 

however, Ihi' 1 nl llii'iillun rcaulta uri' illao determined only In IOIIIIN ol the   11 >[ • n t < -111 ruillmn i  apparent 

radlanl Intenaltv ol Ihr known amircc, IIH ohacrved I>v Ihr rndlomrli'l' thrniiKh mi unknown iittnoaphcrc, tbi'lr 

iiai' introduce! 11 Ni'iond IIIHI'Ihiiniv min nn already uncertain iltuatloa,  The only exoeptlon IN ihr our nl 

ready    iii'.ir . 1 ■ ■< I      Whta II IN really poaallilc '" reproduce nil ol iln> rondltloiiN lor l»ilh Ihr til 11 hint Ion .111.I 

Ihr auliaet-uent mc iiaurcnicnl, NO t tint. In elicit, Ihr unknown aourM IN IM'IIIK dlrrrlly conioiircil with Ihr 

calibration aourM under ixaotly oorreapondlng oondltlona. 

11 oomputatloni ol itmoepherlc nttcnuntinn um needed to .,1,1.111, ihr yaluea <>i ihr radlometrlc quantltlei 

HI the 1 I'd' 11'iu'i' poeltlon ol 1 calibration meaaurementi lull detail   ol ihr oomputatloni and the meteorological 
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data on which Hiev irobeeed ihauld be included in ihr calibration report, 

i 8,3,   APPARENT eOUXCI TEMPERATURE vs. APPARENT IOURCE RADIATION,   ,limt IIN the refer 

enoo radiation i ■ loiMtliMi eonvt nlcntly ipeclflod in termi of i reference temperature, io in many Inetent ai 

radiance haa ooma i" ba ixpreaaed by temperature unlta, particularly In connaotion with lowar tamparatura 

target! luch ■■ vehtclea und terrain feature!.   A« pointed out in the wtiiith Report, Section i \\,2, tlit* »ouree 

temperature uniquely deacrlbei IN radiance only n the lource i    , M.,, i i,.>u    for : , n,i.i»ii,    ., eomiiinu 

iinn ni temperature and total emteetvlty N required,   Eor other   iMU'm., invnivitiK ipectral amlaalvlty 

Variation!   .i■ «■ I nun  ci|utlllu'luin iiinililliin'i with tcmpcruliilc ti'iidieutN, II lieeomeN ijullr IIICIIMIIIUII'HM tu IIN 

i ill«' i temperature in the louroa on the baaia ol the apparenl radlanoa observed with u radiometer,   i in ■ 

li particularly true u iii>' radiometer hai ■ ipectral chareotorletlc »M well,  II N Mtrnngiv »•<■<■• >mTu>'iui<'<i 

Hun the poailble confuelon thai may reaull fromthii uaa ■ ■! temperature ba avoided and thai Ihe reaulta bt 

txproiied, inatead, in unlti ol apparenl radlanoa ■upplemontod by ■ itatemenl ol the ipectral oharaoterli 

iir   i the Inatrumeni and the method ol normallaatlon uied i>v given (»IT Section ;I.:I,J, nl>ova),   Accordingly, 

are 'in no) recommend callbratlona in -n.it ■ of aourca temperature, 

.1.,',   LINEARITY 

n »IIN iiHNiiiiicii in tin' iiii'iti iiiMi' (Section ..'. i) n,iit ihr outpul "i n radiometer i« directly proportional 

in tin' Incident radtanl power,  Thla li Implied ilio by the relation* <ii dciming ihr reaponalvttleai which 

are uauetly conaldered tu be conatanta.  However, the reaponilvlty ol i radiometer need not IH> n cotiMtunt. 

In M,imi IIINIIIIK'I'N, in iitiii'i in iiicommotlate .1 greater dynamic range, and ui the MM Una la maintain an 

approximately conatanl percentage ol preclaton over all parta ol Hint range, inurnment« HIT del 1 !«• int«-l>■ 

deelgned to have an outpul which, after tome arbitrary level N reached, 1   proportional to the login uinn ai 

the incident radian) power,  in iuch 1 caae, the eetabllahment oi ihr reference radiation level for the aero 

[■■■iiit ui ihr outpul icale (aee section J.;t.7> becomei even more Important than lor nn tiuttriimeni with 11 m-.i> 

i'i<N|Minni>, it» prt'viiiualy dlacuaaed, 

It IN particularly illlllcull in gcncrnlUe ulioitt thiM mntti'r <>l 11,nil 1 ni-iiittv U'CMUNC, IIN »nh the other leu 

turei ol radlometera, there are many lubtla vartatlona,   Prolmiily the u.-.t general comment IN thut nnn-lin- 

eiil'ltV In liny   A".I' in 'ihuiil'l lie  I rented IIN It winning nl |iiilrutlnl illlltrnltv uml NIIOIIIII IK- carefully :'.:.. 1 >'■' >  ' 

In ili'tii inlne Ihe IMINHIIIIIHV Hint It nitty dlatort the ln|iiit   iiut|)iit relntlnim In itiiliileiiileil wiiyn.    Km 'example, 

rniiNliler u radiometer with u chopper ilcNlgncil Inr Imckgroiinil discrimination,     The electrical Nlgiml ut die 

OUtpUi ul the detecting element  (Input In the iiinpllllerN) IN UNillllly propur'loniil til the illllerenee lietw I the 

radiant power in the beam oi radiation from the aouroa Io ba meeaured (awl pimNihiy uUo Nome ni the imck 

ground, which we ihuii ignore for the moment) and the radiant power in u reiirenoa beam <>i radiation From 

adJaOOnt portlona Ol the background,    In IIIONI CIIHCN, the nmpllltitle   >l the Nlgnitl out ol the detector element 
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In dtrtOtly proportional tO IIIIN dlllcrcncc In nullnnt power over u wide dynamic ranne.   Thuit, ri'Kiirdlt'MH 

ii| HM' HiiliNi'i|ni'iil iiNi' iil l logarithmic or other min llni'iir amplifier, lIn■ IImil output NIKIIIII can lie cnlilimtcd, 

without ambiguity, ai i meaaure ol HIIN dlffaranoa in UM incident radiant power.   However, ir the NOUITC IN 

quite Nlllllll IIIIII liii  away, pin Hint |U IlMgS IN OOnccnl rated In 11 very NIIIIIII area iil Uli' N'irlacc ol 11 detector 

.11 Ihr lli'lil ItOPi and II Ihr radiant powr OOnoantrntt'il In lins NIIIIIII IIIIIIKC at tlmcH cxcectU the lMinilum«' 

In which Ihr detector will i'i'N|innil linearly, local Niitiinillnn takea place,    In IIIIN eaae the electrical NIKIIIII 

from tha dotaotor IINI'H IN no longor diraotly proportionnl in ihr difference in incident rudiuni power.  There 

IN im Information In tha llnul OUtpul llgnal tO allow when IIIIN tVI"' "I Niiliii'iitliin IN I.II mi' place, NII Ihr Inti'i' 

pratatlon in tarma ol Incidanl targal radiation beoomea antblguoua   TIIIN, incidentally, IN another    r 

ri'MNiin fur Ihi' UNi' iil n lli'lil lernt (»ee Section .'l.l.l). 

We have anlil thul 11 complete NCI of riilllirut Ion mciiaiiremenla NIIOIIIII repriKluce un fiir IIN poNMlble the 

lull ranga ol yatuai for tha dtffaronl quantltlei in »iiuution» such «s ihoae IIINCUHNIMI in the preceding piirn- 

graph.   Thu», nnc ihoulil try in moke calibration mcaaiircmcnl* over ii raune ol irradlanec »I the entrance 

aperture nl the liiNtrunicnt      II riingi' which Include» the highe»! value» expected In net mil measurement», 

Similarly, tOUrcc» Nhniild !»■ UNCII which lire Imaged through the Niiiiille»t field  angle element expected for 

II Nource In liny nl the measurement» baaed on ihr. ciilllirntlon.    The way In which the ro»pon»lvlty varlea 

IIN n (unction o( t(■«-■-•- vnrlabltl »hould U' observed in order to determine II, und lit what point, any nun 

llnenrltleN may occur.   The analyal» ol mich Nltuallon» IIIIINI IN' thorough and paliiNtuklng to ln»i;rc that nil 

relevant factor» which may urine In the meiiatiremenl »Ituiitlon have lieen eviiliuited. 

I in I he other hand, II mu»l i«- recognized that there may IN' Nome IIIINIC limitation» making It lmpn»»lblc 

In achieve the entire recommended ranga Ol callliriitlnn check».    I he I'lanck riiilliillon law cNlalillNhe» a del 

Inlle limit to the maximum radiance ili.it can IK' olitulneil Irom any thermal Nource lit it given lemperiiture, 

and there lire llmltN to the temperature that can IH' achieved In a practlcnl callltratloti Bource.   Furthermore, 

the Invariant e nl raillance along any ray make» It lmpo«»lble to IncretiNe the radiant power Irom u Nource 

of tin II ratllancc Ihiough a given aperture anil Held angle, once lioth are completely filled, regurdle»» of 

change» In external inauguration or the Introduotli i ol any additional external optical element». 

.'1.7.1.    LINEARITY CALIBRATION,    The linearity of rc»pnn»e (coimtancy of re»pnnNlvlly UN a function 

ol Inpul level) can lie inciiaurcd liy UNC nl a immlier of inellind» for obtaining dlflerent known level» of Incident 

■-udmtlon at the reference pnalllon (radiometer entrance iiperture).    Knch methml IIIIN advantage» and dlNiitl 

vantage». 

I'rolialily Ihe IIIONI lrei|uently UNCII method, ill II'IINI In liolh ol the tnnll Nource configuration», IN merely 

to change the Nl/e of the Nource, Commercially available blackbody .source» are often Niipplled with an aper 

lute plate wllh multiple uperlure», making II poNHllile In change Ihe aperture area quickly hy kniiwn amount*. 

\lih"urh Hit'   IN certainly convenient, It IIIIN the tllNadvanlai," that, In the dlNlant   .null   Nource configuration 
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(HIT lection -.11.1), It SjBO OhMfM IM SlSC Ol the xoiiree linaue In th<* un.iir plane i>l tlii' riullini\"ti'r.    II the 

detector li looeted in ihr Imsgs plane, Ulis mosns the) there li ■ simultaneous chanitc imth in th<- total amount 

ol niiiiiini power lud in it» distribution over the lurfsos ol the detector,   it thus become» quite cotnplienteii 

tu retete iny ohenee in raeponelvlty unernbtguousty i" one or Ike other nl thene chitnuex.  in the near xmaii 

xnurce <>r .Innen methuil Configuration cere mux! lie exel'i'lxcil In Inmire that, even will)   Hie lui'KCNt liperture 

used, the limitation   mi lourct »i/c awl pu .n ire melntetned <   deecrlbe<l m Scitinn .',:I,I.  AIHO, eiian^cx 

in Hunt ilie produce corresponding chengei in tin' region ol tin' sporturc throunh which m<tinttr»n paxxex 

tn the iirlii Htnp (cos Figure I).  The outpul ctn also lie itfected by vertutimix in spatial rexponxtvity across 

the aperture.    However, itrt illxcimncil In Sei-limi   I. I. Ihll Configuration Should not be imeil unlex» eheckx hlive 

sstebllshed that such »piitml vsrtstlons do not sxlsl to a ■ir.min ,mi degr r unlex» eimutth .neaxurcmentx 

mi' ininle with it syetemetlc distribution ol source positions in ralstlon tn the aperture tu inxurc that mi uv 

eilige ni tin' rexultx Is icprrNentutlvc ol tlie raepottM tn Uniform irt'UillHtlnn ill the lull aperture, 

Another eontmon method ol obtaining ■ distribution ol points slong the raeponelvlty curve ix to vnry the 

temperature nl II lilaekliiily eiil llil'lltlnn xnurce      II  lilrthnil uxcil ptll'tleullirly with extemleil   xoiil't'e ciinll((ura 

tlnnx, It hiiN the «tlnuil vit tittiK*' "' IncniivenlenOS      hlsokbody Mini ii i-. mutt arrive nt lentperiiture eqiillllirlinn 

lielfire thev provide n rclliilile level nl niitp.it rnillaiicc,    Alter HIIH thi'v tool very -.luwlv   mi It taken a mil) 

.i.inii.il ainiiiint nl lime to make meaxurement» over any riinue ol temperature value*,    I'ven more nerlnim, 

however, I» the lart that the xpcetral illNtrlliutlon nl iiullanee In ehaiiKliiK ilnuillltni ouxly with the total I'll 

illanre     This ineaiiH that the i 'imputation ol the iiurmalUeil raillanee lutaeil on the relative xpectral rexpon 

xlvlly ol a »elective rinllumeter requlrex n separate Intimation Im each value nl teinperature.   This aililx 

riiimnleralilv I" the lalinr ami to the oppnrtunlty lor error.    Kurthermore, It <h»'s not provide I cheek nl 

linearity, which i« clearly Independent "i other perainotorOi 

Aeeiirately known It raillanee value», reaillly imiiputeil by tl"' Inverse   Hipiare rclalliuixhlp, ean I»   olilulneil 

I iv  .nnvlni'. a small source mi an optleal lieneh CBrrtBfjSi    ThlS will nut OhenfjS the spectral ill»l rlliut Ion ll we 

Clio neglect the variation in the amount ol StmoSphers which Is traversed I iv the rinlliitlon,     However, thin 

ntOtlOfl will illative the SIM Ol the SOtiree llMUJSI ami even Wiil'He, It will he aecoiiipanleil In,   RtOtiOfl <>l Ihe 

im II',I plane, nooeooltattng rafoouelng ol the radiometer for euch messurement,   The i ■.nn nrranne 

inent-i may thein»elves allei t  the  rcxpoiislvlty nl the instrument,    slight <hange» In alignment nf Hie upMcill 

element» ran Intel ait with Ihe optical aliei ra'IOIIH allertliig, lor Imttnnee, the minimum i mane Nl/.e ami the 

illreetlonal rc»pnn»e.    M<ivement ol the xouree ean IIINU   .'■ III the pimltlon ol it-. Image In the linage plane, 

requiring reurlenltitlun nt the rmllomcter lur Ihe illrectlon nl maximum reapimxe.   II, however, a guml in hi 

leim IN IIHIMI (I.e., exploration ol tin   llehl shows unllorm illreetlonal rcxponxc over a well  ilellneil Hehl), then 

Ihcxr elleetN will not IM< a xnurce ol illllltulty ax long IIH precaution» are taken to liinure thai all »nin.e i ay» 

!' .i-i »lug through the recelvllIK aperture at I tn nearext pimltlon, are xtlll we'I within the In hi xtop, 
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In   i .ni|'  receivers mill mill ITCH nl llnlti' |N|| nn nil optlCtl  bench, It  Is Important In ICCIIKIII/C the linui 

In llir vnllilltv nl t hi' IIIVCI'HC   si|iinre i < ■ 111 (1 ■ i ■ i M 1111 > when Ihe illstnnccH UHi'il lire n ic IIHII It'll nlnnu llii' IH'III'II IH' 

Kii'rii miinec .'inil I'i'rrK.'i',    Tin' Inverse   si|iiiiie Inw iippllcs strlelly lii'lwi'i'ii liny pnlr of Inlliillcslmnl lireim 

nl till' «nilrrc mill nl the I' Ivinf npeillire, U||n| llic slmit ill.sliince  between HICIII.    However, the Integritled 

rcMiill for nil NIICII I >ll 1 I'M IN IIIIIV iippn I\I mutely .'in Inverse st|iiiiic VII I'IIIIIIIII nl the Inlnl flux llinilinh (he re 

Mivln| npcrliirc from tlie •nttrt source In terms nl Hie illNtnnee lietween their center» i.i ineiiNiii'i'il ;11 <11:(• 

ill) optlcnl Irene!) will) Imlli riniircc Mini receiver |H ipcnillinlni   In the licncli mill centered nt tIn* mime height 

above it).   w.iUli I I I I IIIIN computed Hie Integrated valuoi ol I r radiance m finite diet» nee» from n dine nimm 

Ihr lim- perpendicular In t tic source thfOUfil lls center, B| well HH I he deviation from the I live me  H(|iuil'e 

relationship.    (r I': 11 > 1111' 1111V shown, his  results  Inillenle ih.it the  rcliittnn Is ncciiriite In Mithin  It  nl illNtuneeN 

gTMter (liltii teg times UM iinllus ol I Ctroultr illsr source.    However, thin IN nnlv nt n receiver pnlnl    nil 

axis.'     When the receiver, (on, Is of Unite dimensions, the situation IMTIIMIC» snnicwhnl  mine comfdlented, 

A I'onitlliill «.,i I inr. rule In u   lll|   nil OptlOll liench ll lint  In ippljf Ihe  llivi'l'se   square rclnllnnshlp In IIINIIIIICCN 

less tlinn twenty limes Ihe largo et dimension nl »mine nr receiver.    However, such  n rule »hould iml l,e 

used blindly,   It mull lie realised Ihnt ihe number Chot leptmil» entirely on the ilegr I precision ile»lred, 

Ullil lllill Ihe ehi'lcc nl u  lacier of twenty  reprcsenls n |irecls|nn nl Ihe nriler nl ll  lew perccnl. 

Still another mtthod, which i nil lie used must ensllv with ll coll I iniilnr (see Section H.H.Ii),  |M lo nlitnln 

vnrl.'lllnns In Inclilent  radiant power :il Ihe  nnllmiielei   aperture liy liter It 111,: precision screens or i-1 . i v  lllters 

which cut mil  Irnetliins nl Ihe mlllionled Is'iun.    Ihe reiliicllmi inti lie iletermlneil iiccnrilti ly liy measure 

nients nl Ihe clear ll ni I npiii|iie areas nl Ihe screens ns limy ns illll riiel Inn effects are III'HI iKlblc.     This hns the 

dlaadventaee ilini, in effect, it modlflei the irei ol the radiometer nperture sinp through which radiation pus 

scs tO (he   In hi stnp.    Cofteequently,  ll shnuhl he used with MUtlon 111 rises where there  Is liny i|  illnn about 

variations In spntlnl rcsponslvlty across the radiometer nperture slop. This In true particularly when n field 

lens Is used In IlMgB tIllll npcrtiirc flop mi Ihe siiilme nl ;i iletectnr Which milv' hnvc variation» In responslvl 

ly over Its senslllve siiilme,    In such discs, In wever,  It  mil V be pnsslhle tn i otllle the screens mill Hike Ihe 

average output ns the reeponee ivhlch would be obtained in uniform Irradtanoe ol the entire aperture m the 

average viiiui', 

1,1,  DETECTOR IIMI'IUAIIIM 

I'nlorlunulclv, Ihe  l espnnsl vll V nl  liiiinv delcclnl  element» Is n function ol the I. lupe inline nl Ihe element. 

fhis iiiiiKis it hi^hiv important thni tins temperature be controlled or, n II nimmt be controlled, ihm it !•■■ 

ineiisiii eil mid recorded,    Ihe effect! ol detector temperature nml the effect I veneei nl the prnvl.li.ns lor con 

tiiillini'  II  shniilil lie 0 hooked ns i tit at ni nnv complete Calibration.    II the lemperiltlire Is uncontrolled,  then 

calibration ineiisiii iinenis shnuhl in- carried mil ni enough different detector u mperaturei to ihm n record 

ni the temperature m the nine ol ■ measurement »ill eetebllah the proper value ■■• Inatrumenl reeponalvlty 
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In In' und In evaluating Ilic Instrument output lot' lliul 111! ■ 11 M u 11 ■ n 11 ■ 111.    Whlli   «r do 'ml kiuiw whlll Ihr IIIITIH 

ill  I trm'irl lltlll r gradient   In D ilrli'i'tnl' i'lr tilt' lit   mil V I»',  It  MIIIIIIIII In'  liuli'il Hint  sin li ^nulll'lltM  mil V ''MM, 

particularly In tin« ao called bulk detoctori and timi thiN IUHV iiKiiiiifiinily affaot tha reaponatvtty, 

CALIBRATION <>r A CHOPPER RADIOMETER 

\iiii"ui'ii ii is "iirn i«\<• tiliiiKi'ii, um' iii ihi' main raaaona for •■ mi>l«>viiIK ' ohoppar in n radtomatrlo in 

strunii'iii IM in pal away from tha drift problama thut oan ba io troublaaoRM in <\ o Lnatrumenta,  Amplifier 

dealgn I» alao iiuiliiutcii by IIMKIIH'IIII; an i c rathar iliiin u i c output from tha ilctcetinu rlcmrnt,   (n c 

impll flan ira, in tana rat, ilmplor tu dealgn ihnn equally atable d e nmpllflcm.)  The« i-<« i«« i-r • m i« rmltntlon 

ni tin' 111 >« t ii i im 'in IM aatabllahod in tar ma ot tha radiation from tha chopper hladai,   Furthermore, in loma 

difficult iii'lii iltuatlona, choppcn can lia designed in provide background dlacrtmlnatlon. Thli may maka 

it poaalbla to obtain maaauramanta In iituutinnx «hi«rc n riiiliiimi'trr ihm raapondi to tin« total rmluiiit power 

Incldant within IN iii<l<i would Iw mora   -■ -:i% eatu rated i>v i titK'> laval ol background radlanooi  Reoauee o4 

tin' frequency ssitii «hii'ii chopper radlomatara an amployad »mi tin« larga numbar ol variant! unuum tlwnti 

it aaama daatrabla to icoord lham apactal iraatmant in iiiix aaparata Motion, 

riii'ii II ii' two Important waya m which tha uae nl ■ choppar in u rad'omatar can affacl tha calibration 

(mi' is tiir affaot mi ihr rafaranca radiation or Mm point ol tha output loala« Tha other >■■ ihrnuKh wimt wa 

hava larmad wavaform problama. Thli rafara to tin« wayi in whloh ihr waveform ol th«« mitput NIKHHI <>I th<« 

datoctor alamant and, ulttmataly, tha limit output may dapand on lha Intaractton batwaan tha ohoppar oonflg 

uratlon and tha si/r, orientation, and poaltlon ol the imaga ol the aouroa In the field atop i>t the rniliom««ti«t'. 

in nun, tha ihapa oi tiir rtaultlitg algnal wavaform run iiitiTt ihr reepoMlvtty, 

i.i    CHOPPER AS SOURCE Of REFERENCE RADIATION (| ll.taotton 1.1.1) 

\n already siiui'ii, um' nl tiir principal raaaona for IINIII^ ■ choppar la lha Miiiiilitv which it run provtda 

iiv i" i.iiiiI'.inni', i'lr rafaranca radiation laval,  AI abort wavalangtha, through lha UV and vtalbla out to about 

mil' ml, run In tin« nriir ll{, llils In aCCORtpllahad nitlii'i  riislly merely I"' niiikln«,', MIIV Hint Ihr chopper nur 

imr is uniformly coatad with n Mink lurfaoa,   Evan through the l««iul suliiiii« ri'ulnn, out in nboul I c, tin« 

tamparatura ol tha ohoppar usuniiv IN not n orttloal factor bacauaa m ambtont tamparaturaa thara > ■ imii 

radiation In llusi- »hoi'tci wiivi'li'tiKthii from u lilmk of r.i ;i\ IMKIV.   Ilimevci , In tin« 0M0 nl OOtaotOri which 

raaponil in longer wiwi'li'tigth-«, ihr iiiiitH ui viiiiiitimiH in chopper tamparatura and emiiaivity iieconn« u 

HCIIIIUS ( nnnlili riitlon,   Kmlaalvlty affaota inn ba inlnlmUcil liy IINIIIH II highly rcflcrtliiK chopper liliulc, li.it 

than II is Important to control IN Incldant radiation raflaotad from lha lurroundlnga to tha datactor i>v lha 
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pol lined chopper,  This Is dona in many radiometers by n imr. n »mull reference i >i .■ • 1.1 >■ >■ i v in u poittlon 

where, by specular reflection from the chopper mirror, radiation From thli reference lource completely 

replace! thi external radiation beam whan Hie latter is blockt d by the chopper,   TIIIN mil only pro\ I<I,    , 

■table lourci ol reference radiation, inn alao an sdjustsblo one when appropriate temperature control! HIT 

provided for lettlnii the reference blsckhody tomperatura al different value»,   As deiined in Section 2.3.7, 

the re ferenci radiation value »ill noi neceaaarll   agree s nil the actual radiance of ihiN feiere nee black 

body,   in icrepanclt ■ may he due to differences In the NutI<I angle ihrounh which this rcterenee source irra 

IMII  i ihi' tletoctnl element ai compared in the lolld  i ■ ■ i *. I •   lur external rndlnllon    ' it her dlNcrepancle! may 

HI Iglnato in the number ol reflection! In the optical pathi traviried by the reference radiation and that from 

external lourcei, or In poaalhte partial potarlaatlon ol the radiation,   it is important, u» part <>i the calibra 

linn 1,1   .in li ,in instrument, In mOBIUre end lltabltlh Hie reference radiation level, as well im the respoml- 

vlty, by me am ol external calibration aouroea, 

1.1.1     LOCATION Of CHOPPER,   ll la dealrable that the chopper citiibllRh the reference level with 

reaped to the beam ol radiation from the lource, unoontemlnsted ai far as poeilbla by background radla- 

tinn    rhui Hu' Ideal location for ■ ■ hopper is Immediately In front ni the emitting source ami behind a 

baffle plate,   Phis doflnei the beam from the aouroa ti the radiometer as described at the end ol section 

II,X, I above,    It i    not nlwuys feaalbll to place It there, however, for obvious reasons,    for convenience It 

Is usually detlred that the choppei be Incorporated as a part ol the radiometer, particularly II the liwtru 

in, ni ii to be portable and to be used under varying clrcumatanoei to measure a wiricty of murcoi. 

When Hie chopper  is part nl Hie instrument, the foregoing consideration! make the preferred location 

lor it |uit In front ol one nl the itope, either the aperture stop or the iiehi stop, with this arrangement, 

radiation reachoi the ilotoctot alternately from the external beam and from the chopper through the slop. 

Radiation rcachlnii the detct tor from the surrounding! outaldi ol the stop openlni. Including that from the 

material which define! the stop, Is nut modulated by the chopper,   Any filter!, particularly ll they mir.ht 

radiate significantly (»cause ol their own temperaturoa, should also be placed between Uta ohoppei and the 

ill lector where any such sell raillallon will not lie < hopped 01 modulated, The location In trout ol the iiper 

lure stop is seldom useil. The field stop IN usually much smaller than the aperture «top so that a smaller 

< hopper »ill suffice si the iiehi stop location. 

I «fortunately, there are still other considerations, some ol them conflicting, which also have a liearlnu 

on the chopper location,    A llebl stop must he positioned accurately In the IMMIT plane ol tin   collecting op 

lies ll the llebl ol view IN to he sharply defined,    I low- ver. when a chopper IN liclng IIHCII lor li.nl | ml 

■upprcaalon, It Is important that It loo lie located In the Image plane, us will oe IIINCIIHNCII In Section 4,3, 

This can be accompllsheil by using adillllonal optics to relmnge I he Image plani' in a secouil Image plane. 

The in ill slop IN located In one anil the chopper In Hie Other,    this arrangement   nin    to the Stag anil com 
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plc\ltv "I t In* limtrtimcnl mill llu' optical IIIHNCN lire IIICI'CII.NCII hy I In ■ additional optical elcineiit(n), 10 It In 

no) frequently employed, On UM other handi n li li datlrad to meejura only the radiant powar fron i tar 

fati regardleea of Iti ilta, ihasai and looation In tin flaldi and to meaoura it withm .<■. wide iimitN »N 

poeelble (whloh oan only be dona with minimum background aupproaatnn), the chopper definitely ahould no) 

I«' olOM In tlir llflil Mliip mill, lili'iillv, M lie mill lie I tint In front ol MO ii| n • it > i li • ItOp.    TIMM enimldcriilloiiN 

irt reviewed iii'iT baoauaa ol thalr bearing on oalibratlon tneaauromonta,   li IN Importanl in ninkinK oall 

bration maaauramanta to know and evaluate nil ol tha paramatan whioh may affect roaponaivltyi 

4.1,   WAVEFORM PllOtUC Ml 

Wlii'iii'vi'i' ii ohoppar ll located In, orcloaa I", the Imnue plane nl n rndlnmcter, for thi' ri'iiHiiiiN ulvcn 

in ihr prt't't'iiinu »I'i'tiim, tha waveform ol tha modulatad output ol tha datoi tton t'lrmrni la'comea » function 

ul Ihr laruct Imiiui*,    I'lii' waveform IN iillectcd liv tin' IIIIIIKC H\/V, nlmpi', orientation, mill locution In tlir 

iii'iii itop.  HUM ihr HI' paramatara, in turn, affect tha 11 mil output, und hence thr re»pon»ivity, dependa gnuit 

lv mi tlir aubaequenl lignol proceeeing by the nmpllficrn »ml the prcaentution device,  Such HIIHK" M UM 

froejuenoy luindwiiiiha and tha typo ol demodulation uaad, puriiculurlv phiiac acnaitivc demodulation, nwiv 

make u great deal nl illfferenca In tha WIIV In «Im ii rcaponalvlty varlca with (heue ptirumetera nl tin' target 

image,  wiiilr it in poaalbto to pradlol thaaa effaota by lufflolantly thor<uuh nnnlyaia, the IH'NI euurae IN tu 

verify tham by tpproprlata calibration meanui ai tente,   rhil oaa bo dona with i known aouroa for whioh 

thaaa different paramatara oan be varied Independently In ■ controlled nanner,   Probably tin' uae nl u ooi 

limatori » doaortbad In lection 2.1.6, la the moot praotictl approach.  The parameter« nl the amirce image 

can IN' Controlled l>v varying ll"' lite, ahaajOi tnd iirlenlutlnn nl nn aperture Inenteil lit the loom ill Hie nil 

iiniiitur.  The location "i tha aouroa Inaaja If the ianaga plaaa of Ike radiometer IN ihifted by rotation of tha 

I'nliinwitiii' about ill itrr ol the radiometer aperture deacrlbed In leciii r. ' 4,it (ace Figure H). 

CALIBRATION 01 IPECTRORADIOMKTERI 

Wi' oonalder ipeotroradlometera to be Rtoae tnatrumenta which inn be uacil in niiinin mi aimnlute menu 

meinen! nl tlir apeclral viirliitlnn nl n mmirr raillnnict lit  i|iinntltv,   Thene Inatrumcnt* run uae prlaaU, 'III 

11 actlun HI IIIIIIKN, mill mmty other optli'tll eletnenlii In produce N|IC  Ira.   In n nenne, niillnnii'tiTN which rapid 

lv Nei|iii'ini' throtiKh n net nl narrow litter* «Ian enn !«• called a|H'ctroraillonietera.   Since the prevloua IIIN 

ouaaioa la directly applioable in auok laatrumont», ihcv will not i*> trented in IIHN aectton beyond the men 

tlon on one precaution to the render,   Often Ihr litter aeoucnclng IN liccompllahed 1.v WO rotation nl n wheel 

containing the flltera.  if the apeed ol rotation IN auffietentlv great, the dwell time for any otto filter can 

approach lie rcapnnne lime nl the iinflltnrod radlnnieter,   In NIICII IIINCN, the reaponae lime NIIUIIIII In   deter 

in 
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mined um Irr ilynnmlr nithri' Ihnn ItftttO rmiillllniiN. 

The H|><■ 111 :il HWMUrini Irisiinmi'ulH have one property In common,   Tilt1 vnrlnuH wiiv*-1 ■■ ii|^t(IM prritcnt 

In Ihr lOUrOO i inll.'illmi mi' iprtld or disported in apticr.    I'I'IHIIIM iimkr imc nl Ihr vn rlnllnn In Inilex nl re 

frni'tlon with Wavelength In IVUMI Ihr rmlllltl >n Npcrtnil rnntrnt.    IMIIrnrllrn urnllnuN run illnperHe a piirnl 

Irl linnilli' nl ray« Intel »eU "I minim <'iirri'M|iiinillnn In Ihr iiHNnclatecl order nunilH'i'N,    Kir mir I zoi>«> platen 

run dlepOroe WtVOlengthl tlonf their apttC USI,   The frln|{< ■• nhtolneil «Uli tnt• • ft<■ ti>rm-t€• i-M will lie Infilled 

in different portion! ni ipeoe icoordlng to DM weveleitfthe present in the rodlttlon floldi 

II the iilmolute magnitude nl Uli' mil I,'I I Ion nl Ihr illspeiNril wave Irnittlli IN meiwuretl, tht'll a Npectrn 

rnitlnnirtilr detci inlnutlnii lin.x hern niiidr,   Tin■ rallliratlnn nl muh InMriinirnts IIIIIHI cnrnmpiiHH the <  .tnI. 

Ilihment nl lintli u wavelength anile »nil n nidlnmetrlr NCHIP,   In many cneea theiir NIIIICN arc not Indepcnd 

cnl, .in Hint Ihi' I'lilllii'iitlnn InvolVOi rniiNldrralily inui'i' th.m !■• i.ili'n ■ 111Mi■ tlir rllcilH nl im vine, euch pnnitii 

I'tlT  Separately, 

Thi' n I 1'ir rmnplrlr  Ininllliu llv iwlll (ll<' rhnriii'terlntlrs mill nprrntlmi nl Ihr  in .t nimmt  IN i'Vl'11 

greater fnr dlnprritlng ipOOtroradlonMtOri than tor the li'NN miplilstlriited typen nl I'liillninrti'i'N IIINCIINNIMI 

pi I'VICIIINIV Ihr need IN greater INTIIIINI' nl tht'll' nihli'il complexity It nil Ihi Inricimcil opportunity lor untlil 

r.niii  nnil error.    It IN nut feanllile In Include here it I'liinplrti' IIINCIINNIIIII n( nil nl Ihr  «ulitlrtlrn nl illNprr.Nltig 

InNti'iinirnlN.    Ihr render IN urged In mtiHiill, .mil Mt in I y th i|',hl v . good Nlnniliiril IrxlN mi thin Niililrrt, 

Ninh Hi Reference*  11! nnil  III, UN well IIN Ihr irtiotei nnil I I.-. ItNtril In Ihr lillillogi npliv Ujd mi p.   10] nl 

Itrlrrrnrr N,    All thill »ill DO Included heir Will I«' rnnunrnlN IIIKIIII Niimr nl Ihr  IIIIINI  Impnl'lllnl  Irlllul'i'N 

irbictl .'illrrl Ihr Calibration n| thOBO iMtTOIMRtl !<>r i|Uiintltntlvr spcrtrnriidlomc Irlr niriiNin'rinrnlN. 

Wi' hnvr tlreedy ItttOdi end cmpha»Uod IIN n general principle, ii:.ii rnlllii'iillnn mmiNiirrnirntN NIHIIIIII 

iir made under olroumotencei which peproduce, n* enmplrtrlv HH pcmxiiile, nil nl ihr condition« which will 

lipply during Ihr  niriiNin'rinrnlN IIIINIMI ml Hume riilllil nlluim,    In rnnnrrlli n Willi  Ihr IINI' nl   h .|" i Nlng I nut I'll 

inrnlN. ihr. Nlnlrinrnl nrrilN rvrn ilrnnger   rrcmpliiiNlN.    Ihr poOOtbtc Interaction», I'Nprrlnllv II nun  llnenrl 

iii'i rMiii, in'twi'1'ii ihr viii'inui component! ol mi ictueJ monochrome tor or ipectrnmetrr, run iir extremely 

|M<rplexlng,    Wltlinnt vr illlrnlliin hOOOd nn rxtriiNlvr rxpi rlrnrr with Ihr pnrtlriiliir IIINI rilinrnt, tin lillrmpl 

NIHIIIIII IN' niinlr In rmnpiitr Ihr  I'I'NIIIIN nlilnlnril with mir riiinlilnilllmi nl variablen (NIIIII IIN nlll width», NCIIII 

■peede, end gnln tOttlnft) from rallliratlnn meamircmcnt« made with I dll.rirnt nnnlnniillmi nl IhrNr piniinir 

tri'N.    A  Ni'piii'iitr rnlllii'iillnn NIHIIIIII lie  inililr wllh rnrh ronililnntlnn Ihlll will DO UNril  In llrlulll  IllrllNiilrlllrnli. 

With IhlN i nnllmi nlmiii rnmlilnrd nrl effOOU nnil Inlrrm llmiN, WO will pmr ! In iniinlilrr Inillvlilnnllv Ihr 

Irnlni'i'N mul Ihclr rllrrlN fnr several  mil ininenlN. 
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•\ i<:■ rii(-illiti'lv common form "i ■pvctroradtomator li ont which UNI'H primm, und or KI'IHIHK* **"II '"> 

•ntrenot »in mill DIM o* mort txll ilttai   Phli typo "i Inotrumonl in trtatod In lomt 'ii i ni in the following 

notlOBi   In vii'w ni ihr troinciuloim vrimitility ni iiiiriiiTiinii'ii'i'H, II inii'i dlacuioton on i ft* parttnonl 

inii'iii'iniiii'ii'i- chiractorlitloi Ii itvon In footlon t>3. 

5,1,    I'HIUM AM) ORATING INSTUI'MINTS 

Tin' Mitntlal compononti ol iny prltm or KiiitiiiH iportminiliiimrirr HIT ihr »imu' UN Hume nf uny 

niiliiiiiii'irr, with ii«1 addition ol UM Following (MM Flguif ill 

(II)     An rlitninrr —»lit. uhlili umiiillv Urin II» Ihr tlrhl s(u|i ul Ihr OoUtOting ODttOt 

(I'l     A OOlltRMtOfi  »hu Ii  ID.'IV I"' (I ItM Or   '  mirrari  mill Ihr rnll'lliu'r   .III ill  Itn locil» 

(c)   A diaporaing •Itmtnti •ithtf ■ prism or » grating, which iproada ihr bum inun ihr <<>i11■■ mt<>r into 

I dttptrilon "I parallel IH'UIDH, null wiivi'lciutl) lonllniilnu In n riillliniitril IM'IIIII nl II    hi'.InU illffrr 

mi ingle ihiin ill.II ii'i'iiirii iiv ''tin'r wavolongtha 

(ill     ,\  |,„.iMMlni' rlri'ii'i'i    which produOfl M ImiiKr n| Ihr rnliiinrr   .lit  limn Ihr pil nil Irl liriiin ill riich 

UIIVrlrilKth "ii llllll  llli".r  Imtgtl lll'r   ll»|lr I'MIMI lllirill'lv I" l< >■'III Ihr  III 111 i 11II I' N|)l'('t I'llln 

(r|    I Mir in- 11 II > ri • r\ll "»llli In srli'i I Ihr radiation In ti IIV ilmlri'il region nl Ihr N|irrl nun und nllnw It to 

pggl nil I" Ihr 'Irtrrliii' 

lltlrflv, Ihr foregoing 0M I«' lUmnurlMd by Wyl iy. Hull n  -|>i rlinnulliiiiii'trr IN n niillnnirlri' with II miiim 

riii iiiniiiiii' InwrpoMd bttwttn (he oolltotlng optlci mui ihr dttaotor. 

Minn II   III | Uli.Ill II 

I, - ('nllnctliig optIIH S„ - Kxlt nllt nf nioniichi'iiniiitoi' 
Si   - Kntriini'i' ."«III nl m>>in>< Iiruiiint• >i' iirtlnn lllmi IIM the lli'lil Hliip      I) - Dclwtni' I'lrinrnl 
(' - t'lillliiwilliiK iiplli'i H - Ampllili'l' mill rlri I innlr rliTiiltH 
A - Diaper »lug nli'mi'iit (prlam or r.i IIIIIIK) H - Urrnrilrr tnr output iH'cHcntiitlnn 
f    Ktfbouiitng optloa 

nOUM II     A SIMI't.l'i PORMOFIPKCTHortADIOMKTKR 
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In many so culled Mil colllmatlng spoctrometerH »nil iniinnciirnnmtiirBi i single optical element KITVPN 

both inr I'liiiiniiiiing Hi"' beam from the entrance slit tnd for refocuaslng the dlapereod beam onto the plant ol 

iin' axil illti  Ona oi the moal fretniontly uead configuration« <>i sell cnlliinatitiu insirinncnis is the i.i'tro* 

tvi'i'.  in ihti instrument {i plana mirror la pimitinneii N« II in raturn tha dlaparaad beam bat u to tha prlam 

nr grating for i leeond dlaporalon baforo it returna in tha tall ooll I mating mirror or lana and tha axil illti 

in tin' 10 called limit)    nu la monochromatore, tha foouaad beam la sent back through i'H■ entire *yn 

tern .1 second time for itlll higher dispersion,  n tha doublt paaa Instrument !•• i Littrov, tvpe, tha baam 

it uctod unon four llmti liy tha prlam or uniting,   NW only Ii dlaparalon Incraaaad by theee repeated diaper 

iloni tun spectral rtanlutlon Si*l purity art alao Improved,  in n doublt monoohromator ftwo monochroma 

im i in it ritt i tha I'Mt -'iii "i ona forming the entrance sin ol the leeond) the repeated dlaparalon alao In 

provoi iiic ipectral reeolutlon and purity,  The emerging beam from tha axil   in ni n well ■ i • - -. > i •. ■ ■ • ■ ■ i ilnuiilc 

monochromator contains a ininimuni ni iriittrnii radiation ol wavelength! outaida the deal red peel band. 

In doublt piti inMi nimm ■>, howevet. tht iccond pain Ii made ovtr portions oi i)i<* lame path as the 

first,   ii i type it 11 dl itlngutshcd from tirit puss radiation, alao emerging from tha axil slit, only by the 

Insertion oi a chopper in p portion ol n»  tecoml pan beam that doaa not overlap tin' flret.   In ihr. mir  al 

though tin' modulated beam from tha second paaa may him- high i|»•«•iini purity, there can t>c a lairlv high 

level "i unehopped first I>K■«■< radiation "I unwento I wavelengths also Incident on the iicicctur.  The effect ni 

IM« flrst*paas radiation on the response ol the detector tlement to the chopped scoond-pess radiation "i 

tiic dealred wavelengths should be carefully tested m such casesi  This la particularly important im' RMM 

urements in wavelength regions m whti h th i spectral reeponetvlty ol tin' detector sletneni inn lie wry in« 

ai compared to 11«• rosponslvlty to the unchopptd wavelengths from the first PUSH,   spectral nlier» unterteil 

it th itrsnce illl can be uaed to produce substantial changes In the level ol this unwanted, unmodulated 

radiation in order to oosorvo the effect, II any, mi the output,   Ideally, there simnM lie no effect, becauao 

the output should be a meaaure only ol tin- chopped radiation In the dealred wavelength band,  However, 

this needs to be verified for each detector element uaed over ih mplete ranne ol wavelengths for «inch 

it «ill i«' employed, 

ihc wavelength band In tin1 output ol a prism monochromator ia an unambiguous function ol the relative 

positions <>l the sills, the prlam, anil any optical eli incuts (such as a  I,Hirn«   mllTnr) IIMCII In    hill  Ihc illH 

pcrsi'ii spectrum across the exll sin    in a grating monochromator, howevari there can be overlapping nr 

ilers,   II i.h in.in ni nne wavelength diffracted m the flret ordei «ill leave the grating parallel to thai ol 

another wavelength In another order, snd the Images in the spectrum can overlap,  A fairly low dispersion 

inrcpri .in monochromator, or lultaMo filtere, can lie uaed In from ol the entrance sin ■ <> remove wave 

lengths ni ih, undcslrod orders ami in eliminate the smhigultlcs. 

I;I 
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Mir wavelength HHNI^IHMI in in output from i disporting instrument I« defined an the waveieimth oi the 

ray from DM center "i the entrance iltl to Ihe center of UM axil iltt.  In i ipeotnlly loanniag instrument 

tHIH wavelength ii changod by ohanging tin poeltton of any of the oompononta which determini' ihi' relation 

.im. between tin mil MI11 and the ipootrum foouaeod in the piano of UM exit illt. Thi« can i». done manually 

for II petM  by point scan, Of mechanically for a OOntinUOUl lean.   In all rimex, this wavelength i>l Iht' ray 

butween ihr lit) contort win bo colled the Inatantaneout wavelength » ni"u of the Inatrumont, 

There aro alao InatrumenU with multiple anil *iits with a separate detector associated with euch   in 

Here, inn, wo will rotor i" ii«1 wavelength of the control ray at each tall »lit, an described ahove, a» the 

wavotongth aotting for thai »in dotootor oombinatton and htnot the wavelangth aaaociatod with that output 

The problem of (totorminlng the ipectral paaabandi apootral reaolutlon, or ipootral siitwidth ai each wave 

length lotting will be dlaouaied under the hcndlnu ol silts ami slit effootl. 

The wavelength calibration (i.e., the eatabllahmenl ni the scale ni wavelength SCHIIIU* or the wave- 

length! .11 bo laeoclated with each output). Ii usually covered adequately in the Inatructiono furniohod with 

any commercially avallalile instrument, IIH well an In the ittnndnrd lexis mi BpOOtroacopy.   Accnnllnnlv, II 

ulll not DO diaOUOOOd here In any detnll.    K»»entlllllv, It consist» ol olmervlllK the output UN a Inaction ol the 

wavetenifth seltln« when the entrance sill Is Irradiated by source» with well known, sharply varying »peclra. 

Them« miiv Include sources which emit sharp spectral lines, such as ihe familiar mercury gfOOB line anil 

the yellow sodium I) line» In the vlnlli'e, as well as continuous sources cnniMneil with filter materials such 

as polvethelene, poly»lyrene or various nases |l l|. 

Our concern here will he to illscusi« more thoroughly the raillnmelrlc calibration hy which value» are 

assigned to ihe amplitude of the output aaaociatod with each wavelength aotting.  We will dlacuaa, particular 

lv the way* in which this radiometrii calibration is affei ted bj the foaturoa peculiar to di«pcr»init m»tru 

ments.   In addition, all ol ihe considerations already treated In connection with less sophisticated radlomel 

lie Instruments,  such as the properlles of Ihe Collecting optics, tillers, choppers, detector elements, am 

pi I fieri i and output presentation devices, apply equally well tu those componcnls when used In a speclru 

radloin "tcr. 

The Instrument lesponslvlty can lie determined at one wavelength (actually over n narrow  wavelength 

renlonl l>y the use of a »ullli lently narrow speclral line lOUrCO for which Ihe ahsululc Mpeclroradloinetrle 

values are known.   Such souiees are especially usclul In shorter wavelength rOgiona In which the radlullon 

from a lilarkhcxly In very open not ol sulllclenl  magnitude (over Ihe Wavelength Interval corn epOMÜng |0 Ihe 

sped i id ..In width) to Insure a lui',1. signal   In  noise rallo.    Ihe source   receiver configuration! ill it ensued 

In Section 2,'.\ are appropriate lor responslvlly determlnnllons lor prism and r.i atliiK inslrumenls, although 

quite often the Nource U placed tO llluiulnate unllormly a slop which comes alter Ihe cat ill. ice aperture slop. 

II 
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The iptctrtl II'M|M)IIMIVIIV ol ü s|>i>fii<>rii<ili>iii«'t<'i1 IMINI lir ■ppi'lflcil Imlli us n function ol the iptotrtJ 

»lit width iinil ill Ihr liiNl.'iiilMiii'iiiiN WlVtlengttl Mttlng.   'I'lii' llt'Nt wiivcli ngth dc|icndeiii'v IH II Ntiitlr tunetlon, 

Whtlt tM Meow) ll :i dvniniilr DM M)V>lnped l>V Ihr wnvclciiKlh «cunning.    Il .should I»' niilcil id.it ihi'Nc HIT 

imt Independent quantttlei,   Thf iptotril ■•in function <nn IH' MMiMrnldy ditlcrcnt nt different wiividctiKtli 

letting".   Thin «ul>|ect IN iidc«|uiitcly I rented In the llteriiturr reference«! In'fore, Inn 11 lirlel review will I«' 

uieful. 

Ihr tptotral till width, ±\ , ill U iMtMUlMOUl wavelength Netting, A|, for «lit width* Miilflelently Ilil'Ki' 

ili.ii dlllrnction effect! lire ncgl i >■. 11 >l «■ (till« IN moat ullcn the CIINC lur limtrunienlH lined In Held iiieiiNiireinenlN 

nl lourcei) IN Indicated In r'linire II! lor e«|iuil entrance mid exit   •In., mill lur llneiir dlaperalon, 

KKil'HK  12.   THIAMIIT.AH SI'KCTHAI. SI.IT WIDTH 

Thin», ^A    IN the hull InleiiNlty lireiidth, »nil the truimmlttance, ?   (A I, I» repreaented by 

-T-      f«>r '*•!-*, 
A   - AA    | A < A    •   AA 
IN I | (•II) 

r  (A) - I) for nil nther value« of A 
a 

If the M!It« me nl une(|iiiil width, then under our Idrull/lng iiaaiimptlnna, the N| trill hiindwldlh IN IIN 

ahnwn In Figure  III.    Now the Inatrinnentnl hull  Intenalty hrendth, AA   , la given liy AA   , the spectra! wilt width 

41 



IiHtitiite   ol   Science   and   Technology The   Uni vanity   of   Michigan 

corrotpondtng to tht wtdor lilt.  Thui wt lutvt 

;   ft)      r A • ,i (35) 
S II 

A A 

I     (A| " In'  A     •   A •   (A   I    AA   | 
\* II II n 

M 

;     (A)        I   (M (A    '    AA   I    •    A •   ft        AA   ) 
s ii n li n 

\     A 

r     ft)  - -^      for (A,       AA   I •   A  •   A 
N AA li n li 

n 

•   ft)    H tor A •> 
ii 

Tin' iptetril powtr rttpontlvlty ol tht (letactor, normallatd to tht prnk »I it» rrspun»»', inn !»■ UHIMI to 

obtain tin- output by UM following relation 
'.I, 

VIA , \\   I        l<    (A    I    /        I-  (A) T   (A) „(Al'IA (M) 
I » II    III     ./ A N 

li 

whara VO . AV i 1» DM tnactroradlnmctar ounnit .11 *avvlvnatli .«tti..„ A  sod with < ipeetral Inatrunwnf 
t      i i 

uhlth AA » 
it   iA    i   it HM  ipactral power roaponalv tv ni n»- datertnr, imrniuli/ril in ihr prul. mine nt A 
li   in in 

p (Ai    ii UM iptetril iiiiiiiini powtr tl tht tttrtnet ••in. tii i» aotumrii ihm iin> collect inn >ptic» 

liiiM' IMI'II Ctrefully  mttCtltd to tht OptlCH nt III«'  inn'inehl'olillltor in Hull Ihr liperlure  »top 

<ii UM i .ii, I tor itrvti II» tl»' aptrturt atop ol tht combtntd lyntcni »mi there in no miime 

IIIIIMII vignetting. ■'.ii. by my of tht opttctl << mpontntt <>i tht monoohronuttor.) 

»(A|     IN II function tnoomptlltltg tht rtltttVt lOtCtrtl  rioiponitlvlty ul the detector ami nil other 

■ptot rally dapandtnt quantttiei auch at ihr i ■• n<> inm <• um I iiimnrpuinre nf the mirror «ur 

toot11 prltmti rir. 

r   (A)   I» tht nliMill/i'il iiiri inil I ni n» in It I« Her. 
N 

II ui' were In write hqnntlnn lid In IIIIIIH of tht BpOCtnl powtr rttpon»lvlty ol the Inatrimicnt, then (he i|iiiin 

i iii.       i>. i    r   (A) inul   It, (A    ) unulil iippi'iir liiinni'il together In I tit- iiiiiinllly It.    (A), 
* I)   in r 

In thn rini' ol nur row »lit» the tptCtltl triinninllliini r niiiv Hike nn the »Impc of n lyjilrnl Mnglc »III 

illlli in lion puliern.   In Ihl» rime, 

ß 

■in 
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tthrl'i'       ,1 
:t|l  Mill  U 

II slit vhllli 

0 -   ■ 111'i<  hum the i i.ii i-iiv (aeeumlng thai Mir un^l   ol Incidence liO ) 

The UM "i Equation S7 In Sii le then neceaenrvi 

Spectral sin Width 
Correaoondlng to 
tiir Narrower sin 

Spectral sin Width ol VH Ider sin 

,i      i 

ii      i 

II w 

A>        A 

IK.IUI; 13,   I K.M'K/iiiDAl. SPECTRAL Ml.il wiiM'll     I'NEffl'AL sills 

ihr determination "t directional reaponae lor n»' eptfctrorsdlonteter lliuatrated In Figure II Ii eocne 

what more complicated than for the liaaic radiometer illicui ted In Section 3,1.1,   rhe entrance   in ol the 

monochi niiiiiiiii in IIH i 111 • i iii mill also eervci aa the field Hop ol the collecting optical  In the nminl orten 

im um. with i in1 ''in < vertical, the entrance *<iii a iiiih eetahliehc • the extent oi the field in lalimrth and taa 

entrance sin height detcrminei iii eaten) In elevation.   Mapping the iirlil ol \w\\ with i iluiiini  .m.iii lourct 

■i outlined In Section 3, i.- »ill reveal wavelength ae a/ell aa apatial vartatione, 

lit ui cone Ider the iltuatlon where the Image of i diatanl imall lource la much tmaller iium the »Mill 

M| the entrance alii and i.iii ■ entirely »Minn the apace i>ri«irn ihr «in IHWM,  in ihiN xiimitinii ihr miurrr 

IIIIHKI' ecta im ,i narrower entrance ^in (aa In ihr ao rnllnl NIIIII'MH apectrographa uaed for Htiir apeotra), 

17 
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Till' l.ii t ÜUII  II  I« milT'iuri   »ill  in.I  change Ilic overall  Spectral  wilt Width "I 111« • Insli'iinii'iil, II l0fl| M I !<•■ 

■nil sin it :it leaal ■■ «ilic .1. tin' entrance illl lo begin with (aee Figure 13),   However, any ohanga in tin 

>11>11.-<<111:< 1 poaltloii ol Hu' 'in.ill Image ;n in.   IIH' width ol It» entranoa   in raaults in ■ changa in the wa\a 

length <>i ii»' rnv I i'i ■ in tin' renter HI Hiis i mil r.'' • or reduced entrance lilt, to tht center ol the oxll sin (i.e. 

i change In Ilii' I n M t: i n 1. 1111 ■. MI-, wavelength -»'Hint'. y  )■     I'i''  i • ■. 11111 n i. nnii'i tnlnl v thill Introduced In Ihr «mi 

Itngth acale Ii obviously It than lha spoctral till width ol the ant ranoa illti  If thta degree of uncertainty 

cannot l>c tolerated, the cor reel wavelength lotting i an lie computed Irom i borcalghl camera record or other 

determination ol the exact poaltl i the dlatanl »mall lourca In the in M | IB|.  Similar wavelength aoala 

change! together wiih tome degradation ol ipectral reaolutlon can be expected whan the lourcs is moved In 

elevation ofl lha optic axla,   Phe analyela ol these changes la complicated and differs considerably for 'in 

iiii'nt dispersing elements, such at unninus and prisms,   Actual exploration ol the in M as outlined In lac 

iinn :i. |,3 is ii«' only sure way lo determine the variation ol reaponaivlty « nli direction, and the wavelength 

HIIIH W ith axlmuth and elevation rhnngea musl lie taken Into sccuunl in ordt r lo Interpret correctly the re 

suits ni such s mapping, 

In lim treatment ol the temporal variation ol reaponaivlty ((action 3.8) u caution uns preaented in regard 

in tpatlally scanning radlometei s,   I his uae ol i sdlometer < an limit lha spatial reaolutlon ol lha Inatrumanl 

it ihr bounds nt tin' radlometei frequency response are exceeded,   In apectroradlomoters the same caution 

applies in regard in spectral icannlng,   Jual as the effective Hihi ol view ol » scanning radiometer < an IN 

iletermtned lij the ralatlonahlp lierween the spatial scan speed and the frequency reaponae, so the ipectral 

reaolutlon ol s spectroratllometei can lie affected i>v the speed ol Its wavelength scanning acting with its 

i requency reaponae, 

i im problem ol determining the spectral dlatrlbutlon ol the radiation Inctdanl al ii ntranca sin, P (A), 

from tho Instrument outputs V(A . .V I, and the Instrument pnrsmelcrs,   i<  (A   i.  i(A) and     Oi. '>v snhin« 
I s II     ln > 

ilii' Integral Equation 'Ml is s verj iiiin< nit     While various methods for dealing wiih such a convolution 

Integral can he suggested on purely inttthematlcal grounda, II appears thai they are Impractical for duiii 

reduction < imputations in must Instances liecausc ol their sensitiv It) lo the presence nl noiae (Which can be 

. a inii'ii as snot he i pcrturlmllon or dlatortlon ol     (Ai in tin- uni|ini \ i> . ,.\A  ii    rhf approximation nntln«! 
s I s 

thai is musl generally uaedi while n.,t entirely latlafactnry, enjoys the tremendous sdvsntags ol simplicity, 

My succeaslve applications nl the mean value theorem ol mi, c.i.ii calculus, ihr Integral Equation An 

above i .in i"' 11 .in .im ii II -■ i in 

V,VAV    V\n'lV'V,V./    '•*>*    VJVi»^, (38) 

where A   mul A   are wiivrli-nuihs. within ihr interval <A  , A, i ui »hirh I1 (A| .m,i M(,\) have their 
II II      11 A 

is 
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IMI'IIM  VIllllCN,   rcNpcctlvclv. 

In Hu' IIHUIII ireiitmcnt, one roplnci'M Iheae niciiii VHIIICN with lIK- VHIIICN ul the central wnvi-lcii^th. A ,   'I'lir 

CMICIIICSN nl tlilM 11ic>i<■<111r<■ depends ii|iiHI Ihr iiiniiiinl ul viirlnlInn In   l(   (A), s(A) mill I1   (A) within Ihr Inter 
II A 

Vlll   (A    ,  A    ).     II   thl'MC  vllllllllntlM  ll'llll  In Inn Hl'clll  errors,   Ihcn  Ihr  p| nlileln nl   lolvlll«  I :<|l III 11  Ml  III!   require!« 

II rcrxiiiiilnnllnii.   The IINI' nl II IBUllUr viiliir nl AA    (I.e., hir.ln i   resolution) or n different culIhrntliin NIIUICC 
I 

With I r   (M which IN innre   uniform In Ihr Inti'l'vill, milv iilluw Ihr UNe nl tin* method outlined nliove.    Nuti' 

llwil, In II'I'MIH ul ihr Instrument spectral power responslvltv, Kquntlon :IH run lie rewritten IIH: 

V(A     AA   ) •     H       (A ) l>   (A ) .\A (M) 
I M I' I A      I H 

1,1,  AMOLUTI VS. RKLATtVI CALIBRATION <>K IPBCTRORADIOMRTIRI 

It IN clear lluin Ihr fnr«'Kiilii(( (hill liny meilNtirement« (Im lulling calibration ineiiNurcmenlN) with Npeelrn 

riiilliiiiit'tt'i'H lire extremely illlllrnll, particularly In the field where nil nl the pertinent fnetnm HIT not CIIN 

llv controlled or Meounled for.   Kur this reason Invrntlnnlnix NometlmeN lli.il II eiimor to IIHI< II spectral 

Instrument lor the mciiNurcmonl ul only Ihr relative Npectriil illntrlliiltlon r(A), rather thiin un absolute 

me a mi re men! ul l\(M.   Thin establishes the shape ul the Npectriil curve.    The Ncnlr liietor to . ■ tnhll .1, the 

correct values o[ iirillnuti'x In absolute iinlln IN then nlitiilneil liy one or more Nepuriite measurement« with H 

Rlmpler rilillnnieter, which IN mure casllv ciillliniteil In iiliNulute unitn.    II thlN IN done correctly, It IN valid, 

However, It limy he very difficult In mnny CHNCN to limure (hut the two Instrument*, the Nperlrnriidliimctrr 

hum which the Nluipe nl the Npectriil curve IN CHIIIIIIlulled mill the nulliimeter lined In nlitnln IntcKI'Nted viil 

neu over H wider I mix I In iilmolute IIIIIIN, nre nctuiilly measui in« the NUIIIC IMMITII ul riidlntlon,    llcmune nl 

the frequent line nl the tnonochromiilor entnince NIII IIN the field Ntop In n srnnnlnn Npectrorndlometer, the 

NIIH|H- und nl/.e of ItN field (particularly with the curved   .hi of Nome prism Instruments) nuiy not correHpond 

;il ul I In thill of the nidloi'ietcr, mid the pnrtloiiN nl the Ninii'ce and hiickurnunil which He within the two field« 

nuiy IK' quite different.   AINU, the uverull Npectriil renponnlvlty nl the nulliimeter IIIIINI IN- known accurately 

In order to relate UN Integrated renpnnne correctly to the meiiNured curve of the relative Npectriil IIINIIIIIII 

II.in (Nee Section ,'l.:i.:i). 

r,.:\.   INTKHKKRdMKTKHS 

IllHh reNolullon NpeciruNcopy huN INTII curried nut In the pout liy extennlvc IINC nl Interferometer! | II 

thrnimh .111,   TheNn InNtrumentN either divide the amplitudes iinaoclnted with euch Incident WIIVO Irunt ur 

divide the wave front» theniNelveN.    They Include the Kiihry  Perot Interferometer, the l.ummer  (ieherke 

pllite, the MIchelNon Kchelon, um I the Michcinnn inieifci omciei.   With euch liiNtrumenl exrcpl the IIINI mill 

llple INUIIHN are IINIMI to ohtnln very nhnrp Interference frlnuoN and thilN !,lt-.l> remilutliili.    The liincllonN, t   (A), 

•III 
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till' | he If multlplr ln:ini  I nil in mi' til s »IT llllmllllril holoW. 

Knhry  feral inii'i ii'i niiii'ii'i 

■   ( M 

wlirtv 

n */4p 

I   '  M    sin" r|i 

4p 

(l     p? 

um! 

«here 

,       IM Hu    I rllri llllli i' nl  Ihr COltlngl 

II   is ihr order number 

\ i 
^\     •    .   — 

.•-I p 

i    ■ ipicrr ihlekneti 

I IIIIII1HT   I ..lull.,   plnti 

•  (\. 
(I     , Y ■  i, N sin  ' ( . \ \) 

. 
Il ll       •      ll        Hill        (        ' V) 

whore \  is tiir number ol emergent boami obtained for ■> given pi -• t• ■ irn^th and .<>>>■.i«■ of emergence 

i i i'lli i I.mi i' 

i'  ■ pith different • between two lucceiilvo bcama 

Mlchtlion I chelon 

whore                i   , I    .HI' factoi . im 11.,  i-1 tunhoffr pattern! obtained with rectingulur ..Lints (they nrr 

nl ihr im im, v   doocrlhei iiw Interference pattern duo to the N steps of the eoholon 

In l In   i ii si' .il Ihi   \ln In I si in Inti'ili'i iiiniti'i , iini'iil i nie ICH I l..i . sir 111 inn I li'inii the nt III/lit Inn nl I hi' I net 

thai ihi  .|i. 11 nil iiist i'1111 it 11 HI in tin' fringe potto ma la equivalent to the Fourier tranaform of UM epootninii 

si^inil procoailng technique t( many nl which have boon dovolopod In connection uith radar work during iiml 

■Inee World urn ll, axfal foi ■ Hi>i<I rtconetruction of tha apoctri from Interferognmii  Thoaa hava boon 

r»ported In the literature |18| and tome commercial Inotrumenti niinit theae technlquei are now avatlabia i IS 

1 in . 1 M 11111111<t< . .1, nt .in incldenl wave m u Muh. i .m Interferometer run bo oonetdorod in i> split equally 

min hm parti by Ihe benm •pllttot. M (neglecting ftclort luch n phaae   imt mi reflection! the need for com 

pentntlnn pinto« nnd other donartun i from the Itleal caae) us thown in Figure 11.   Here the divided tmpfl 

,n 
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luili'N ii   :' lite iiMHiK nilcil •.Mill Ilic two piitliH, MM    mill MM  I anil a', 1 Mi- limplltuili' nt the <• ilia»rj^fnt wuve, IN 

Hie result öl llir vector inlilllluti ol one lull I nl euch ill these amptlttlilcN,   Wi   assume M    to lie |H-I*|HMIII1('IIIIII 

in Mai   ihr tmorgMl intensity distribution is obtained by •'* «' where a'* i« iiif complex conjugate <>f a'. 

Tims ii»' traiumltUim for■ Mloholaon Interferometer for wtva front N which are parallel to M   awl M   IN: 

M heir 

T   [K) , ■   000   6/1 
I 

I M 

t   -  relative displacement ul M    tfun the zero pltliNc position, I.e., from MM    -   MM, 

In Ihe aliseni I multiple reflections the lulei'lerenre frtngOl ulitiilncil nri< quite liriuiil KM eiiinpiireil In thime 

frOR) I  Kilns   I'I'I'III  interle nuiieter.    However, hii.h  resolution run   .nil  I-   iilitillneil with long pilth illllcreiiceN 

ii the problem ol overlapping ordere can i« etilly iMved   n the niovahle minor i» O .< ->M.■!•-■ i in n sawtooth 

wuve to thnt the mirror move» ut n constant velocity for im appreciable portion ol a wave cycle, then the 

transmission ol the IntOrferonirtrr also varies Inr euch wavelength,    The output IrcqiicncIcK ol Much mi In- 

terleruiiieter  spectrometer are directly related to the wave numliers (the Inverse ol the wavelength) preNcnt 

in Ihe Incoming radiation.   Wavelength lilentlllciitlon r   not illlllcull In thlM mt'thi»! ol operation,   (in the other 

hit ii< I, Kulii'V-I'erol Intcrleriiinetcr» imeil with large spacers re(|iilre i urclul order sorting,    there exlNl 

I'.I aplin ill  means which can greatly slinpllly iMi • prolilem [21]• 

M. 
II - Amplltiiile ol Initial Incident  riulliillon at M 

- Amplitude of raillntlon In putliN MM. anil MM., 

a' Amplltiiile ol exit raillallon 

Mj, M. - Mirror» 

it - Beamsplitter 

noURI II.   IUCHEUON iNTi:itKi:n<iMi:i'i:it 

Although Intertet omclcrs can lie regn rileil   is spectrometers, Ihelr use n» speclroradlometers IN not 

particularly illreci.   A irmi all v accepteil practice IN (he IINC ><[ a liorcslghled raillometer llmllcil to a llxeil 

II 
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narrow »pectral II'KIDII within Ihr »canned ipcclral rniv.r ill the Interferometer »pcc'troniclcr In ntvi- n M'n- 

Ulr nlinolutr rndlmnetrlr value (»ee Itctiim r>.L*).   Thl» value (or »several »uch value») ran I«' imed lo make 

tbtolutr Ihr relative »pectin ohtullicit.   Ciillliriitl in nf mull InNlrumi'lit», thrrrforr, IIIM-H mil rail fof procr 

durci I iiiM I fill IV dlllrlrut  from (hour (lUtllnrcl '»'lore.     Thr prcruul InllN Htnlnl U'lorr ullrii lakr nil Kreidet 

I ln| ii. it a mi' lur lhr»e I IIM( I'll mi' ill M .    Trnipornl CtUMfll nl Ihr miuri'r I'lldllltlon III  lrrt|Urnrlt'M which rim run 

IIINI' tin   .111.11 \■■.! . ill Ihr Interferometer uiilpiilN mutt !»■ nvulilril It  I'liurlrr minly»!» method» ni'r employed. 

I. 

CALIBRATION SOt'WC'KS 

Any rnilliitlvr »nil I'd'» WIIONC riiillutliin rhiil'iiclrI'IHIIIN nrr known run I»1 IINIMI lor rnlllil'iitlon, Ihn», u 

heated ronlrnl iiivltv, II hi'iitiil niolrruliir y.;\-i, u thin film of polystyrene , 11 (iel»»tcr tulw ronlnlnliiK hrllnm 

lit ii low pre»»ure, im lion nrr nil ol the»r mny In' u»ed for riilllirntlon miurocK, Itiiillntlon, rlihrr emitted 

or Hlmoi'lH'il, with known »pert nil, »put I ill lint) trmporiil illHtrlliullonN, run I«' rln»»lflnlilr Into rontlmin, luiiul 

»nil llni' »pertrn, or mlxtnri'H nl the»e, IM»ru»»lon» ol riilllirntlon »ourrri« nrr to IK' Ion in I In Itclerenee» I, 

H, L|, III, I'l, N »nil 14 llii'Mir.h II.'. In view of thr exten»lve lltrnitiirr nn thlN »uli|ect, It will not I»' trrntril 

here. 

SI'MMAHY 

Thr ilrflnltlvr work on rilillomrtrle riilllirntlon IIIIN yrt to I«' written.    It IN thr opinion ol thr ituthor» 

Dial no pnpi> r «an treat thin »uli|ect completely wince rurh Inwtrumcnt require» n Nrpiirntr analyM».    In thr 

pri'rrillnK »ectlnn», *i> Imvr Iried In iltMCIIMM In u general way »cverul topic» which Imvr mil Iwen rovrrril 

iH'lorr In thr nilinni'r of our nppi'oueh,    Wr hiivr »trc»»ed tliimr Item* which hiivr lirrn »lighted or overlooked 

In the literature, ;it well it» thimi  which we conNliler mi Important it» to wiirrimt u relterntlon,   Still, thin 

report, or nny other document, run never lie u »ulmtitute for n thorough Itu'ly of the literature In thin field. 

We run lenrn through 11 review of the procedure» u»ed hy our mnny fellow vnrke.« In riullometrlc re»eitrrh. 

For thin ren»on, we hnv lidded n lillillography of nrtlcle» wr hnvr found tu IM- IIMI'IIII.   A »etirch through them 

will lend one to mnny more paper» relatlnu to rsdlomctrle cnllbnt'    n, 

Ihr inoNl imrful »ummnry of thl» paper mny I»' prepared l»-»t liy the reader.   Il »hnulil !«• In the form 

of a »ummnry check lint for thr riilllirntlon of hi» own Instrument.   It» preparation Involve» rarefully 11 

vlewliiK thl» report and rxamlnlng »urh i|iii'»tton» a» 

51 
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Do tin' I'liliiiiiitiiiii condition! roproduoti ti «1 ■ •.i%■ HN posalblsi nil <>i UM portlnonl condition! of tho 

mi'iiHUii'ini'iilM which will I»' Imm'il (in t III M riillliriitlon '' AIT I lie nxtlTiiii'S In Irvi'l of rililllitlon OOVtfd? 

MnVP (tpillllll, npi'1'trill llllil ti'lliponil lll'poillh .U'll'N Ix't'll ii'pimliliTil ilurlnf 'he t'llllliriitlnn'' Tu Ihr i'xtt'tit 

llinl llii'V IIMVC IWti HIT Hn' illlli'ii'iii TM llili'qilllti'ly rccoitnl/.t'il nnil tri'iiti'il In the IMUUWMRt, ihitu   ITIIIIC- 

tinn, nnil reporting procedural? 

Il.i\i   nil nl Hn' poMibti vniliillniiM In ÜM Imtlnmirnt function» nnil IIH'HIIHIN nl opi'i'iillnn IHTII riillliriitcil 

In l<<I'MIH, mil only of Ihrlr Inillvliluiil cffcctN, lull iiNo nl Ihr Inlrriii'lloiiN U'twri'ii funi'tloim nnil opcmtlona V 

A llnnl ri'itiiirk slnnilil In' nuiili'.   Not lonn »«n litlmrutory limlt'omcnl» wen- lit IIMIKI IINHI'IIIIIIIMI, II not 

niiiili', by ti"' lOlantlll dlltlned to UM tin-in In rtienrch.   Today commiMTlnl limtrnmi'nlM, coinplrti'ly pnck- 

.ii'.i'l nml piirtlnlly or wholly iiutonintt'il, HIT piirchmtcil for the l.u t;<- .1 IUIIIIIMT ol liiliorntory »nil fli-lil ittiiilli'N, 

I'iilortiiniiti'lvi l<>" in.iiiv In\I'HIlutitIII'H liiivi' iiri'i'pti'il thorn- limtrnnu'iit» HN lilni'k IIOXI'N wlio»c inti'i'lor» HIT 

known only through tlir miini.fiii'tiiiTi«' limtrui'tlon mummln,   WIIIII* wr hiivr no InnnltiK to ri'iurp to "Ihr KOIWI 

11I1I dtyi'   whrn optiOl WIMT nuiili', roiitt'il, monnti'il mnl iill^ni'il liy the MIIIMIIIHI hlmni'll, xtlll wi' ili-plnre thr 

ntliri i'\tiTinr.   It iloi'N not Ni'i'tn pimnllilr to mnkc iici'iirntc 11 ml prrilMi- nirimuriMiii'iitK of tin' iiullntlon from 

lOUrcr* with I'liilloini't i'lr InttruinrntH «hour piirt* 11 nil linii'tlonx ITIIIIIIII IIIINITM ami iintinirlicil, 

13 
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