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:-'Iedsming nI' radi<lllt ellergy hy (lplical non inlrusiv(' means is :m impurtant \llpic {JI lese:lrch in m;Ul)' dleas (I/" scicnce :Illd Il'l'lH1olugy.
I'rccisc c\':lIU:lli\lIl(Ir Iherlll:1lcllergy C1l1itlcdhy I1(Jtbodics Ic:lds tll :1hcller underslanding (J¡"lhe (.'11l'r~yinll'rcl1ange phCIH)ll1ellahet \\'l'cn lhe
hody amI ib SlllT(lUlldill~S.To this eml. :1widl' ...•pcc(rum optil'al rat1iolllctcr was dL'\clopcd. In thi,,,,:lI"liclc \\l' de"nihe lhe cnl1slrllcliol1 and
L'\:dU:llioll 01 lhi ..•ínstrumcn( and Ihe physical principIes ill\'ol\"l.'d in ih design and opcralion. Among p:l1cr ad\anl:lges. the linear re"'pol1sc
01 lhe in~lrumclll allo\\s cnsil)' a precise calihralion, Additional1y, \\'1.' gi\"e a pn11'L'durl'lo oht:llll n "IH1\\ n "'(Jurce 01"radialion (ital \\as uscd
In cdihrate thc raLliolllcter.

/":('I'lI'ords: Radi01l1ctcr: Ihermal r:ltlialioll

La llledida de la J'ildi~Ki\Í1lpor medios 6plicos no intrusivos cs UlI lúpico de invcslig:ll'ióll ill1portan~e ell muchas ;ireas de la ciencia y la
lel.:nología, La e\';i1u;ll'i¡'lIlprecisa de la cnergía térmica emitida por cucrpos ca!lente ..•CillH:uce aUlla lllCjor comprensión (..leI fcnlÍmeno de
intercambio de energía entre los cuerpos y sus alrededores. COll lal propósito, se desanolhi un ladiómetro úplico tk amplio ;:,spCClro.En este
:Jnículn (!escrihimos la construcción y c\"aluaciún de esle inslllllTlcnlo y de los principIos lúicos in\"olucradm en stl dis •...ilo y fUIlCiol1;uniL'llIo.
En!re :llgunns de SIlS\"elll:ljas se puede citar la respuesta lineal del instrulllento, lo cual pcrmile una calibraci(ín sellcilla y precisa. Adicional-
IllClllC,damos un procedimiento para ohtener una fuente dc radíaciún conocida que se lisa para caJihr;ll' l'l r:ltli{1Il1L'tr'O

I'ACS: 07.60,Dq: -l2.72.Ai: -t.-t.";'O.+a

1. Intrndul'tinn

Th~rlllal ;tnd oplil'al radialion arL' SOIll~ of the ITlOS(importanl
pl1L'nolllena to Iranspon cnergy in lhe uni\'t:rsc. i\.loS1 01' (hc
ellL'rgy l'oming from the sun \\'hich Illakcs earth an habilahk'
place is lransported hy radiation. AII hodies emil radi:tlioll in
all :ullounl Ih:1I dt'J1L'llds on l!leir tClllpL'ratllrL' ano Iype 01' Sllr-
1¡IL"C.Ir Ihal ubilJllil)' 01' radiation WL'n: ]Jol enougl1lo juslify
ils sludy hy ilsL'lf sliJl Ill<lny tcchnological and praclicalu"L's
could he lllellli(HlL'd lo L'xhibil ilS importancL',

l{:IdioJJ1L'lry and ils dosely rclaled arca hlack-Ilody radi-
;Hion, are aCli\'L' arC:h of rcscarch, Cryogcnic radiolllctcrs,
:tlld hlack-hody CllclosUl"L's are Ixing uscd lo dctcrminc \\'ith
Iligher accuracy lhe Slcfan-Bollzmann L'onslanl [11, AI1S{llulc
lllL':tSlll"eIllCllls uf illtCllsity 01" lascr radialioll are :liso hCIlL'-
lItL'd \\'ith Ihose radiomelric ad\'alll'eS, Small black-hody l:ll
L":l\ilics (:ollpkd lo "CllliCOllductor Iight dL'ICl'tors by optical
lihe!" could "mpas" thermocouples al \'er)' high tcmperalUrL'
lIlL'aSUrelllL'nl".

The \\'ork dL'snihL'd in Ihis :Inicie \\'as originaled hy IhL'
llL'cd 01' Ill~asurillg IhL' radianl powL'r gClleralcd hy hcav)' ful'l
oils lo produce L'IL'Clrical energy.

ThL' [lllWl'r radi:lted hy a hody inlTeascs \"Cry rapidly \\'ilh
ilS tL'lIlp~ralurL" rOl"Ihis rcasoli ;11high lempL'ralUrC lhe trans-
fer of 11L'alhy radiation hL'COllleS largcr (han lile transfcr pro-
duccd hy heal conduction and con\"L'clion, One cxalllplL' o!"
thi" "ilualioll :trL' industrial hurnL'rs \\'1lL're the llames Glll
reach lhe IClIlpnalun: 01' l()()O K, Illaking radialion IhL' dom-
inan( proccss 01 l1L'al transfcr. Sincc the amount 01' radial ion
prodUL'Cd in Iho"e hurncrs depl'lIds 011 lhe clllissivily and Ihe
IL'lllper:ltllrc rcacllcd by thL' l1al1lL's,11lL'IIlcasurCllll'nl (lr lhcsc
paralllclns l'onstittlles a r()rlll tOl'valllatc lhe radialL'd pm\-'er:
huI the dirL'L"lIllcasurclllL'1l1 01' lL'lIlpL'raturcs llL'ar :W()() K is
nol ;In e:l"~ 1:1\1\..,\ 10rco\"L'r, Il1l' tlependencL' or Ihe L'lIli"siv-
ily on the l'olllpositioll ollllL' Il:UllL'Sand Ihe l:lek olll1el"ln<l1
cqllilihriulll foulld Iher~ill illlpairs 111L'lltllity 01' oplk;¡J ]1),'-

rolllctcr" [;L .11,
Those lil1lilatiollS are IHlI pre,sellt ir the lotal radiated

pO\wr i" lllL'aSlll"L'ddirel'lly hy ;¡ (otal r;¡diolllcter: whcrL' hy
IOlal radi¡¡lúl po\\'er \\'e lllC:ln lhe in(cgration 01' (he po\\"cr
\\'ilh indepL'IHicncL' of Ihe \\"a\'ckng(h. For (hL' llleasurelllelH
of radiatL'd PO\\'l']' ",ilh ;¡ lotal radiOIllL'tL'r. Ilcithcr thc emis-
s¡vity valll:llioll11ot" Illerlllal L'quilihriulll are rL'quirL'd.

This arlick' dL'snihL's lhe dl'Vl'loPlllL'1l1 :lnd calihralioll uf
an oplicallolal radiolllclcr capahlc of Illeasurillg the inten"ity



IlEVELOPMENT OF AN IMPROVED NEWTONIAN TOTAL RADI{}~lETER. ITS EVALUATION AND CALlBRATlOS 597

----
---............_----

,,,,,,,,,,
,0

--eA,,,,

PM

,
8A,

A,

FI(;URr: 1 SChL'lllJtic diagram of Ihe rJdiolllcler.

01' (he radialioll emiucd hy a hoJy in Ihc range 500-2000 K.
The nceded íleclIracy lo achieve lhe practica! goal is abolll
1(Ir. Aeeording lo Palmer 151, Ihis accuracy is silualcd in lhe
lIlid-range 01' lhe aClUa! le\'el 01' devcloplllent.

The r;ldioIllC!Cr has an off-axis alllJl1illllm coaled
paraholoidal mirror lo focLls Ihe radial ion on a Ihin-fIIm Iher-
lllopile. The voltage rroduced hy radialion 011lhe Iherlllopile
\vas dircl.:lly llleasureJ wilh a microvolllllcler. To show di-
rcclly Ihe radiant tlux in unils 01' \V/clll:.!. a linear variahle
gain alllplitier and an ADC (analog lo digital converler) were
t1scd.

The radiatioll coming from a sphcrical fllrnace [O l. which
was healcd a! differenl lemperalUres was used lo calihrale lhe
radiollleler. The spherical symmclry simplifics Ihe calcula.
tions needed lo c\'aJuale Ihe corrcctions relali\'c lo hlack-hody
radiatioll, in lerms 01' Ihe si/e 01' Ihe fllrnace apcrlurc. In lhis
anicle we prcsel11 a calibralion hascd in Ihat geomelry.

finally we present a discllssion 01' lhe global accuracy ul"
lhe inslrumenl and Ihe re.sults 01' moniloring a llame wilh lhe
r:Hliollll'ICr.

2. Optics alld detector thcrmopilc layout

Thl' radiol1lelCr has a paraholoidal mirror (PJ\1) in Herschl'1
Illnunl lo eollcet ami rocus Ihe radiation on a thin-lI1m thcr-
1II0pilc (T) Ihal works as lhe radialioll deleclor. A diagonal
lIlirror lIsL'd as in Ihe Ilewlonian compkmellt, directs SOI1lC
ligh( lo an ej'epiece lo ailll the inSlrUlllenl lowan..l Ihe !lol
hody. This conliguralioll w;¡rranls an cnough \vioc .spcclrum
eolleclioll \0 pick-up rnosl of Ihe radial ion emiued by hodies
IIp lo 2()()() K. The Iirniled speclral \vindO\v 01' olher ~ind {JI'
radialioll deleclors ami lhe slrong absorplion hands 01' the ma-
lerials which Icnses are made. make Ihelll nol well adapled to
enlleel all nf Ihe radiatioll produced hy hndies up lo 2000 K:
in conlrasl, Ihcrmopiles ami aluminum coa!cd mirrors have a
good respOllse in mosl 01' Ihe wavelenglh range 01' radial ion
ellli!tcd by hol hodies. The abscence 01"chromalic aberralion
rOl' relleclive oplics is also a decisive advantage, specially if a
\•...ide radialion spectrum response in lhe illslrumenl has heen
cOllsidered.

Thollgh Ihennopiles are nol lhe mosl sensitive deleclors,
they respond linearly to oplkal power. The spatia! non-uni-

FIGURE 2. Important rays lo define Ihe oplical input 01' the rJ.
díollh:tcr.

formilies reported by Thcocharous, Fox ano Prior [71 ror Ihis
kind 01' deleclOr, are 1101importanl in our case Jue lo the cal-
ibralion proceoure.

Figure I shows a diagram nI"Ihe elemenls 01' Ihe radiome.
ler. Thc radiation cOllling from Ihe hOl hody is fOl:llsed on
Ihe T hy Ihe olT-axis alumilllllll eoatcJ P!v1. The mirror \vhich
has a circular cross seclion relative to Ihe optical axis, wilh
a diameter 01' 20 mm, was polished al Ihe 0plical workshop
01" Ihe Instituto de ASlronomía, UNAM. To aim the inslru-
Illenl loward Ihe hOI body, Ihe nal diagonal mirror direcls a
slllall amounl nI' Iighl lo Ihe eyepicce. The hole in Ihis mirrar
is ample enollgh lo assurc thm the radiant pO\vcr input of Ihe
syslem is only relaled lo Ihe dimensions of lhe PM and the T.
The radialioll passing Ihrollgh Ihe hole of Ihe nal mirror is
cOllccnlraled on Ihc surface 01' T. The lhcnnopile wilh anal
oplical response, has a sensilive surface wilh a diamcler 01"
I mm; Ihis surface is loealed 10 he coincidenl wilh lhe focal
planl: 01' Ihe minor, ami cenlered wilh Ihe optical axis 01' Ihe
PM. The sensitive surface defines Ihe inlernal horder 01' Ihe
f1cltl stop 01' Ihe syslem.

The T is attached lo Ihe eXlernal heal sink, which Illakes
Ihenna! contact wilh Ihe Ihcrmopile heal sink, as shm •....n in
Fig. l.

Sincc Ihe sensilive surrace nf Ihe T is localed on Ihe focal
planc, ils image is al infinily wilh its circular horder sublend-
ing an angle () :::-O.l!),:> wilh respecl lo lhe oplical axis. This
angle was calculaled rOl' a radius 01' Ihe T of O.S mm and a
focal length 01' ISO lIllll rol' Ihe PJ\1. Then lhe lield 01' vie\\'
is OVil'\\' =: '28 =: o.aso hecallse any ray louching lhe mirrar
and making an angle less lhan 0.10° Wilh the oplical axis will
reach Ihe T.

The importanl rays which define Ihe entrance character-
istics 01"lhe instrulIlenl are shown in Fig. 2. The PM is rep-
resenled as nat wilh arca Am: S is a radianl surfacc. The
sities oí' lhe lruncalcd cone Ihal slarts on lhe PM make an
angle B wilh the 0plieal axis. Thal cone intersCcls lhe surface
S which is at the distance r. in a circular surface Wilh area
A,.. Incident rays nn points oUlside area Al' cannol reach lhe
surí'ace 01' Ihe Iherlllopile. The arca dAm contains Ihe ver-
(ex 01' olher cone whosc sitIes make also an angle e wilh

Re". Me.r. Fil. ,¡.¡ (6) 1199R) 596-603
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Ihe optical axb. and interseCI surface S in a eirele nf arca
á. l,. = iír'2 tall:! H, where () is considcred as a very slllall an-
gle. In lerllls 01' lhe solid angle suhtended hy Ihe surfacc r);lr
we haYe 0= 71"tall'2 (J.

Assuming lhat surfaecs Am and .-ir are perpendicular lo
r. Ihen Ihe powcr raJiatcJ from arca JAr lo dAn¡ is.
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The Planck distrihulion CUf\'e 1II J givcs. in tenllS of the
wa\'elcngth. lhe radiant llu\ per unit \Va\'clengrh (spectral ra-
dianl flux). radiated hy an ideal hlack-hody at tempcralllrc T,
as shown in Fig. 3. The inlegratioll of Ihis radianl flux over
all wavekngths frolll/\ = 010 inlinily. gives (he 10lal elllitletl
pO\ver per unil arca Ir)' lhe hlack~h{ldy al that telllpcraturc (to-
lal hlack-h{Hly radianl Illlx). Acconling to Steran-Boltlll1an
law lhis radianl Ilux is (1)H (T) = aTI. \\"here a is lhe Stcfan-
Boltzman conslanL Thcll.lo calihrail.' the radiollleler, a black-
hody fUTllace is lIseo as a source 01"knowll radiant l1ux al alt
wavelcngths.

Two points arise in rclalioll lo lhe calihratiol1 process:

a) 1'0 gel a He:!r hlack-hotly radiation, radianl power is
supplietl hy a fumace wilh a small holc on its wall.
This holl.' slighlly Illodilies Ihe raL!iation equilihrium
as comparcd wilh a perfccl closcJ fumace and con-
sequelllly a correclion Illust he made lo cOllsidcr this
radiation leak. This correction is Jiscussed Jaler in this
sec(ioll.

h) It is neccssary to consitlcr lhe fraction 01' lhe tolal
pO\n:r lost hy ahsorption in lhe paraboloidalmirror anJ
retlcction in rhe Ihermopile. Howe\'er. if ahsorplion in
Ihe mirror or reflcction in Ihe Ihcrmopile are not depen-
denl of the wavelenglh, Ihey do not degrade Ihe perfor-
mance (lf the instrumenl, hl'cause these losses can he
correcled hy calibration.

FIGURE J. Thc Planck's dislribution rurvcs.

remaining ellec! thallllodi1ies the constant factor 01' Eq. (3).
Since aherralion is indepcndenl ofwavelength. Eq. (3) main-
tains its lincarily. lhercfon:. calibralion will correct Ihe small
aberraliotl factor. For a thennopik' radius of 0.5 lIlm antl a
IOlal aherralion of G.G x 10-1 lIlIll. lhis factor is :::::-().Y7r (this
factor is lhe ratio 01' lhe aherralion area and lhe T arca).

3. B1ack.hody furnare theory and radiometer
calihration

( I )

(.1)

(2)

JA,.dAm= 1,.---,,--
1'-

flAr .....•A•• " =

For isolropic radialion the hcmispherical density of ra-
diant flux is (I)r = 7I"i, .. (<1),. corresponds to JI,:. lhe radi.
anl exilance, in lhe \\'01 re [8] nomenclature).lntrodlH:ing Ihis
magnilud and n in Eq. (2) we get

12Am--(1), ..
~

The previolls cqllation relates the inslrumental paralllclcrs
n and AI/l to lhe ITlcasurement ofcl),. in tcrlllS offJ,\,.--t ..t",.11
;liso shows the indepcndence 01' the Illcasurelllenl wilh the
distancc l' assuming thal al! lhe arca A1' can he scen hy the
illstrument. Sincc angle (1 is smal!. A,. does not increase very
rapidly wilh lhe distance. allowing Ihis fael a long range nf
1l11'asurelllents for smal! arcas.

Parahnloidal mirrors have null spherical aberration rOl"
illlages in lhe focal plane hut off-axis images have aSlig.
rnatisrn amI coma. Considering a f-Il11lllber of f /7.5 and a
posi(ion 01' 0.5 mm off axis, it corresponds a saggital C01l1a
and astigmalisllllD] 01";J.5 x 10-'\ 11I11\and 1.1 x HJ-l 11I111.
re'\pectivcly. Assullling as an lIppcr hound lhe addilion or
lhese t\Vo magniludes. we have a total ahcrration of 0.0 x
1Il--1 HUIl. This llulllber is near to the radius of the firsl dark
ring of the Airy patlern calculated ror the radiomcler [101
1.0 x l(J-.l IllJll. for lhe smallesl of lhe wavclengths involved
,\ = 0.2 Itlll. For (his reason Ihe radiolTleler can he consiti-
ered as diffraction-limited in lhe sense that the border or Ihe
lllonitorcd arca is mainly detined by JilTraction. However in
tcrl1ls 01' oplical pO\\-'er. diffraclioll can he neglccted hecausc
power lost hy poinls inside n (hecallse sume of lhe power
tloes nol reach the lhennopile). is cOlTlpensatcd by (he power
gained hy poinls olllside n. Then. lotal ahcrration is lile only

wherc ir is lhe inlensily nfradialioll emiltctl by bAr. (ir' C{)f-

respontls 10 L,., lhe radiance. in lhe \\'olfe [S] nomelH:lalure).
By conslruclion. al! lhe rays slarling at SAr and cnding in

dAr" will reach lhe thcnnopile, then the inlcgration over the
¡lrea dAIII will give (he total powcr enlering the radiometer.
To cach Jifferelllial arca dAm in lhere corresponds an arca
JAr. in Al" Although lo two adjaccnt differential arcas in Am
correspond lwo partially superposetl arcas 6Ar on A,.. no ray
is cOllntcd lwice. sincc c\'cry ray is associated to a unique dif-
krL'ntial arca in ,'\1/1' From lhis consideration lhe lotal po\\'cr
l.'ntering Ihe inslrulllcnt is oblaincd by intcgrating qr\,.\r--4d.'\",

ovcr Am in Eq. (1 ):

Re~'.Akr, Fil . .w (h) (1998) 596--60~



J)EVELOI'MENT oF AN lt\lPROVED NEWTONIA:"J TOTAL RADlOMETER, ¡TS EVALUATION ANI) CALlBRATION 599

(.¡I

(7)

(5)

(6)

-Hole

n

Radiometer

HTcement

.:
'1
Ao

Spherical furnace
enclosure

- Thermocouple

dA,

Heating wire

Thermal
insulator

Refractory hollow shell

11 is weJl known, lhal due 10 lile srherical symmclry of
the enclosurc, lhe dirfuse cOllllguration factor associaled lo
Ihe arca rlAi is no( dependent on Ihe posilion 01' Ihe elelllenl
dA; (sce Rcfs. Ig and 19). For (j Ihe radius of Ihe el1closure.
lhis factor is

The hcmisphcrical r,¡oiant Illlx lrj leaving the surface
dA) assulllcd as gray.lambertian. diffuse and opaque is

where f j amI 1 - f j are th~ surl"acc cmissivity antl rctlcc-
tivit)' 01' the internal walls 01"Ihe furnaee, rcspcclively. (1' 11

whefc <[(u, _dAj is Ihe radiant flux going fmm dA¡ lo dA)
and <[dA,-'>fl is the hemisphericall1ux leaving dA¡. In tcrms
of \ \ '¡ the hel1lispherical densily of radiant flux Icaving the
surfacc dA i. \Ve hayc

FIGURE Ó. Illuslralion nf the rclative posiliorl 01"Ihe hlack-hody
fumace and the radiollleter.

The ditfuse contlguration factor [IS, 19] hel\I,'Cen SUf-
faces dA; ami dAj ¡s. (.'Ice Fig. h):

FIGURE 5. ElemerHs anl! struclllre 01"(he hlack-hol!y fumace.

20.004 0.60.2

0.2

0.8

1.0,------:::===========¡1----....../

1.0 2,0 4.0 6.0 10.0

Wavelenglh(¡.e&m)

F1CURE 4. Curve 01'aluminul11 rcncctancc.

Alulllinulll is the material \\'ilh m<lximum rcflectivity in
Ihe range fmm 0.2-20 111ll.Figure 4, shows the rcllcclivily 01'
alulllinulll in tha! wavclcngth rangc as reporteo in Ihe Hand-
OOOK01' Oplics [12). Benllel, Silvcr ami Ashlcy [13J. IllCi1-

surcd tlw sallle rclkctivil)' including longcr wavclcnglh. Thcy
showcd Ihal ror [ongcr wavclcngths lhe rctlcctivity incrcascs
lllollolonically almos! up lo 0.99 ror 40 111ll.Thc all10unt 01'
radiatcd powcr olltsidc lhe 0.2-40 IIIIl range for a tcmpcra-
tme of 2()()() K is smallt:r than O.OX%. Ol' 0.1 X% in lhe rangc
0.2-20 ¡1I11:I"ora lahulation 01' the integral 01' the Planck dis.
¡rihufioll wilh respú'l to lhe wavelcngth for tlilTere!l1 lemper-
atufes see Refs. IX and 19.

The small deprcssion in Ihe curve !leal' O.9¡IIll is I"arfmm
lhe ma\illlUIll for mosl 01"the ratlialion curves 01' Fig. 3 (at
1XOOK ¡he peak is (In '" 1.0 IlIn). lhcrefore. a small loss of
linl'arily would he expected at higher than 1600 K tempera-
[ures. Ne\'enhdess. Ihe elfeet un Ihe Iinearity eauseu for Ihat
dcpression is e\'aluatetl in Sec!. 5. hy recording Ihe response
of lhl' instrument al ditTerent lemper:l.tures. Sim:larly. \'aria-
linn" in thlo ansorhance of (he thl~nnopilc \,,'ould he detected
in the sallle rl~l'ording.

J<eturning the disclIssion to point a). il is importanl 10
,ay Iha( sphcrkal elH.:losure is an atlracli\'e design hecause
lhe malhemalical prohlelll it pose" can he solvctl easil)' in a
do"cd form for a gray. Lamhcflian and isothennal surfacc.
Other gcolllc(ries 11'1]. more convcnienl fmm lhe poinl of
\'ie\\' of eosl. dimension or aecuracy. musl he sol ved hy ana-
Iylical 115. 1(jJ or l1ul1lerkal Illelhods 11¡l. For lo/r. accurac)'
required in Ihis wnrk Ihe srherieal ca\'ily is an cxccllcnt 0r-
¡ion.

I:igure :) sl1lIWSlile princi pal elclllcllts of Ihe spherical fur.
!lace lI"l'd lo calibrale the radiollleter. The cavily radills is 150
Illlll and the radills of Ihe hole is 12.5 Illm: this radius was
made lo he gn:aler Ihan Ihe Hcld of view 01' Ihe radiomelcr.
Tlle internal \\'<111 is;¡ single pÍL'Cl~Illf)ulded will1 high alumina
cement. 25 Illlll widlh. A stopper 01"lhe same malerial hlocks
lile ho1c whell lhe J"urnal'e is in the hlo'ating proccss. On lhe
\\"all external surface a I\antal resistor is inscrted into a gmove
and all Ihe ~urfa.:L' is l'overl'd will1 high 1C'lllpl'raIUfe cement.
The space hetWl'Cllll1e eXlernallllelalic container amI thlo'ce-
Illenl is lilkd \vilh Ihermal insulalor. A Iype R thermocouple
is llsed lo Illeasure the furnacl' telllpcralure.
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This last equation quantilics the allloullt 01' radianl po\\'cr
falling 011the tllL'nnopile in terllls uf known pararneters ",hen
the radiollleter is airned to the c¡¡lihrating h1ack-htldy fumace.

Hotlel's [:lU] equations rOl' hcmisphcrical ;¡nd unidirec-
tional cmissivilics ofthe holc. f:!rr and "unid, can he derived
fmm I:qs (1 1) ;¡nd (12). Thcy are:

( 12)

( 13)

(1' /1

(
I ) ..In .

1+ --1--
f J .liOu:.!

(
I ) Ao .

1+--)--
f J "liTu:!

f:<"

11 ..", ...•. '\ '"

Acconling lo Cahannes 1211 in Ihe rangl.:' (Jf lempera-
tmes from SO() to lOOO K. lhe I.:'lIlissivily for high alumina
i",O.~1:!2:: f J 2: U.IS. Suhs(illlting ¡¡JI dala in Eq. (13) \Ve gel:
U.!}!):!:::!~ f ,,,,,,1 ~ O.!)!)G;.1.Thel1 the I.:'lllissi\'ity 01' (he fllrnace
can be cxpressed as: f""id = tI.!)!ll ::i:: U,002.

To take inlO accoul1I an)' loss (absorption in lhe Pi"t and
rellectiol1 il1 Ihe T), \vc del1ne lhe cons(anl factor 1\'. Tlwn,
including hoth /\. ¡¡mI fllnid in Eq. (12), \ve have

\\herc A is Ihc inlernal arca of Ihe fumace.
Inlroducing the conllguration faelor from Eq. (6) in

Ihe lasl inlegral and taking ll'¡ COllsI:1Il1as il corresponds
1(1sphcrical sYlIllllelry and thennal equilibrium (isolhcrmal
w;t!ls), \vc haH:'

¡.. lh(' hcmispherica! radian! flux fOf a hlack-hody ami /1) is
lhe radian! llux cOllling from lhe rcmaining ctelllenls 01' lhe
L'llclosurc arca. Thc ¡¡rsl Icrm in Ihe r¡gil! sial' 01' Eq. (7) is
lhe radiatioll cmittcd. which is associalcd lo the lcmpcraturc
01' Ihe surfacc (scJf.radialion) and Ihe sc('ond is lhe rat!ialioll
rl'lhx:tcd hy thl' saml' surface according lo Kirchhoff"s law.

Sincc lhe radiatiol1 in an cnclosurc with thcnnodynamical
l'quilihriulll is isotropic, filen 1\'j = /Ij.lnlroducing this fac[
in El]. (7). v.'e gel \I'} = Hj = (1)/1 as cxpcclcd ('ven in lile
C<l,C wl1efe lhe \\'all is no! a hlack surfacc (tj < 1).

If Ihe cllclosurc has a small 110lc \Viril arca Ao. IhL'1l
Il, < Ir) hL'causc lhe contrihulioll nI" Ihe hole is exeluded
(il\\umillt! Ihal no radialion is elllcring Ihrough the hole).

For (his clse II) can he ealculated frolll Eq. (6) as

A -..lo. ( ..lo).fl) =1 ., 1\i = ] - -1-.' 1\',.
;7a- . 7fa-

Again, sinec 1\', = 11-'), from Eqs. (7) and (9) \Ve have

Sincc 11., is (he density of radianl flux eoming fmm the
whole internal surf:ln.' of (he fumaee, this dellsity is also the
hClllisphcrical radiant Ilux escaping lhrough the hole. Thell.
tillo'hole can be (,.'ollsidered as a radiant imaginary surfacc \I,'ilh
a density ofhcmisphcrieal radiant flux ohlaincd from 1:qs. (9)
""d(IO)",

(
1 ) Au .

)+--]--
éj .I;ru:!

(..lO)) - --') (1) /1
.l;ru-

(
1 ) ..lo .

1+--)--
f. J .1;;-(/1

( 101

(1 1 )

The therlllopilc inlcracl.s with t\\"o independent sur-
roundings, on(,.' dcllned by lhe furnace sl.:'cn Ihrough lhc
paraholoidal lIIirror amI tlle ollle!" delined hy Ihe rClIlaining
surfaces whicll are, as lhe Illcrlllopik suppon. to room lelll-
peratuft.'. Bel\Veell Ihe scnsitive arca 01 Ihe T and tllL' furnace
Ihere is thernwl equiJihrillm only \\"hen the furnace is at room
lemperature. When the furnaec is not al 1'00111tcmpcraturc Ihe
nel po\\"cr !::lfl gaincd by lhe thenllOpilc, is Ihe difk'rence be-
l\Vccn the po\Ver (/ radiated by the Illl:rmopile in the furnace
direclioll, ¡¡nd the power reccivcd by lhe therlllopile 11?lr--> •.I",
rrom the furnace. \Vi¡h lhc furnacc al room telllperature till.:'re
is thermal equilibriulll. therdorL' \\'e havc (neglecting self-
radiation 01"the Illirror):

Ihen:

,~I:\"1 "
IJ = n.Dql/\ ----;:--cJI/1(:1()(} h).

\Vilh the sllhstitUlioll ofq with (I'f/(:U)() 1"':)= 0.0:) \V/cm:! in
previous cqllalioll. \Ve gCI:

.\/,1", ( ):;"'1= 0.9~HI\ -- '1'Ii - (1.00 .
7i

The lasl equalion sho\Vs Ihat in Ihe limil when ..lo -1 (l.
tlll' radiation fmm lhe hoIc aproximalcs Ihe hlack-hody radi-
;ltion independently uf the emissivity nr Ihe waHs, The (l'I"ll1
,'\u¡'liiu:! \Vhieh qU:lnlifics lhe proxilllily to the black-hody
radiation is nallled "cokl fraclion",

Equalion (11) gi\'L~s the amounl of radiation elllitled
helllispherically hy Ihl.:'hoil:' (sol id angle of:::!rr ~r). \Vhenlhe
radiolllcter is aimed lo Ihe fumacc it colll.:'ClS only an unidi-
rl'clional hC3m nI' r;ldia(ion coming from Ihe boltom uf Ihe
internal surfacc:¡¡s can he sccn in Fig. 6. Eq. (3) gives lhe
aJ1lolll1t 01"radianl power (f.., ,....•A,,, colleclcd by Ihc radiollll.:'ler

iJ,fl = //.,1, ....•. -1,,'
. !lA", (3( ]')- /1 = 0.09.1/\--(I'n )(J \. - 11 = U;
;¡

( 1.1 )
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( 17)E= "di' + h,

iii) Analog tu digilal COl1version lo provide direcl digilal
readolll in radianl !lU\ unils.

As can he ohsen'ed. Ihe elcctronics arp1ies O\'er Ihc thcr-
IlInpik signal a s~raighl tine rllnClioll nI' lhe fonn:

ii) Zero ami span scttings to rllrnish Ihe radiol1lctcr cali-
hration.

i) Lmv noisc c{lndilioning ami linear amplifying 01' tlle
thcrmoeleclric signal.

isolated oU1put

Leo display

Ilaaal
~slope~

span
amplifier

Vref
'n1ercept~

FI(;URE 7 BhlL'k dia~ram or (he electron¡c~ l:Írcllil.

Owing lo Ihe high sellsilivily 01' lile T. lhe sclf-radialion
Icfm ()flhe T (().()S), can oc eonsidered as a constanl sinee Ihe
inLrelllcnl ollhe IcmperalllrC 01' Ihe T is loo small 10 change
Ihis lerm.

FOl" ti Ihermopilc deleclor lhe respollsivily [221 is Ud =
-l' '/ -lIJ. whelT ~ F is Ihe 111L'rllloelcc!ric potential dilTerence
gel1eraled hy Ihe hcaling of the T. As discussed in Rd. 22 Ud
i.•.a consl<lnl Ihal Jepcnds OB deteclOr p;lramelers. In olller
words. ~ \' dcpends lineady on ~q. Frnl1l lhe delinilion 01'
Ud we gL'1

\\-'ilh 'ilope 11/ ami inlcrcepl /J, thal can he adjusted wilh Ihe
variahle resislors: "slope" allll"inlercepl". E is (he value dis-
played hy lile LC!) (i.iquid Crystal Display),

Accordillg wilh Eq. (16). \Vhell Ihe I"urnacc is at room
lelTlper;¡turc ~ \. = (l. then the ofrset b is sel lo " = O.O;j
lO rcad in the Le!) di ...play a O.OS valuc. Ne\l. 1'01'an arbi-
Irar)' se1ccled valuc (Ir lhe telllpcrature (for instance T.,) 01
the fllrnace when lile r¡¡di¡¡nl flux is O,99.!(I'II(T,.), /11 is ad-
jusled lo get E = 0.90,1<1' n(T,). Using this value,/' and ~,.
01' Eq. (16) with r = T., in Eq. (17) \VCgel In = 1/ Nr. \Vhen
lhis valuL' 01"m ¡¡nd Ihe general valuc ur ~,. in I~q, (16) are
suh .•.liIIlIL'd in Eq. (17) \Ve gel:

( 15) L' = O.(J(J 1'1'/I(T),

ot. The decl •.••nics drclIitr~'

\Vhere lhe tkpendcnce 01' 'l' u with the lemperalure T is S(alel!
e'\plicilly.

Equalioll (16) shows Ihe linear relation het\\'een ~ ¡. and
'l'uCf) which allo\\'s e;¡lihration nf lhe inslrlllllelll.

In ordcr lo procL'ss Ihe clcctrical signal supplied hy tlle T a1ll1
cpn"idL'ring Ihe linear response 01' holh Ihe 0plics amI lhe
lherlllopiJe. ;In cicClnlllic circuit has heen conslrucIL'd. Fig-
ure 7 shmlis ¡¡ hlock diagralll nI' this circlIil \lihicll perrmllls
lile rollowing runclions:

J)ue lo Pel1iL'r cooling lIle responsivily decreasc'i \\-hen
l'leClric<l1 cU1Tent Ihrnugh Ihe jllnclioll ilH.TeaSeS, SinCL' a high
illlpedallLT nliLT(l\'o1tlllelel" \,¡as lIseJ lo Illeasure lhe IIll'rmo-
elcClril: POlclllial. lhe re"pollsi\'ily i" JIl<t\iIllUIll and corre-
"ponds 10 open cirClIil rcsponsi\'il)' (sce RcL 22).

\Ve ;lrL' illlcresled illlllCasuring lhe radi:1Il1 llux '1'1' hum;¡
hol body. Illcl\'fon: we detine lhe radioll1ctcr 1111xrcsponsivily
as: N,. = -l ¡"/-l'Ilr• (NOIL' Ihe diffcrellcL' wilh Ihe r;¡diollll'ler
rc"'pollsi\'ily U'l' dclincd hy Zissis r~:)J). For (hc hlad~-hndy
¡'urnace '1', = O.99-t'I'}J: lI_'iing Eq. (15) and appro.\illlaling
rr.(J'JI x 11.0:, hy 11.05. -' l' = ¡I" Id L.\ '" (II.(J(J 1'1'JI - r1.11.-,)I rr
is ohtaillcd. Tlll'n R,o = 1\" Ud~L411l/ir. Finally \Ve gel:

5. ({eslllts a/1(l disclIssion

T¡¡ gel Eq. ( 16) il was assllllled lhat Ihere is no dcpclldence or
any parallleter onll1e wa\'elenglll. As lIlentioned. depenl!ence
on Ihe wa\"l'lcnglh Cllt arise al Ihe mirrar, lhe Ihennopile and
IIlL'inlernal surfal'L' 01' the rurnace Ohrough de \'arialion 01' Ihe
spl'ctra! ernissi\'ily 01' lile wal!).

To calihrale Ihe ratiiolTleler 11 lIlusl he aimed lo Ihe fur-
llace. 111L']}.Ihe radialioll lravels rrolll lile furnacc to Ihe ther-
mopilc lhmugh 11ll' allllosphere. In Ihe range from (J.~ 11111

lo :Hl IIIIl ¡here are iJllportalll ahsorplion molecular hands
prcscnl in air. Illainly due (o II:!() and eo:!. This ahsorp-
tion is strollgly wavclcnglh dcpenden!. For a (l.50 cm air
palh Icnglh hclwL'en de rurnacc and Ihe lhcrmopi1e. almosl
all spL'ctral Ir;¡nslllitlancc ror Ihese Illolccules in air is grcalcr
than O.l)l)S, hu( SOlllL' pOrlions llave a :::::0.<) transmittancc
(lo ,'ilandaro model atmosrherc). as can be cslimaled fmm
lhL' LaRocca 1:2-11 revic\V. TIle relalive importance 01' these
porlions is dCnllCd hy its distallL'e from lhe lIlaXil1llllll 01' the
Planck .... curve: in Ihi .•.sensc Ihe waler oands helwecn lllln
and:\ 11111are lhe 1I10s1importan!. W!len doing Ihe calibralion,
Ihe rna\illllll1l of t!le I'lanck's Cllr\'e i" displaced in Ihe rangc
rroll1 :2 IIlIl lo '\ 11111: l!lcn, Ihe illlportance uf thal absorption
b:lIlds would he rL'\'L'<lll'dhy a Iloll-linearily inlhe dala.

which delllollstrales Iha! Ihe Le!) display will show lhe ac-
lual vallll' ()r(l.~J~JI'I>/I('I').

( I(,I-'l' = ¡¡,[rl.~)!)"" [l(T) - (JII:;].
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Nel optical powef absorbed by !he thermopile, "'q (m'N)
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FIGURE 9. RaJiant llux monitoring of a llame.
F](iURE H.Cnlihralion Jata of Ihe radioJllctcr.

TABLL 1.Calihwtion dala of Ihe radio meter

f-Urtl,lCC
'1'1/ = f1 TI

Thcrrnopi le Non-linear ::",TClTlperaturc
(\V/cm.?)

Potencial Error
( 111\\')d,.) (IIV) (W/cm2)

30J,OO O,OS O 0.053 O

77.1 15 ~.()4 751 -0.0.11 O 07

X~3.()5 2.lJ I 9()) -0.06 0.09
X77.15 ),36 IIR5 O.OR O I I

l)J6,S:, .1J7 15g7 -0.03 015

l)Q3.X5 5.:D 1980 0.039 0.19
105~.(J5 ().t)() 2530 -O[J.l9 0.2.1

IIIX37 X.X7 J~-l() -0.13 0.30

11XO.15 I I .00 3952 O(J.l.1 OJX

I~J1.15 1303 4651 0.13 DA5

I ~X455 1).44 5553 O.(l-!ó 0.53

lJ4~:,5 IX.4~ 6672 -007.1 0.63

Figure 8 shows Ihe calibratioll dala in Table 1. These dala
L'OITL'.spondlO;¡ J J days of calibralion tesIs. sincc a 24 hours
period belween power changes was used lo reach thermal
eqllilibriulTI al the fumace. Thc thcnnopile \'oltage \vas di-
rl..'clJy mcasun:d by a Keithlcy 177 microvo!tmetcr. ~q col-
1I1111lshows lhe oplical power absorbed by thc thenllopilc.
cakul:tlcd wilh Eq. (14). and lhe appmximation 0.99-1/\- = l.

(l'H is laoulaled to tesl linearity wilh rcspect to the polell-
lial. The cnrrL'!at[on codlicienl hel\\-'eell these two variable"
i" 0.9999: which "tlOwS that Ihe proposed Iinearily is COlTecl.
The Ilon-linear error column shows Ihe error 01' (J1R wilh re-
"I1I..'CIlo the slraighl hne rroduced by a linear leasl squares
litling \','ilh Ihe polelllia1. The salllplc standard deviatioll of
Ihe nOIl-linear error dala corrcsponds lo s = O'(JíG \V /1'111'2.
Thi" lasl L'an he L'onsidcrcd as the non-Iinearily error.

Prom data in Table L Ihe delector rcsponsivity results:
Rd = l(),;') V/\\'. and the radiollleler responsivily is: Rr =
361.3 io 2.:l,,vcm"/W (\Vilh '1',. = (J.99-l4>B).

From dala in Table 1 il is no! possible to f1nd a non-linear
struclure. Dile can say that atllhe possihle non-linearilies Jis-
clIssl'd previously are included in the dala error slructurc hut
Ihey are nol disn:rnihle from il.

T\\'o spurces 01' error stiJl not considereJ are lhe furnace
lemperature dnd thcn-nopilc ;:).(¡l11casuremcnls. Thc ¡¡ccuracy
01" Ihe laller is 110t importan!. since lhe only rcquiremcnts
lleeded al"l: sCl1sihility. Iincarily and reproducioilily. By lhe
conlrary the fumare tcmperalurL' is determinant. Sincc Ihe
platinum-rhodiullllhermocouple used lO measure the furnacc
tempcrature has a:i:: 0.1 'k lempl'rature accurac)' [2;')1. lhe cor-
responding uncertainty for (1) H is ::f:: 0.--19(. Thc l!lermocollple
is llear lhe renler of lhe furnacc. therefore the 1Il1'asurcd tem-
perature is ¡1Jlaverage 01' IhL' inlernal wall lelllpcratures. For
Ihe case 01' lo\\-' 1..'!lIissivity \\-'alls. which is our casco the cen-
tral is the l"ecolllended POSilioll 01"lhe thennocouple since the
elllcrging radiatioll is abo an a\'eragl'. Note thal in Ihe work
01' Saprilsky (ReL 17). it is concluded that Ihe arca ooserved
hy Ihe radiollll'ter is dominanl \vilh n:spect to lhl' lempera-
ILlrc, hut lhal is so hecallse they use a high wall elllissivily of
lI.g (ours is 11..12~1I.1 g).

In order lo e\'alllale the tOlal ('rror of lhe radiolllelcr.
il is neecssary (o considcr hoth. lhe llon-linearily anJ lhe
lhermocouplt: sourccs oI' error. Tile besl wa)' lo do this is
lo report hotl1 independently, Thcn, Ihe non-linear error is
,.• = 0.07G \\'/('111'2. and the possihlc error originaled in Ihe
calibration hy thl' furnace telllper¡¡lure 1I1lcerlainly is <lAt¡;,.

1'0 delermine lhe radianl flux cOllling I'rom a hOI hody in
lerms ()f lhe Ihcrrnopile rOlenlial. data in (J1H COIUllllllllust oe
Illultiplicd hy 0,1.)1.)-1,This is correel L'\'ell in the case whl'n Ihc
radiation frolll Ihe hOI hod)' is nol hlack hod)' radiation. since
the radiolllcler is ¡¡clually calihralcd. Ir insteaJ nf using ti lin-
ear inlcrpolatioll ¡¡ dircct rcading is prefereJ. lhe ADC can he
calihraled as descrihed in Ser!. 4. to sl10w in Ihe display lhe
radianlllll.\ in unils of \\'/elll'2.

Rel'. Mn. 1-"\,4-f (6) ([998) 596-úm
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As indicatcd at lhe hegining of this articlc, lhe raLliolllc-
ter \Vas cOl1structed to Illcasure the tolal raLliation 01' hea\'y
fucl oils. Figure 9 shO\\lS lhe result of moniloring Ihe radi-
ant llux cOllling from a llame, for differenl positions nf (he
radiol11Cler. The scale al the right 01' Ihe tigure shows the ICITl-
perature for an estimated Harnc's crnissivity of o.g. It must
oC' notcd Ihat the maxirnlll11 lel11perature (1782 K) in this
scale is grealer than lhe maxirnulll calibralion temperature
(13-l2.55 K), owing Ihis raet lo the grealcr value of Ihe hlack-
hody cmissivity.

\Ve have descrihed the developmcnt, evaluation and cal-
ihration 01' a wide spectrum optical radiometer. \Ve found it

1. J.E. ~1artin. Proc. SP/E 2KI5 (1996) 11.

2. T. Hisamatsu. N. ~10ri. T. Hamamatsu. and T. Abe. roko.Hlka
Re.\parch L(lbora/ory. CRIEPI Rep. No. EW88005. Kanagawa.
Japan. (J f)lJO).

.1. \'.J. Lyoll~ and CM. Gracia-Salcedo. f)('/l'I"millati(l1l (1Com-
hU.\tiOll (111,1 Tél'lpemlllrt'S by /nfraretl Radlome{ry In Soo{m~
awl NOI1-.\Ooling F/w1/('s. NASA Tcchnical Paper 2900. AD-
A205 J73. Scptcmbcr (1tJXlJ).

.t. Omega Complete 1't'/lIlJ/'rature Me(/,\"wnncnt lhllldbook (lIId
Encl'c!o/I('dia. (Omega Enginecring, Inc .. Stamford. 19(2) Vol.
2R

:J. J.~1. 1l;.,IIllCL Proc. SP/E 2269 (199-1-)5tJ2.

G. J.J. Vcl:ízqucl-Saave<ira. F. IIcrnándcz. Yarda y R. Casllcj6n-
Gan.:ía. Boletín ¡lE. Vol. lO. No. 6. Cucrnavaca. México.
(19R!»

as :1 powerful 1001 nol only for the prccise mcasurcl11cnt 01'

radiant flux, hut also for the sludy 01' the radiation proper-
ties 01' high tempcrature hodics, or the oeterminalion of radi-
al ion conslanls of surfaces Iike emissivity or ahsorptivity. lis
highly linear response allows an easy and precise calihration
in a way Ihal it can he considerctl as a secondary standard 01"
calihration for inslrurncnts 01' ils kind.

A e kilo\\' led !(IlICnls

This work \••..as partially supported hy CONACyT, f\.léxico,
P. 10'!5I'-E

13. II.E. Bcnnet. ~1. Silvcr. and E.J. Ashley. J. Op/. Soc. Am. 53
(1963) IOR9

14. V.1.Sapritsky e{ al., "roe. SP/E 2K15 (1996) 2.

15. F.o. Bartell and \V.L. Wolfe. Applied Oplics 15 (1976) 84 .

IG. A.J. LaRoeca in "Altitlcial Sources". Tlle itl!rart't/ Jumdbook.
cditcd hy \V.L. Wolfe and G.J. Zissis. (ERI~1. Ann Arhor.
19R5)

1i. v.1. Sapritsky amI A. V. ProkholOV, Applied O/Ities . .14 (1995)
5(>15.

18. R.. Sicgel and J.R. 1I0well. Tllerma/ RadiariOtl /lC(l! Tralls¡':r.
(~h:Graw-Hill. New York, 19XI).

19. E.~1. Sparrow and R.D. Cess. Rar/iatiOl/ l/ea/ Tm/l.~fcr.
(i\'1cGraw-Hill. !'\cw York. 197X).

20. ILC 1I0llel ami A.F Sarofim. Rar/wtive Tmll.ifá, (McGraw-
lIill. i\ew York. 19(7)

2.1 A.J. LaRocca in "r\tmospheric Ahsorption", The infrared Jumd-
hook. cdited by \V.L. \Volfe anJ G.J. Zissis. (ERIi\1. Ann ArboL
19K5).

21. F Cahannes. Pml,it:lh Opliqlll's el I/aute Tetrlpémtllrt'. Fac-
{/'/II".\' f) '/~lIli.\'.l"iI!l/./1I/erllaliOllal ¡:ltIllU' R('seurch ¡:milltlatiofl.
(ijllmiden. The :'-Jclhcrlands. 1975) Chapo 18.

22. T. Limpcris in "lktectors". Tlle ;,ifrared halldbook. cditcd b)
\V.L. \Volfe and G.J, Zis~is, (ERIM, Ann Arbor. 1985).

23. Cj.J. Zissis in "RadioJnclry", Thl' illfmn'd IImu/hook, cdiled by
W.L. \Volfe ami Ci.J. Zissis. (ERIJ\1. Ann Arbor. 19X5)

- E. ThcochalOus. 0'P. Fox. and T.R. Prior. Proc. 51'n' 2KI5
(19Wl) S(l.

8. \VI.. Wolfc in "Radialion Iheory". TI/(' ú!fmretl IIwu/hook.
cdilcd hy \V.L. Wolfc and G.J. Zissis, (ERI~1. Ann A¡-hor.
19R5).

9. W.J. SlIlilh in "Oplical c1cmcn[s. Icnses ami mirrors". 1'11(' ill-

fmred hwu/bnok. edited hy \V.L. \Volre anJ G.J. Zissis. (ERII\.1.
Ann Arbor. 1985).

10. \\'.J. Slllith. Afotll'l"fIo/Jtical Engiflt't'riflg. Second Editon, (l\.1c-
Graw lIill. Nc\\' York. 1990).

11. J. Kestin anJ J.R. Dorfman. A Course ill Swtisrical Tht'l"l1lody-
Ilamic.\. (AcaJemic Press. Ncw York, 1971).

12. W.ci. Driscoll and W. Yaughan, Eds. IIw/(/book (1Optio'.
(J\1cC,raw-lIill. New York, 1980). .,.

_.J. ANSI Me 96.1 (1975)

Rel'. M('.\'. rú. +-* (6) (199X) 596-60~


