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Spectral Emnittance and Reflectance of Powders
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I.Introduction 11. Experimental
In thvu nilrse' Of it r~'e e nir irgricil di reel 01 I tiri rrThII experiinti sample)1 ~ts were NfIcreog.ri t NC A Ikh I-

ti(e d evelopmilient o f it ci ii ; reiieiisivc' thet try oif til' l, mi o xidet p recisio n hipiI ng powde iint i 1 fzic .1rei
sp ect ralI reflectI P ori 11-n' inn't'ftki O 1(Ptf iiatuiira suirfaes.i I y N\I ierouitsi yes Ci n io n oii f Wesi lie It , N I assai ti I-
we art, utttmniig to) exten ita thleonry previously pro- se tI.s. IThis mittlra ( w111 'its cnfirmed't to he( (r-Ai-,o),; biy
ilocd by some of u-41-1 into ine( liflicull region winere x-rity diffractioni. [The mnutfacetutrer states,5 that11 each'
tile r11(ittli 111 watvele'ngth it t lices te it'atice Mizi' liar! ie is it diseretvn eryst ii nil lilts at purIity of oI'Il
of ptirticutlat e metlin. 'Tnt nid1 ifl the frmilitto 1411 tifIhis i)!%. '['lit' erystalis havei't it iiilel shapeit withI their
theory, we have madene ir meaisulr(feents nil ii ser'ies (of thickness averging ithniit oiee-lifl h of their tliitimIitert.
iveli-sized t'oruinolini poiwde'rs. This paper rtepotrts Ill( orhe r aixis is perleiul'ir tom I Il' pIlatele(t fit('e. ['igllre
experimnil i resulits. ('oninduim w~its chosen for t his I shows tine particle size tiist IiIbltiO iif tilie Ifl:ktPI'i:ItSI
expterimnent its it SatliSfied11 several requirements neet's. Andi Fig. 2 is it stereo pair oif pnoltoiieirtigritjiis (if I he

itiry to she'lf light onl tinl- fundamental phenomena in- surface oif ouie of t lie samiples i11501 111 ill ill. expierimni(it.
volvedi. rte requliremeitis inicludle well knowin valuies The phlotoinicmogrIkI1lls WerIe Oint tiintil IlSing It Seetillhery
of the opt itl contstats for dlifferent ptrticle- (iinla- elect ron image madne with it a *5\ -2 scitit~ilnig t'lipl roi
tions, and1( avatilailit~y in well known mid1( relatively Mlicroscope, cotnl esy tif G. Coggswell, ]I'. J1. Ruiss, aild
narrow particle size (list Himlons encomipassing those A. Kathaya or *IEOLCO, U.S.A., TIneorporittld. 'rine
wavelengths tiiznt ctonirt t lie most initeresting spectral saimples were preparedi Iy p~ourinig till pirwtl('rs iiitoi

properties for reniote senising purposes, whicii lie in the I-ein tllam altlitiitm culls and1( smoiothng with tint et(Ige
vibrattionil region of the ir. The choice of titl inter- hf It spatulal. Following eVlCttiOlI of the air, die
ferometcr for measurement of ennittanee spectrat wits procewit wits rep~eated several times in omrdenr to fill the
suggested by its rapid respo~nse and high sensitivity for cups. The surfaces wet'i heni shadowedl t1lin it P~d
viewing extended sources.A This would lie partictlalrly 40%: Au (10% atlloy andl( phoitornierogl'ajpis ohtiied of
imp~ortant wheun short observationi times tire reqIiliredl the centril atreas iii ordler to reduce edge eft'cts.
jt ill remote' sensing applications, The excellent depth of focus of these p)hotograplhs

clearly shows the complex ntuire of the powder ge-
ometry with which tiny theory must cope. itIn iar-
ticuhir, the 'oiitru'st betweeni regionls ofl particle agr-
glomerattion and dleep cavities is very intirketl. '['he(

The first twit i tt io rm tkire withI A. 1)I. Ul t Ic, fll-., C'itini ridgi', hnigh ly 110111 ilericiti shap oijw f thle pitrt iees is al so ('vit('in t
Ma44rtciu,4et I 021401; T. 1P. I1iaooneyis , withi AF.C~tl,, Itesiliti, and1 must Ile bornte in mind iii formulating it Iheory of
Mitwniaazelet 017:10; tine likst tito atnthtm~ were. with Illoik I'.tII the reflectance spectrat of stidi samples.
gieing Cotrm 4nny, Clemnhidgk MJi,ithi n,4eCor, 021(p.14111 Mrs- Tile inistrneit used wits it Block model I 9.5VC itl en-

4eltisett indu Ifhat. tf (t. I Ion! bk is the I eptiritti of Chtwiim ferometer speeTt roinet er" wiel'hicmlts it ninnail spetraizl
try tind C'hemeical l'ngiierinK, Univecrsity (fin 1110011, tliujnirn, range of 41-40 ou mid it spectral remolution (if aihoit, 1.5
liliitiM ( 1801. cm -1. 'Te interferogram wVits setinet repetitiv'ely t, it

IlereiVisl 16 .Janunary IM)of. ritte of 1 spectrum/seond for 2 miii and ,It- citt
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r memuSIred datat fromi the individual scansi were colie(rLltly
v ZWW ;i7 liddl~ed and theni the Fourier analysis wits carried itt It

obittin I lhe spectrumr.
T'o ob~taini the absolute meas'nurement of cinitltance.

tihe instrument was caliibratehd by milking ineasuremtent,

* .N Iof at conical blackbody source ait u. number oif t4'lltp('r-

- .ure which ibracketedl the range of intended ,,inle
I viperaures Thedetec'tor wit-, Iailitlaine( at,3O5.5 )K

its int tit( samll~le toesureitIf ts. The object of this
t'2tliblirtjolt wits thll!det ernunation of the spectral nespoti-

I sivily of tit( instrunment. 'I'he( responsivity is the rat io
(if tplit. signalt units ofthe Fouricer tranisforin to the

- L ('if~reti 21 raio !atnce i''t ween the( detector and th e
.... so rr'' I )ityro( it of ths proced ure wats a radito-

Li ~ne(' Hie conifiriiiat iOuI if the' detector temperature.
For redietion of t ie( experimuental coI'tnlufll (latik,

ig 1. PaI ir sh .ize Itiri iw i t vi' lii Iilt lot sigi 1 wi~ts iided by theii res;potsi vii to
delviti niv ill,~~ d itTeririt ia rai4 I ile for each sampjle.
Th1 e sain io e rat Iianvie wits theni tetermni neil by an addi-
live cOrrect ion for t ie( kntown detector and sanilple

r(Teet it at '4ny t q n( reconr(ler fo r lavi roe~ itt it. ci inbe r ruio ii ievs. 'lTe te riti ned ri aites show
The ie htet ltr temiperatuire wits it ilii at 305.-5 K sl igh t 53'5t eittit iI' errors eaut sed I I y sinail I 2114iitiies ill the(-
wile ivlt samplj e tel nperat IIre as mneasutred b It atIOwtl- rei '11 si vit y (liltt1. 'iTevse v iiIeot th li -rsi( Iul effect
moistr uriv i t ist undoer the surface wits inl the rwivv of atlitio sph-ii e abs. in Ii wi t' wits largeIl' ('xchiIlet
betl wi-en 2114 K and 302 K fo i ll sam les. duiirin I ~samle runs byl 415 IY hii g withI nit riget.

110' samples were placed illi a flat aluinuim ptali Ilk a
li it lplaltit ntailit uiitedl t 3-101.4 -k 0.6 K. The. internal M.Surface Temperature
ilt' it iiOf ti( heMO is 0.958 (c11; t his tei iahles the o l a Vhilv oilr r no i 2(ice ploits were ad et q1u alyi cal ib rated,
prn ipvtli s if thIeso If wdvlrs, to preven t any radtitont a1 1 n t rpti ate t'ilacki 11413 tvitt; tetutre Is I tecessarly Ill

frii !h Into~ta it self reno'Iin ig tie( inIterfe ro heter. I he tirEltr toi ploit sj te t I li itliv a (' t'i thely. .As ti te
v'tll in assemb'itlly wi15ts pl('t'i ill 21 sample te i ail er 4.1- I dierl lst tir hen %-ias ledjust 1110 er tithe s-l rfat'( Of
sist ing of a it ck box conlstrutied fronm 3. tX-tutu copper veh sailple., sitiiil v'2tiatitills itt potsit iont wouldI ialow
pla te and1itli insla: tedt with I .5 -cttt layer (i~f Sty rofoa." somI 5 ie d jserepak-) 04nvItlwi~ 14- I eaI ret t ('111 eriltures
Thj, 'linbeit it'Wts fluished with iijt rOgeti idt t'iiflv tt) and4 hOist' set-d tI litito' intlert-roiter. It tlit t,

t'ichier with Ittry ice. Ite c ooling is iectssatry its a1 (Tl WttUlt lt'akd to -0tItIW V'at'iltitll i 1,i14 deptl it lwhich
tmperatutre dfiTerenltiail btween''l tit(, smlet atnt its Ihli ritiii 4irigintiis !itid. luinee, tol it va2rjiti ill

stirIn i121igs atd i s requpired't inl OrdeIr t hat, sanipli tIet- 2; aprit't bla'it ' hckbod S t 'etill L'l'2i i tot iIt hit', thii'frlitki
Ile lit n Of a1iiijtlt rad Iialtitn dtoies noIt t ret'ist'l , lltsk gradt Iiet ithat21 exist s. Op..I;tijcal Con tstan11ts for coru tt-
te self-villtissit n oif t it', salpilvt. Coo intg if t it'. I 121'- din 111re sucht i th tilt aiation(1 is vitttIet from tndep ths

grout d wi4 l'ts ('oitit ill; tt'ferenev 14 to t nt'v usus 121 i re- ral gi Iig I et w''t'l a fit'i n ls 21 an It Ilii jol V(T1 ill thIis~
i('(' O f he: itti Ig Of tI csa e S110Vilk or lii to mo1re i'dt't si'i spetee l ran2 i:lge. ' Te temperai tuttre grait ien It't v i- this

simulate the( pnopterties (if real surfaces ill retote svetis-

E'xpe(rimuental rutis were madel ott WC(A A1,03 p ow-

d~ers .5, 9, 1-5, 20, an 130 (which representt tltt' nomflinll
partic, ,sizes, i.e., the latelet diamtet(rs, ill init'rttls).

:I ldi.Ltllter of 9.8.5e (iltsignedl tt fill tile field tf view (If

tite interferomecter. lThe top surfac'e wits le'veletd bly
passilng til edge of a. spatuila acrtoss it.. Th'is worked 1k

welfr the la1rgersze' u.ni(-5j stlttip' ' vaalt

had14 a rouitghenetdc sutrfate i's a1 gglomeationi tottf titt' pa~rt i-
eles resultedl Ill somlte goiligitg t(hirintg Ow14 levelintg pro)-
eti .. Fie volitme fractions11 were, tocastired ftor each
ocf s aplsa i ee hot. ti5 (f~ = l i.9) tivai !) q

= 0 2 L7), t to lweeWCA 5 (f = 0.2 0), VCA 21) Q - - .. )

andt WCA :1 f=0.339). Titis 1 rend 4cOtiins 4121

previou I alseto thtliik( it 11rt ivcIvs tvn tiol pacttk
itoosely." 'ile( il t erferoimt-t enI sea its werv' 111214 l a alt Fig. 2- Cw't iii o.wd slirfti' (I-1) W( A) sier'ro I 1ito 111141
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IV. Results and Discussion
_ I.,iguire 3 shows the resultinig entittinee pilots for tit('

. " ~ ~ liv~e sampleA 4)f corunduim powder. 1lcspectrt rfillr '' ~\ into It systematic series for thle most part, although
som ile riii*'igs of thle curves occur nesir 400) cmn' aund

, 5(NI (-ttt Th1is1 emittlnCe trend which hams been ob-
served l of hI'olers,'1" might Ix! explinedlin termns of the
surfacee structure of tit( samleks. Thto porosities trendl
suchi thait. the smamller particle samples have the greaiter
poros)it ies. r't(0Il~tictilcotisitalit.4of COr~futtimitich

L -. ' - of t his spect ral range (400)-900 cm-1) itre sitch Its to
give mnoderaltely high surface reflectance and14, except for

F'ig. :1. i':,,ili li-, In f oiiidi i p wi ivsr. II ie smallest, 1)a2rticle sizes i volvel, there is consideral e
absorp~tion b)efoire reaching it second interface. Thus,
any surface roughness leadlitng to multiple reflection of

dep'thI is of the ordler of 50''2111. Theiirefore', eveo it given incident raty wouldl appear to h1w Ithbe tro dJimlinlish
Ihe physical size (if I lhe beadu wou In end t it ihighier mn- over-al I reflectancle by mull 1i pie I oltic(' Iutil hience ill-
sum4tvr'1iteiperat tres t ban t hose Irtl repiu'stnItit ive of CrIe2IMC ' nhittantce. The trend we see w~ithI pa:rticle

flt ra %ifie. i ofr oobrnu i ieurt sr size could therefore bte exp)la~ined by mL4stimliigr th11211 the4
he r~uIsurace li ordr ~ u~taitt n atctt~it'mso- e porous samtple has at greater Iauuoun1t, of surfitee

favotemeraurefil- prlises f hteromptritil of cavities atnd grealte'r surface rotighness (which wits ohl-
fheso-5 slttrat, wue Might hatve trieid more prcs expert- servedi dlurinig the exp~erimnlt). Tlhle (1211 a we obin~~tled
mtai'tli telijttes. Inlstea'd4, however, we' choise' it above 21jpjrox 1300) em- Ishow tile p~resenice of hit "1154

I hiiret iva I ipp;ri iici toi t his prolieml. itt 114 slpl2rie wtter h)21114 s 21id1 hit%(iv'eni't elimiti 21ed

Iisin' by l Ba 11rke r' suiggeste ilat i tit ersti g wity of
est abl ising Ii 14 sitrfave 1 enperit i. IBo t h orieil 12- ~
I ious (if cortnitti re seen too midnergo zero Iresne ' -'I

reflecti2muee tit. tI watv4'ent4r i i jst. less 11211ii) 0. 'lThis i
is ('222 5('4 I ite drill iii 1'i'find lye 14 lex (Io1.n, l it is ~
dispe'rsioni) thiat iocur's lit waivelengthIs just. prior tit
strnp ab~ 1lso rptaioit fetit n's. The4 indi l'x ill this ri'giolit
fitlls below at value (if 1. Whemi lit11 refractive' inldex
(5122211 1, tit(, normatl iici~etce lFresilel (Illat ionl lias tlhe

form

wuhere k is the athsorio~ilt indlex. If k is small Mt this -

po)int, the surfacee reflect itiec is effectively z.ero. Us-

ing B1arker's datai, we haVe voirnletld the opit ical (-out-
Sttllt t 12(1 eStrtl isjIciI thait('VJle (if ' lit t hiis po1ilt t h.ile Fig. 41. Sjlt nt (of'ori ihim immsiler.

betweent 1.5 X 10-2 and 4 X 116- 2 for both orienItaltions

of rointimt. Sctitteritig 21154, disappears due to the
itndex vathie niear untity leainitg to at voilumle reflect alie1

nealr zero, andti sit we diecided 141 to assume an overall re-
flectanice oof zero ait thuis poitnt. Thuls :111 etilittal111(5
value of unity wits ob~taiined( from KjrchbofT's la1w for ' ~ ----.

this4 spectrail poitnt which did represent the highest
emtltiltCe valuie shtownit i oulr spectra. 1B3 usinig this '

criterioin (e = I tt 1035 ct iwe were atble tol eSt 211-

liSh It IIM-khody I emperl tire representative (if the
sturfaces. Th'lese temp~rtutres were used to conlte
tile entittitcev eurves sho4wnI in Fig. :3. Tihe temper-
Ilttres tire soimewht liiwer timi Cho~se meiasured ait tih'ea. ~*
locat ion oif the therntistor, which is in acceord with the ."- --

(pt Itof coutidutt. IFtrl~lnr, the trend of the( ternl- - ' ..

pertftures clearly shilV.'I tl largest grailiet. occurs wit It
the stutil lest. 1121rIiede sizes mid)1 gra I st, porosi tie's. PIK. 5. Smiivvi. 4i ofminviii 11m4ier.
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the other frequencies of the experiment. The agree-] ment between these emittanices and the independently
____nne values of (1-reflectance) over this wide

- freiquency ranige is, therefore, it quantitative validation
of Kirchhioff's law. The good agrecent also confirms
the validity of this method of the determination of

I surface temperature.
Ft i.%important to recognizc that. Kirchhoff'm law,

' = I- It,(2)
app~lies only to tlie protter angular comnpleents. The

/ V -onlly qualificat ions necessary in our case are the use! of
-- . 45 emittanice data and 200 reflectance datat which is

ntot e'xpected to he4 serious al( the effects of the dif-
fering temlperature gradients which can only he impor-

Fig. 6i. SJiri of ioriii ponwder. ant for ft(e ciittane (lata ats thew optical constants are
not, significiit 13' affectedl by f ie( smnall temperature
range inv'olved. T1hese factors may atccomnt for small
shape diffe-rences between the emittzince and1( reflectance

(114t. It is to he IkOt(4d that the measured reflectance
values (of z.eroi near 1035 emn- 1 verify our theoretical
method oif establishiii-, the reflectance at this point.

We ob~serve- Some additional structure in emittance
wlieii compared with Ihe shape of the comparable re-4 flectance sp)ect ra. It is duie ini part to atmospheric
hands ill the calibrationi data resulting in apparent
peaks int the spect ra. For istance, there is an itp-
pa rent, emitla nce pieak near 6114) cm - due to carbon
iiixiile (iicatedi in tflie- figures) and there arepleaksazp-

~ ~ - pearizig hot Itiat f it( high-frequency endl of our renge and
_______________________________It is zililarlikt from11 flle dati that, the Spectra of the

- larger part icles have- lhe greatest spectral excursions
ais hIts IXeezi OilServei l y many workers. But even at

Fig. 7. 1-pmwrit af v~immulm ~wder. the smallest particle sizes studied, there is ample Sig-
nial-to-noise ill fte speet runt to clearly show the peaks
NiMn valleys t hat ciiiitaiii ft( icompo)sitionaiil informat ion.

fmon our ligiires.. Tlhere is sonic deviation from the Comparisoii of ie( data fromnt rns onl the various part i-
observed t miild of higher emiti tanece from smaller Ilarti- c sizes shows shape chiaiiges4 that nieed to be well utiner-
c size's -it frefil iites beyond 1.10 C11-1 stood before onle Could definlitely identify it Compilex

III Fig. 4 9 w" Show the emitt ane dat a for thlese mateial by its spectrum. Tlhis is well exemplified by
saLilphes together with reflectanice data for the same
sampl es oh tnaiiwd~ at thle Natijonia iii Breau iof Stan-
dards.11 TheP~ reflectance data was obtainled by at Carv-
White model W0 recordling sptct roplliiton('tt-r having
:ippriix 10-cm-1 resohiit ion. The satmples w~ere ir- -- -

r di ate c i nis; l icrically anrd reflect an ce was me'asured '

atf a 20'h angle of reflecit i withI ani angle of vie-w if 120
X 1.10* in- comparisoni to fte 1 2' cone for the Block*
interferomiet er. The teiierattire of (lie- samples wats
nrte d to hile kep t at 2;-))(. T[hus Ii ret cominparion
of iemit tamiec mid rcfiectatne measurements shows that
Kirc'hhonff's law~u is (i iaittit ativ~ely consistecnt wit h tihe
dlata. I I should lie- recalledl that the( temperature of the
emittinig stirface was crseni hy ivoking Kirchhoff's
lakw at at sigle frequenicy (1035 cm'). This temlper-
atutre wans th l~e e to esItablish (le enlittaiiCle at, aill--------------
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WAVELEtTh.. MICRONS particle opacity, topography, and the ratio of particle
size to radiation wavelength. These factors influence

.5 both the surface and volume contributions tn the re-
, .0 flectance in complicated ways.

We are currently in the process of computer modeling
30 our theory of reflectance (emittance) from particulate

media in the expectation that this type of approach
20 .9 wil~enable faster progress to be made in understanding

the complicated processes involved in interpreting
.9 spectra such as those shown in this paper. In the

', course of this work, we discovered a minor error in our
previous computer calculations of the theoretical spec-

9 trum of quartz.2  We had used volume fraction ratios
of 2:1 for EIIC:EJ.C quartz crystallites in attempting to

5 .9 simulate quartz powder spectra rather than 1:2 as is
correct for unpolarize(: radiation. We therefore reran
the computations and found a much better match to
the intensity ratios of peaks in the 500 cm - ' to 300

____________, _____ _cm
- ' measured in our previous work.

2  
However, the

400 500 600 peak intensities still differ from the experimental

WAVE UMBER, cm- values.

This work has supported in part by the Air Force
Fig. 9. Emittance features near 00 em - I (displaced format). under contract.
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