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CHAPTD. I 

INTRODUCTION 

Motivation 

This dissertation is concerned with the development of a new means 

of measuring the reflectance of engineering materials for eventual use 

in heat transfer calculations. Further, it is anticipated that this 

instrumentation will aid experimental. studies of the effect of various 

surface parameters on reflectance. The demand for accurate and well­

defined reflec~ance data is relatively new and intimately tied to the 

space exploration program of this country, where the basic problem of 

satellite temperature control has not been adequately solved. The most 

important controllable parameters in the solution of this problem are 

the thermal radiation properties of the satellite's surface. 

Engineering heat transfer calculations in this field are, at best, 

estimates, since existing reflectance data are generally considered to 

have ti:ai percent accuracy, and little or nothing is known about the 

goniometric distribution of the reflected or emitted flux from common 

engineering material~. Further, the effect on reflectance of roughness, 

surface contamination, surface damage, and surface temperature cannot be 

~redi~ted f~ioon e~i~ting experimental data. 

Because of a lack of this kind of information, the heat transfer 

engineer usually assumes perfectly diffuse reflection: or emission (i.e., 

equal int~nsity in all directions), or, in a limited number of 

l 
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* calculation• [1,2,3], the analy1t has auumed specular reflection~ How-

ever, the most useful approach of assuming that th~ surface ill partially 

specular and partially diffuse cannot be used, since data of this nature 

are 1 imited. 

Aaide from the demands of spacecraft temperature control, there is 

a continuing demand for accurate experimental verification 

of existing theories concerning the relations between surface parameters 

and reflectance (including a need for the goniometric distribution of 

the reflected flux). To date, the directional hemispherical reflectance 

(see definition, page 3) measured to test existing theories has often 

had uncertainties exceeding five percent, and goniometric (bi-directional) 

data off the specular direction have uncertainties easily exceeding ten 

percent. With these magnitudes of uncertainty, it is extremely difficult· 

for the designer or the theoretician to arrive at reasonable conclusions 

from the experimental datao 

Types .of Reflectances 

Given the above motivation,·it is then necessary to ascertain the 

types of reflectance that are needed by the heat transfer analyst and 

the theoriste Keeping in mind the diverse definitions presently in use, 

the author has attempted to use the definitions which best suit this 

dissertation,, Further, all terms and definitions used in this dissert,111-

tion are assumed to refer to monochromatic flux, except where otherwise 

noti!d, 

*Numbers in brackets refer to th~ b:1.bliogr.aphy ~ 
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Figures 1 and 2 illustrate the general terms to be used throughout 

this dissertation. Figure 1, part A, illustrates the bi-directional 

reflectance, which is defined as 

p[cp,e ,cp;e 'J = I''(g,;e')cos cp-'(4 w)' 
I 9cos cp(t. w) 
co' 

where Icp,e is the unidirecti9nal intensity over a small solid angle t. w 

about the particular direction cp,e and I' (cp;e ') is the functional 

TT TT 
description of the reflected intensity [Os cp ~ 2, 0 s ~, s 2, 

Os es 2TT, and Os e' ~ 2TT]. The intensity is described as power per 

unit solid angle per unit projected area of the reflector [4]. 

Part B of figure 1 illustrates the direction hemispherical 

reflectance, which is defined as 

p(cp,e)""' 
J2rr , , 

I (cp,9")cos cp' dw' 

I 9cos cp(t w) 
cp' 

which is the ratio of the flux reflected into a hemisphere above the 

surface to that incident at cp,9 in a small solid angle 6 w, where 

TT 

(1) 

(2) 

Os cps 2 and Os es 2rr. Another term for this concept is hemispheri-

cal reflectance of the second kind. 

Part C of figure 1 illustrates the diffuse directional reflectance, 

which is defined as 

(3) 

which is the ratio of the flux per unit solid angle reflected into the 

cp;e" direction (for conditions of diffuse illumination) to the flux per 

unit solid angle that is reflected by the diffuse complete reflector into 

the cp;e' direction (for the same conditions of diffuse illumination)~ 
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The hemispherical reflectance (Part D, figure 1) is defined as 

r2TI , , , ) , 
Jo I (cp, e cos cp dui" 

. J2rTI(cp,9)cos cp dw 
0 ' 

5 

(4) 

which is the ratio of flux reflected into the hemisphere to that which is 

incident over the hemisphere. Note that this equation is considerably 

more general than the others, since nothing is specified about the 

incoming or outgoing energy; further, this term probably has the least 

use in accurate heat transfer calculations and only limited use to the 

theoretical investigator. However, it is useful in that 1 - pH is the 

fraction of the incident energy absorbed for the given illumination 

conditions. 

Further, the diffuse-hemispherical reflectance is defined as 

p(diffuse hemispherical)= 

r2rT , < , , > , Jo I q,,e cos cp du/ 

nI 

that is the ratio of flux reflected into the hemisphere above the sm> 

face to the incident flux, which is, perfectly diffuse over the hemi·, 

sphere. 

The foregoing definitions of reflectance provide a basis for 

defining and discussing some additional terms, which facilitate the 

remaining di8cussions in this dissertation. For a more complete discus=· 

aion of reflectance terms and other related ways of defining these tenns, 

see referenceg 4 and 5. The first is the specular reflecta~ce, which is 

defined as 

S ,I'(m,6 + 180°)cos 
/lW ' T 

p (specular) • -::!:.~-1-cp-
9

-c0- 8-q:,-(,...t.-w~)-~~-

cp dw' 
(6) 
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and is illustrated in part A of figure 2. In the case of a perfect mir-

ror reflection, the specular component would be.defined on the same size 

solid angle as the incident ~lux; however, in this case, it appears u~eful 

to leave the outgoing solid angle unspecified, as it will be desirable 

to measure and use different size solid angles for different calculation~ 

and for different surfaces. For instance, the heat transfer analyst is 

primarily interested in the flux grouped around the specular direction, 

so.that he knows, fairly accurately, the amount of flux that is reflected 

in the primary direction of specular reflectance. At this time~ the heat 

transfer literature provides no study of the size of solid angle of 

intereat; however, the extensiTe studies on gloss measurement IIMllY be 0f 

use [34]. Further, note that this term, as defined (which is the 

experimentally measured parameter) contains part of the diffuse component 

of the reflectance. Thus, when p(specular) is used for heat tran6feis 

calculations of·the specular-diffuse type, the diffuse component should 

be subtracted froinp(specular) to give an estimate of the additional 

energy (over and above the dtffuse component) that is grouped around the 

specular direction. 

For this work, the no~-apecular reflection is defined as 

p (non-specular) 

r2rr . . 
= Jo l'(cp,Q)cos q>' dw' 

Icpec()s cp(ti. w) 
- p(specular) 

This is illustrated in part B of figure 2. Note that thi~ is not the 

true diffuse component of reflectance, since the diffuse component of 

the flux in the specular direction is not accounted for. 

One remaining term seems advisable to define; the directional 

annular cone reflectance is 



I'(<l>,9+180°) . 

/ 

N 

SURFACE OF SAMPLE 

SAMPLE 

SAMPLE 

I(<l),0) 

c) Directional Annular 
Cone Reflectan~e 

l 1(.1,e1) 

. Figure 2. Reflec.tance Terminology(B) 

7 
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p(directional annular cone)= 
J-.m .... s2TT - - · .-1.::::: , ~ , ,. • , ,, ) 

::p 1 0 I (~,e )cos cp s1.n r.,p ck.p de 

- Ir.p ,8 cos co(i:i w) 
(8) 

which is the ratio of the flux leaving the surface in an annular cone to --

that incident at q,,8 in solid angle (6. w). This is illustrated in part. 

C of figure 2 • 

It is hoped that the author has not defined terms solely for the 

sake of defining, but rather as a basis for further discussion. With the 

above types of reflectances defined on a monochromatic basis, as pre-

viously stated, it is necessary to know the wavelengths at which these 

reflectances should be measured. If one considers the problems of heat 

transfer, it is apparent that the wavelengths of interest for a 

reflectance messurement are those at which the principal amount of 

energy is transmitted. The cross-hatched areas of figures 3 and 4 indi-

cate the wavelength band encompassing 99 percent of the flux emitted by 

a blackbody source at the indi_cated te:nperature. This graph indicates 

that for high temperatures the band is very small and centered near the 

vis.tb1.e (0.4 to 0.7 µ); as the temperature decreases, the center of the 

::;a;:w. ..;hifts to longer wavelengths and beccmes much wider, so that at very 

low temperatures it is extremely wide and centered far out in the infra-

~ea. rhus, the wavelength of interest varies with application; the 

space program of satellite temperature control is primarily con-

cerned with the o._35 to 35 µ region, which encompasses the principal 

flux from the suri., that emitted and reflected- .by the earth, and that 

emitted by the spacecraft. The theorist for most studies is not too 

concerned with the wavelengths measured, but.mostly with having a very_ 

,,iide band of wavelengths to choo21e from. 
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Methods of Measurement 

The directional hemispherical reflectance from 0.4 to 2.1 µ is 

accurately measured by use of integrating spheres. From 2.1 to 35 µ 

10 

there exist many instruments which measure p(~'e') and p(~,0) and a few 

instruments which measure the reflectance with and without the specular 

component, which are essentially the reflectances defined in equations (6) 

and (7). This section contains a review of the existing instrumentation, 

with a discussion of main sources of error, accuracy, wavelength range, 

types of reflectances measured, and limitations. 

Due to the present lack of proven integrating sphere coatings for 

the infrared, this approach will not be discussed (for further informa­

tion on the operation and theory of integrating spheres, see references 

1,. 6, and 7) • Further, the measurement of true specular reflectance of 

mirrors or other highly specular surfaces is not reviewed; the reader is 

referred to references 8, 9, 10, and 11, for detailed information. Thus, 

the following review concerns itself with the measurement of the pre-· 

viously defined reflectances. in the wavelength range of 2 .. 0 to 35 µ, 

where reliable data are not generally available. There exist two basic 

methods of measurement of reflectance in this range: (a) Coblentz hemt­

sphere type instruments [12], and (b) Gier-Dunkle heated cavity reflec­

tometers [13]. These two instruments, with individual variations, are 

presented in chronological order of development. 

A. Coblentz Hemisphere: 

Around 1910, several investigators [12,14,15, & 16] measured 

p (cp,9) by use of what has become known in this country as the Coblentz 

hemisphere reflectometer. Figure 5 illustrates the basic configuration 
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of this instrument. The basic optical principle involved in the use of 

this instrument is the concept of conjugate focal points existing about 

the center of curvature of a hemisphere; thus, if a light source is moved 

to the right of the center of curvature, its image appears to the left 

of the center of curvature. This image is very much blurred due to spheri­

cal aberrations which increase with distance from the center [17]. Also, 

the "image,'' because of the blurring, is smeared out, and, hence, 

enlarged. 

Thus, if a sample is placed at the first conjugate focal point in 

figure 5, then an enlarged image of the illuminated area appears at the 

second conjugate point. This instrument is used to obtain both absolut~ 

data and relative data (i.e o, absolute data are taken by directly 

measuring the incident flux and the reflected flux and calculating 

reflectance from a knowledge of system losses; relative data are taken 

by measuring the reflected flux from a standard of known reflectance and 

then measuring the reflected flux from the sample and calculating the 

reflectance of the sample from knowledge of relevant system losses and 

the reflectance of the standard ) • The operation of the Coblentz hemisphere 

in the absolute mode is as follows~ first, the detector is placed at 

the first conjugate focal point to read the incident flux, and then the 

sample is placed at the first conjugate focal point and the detectqr at 

the second conjugate to measure the reflected .flux. The ratio of these 

two fluxes, corrected for system losses, is then p(cp,8), where generally 

cp is close to the normal. In the comparison mode, two measurements are 

made with the detector at the second conjugate focal point, one with a 

sample at the first conjugate focal point, and the other with the 

standard at the first conjugate focal point. 
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Major flux losses in this system are due to atmospheric absorption, 

losses out the entrance hole, mirror absorption (which may vary with 

position on the mirror), and the inability of the detector to sense 

equally the reflected flux from all directions over the hemisphere. 

Because of the spherical aberrations, a large image is formed at the 

second conjugate focal point, which requires the use of a large detector 

(such as a ten junction thermopile). Thus, large errors due to detector 

spatial sensitivity are probable (chapter IiI and reference 18). In the 

relative mode of operation, it is possible to minimize all of the above 

mentioned effects if the distribution of the reflected flux from the 

sample and from the standard are similar. 

If the sample and standard differ in distribution of reflected flux, 

losses due to detector angular and spatial sensitivity, hole losses, and 

mirror absorption are not proportional. Especially the hole loss, which 

is very dependent on the distribution of reflected flux (i.e., for a 

specular surface there is no hol~ loss; while for a perfectly diffuse 

reflection, the hole loss is identical to the diffuse configuration fac­

tor between the image and the hole, and for the distribution of reflected 

flux between perfectly specular and perfectly diffuse reflection, the 

correction can be almost any fraction up to 100 percent for a perfect 

back scatterer). Further, the detector is more sensitive to energy from 

the top of the hemisphere than to energy from the edges. An additional 

problem is the criticality of sample and detector elevations, which, if 

they are not, bof::h in the focal plane, wil! yield large errors, since 

much of the energy will miss the detector entirely. 

With large unknown errors, and the experience of more recent inves­

tigators, it is impossible to accept Coblentz's stated accuracy of 1 part 
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in 400 [ 10]. The wavelength range of this instrument is normally 0.5 to 

15 µ, with a probab1e accuracy for any general engineering surface of, 

at best, .ten percent.,: During the 50-year history of .this iristrumerit, · 

many innovations .have be'en made •. · The most prominent of these are: 

(1) ~ Janssen and Torborg,modified the original concept of the 

Coblentz. hemisphere to me~sure .P(cp;e '), as shown in figure 6 [19]., 

This modification alJows sample heating and relative reflectance 

measurements~ fi01)1 .0a4i,tci.~20 µ, with probable accuracy of five percent for 

general engineering materials. This modification essentially eliminated· 

the detector.problem, doubled the hole correction problem, introduced 

the problem of getting a good infrared diffuser, introduced the effect 

of sample-diffuser interreflection, and did not affect the other princi- ·· 

pal errors •.. For accurate use of this instrument, the sample and 

standard must both be; either perfectly diffuse or specular, or they must 

have the same distribution of. reflected. flux; under these specific con-

ditions, it is probable that an accuracy on the order of two percent is 

obtainable.· Further,. f(cp;e") Ei p(cp:e') only if a perfect diffuser is 

used in the first con.Jugate focal.,oint and an accurate correction can 

be made for the hole.losses. 

(2).. J. U. White built, in 1964, an automatic recording Coblentz-, 

type·lnst:tument.for the National Bureau of·Standards [20]. The iristrµ­

ment require~ the use of a spec~lar ~tandard and a diffuse standard' and 
: . :. .. ·. . . . . . . . 

makes relati:ve measurements over the 2 .5 to ·22 .5 µ range of p(cp;e ") with 

no estimated acc~:racy:~ ·.It. appears Fhat this iristrurtient h~s in ~~c~racy ' 

of the order of. 1;:en ·,J?,e~ceqt. .· ft is questionable whether this; instruttient 
,· ·· .. 

illuminates the sam,ple diffusely, so that it is doubtful that data .from 

this instrwnent can be used in the reciprocity relations to yield p(cp;e '). 

', ..... 
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The main innovation with the instrument was placing the source at the 

first conjugate focal point and viewing the source and sample through a 

very large hole in the hemispl:iere. 

(3), Birkebak and Hartnett, utilizing the basic Coblentz concept, 

. 3 
extended the hemisphere to about~ the size of a sphere, which allowed 

the sample and detector to be tilted so cp was no longer restricted to 

near normal illumination [21]. 

(4). Kozyrev and Vershinin, utilizing the basic Coblentz concept, 

extended the use of the instrument to a directional annular cone 

reflectance measurement by use of carefully constructed baffles [22]. 

(5). References 23, 24, 25, and 26 illustrate some of the many other 

varied applications of this instrument. 

Further, it should be noted that a 11 of the a hove instruments , wi tli 

proper procedures, are able to measure the reflectance (either p(cp,9) 

or p(cp;e ')) with and without the specular component; however, they are 

all very restricted in the size of solid angle that can be eliminated 

as the specular component. 

B. Heated Cavity Reflectometer: 

In the late 1940 1s, the heated cavity reflectometer, concep-

tually illustrated in figure 7, was developed, which offered a means of 

measuring p°(cp ;e ") from 1 to 35 µ, with a probable accuracy of five percent 

for general engineering materials [13,27,28, and 29]. The principle of 

this syst~m iS j:o pl~ce the sample in a blackbody cavity (i.e., equal 

intensity from all directions) and thus illuminate it diffusely, The 

sample . and .. a sp~f: . on 0 ~~'£1 are viewed ahernately through a small 

hole in the cavity, and thus a measure .of the incident and reflected 

.flux is obtained to enable absolute reflectance measurement. By mounting 

:.;:, 
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SAMPLE AND REFERENCE RADIATION 
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optics. Reprinted 
J.C. Richmond. 
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heated cavity reflectometer.with associated 
from reference 19 by permission of the Editor, 
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the sample in the middle of the cavity, the angle of viewing (q/) for 

relative measurements of p(~;e') can be varied by.tilting the sample. 

The major unique problems with this instrument are eliminating the teffi~ 

perature gradients and hole effects in the cavity so that it is indeed a 

blackbody cavity, and accounting for the energy emitted by the sample. 

In the Coblentz-type instruments, the incident energy is chopped so that 

its a-c signal can be distinguished from the d-c signal of the sample 

emitted energy, whereas in the heated cavity, no distinction can be made 

between the two. Also, in the heated cavity, the sample must be water­

cooled and its temperature is quite hard to control, except for samples 

of high thermal conductivity. 

The remaining problems occurring with.the heated cavity are analo~ 

gous in nature to those in the Coblentz-type reflectometers, that is, 

the effect of the hole loss is similarly dependent (through the recipro­

city relations) on distribution of the reflected flux. This instrument 

is also capable of eliminating the specular component by viewing at 

~~ = 0, then the specular component would come from the hole, which 

emits no energy into the cavity. Again, however, the solid angle for 

the specular component is limited by the hole size and its distance 

from the sample. 

Summary 

From the brief foregoing discussion, it seems apparent that the 

heated cavity reflectometer offers the largest wavelength range and the 

highest accuracy for use in infrared reflectance measurements. However; 

it is restricted to the measurement of p(qJ;e ') for limited values of qi;e '. 
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It is also apparent that several problems are common to most .:of the· inves-

tigators and have yet to be eliminated. They are: 

(1) The effect of the entrance or exit hole on the measur.ement, 

(2) The lack of versatility in the instruments which restricts 

the!\l to very special measurements, 

(3) The inability to define specifically the accuracy of measured. 

reflectance, 

(4) The necessi~y for a calibrated reflectance standard of known 

goniometric distribution of reflected flux, and 

(5) Spherical aberrations and/or detector spatial sensitivity 

problems. 

It should be noted that reflectance measurements with the above · 

instruments are still an art and the estimated accuracy as given herein 

for each instrument is intended to imply the use of the best possible 

measurement procedures for surfaces of unknown distribution of reflec-tecl 

flux. Furth~r, it is felt t,b_at the general literature data, much of it 

going back to the work of Coblentz in 1913,. do n<::,t rEiflect the best 
. . . 

measurement procedures available today and may be in error on the ~rder. 

of 30 percent. References 30, 31, 32, and 33 give or review other ·. 

methods of measuring infrared reflectance. One reflectometer that ;as 

not discussed above is the parboloid reflectometer (30]. This reffec.:. .· 

tometer appears to have many of the advantages of the el,lipsoidal refle~.:. 

tom.eter discu~sed in this work, and is considered in chapter V •• Table t 

is a summary of the previously def'ined reflectances. 



Reflectance 
Measurements 

Bi-directional 
Reflectance· 

Di,rectiona.); 
Hem is pher ica 1 

Diffuse 
Directional· 

Hemispherical 

Specular 
Component 

Non-specular· 
Component 

Directional 
Annular Cone 

TABLE I 

REFLECTANCE TERMINOLOGY 

Definition 

I'Ccp;e')cos (b" (4 w)' 
. ~,e cos q,(A w) 

J. 2n '( , ') , d , . I cp 9 cos cp w 

\p,e cos q,(A w) 

i" ~cp;e ') 
Ib (cp~e ') 

·. 2n 
I.o 1 ' Cq,: e' > cos q,' dw' 

J.2rTI(q,,9)cos q, dw 
0 . 

s~w,Ir(cp,9 + 180°)cos q, dw' 

Iq> ,a cos cp(A w) 

J!"1'(q,;e ')cos q,'dw' 
•. Iq,,e cos tp(~ w) 

- p(apecular) 

rci>.a r2111 ,. ( ,. , ) , , , . ., 
Jcp 1 J 0 · cp,0 . cos q, sin cpd cp d0 

Icp,e cos cp(A w) -~ 

Figure 

la 

lb 

le 

ld 

2a 

2b 

2c 

Remarks 

Yields complete description of surface's 
reflection characteristics. Very few 
measurements available. 

Measured by Coblentz, paraboloidal, and 
ellipsoidal reflectometer. 

Measured by heated cavity and recent 
modifications of integrating hemispheres 
and spheres. 

Very general and is seldom useful.. 

Of interest in heat transfer calculations. 
Has not been extensively measured. 
Should become important. 

Complimentary to specular component 
measurement. 

Appears that this type of reflectance 
would. be useful for specific heat 
transfer configurations.· 
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CHAPI'ER II 

AN ELLIPSOIDAL MIRROR REFLECTOMETER 

This chapter describes the conceptual design and operation of an 

ellipsoidal mirror reflectometer, which was developed to minimize the 

problems experienced during previous attempts to measure accurately 

infrared reflectance. Further, during the development of this instrument, 

the versatility of measurement was stressed to enable absolute or rela-

tive measurement of p(~,e), p(~,e,~;e'), p(specular), p(non-specular), 

and p(directional annular cone). Initially, the instrument is intended 

for use in the near infrared, where sufficient energy is available from a 

Globar to activate thermopile detectors. Eventually, the instrument will 

be utilized throughout the 0.4 to 15 µ range. 

Figure 8, which illustrates the basic design of this instrument, 

shows a Globar as the source, The flux from the Globar is chopped by a 

11.3 cps chopper before entering a Perkin-Elmer Model 83 monochromator; 

the monochromatic beam is then refocused (by two mirrors, one an opti-

cally flat, front surface, aluminum mirror with no overcoat, and the 

other a 36-inch radius of curvature, front surface, spherical mirror) 

through a small entrance hole onto the first focal point of an ellip­

* soidal mirror. The ellipsoidal mirror is 12\ inches in diameter and 3~ 

inches high, the first focal point is in the plane of the edges of the 

* Purchased from Strong Electric Corporatfon, City Park Avenue, 
Toledo 1, Ohio. 
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Figure 8. General Optical System of the Ellipsoidal Mir:i;-or Reflectometer 
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mirror, and the second focal point is 17 inches below the first focal 

point. The detector signal is amplified by a Brower Model 129 thermo-

i, 
couple synchronous amplifier. To measure the incident flux, the detector 

is placed at the first focal point (see figure 9). The reflected flux 

is measured by placing the detector at the second focal point and the 

sample at the first focal point; the reflected flux leaves the sample 

and is reflected by the ellipsoidal mirror to the detector at the second 

focal point. Thus, after correcting for system losses (qualitatively 

described on page 26), the absolute directional diffuse reflectance is 

measured for~= 7°. When the instrument is operated in the relative 

mode, the detector is always at the second focal point and two measure-

ments are made, one with a sample at the first focal point, the other 

with a reflectance standard at the first focal point. As in other 

methods of reflectance measurement, the relative measurement tends to 

eliminate the effects of atmospheric absorption and reduce the effect of 

the other corrections; however, it also requires the use of nonexistent 

reflectance standards. 

This instrument has the same inherent losses as the other systems, 

with the following exceptions~ 

(l)a Aberrations are reduced to a minimum,' since all measurements 

are centered around true focal points rather than conjugate focal points 

[ 17]. 

(2). The reflected energy is now concentrated in a small cone (24° 

half-angle), instead of over the entire hemisphere, which reduces 

errors due to angular sensitivity (chapter III) o 

* Brower Laboratories, Inc., Turnpike Road, Westboro, Massachusetts. 



SPECULAR RELECTING 
ELUPSOID 

I - -
. .._ FIRST FOCAL PLANE 

24 

TO CHOPPER 8 
~ MONOCROMATIC 

SOURCE 

\?_ ENTRANCE HOLE 
I 

N 

\FIRST FOCAL -~INT 

¥ SECOND FOCAL POINT 

1iF·re 9. O,.tic• .t tM llli~oida 1 Mirror, 



25 

(3). The detector and sample are widely separated (17 i~ches), ·· 

which will allow heating and cooling of th.e sample over large temperature 

ranges, (This is also an advantage of the Janssen-Torborg system.,) 

(4). Further, the unique optics involved in the use of the ellip~ 

soidal mirror will allow accurate calibration of mirror and hole losses 

for all but the most radically distributed reflected flux (such as a 

diffraction grating). 

Measurement Capabilities 

This thesis is primarily concerned with the measurement of p(q,,8 ); , 

however, the unique optics of the' ellipsoidal mirror allow accurate 

description of the distribution of the reflected flux, because the spatial 

distribution of the reflected energy crossing the first focal plane is 

related precisely to the goniometric distribution of the reflected flm~. 

That is, every direction q,;e .. in the hemisphere above the. surface is 

represented by a point Pin the first focal plane, and every solid angle 

centered in the direction q,;e" is represented by an area about P. This 

implies the ability to select the energy that the detector views by 

blanking out the unwanted energy with a shield placed in the first focal 

. plane. With this procedure, a specular component can be measured whith 

has a solid angle determined by the open area of the shield placed at the .. · 

first focal point. Similarly, the bi-directional reflectance 

(i.e.'. p(7° ,e ,q,';a.:. )) could' be measured by. the' same. procedure< (i~e;' by 

varying the p<>si,tioll of the hole in .the. s~i~J4). Measuremen,t;.. of . the 

directional annular cone reflectance is accomplished through. use of a set 

of circular disks centered on the sample, which allows sufficient data'··.· . 

for .calculation of this reflectance. Further, this ability to measure 



26 

the distribution of the reflected flux will aid greatly in making precise 

corrections fo~ the system losses. 

Due to energy limiting factors presented in chapter III, the instru­

ment is initially used in the 1.5 to 7.0 µ region. Further, since abso­

lute measurements are taken in the laboratory atmosphere, eight wave­

lengths and corresponding band passes have been chosen which do not 

include the absorption bands of water and co2 • These wavelengths are 

1.5, 2.0, 2.5, 3.5, 4.5, 5,5, 6.5, and 7.0 microns. The width of the 

band passes varies from about 0.2 µ for the shorter wavelengths 

to about 0.4 µ for the longest wavelength setting. These large band 

passes will not in general be a hindrance, since the materials studied 

do not have absorption bands or radical changes of reflectance in the 

wavelength range, 1.5 to 7.0 µ. 

Description of System Losses 

In order to attain a high degree of accuracy, the flux losses in 

the system must be accounted for precisely. Thus, this section qualita­

tively describes these losses for future use in a flux balance of the 

system. 

(1). Ellipsoidal Mirror Losses (Fa): 

Energy is absorbed by the ellipsoidal mirror; therefore the 

reflectance of the mirror coating must be known. This reflectance may 

vary with angle of incidence on the mirror, and, hence, position on the 

mirror. The angle of incidence varies from 0° at the apex to 35° at the 

edge of the mirror. There also will be losses from scattering due to 

scratches, dust, and other imperfections of the mirror surface. 



27 

(2). Hole Losses (FR): 

Some of the reflected flux will escape through the hole in the 

mirror which admits the incident beam. This loss varies with the geo­

metric distribution of the reflected flux. Previous instruments have 

been unable to establish accurately thi~ loss, which does not necessarily 

lie between the condition of no loss for a specular sample and a loss 

based on a diffuse configuration factor from the sample to the entrance 

hole. For most engineering surfaces, this loss will be higher, since 

they reflect a predominant amount of flux about the specular component, 

which will include the direction of the hole. 

(3). Sample Shielding (FSP-FSR): 

Flux leaving the sample normal to its surface will be re­

reflected to the sample, and, hence, be blocked from reaching the detec­

tor. Most of this will be lost, but some may be multiply reflected by 

the sample and reach the detector. 

(4). Sample Holder Losses (FW): 

Those parts of the sample holder and its supports (not shaded 

by the sample) will shade the detector and cause a loss of flux. 

(5)~ Atmospheric Absorption: 

The path lengths for incident and reflected energy will be 

different; hence, atmospheric absorption will introduce errors in the 

absolute measurement. These errors can be minimized in a comparison 

measurement. 

(6). · Edge Losses: 

If the sample is not properly aligned in the first focal plane 

of the ellipsoid, some of the flux reflected by the specimen will miss 

the lower edge of the ellipsoidal mirror and be lost. Again, the amount 

depends on the geometric distribution of the reflected flux. 
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(7)o Detector Related Problems: 

A problem common to most previous refl~ctance measurement 

methods has been the need .for large area detectors. to accept the large 

images. Large area thermopiles, in particular, always have _a non­

uniform spatial sensitivity (i.e., they do not sense flux equally wet'l 

if the illuminated area of the detector is changed) and angular sensi~ · 

tivity (ioe., as the angle of the incidence gets further from the normal, 

the detector is much less sensitive to the flux, due in part to shading 

by the housing of the thermopile, and because the absorbing blacks on 

the detector become specularly reflecting at grazing incidence). 

Chapter III deals with the problems of detectors in detail, while 

chapter IV describes the analysis used to ascertain the magnitude of the 

above listed losses, and appendices F and G discuss the calibration 

techniques and the probable magnitudes of the losses. 



CHAPTER III 

DETECTOR PROBLE:t,18 

In this chapter the prob~ems of detector spatial and angular sensi­

tivity are investigated and corrective measures described. Spatial sen­

sitivity is defined as the variation in response of the detector with 

changes in the illuminated portion on the sensitive area of the detector. 

This leads to errors in the comparison between measurements of (1) two 

small area beams that are not incident on identical portions of the sen­

sitive area, and (2) a small area beam and a much larger area beam. 

Angular sensitivity is defined as the variation in response of the detec­

tor with angle of incidence of the mea,sure!f flux. 

(A). Detector Spatial and Angular Sensitivity. 

As previously stated, a large area detector is required in the 

ellipsoidal mirror reflectometer, because the incident image (2mm. x 2mm) 

is magnified about 25 times to a size ,of lcm by lcm at the second focal 

point. Hence, when the instrument is used in the absolute mode, it is 

necessary for the detector to sense flux incident in a cone of 4° half 

angle centered around a direction 7° from the normal over a 2mm by 2imn 

area equally, as well as flux from a cone about the normal having a 24° 

half angle and an i~ge area of lcm by lcm. When the instrument is 

used in the relative mode this is not as critical since the reflected 

beams are similar. 

29 
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Two detectors were considered for use in the instrument: (1) A 

Golay cell, and (2) a Reeder ten junction thermopile. The Golay cell has 

a sensing area 1 cm in diameter and the Reeder thermopile has a sensing 

area 1 cm square. The Golay detector was discarded early in the effort 

as being too microphonic. The microphonic noise was accentuated by opera­

tion of the detector with its sensitive diaphragm in a horizontal posi­

tion, rather than the more usual vertical position [31]. Because of 

these difficulties, the ten junction thermopile was selected for the 

measurements reported herein. The first attempts to obtain absolute 

measurements of selected samples with the equipment resulted in errors 

of reflectance in excess of 40 percent. It was felt that the spatial and 

angular sensitivity of the thermopile might well contribute errors of 

this magnitude. The spatial sensitivity was measured by W, Schneider, 

National Bureau of Standards [18], and the angular sensitivity was 

measured with an attachment to the reflectometer instrument. These 

measurements are described below. 

(A.l). Detector Spatial Sensitivity: 

The thermopile was mounted on an automatically driven 

micrometer head that could move it horizontally in the plane of the sen­

sitive area at a rate of about 0.08 inch per minute. A stationary aper­

ture stop, having a circular opening f6 inch in diameter, was mounted 

. directly in front of the detector. The detector was illuminated 

through the aperture stop by radiation from a tungsten lamp. 

The thermopile consists of ten plates, each approximately 2mm by Smm 

in size, arranged in two columns of five rows each to form a sensitive 

area 1 cm square. A thermocouple was attached to the back of each plate, 

and the ten thermocouples were connected in series to form the thermopile. 
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The scans in th A-A" direction were made across the center of the sensi­

tive area, along the line between the two columns. _ The scans in the B-B" 

direction were made across the center of the sensitive area along the long 

axis of the two plates in the third row. In both cases scans were made 

(1) using incident radiation chopped at 13 cycles per second with the ampli­

fier tuned to 13 cps, and (2) using unchopped incident radiation with 

a d-c amplifier. Results are shown in figure 10 for the a-c scans, and 

in: figure 11 for the d•c .scans. For some of the runs, a screen holder 

was placed over the thermopile; this was used to hold the roughened NaCl 

window described in appendix C. · This screen holder was an attachment to 

the thermopile which should not have obstructed the incident flux. 

In figure 10 for the A-A" scans, it can be seen that, with the 

screen holder only, there are three distinct peaks, with some indication 

of two others, corresponding to the positions of the five rows of plates. 

In the B-B" scan, without the screen holder, it is ap-parent that the 

plate on the right had greater .sensitivity than that on the left. The 

screen holder alone had very little effect, as would be expected. 

In figure 11~ the d-c scans in the B-B" direction are somewhat 

similar to the equivalent a-c scans for the screen holder only; however, 

with no screen holder, the curve is relatively smooth and shows that the 

plate on the left has greater sensitivity than that on the right. The 

scans in the A-A" direction show five distinct peaks with no screen 

holder. The curve with the screen hqlder only is qualitatively similar 

. to the equivalent a-c scan. 

At this same time, W. Schneider also measured the spatial sensi­

tivity of the Golay cell in a similar manner. In this case, a Globar­

filter arrangement provided the different wavelengths. The results are 

contained in figures 12 and 13. 
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Figure 10 
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Results of scans across the sensitive area of the thermopile detector in 
the A-A' and B-B' directions, with unchopped tungsten incident flux. The 
A-A' direction is across five rows of plates, and the B-B' direction is 
acr~ss two columns of plates. 

Figure 11 
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(A.2)o Detector Angular Sensitivity: 

Since a detector was required that was equally sensitive to 

radiation striking at any angle from Oto 24°, the angular sensitivity of 

the thermopile detector was measured. To make this measurement, the 

detector was mounted on a milling head (figure 16) with its sensitive area 

in a vertical plane and with the two columns of plates vertical, in a 

position such that the center line of the sensitive area coincided with 

the vertical axis of rotation of the milling head •. An image of the exit 

slit of the monochromator, 3mm by 3mm in size, was focused on the center 

of the sensitive area from a direction normal to it, by means of a 6-inch 

diameter spherical mirror having a 49-inch radius of curvature. The cone 

of rays thus had a half-angle width of about 3~0 • The monochromator was 

adjusted to give a band of radiation centered at 2.2 µ. The response of 

the detector was recorded as R when the axial ray of the incident beam 
n 

was normal to the sensitive area. The milling head was then rotated to 

give incident angles of 5, 10, 15, 20, 25, 30, 40, 50, 60 1 and 70° to 

the normal, and the response of the detector was recorded at each setting 

as Ra, e being the angle of incidence. The data were normalized by 

dividing each reading by the reading at normal incidence, and plotted as 

a function of angle of incidence to produce the curve shown in figure 14. 

Similar measurements were made with a cover plate 0.15 inch in thickness 

with a 1 cm by 1 cm hole mounted over the sensitive area. The entire 

procedure was repeated with a band of radiation centered at 8 µ. 

The experimental curves are compared in figure 14 with two computed 

theoretical curves. The top curve, in which Rn/Re= 1 at all angles 

would be obtained if the detector were equally sensitive to flux striking 

it at all angles, and if all of the incident flux struck the sensitive 
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area. The lower curve, in which Rn/Re= cos e, would be obtained if the 

detector were equally sensitive to flux striking it at all angles, and 

were completely filled at normal incidence. 

From the experimental curves in figure 14 it can be seen that the 

sensitivity increases slightly from normal to 20°, then decreases. The 

.increase is undoubtedly due to the fact that as the illuminated area of 

the detector increases, the more sensitive areas, as shown in the pre­

vious section, become illuminated. The sharp drop in response beginning 

at about 30° is due to some of the flux being lost; either not admitted 

through the window or not striking the sensitive area. if admitted. The 

presence of the cover plate increases the rate of fall~off in this range, 

as might be expected. 

Similar tests were made with the detector mounted with the five rows 

of plates vertical. The results shown in figure 14 are similar to those 

in figure 9, except that the iocrease in signal from Oto 20° was not 

observed. This is undoubtedly due to the fact that as the angle was 

increased, more plates were illuminated, but in the same relative areas, 

hence, the signal remained constant. 

The curves plotted in figures 14 and 15 show no significant dif­

ferences for flux of 2.2 and 8 µ, respectively. The fact that the 

curves are nearly flat from Oto 25° indicates that variation in angular 

sensitivity will be only a minor problem with the ellipsoidal reflec­

tometer, since the marginal rays strike the detector at an angle of 

approximately 24°. 

From these measurements it is apparent that spatial sensitivity of 

the detector could cause errors in excess of 30 percent, since the 

reading with the detector at the first focal point is dependent on where 
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the small image is placed on the detector. Further, the image at the 

second focal point slightly overfills the detector-sensing area due to 

aberrations and any slight misalignment of the optical components •. 

Hence, if reliable measurements are to be obtained, it is first neces­

sary to eliminate the problems of spatial sensitivity, angular sensi­

tivity, and failure to collect all of the reflected flux. 

(B)6 Flux Averaging Devices. 

40 

The data on the variation in spatial and angular sensitivity of 

the detector indicated that a flux-averaging device would be requireq for 

use with any of the available large-area infrared detectors. The func­

tion of such a device is to spread the available flux uniformly over the 

sensitive area of the detector, regardless of image size, shape, or 

intensity distribution. Any averaging device will, of course, reduce 

the efficiency of a detector system, because some of the incident flux 

in absorbed by the diffuser, and some is scattered away from the sensi­

tive area of the detector and is lost. In general, the losses in the 

diffuser tend to increase with an increase in its efficiency as a dif­

fuser. 

The literature provides several references to this problem. One is 

the work of Bennett and Koehler [9], who used a small integrating sphere 

to average out the signal over a photomultiplier detector. Another is 

the work of Ronzhin [39], who tried light ducts and integrating spheres 

to average the signal over the sensitive area of a photomultiplier. 

However, these references offer solutions only in the ultraviolet and 

visible portions o-f the spectrum, where good integrating sphere coatings 

are available. In the infrared, the spectral region for which the 
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reflectometer was specifically designed, no one has yet shown that satis­

factory integrating sphere coatings exist for use beyond 4 µ. 

Three different types of diffusing devices were investigated. They 

are listed in estimated order of increasing efficiency of diffusion as: 

(1) A diffusing screen placed directly over the detector, (2) a light 

duct with diffusing walls or a diffusing surface in the system, and (3) 

an integrating sphere coated with a material having high reflectance in 

the infrared and sufficient diffusing power to permit it to be used as 

an averaging device. 

The results of the tests with the diffusing screen and with the 

various light ducts are presented in appendix C of this dissertation • 

. Neither of these approaches yielded satisfactory answers for this work-0 

Initial results using a 2-inch diameter sphere with a 3M white dif­

fusing paint indicated that this approach seemed feasible, at least at 

short wavelengths where known diffusers are available. It is known from 

the theory of integrating spheres [ 7] that for sphere efficiency to be 

high, it is necessary for (1) the wall reflectance to be close to unity~ 

(2) the diameter of the sphere to be a minimum, (3) the area of the entrance 

and exit ports to be a minimum, and (4) the detector to view the entire 

sphere. Further, it is important that the sphere wall be a diffusing sur­

face if a constant intensity across the detector port is to be expected. 

High sphere efficiency is required in this application, because the 

amount of flux available for measurement is near the lower limit of the 

useful range of the detector, particularly at the longer and shorter 

wavelengths, near LS and 7.0 µ~ Certain white paints, MgO, and BaSOLo,, 

are good sphere coatings in the visible and near infrared, but they 

have low reflectance beyond 4 or 5 µ and are not suitable for use 
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at the longer wavelengths. Birkebak [36] shows that sulfur is both a 

good diffuser and reflector at 2 µ and at 4 µ, and·asstnnes that it is 

usable out to 10 µo However, he does not mention the specific fonn of 

sulfur that was used for his measurements, or his method of applying it 

to the sphere wallo Kronstein, et al. [38], report that mu sulfur is a 

good reflector out to 15 µ, and give a spectral reflectance curve, but 

did not use it as a sphere coating. Further, Agnew and McQuistan [40] 

show that sulfur is a diffuse reflector to the flux from a Globar with wave-

lengths shorter than and longer than 4 µ. Polished metals have high reflect-

ance at all wavelengths from the visible to the far infrared, but they are 

not suitable for use in integrating spheres, since they reflect specularly. 

Roughening the surface of a polished metal, however, will diffuse the 

reflected beam. Hence, it may be possible to produce a usable sphere 

coating by first suitably contouring a metal surface, and then applying 

a vacuum-deposited metal to increase the surface reflectances. In the 

present work, two general types of surfaces were considered for use as a 

diffusing sphere coating for use in the infrared: (1) A roughened gold-

plated surface, and (2) a sulfur coating. 

Many spheres were built and coated. The following is a list of 

those tested: 

(1). A 4-in. diameter aluminum sphere coated with smoked MgO. The 

entrance and detector port areas were 0.188 sq. in. and 0.875 sq. in., 

respectively. 

(2)., A 2-in. diameter sphere that was roughened by "roto-blasting" 

* with spherical glass shot~ The sphere was then vapor plated with an 

*The Roto-blast pr~cess is a trade name used by Pangborn Corp. to . 
describe the blasting of surfaces, in this case with spherical shot. Both 
glass and steel spherical shot are available from this company. The roughened 
spheres used in this investigation were Roto-blasted by Mr. Mann of Pangborn 
Corp., Hagerstown, Maryland. 
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opaque coating of gold. Entrance and exit port areas for all the 2-in. 

spheres utilized in this chapter are 0.444 sq. in. and 0.515 sq. in., 

respectively. 
'/( 

(3)o A 2-in. diameter sphere, which had a sulfur wall coating. 

The sulfur was hand pressed onto a roughened sphere wall. 

(4). The roughened, gold-plated sphere wall of sphere 2, above, 

was over-coated with a very thin coat of sulfur. The sulfur was sus-

pended in alcohol and sprayed with an ordinary paint sprayer. 

(5). A 2-in. diameter sphere was coated with a i-in. thick coating 

of sulfur, which had been sprayed from a suspension of alcohol. 

(6). A 2-in. diameter sphere was coated with a i-in. thick coating 

of sulfur, which was sprayed from a benzene suspension. 

Appendices C, D, and E give additional information concerning these 

and other sphere coatings. Appendix E specifically deals with the 

methods of coating or preparing the sphere walls. 

To examine these spheres for, their ability to collect energy from 

small and large areas and to be insensitive to small changes in image 

position, two tests were utilized. The general optical system for these 

tests is shown schematically in figure 16. A 6-inch diameter spherical 

mirror of 49-inch radius was used to focus the beam from the exit slit of 

the monochromator onto the entrance port of the sphere. The sphere was 

mounted in a milling head, so that it could be moved 8 inches in the x 

and y directions, and rotated 360° in the x-y plane, 

*The sulfur used in this investigation was Crystex brand sulfur and 
was supplied by Mr. A. Blackwell, Manager, Technical Service Dept., 
Stauffer Chemical Co., 380 Madison Ave-, New York, N. Y. The analysis 
given by the supplier is 99.5% Elemental Sulfur, 90% mu (insoluble sulfur), 
0.10% ash, and the acidity is 0.05%. Mu (insoluble) sulfur comprises 90% 
of elemental sulfur. 
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In the first test, the sphere was mounted with its entrance port at 

the center of rotation of the milling head, and the incident beam was 

centered on the entrance port. The sphere was moved along the axial ray 

of the divergent incident beam, and the detector response was recorded as 

a function of sphere position. 

In the second test, the sphere was mounted as before, but in this 

case, it was moved across the axial ray of the incident beam, which was 

.. focused on the entrance to the sphere, and the detector response was 

recorded as a function of sphere position. 

(B.l)G Area Sensitivity (Test Noo l)! 

This series of tests was performed in an effort to establish 

which of the various coated spheres was the most suitable for use with 

the ellipsoidal mirror reflectometer. In these tests, the detector port 

and entrance port were centered on radii of the sphere 135° apart, as 

indicated in figure 16. The sphere was mounted on the milling head 

(figure 16) with the axial ray of the incident beam centered on and nor= 

mal to the entrance port. The sphere was moved along the axial ray of 

the incident beam, and the detector response was recorded as a function 

of sphere position. This test was designed to evaluate the variation in 

detection response with the size of the illuminated area on the sphere 

wall, when the total flux is held constant. Since the incident beam is 

diverging from a focus, the size of the illuminated area could be varied 

from minimum s·ize when the beam was focused on the sphere wall (or inside 

the sphere for the 4-inch diameter sphere) to a maximum size when the 

marginal rays fell just inside the entrance port~ The maximum area ratio 

was 12.25 to 1 for the 2-inch diameter sphere and about 2.36 to 1 for the 

4-inch diameter sphere. The measured sphere position was experimentally 
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correlated to the area of sphere wall illuminated by the incident beam, and 

each area was divided by the cross-sectional area ·of the beam at the focal 

point of the spherical mirror to obtain the area ratio for each position. 

The detector response at each position was divided by the response at the 

position where the beam was focused on the sphere wall, to obtain the 

response ratio R/R0 • Response ratio was then plotted as a function of 

area ratio to obtain the curves shown in figures 17, 19, and 20~ 

This test simulates the conditions that exist when the detector is 

moved from the first to the second focal point of the ellipsoidal mirror. 

Since the sphere wall is behind the first focal point when the incident 

flux is measured, the illuminated area on the sphere wall will be on the 

order of 10 mm by 12 mm; hence, the test conditions fully cover the range 

of areas that will be encountered in service. 

The tes_t was applied to all the spheres considered for use with the 

ellipsoidal reflectometer. The data at the top of figure 17 represent 

the results for MgO at 1.5 µ, where it is a known diffuser. R/R0 varied 

by 0.8 percent for an area ratio of 2.36 to 1~ Since the sphere was 4 

inches instead of 2 inches in diameter, as all the others tested, the 

optics of the test system limited the area changes of the image on the 

sphere wall to a smaller value than for the 2-inch spheres. The results 

from this test indicate that the sphere does indeed reduce the effect of 

spatial sensitivity of the detector. However, it is not possible to use 

MgO as a coating in the infrared. 

The second curve in figure 17 represents the results for a roughened 

sphere, which has been vapor-plated with gold; the roughness of the 

sphere wall was of the order of 25 µ inches rms. The change in R/R0 was 

2 percent, indicating poorer diffuseness than for the MgO. Further, the 
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Figure 17. Results of Area Sensitivity Test for Various Sphere Coatings 
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efficiency of this sphere is almost identical to the other spheres 

tested despite the very high reflectance of gold. This is due to the 

fact that in this design there is a large specular component of flux 

that passes out the entrance of the sphere on the first reflection from 

the sphere wall. Thus, to increase the efficiency of this sphere, the 

specular component of the first reflection must be kept in the sphere; 

_on the other hand, it must be kept away from the detector's sensitive 

area, since slight variations in image placement would yield large 

changes in detector response. Appendix C considers this device furthero 

Next, figure 17 shows the data for Crystex brand sulfur, which was 

hand pressed onto the sphere wall~ These data have a spread of 006 per­

cent in R/Ro and illustrate the usefulness of sulfur for an averaging 

sphere coating; however, the application technique yielded a surface that 

was extremely fragile and whose reflectance probably varied significantly 

over the sphere wall. Thus, other methods were tried to obtain a more 

uniform and mechanically durable surface. First, the gold sphere pre­

viously tested above was coated with a very thin coat of Crystex sulfur, 

which was applied by suspending the sulfur in alcohol and spraying it on 

with a paint spray gun. The results of the area sensitivity test indi­

cate a change in R/R0 of Ll percent. Further, the efficiency of this 

sphere was nearly the same as the hand-pressed sulfur sphere. Since the 

efficiency was the same, and R/R0 showed a greater chang·e than the hand­

pressed sulfur sphere, it was decided to try spraying on a t-inch thick 

coat of sulfur on the sphere wall. This sphere exhibited the same change 

in R/R0 as the hand-pressed sphere and was less fragile. To further 

reduce changes in R/R0 , two different methods of shielding the detector 

viewing area were tried. This is useful, because the detector does not 
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view.the entire sphere equally well, as illustrated by its angular sensi­

tivity in figures 14 and 15. The primary function of a shield is to pre­

vent the detector from viewing the first reflection of the incident 

energy on the sphere wall for all image configurations. The first shield, 

which is illustrated in figure 18a, was a 0.15-inch thick disk placed over 

the detector with a ~-inch diameter hole centered over the detector 

s·ensing area. The sides of this hole were coated with Parson I s black 

and thus restrict:.ed the detector I s field of view. The results are pre­

sented in the second to last graph in figure 17 and indicate an_ over-all 

range in R/R0 of 0.6 percent for an area ratio spread twice as large as 

for the hand-pressed sphere. 

The second shield tested is shown in figure 18b. This shield was 

tried because it yields a higher detection efficiency, since it only 

restricts the detector viewing field in the direction of the image on the 

sphere wall. The shield was constructed of 0.,005-inch thick polished 

platinum. The data for this spher~ are plotted in the last graph of 

figure 17 and show a 0.4 percent variation in R/R0 • 

Thus, this test indicates that either of the spheres with detector 

shields are usable at 2.4 µ. 

These two spheres were then tested at the wavelengths at which the 

ellipsoidal mirror takes data. The results for the platinum shield 

(shield 2) are given in figure 19. Note that the scale of the graphs for 

the longer wavelengths is smaller. This figure shows that at the longer 

wavelengths, where sulfur's reflectance is lower, R/R0 decreases by as 

much as 2.8 percent. This could be caused by (1) by the incident flux 

becoming trapped between the platinum shield and the sulfur wall (this 

woqld be more pronounc'ed at the longer wavelengths, because the 
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reflectance of the sulfur wall is lower), or (2) by a~mospheric absorp-

tion in the increased path length due to water and co2 in the atmosphere. 

Such atmospheric absorption is not probable, since the wavelengths used 

were between the absorption bands (the results in figure 20 for the sphere 

with the circular disk shield substantiate this conclusion). 

Since the change in R/R0 for the sphere with the platinum shield was 

quite large at the longer wavelengths, the sphere configuration using the 

* circular disk was also tested at these wavelengths. The results of the 

tests for variation of response with image size are given in figure 20. 

These results show an increase in detector sensitivity with image size, 

indicating that part of the flux is still reaching the detector on the 

first reflection for large images. However, the change in R/R0 is 

limited to LS percent for the longest wavelength. The reason that the 

change of R/R0 varies with wavelength is that the reflectance of sulfur 

varies with wavelength. At low sphere wall reflectance (Le., long wave-

lengths for sulfur), the flux from· the first reflection is a major por-

tion of the flux in the sphere, and if the detector views even a very 
! 

small amount of this flux (which is the case for large images.on the 

sphere wall), there is a significant increase in detector response. 

This can be eliminated by increasing the thickness of the shield in 

figure 18a; however, this will reduce the efficiency of the sphere, 

which is intolerable, since the detection electronics are already at 

their limits for accurate readings at 6.5 and 7.0 µ. 

*Since the previous tests, this sphere had been recoated with sulfur 
sprayed from a benzene suspension, which yielded a surface that was more 
mechanically stable than the alcohol suspension sprayed surfaces. 
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The conclusions from this series of tests are that a sulfur sphere 

with the circular disk shield provides a good averaging device for sig­

nals of varying image size. 

Further, the results of figure 20 illustrate that path length 

changes of 7 inches do not affect the readings, thus it can be assumed 

that the selected wavelengths and corresponding band passes can be 

utilized for taking absolute data with the ellipsoidal reflectometer. 

(B.2). Spatial Sensitivity (Test No. 2): 

This test was designed to illustrate required precision of 

incident image placement for comparing two signals of nearly the same 

image area. The sphere entrance was traversed across the incident beam, 

which was focused on the sphere entrance. 

The results for the sulfur sphere with the platinum shield are pre­

sented in figure 21. The data are arbitrarily normalized to one of the 

central readings and plotted versus position on the entrance hole to the 

sphere as measured from one edge. These data show variations exceeding 

2 percent for the longer wavelengths. 

Results for the sphere with the circular disk shield show variations 

of less than 0.4 percent for the wavelengths below 5.5 µ and variations 

of about 0.8 percent for the longer wavelengths (figure 22). This again 

illustrates the effect of the first reflected flux, since at the long 

wavelengths, where the reflectance of sulfur is lower, the detector sig­

nal is higher for images between positions 0~4 and 0.6 on the entrance 

port of the sphere, which is where more of the first reflection could 

reach the detector (left hand side of sphere opening in figure 18a). 

The results of these tests indicate that for short wavelengths, the 

position of the incident flux on the entrance to the sphere is not too 

critical, while at longer wavelengths, more care must be taken in 
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positioning the incident beam. Further, the results of these measure­

ments were utilized in the design of a simple infrared specular 

reflectance instrument (appendix B)~ 

SUMMARY 

From the results established in this chapter, it can be stated that 

the use of an averaging sphere can be extended at least to 7 microns by 

use of sulfur as a sphere wall coating. Further, the inherent advantages 

of this approach are (1) the ability to accept images of varying size by 

use of a large entrance port and to measure accurately the total flux 

contained in the various incident fluxes, (2) the ability to collect the 

aberrant portions of the image that would miss even large area detectors, 

and (3) a reduction in the required precision of optical alignment of 

the instrument. In addition, the use of this device will increase the 

accuracy of the ellipsoidal reflectometer. The major disadvantage is 

the reduction (by about 90 percent) of the flux that reaches the detector. 



CHAPTER IV 

ANALYSIS OF AN ELLIPSOIDAL MIRROR REFLECTOMETER* 

The results reported in chapter III indicate that the use of a sul-

fur coated averaging sphere with the detector will allow precise measure-

ment of all the fluxes needed to accurately establish reflectance with 

the ellipsoidal mirror reflectometer. This chapter deals with the 

aTll.alysis of an ellipsoidal mirror reflectometer for both absolute and 

relative spectral reflectance measurements. The derivations of the 

reflectance equations in this chapter are, for the most part, applicable 

to any ellipsoidal mirror reflectometer. A few of the simplifying 

assumptions are based on experimental measurements with the particular 

ellipsoidal mirror used in this work. However, these assumptions appear 

to be very general in nature. 

Two related analyses of the reflectometer are presented in this 

chapter: (1) The analysis of t~e absolute measurement of the reflectance 

. p(7°,0) by directly measuring the incident flux and the reflected flux, 

and (2) the analysis of the relative (or comparison) reflectance measure-

ment, where a calibrated mirror is used as the reflectance standard (see 

appendix B) •. 

In the derivations for both absolute and relative reflectances, two 

types of flux quantities are considered: (1) ·. Primary and (2) secondary. 

*A detailed list of terms used throughout this chapter is included 
at the end of this chapter. 
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The primary fluxes are those fluxes that comprise the largest portions of 

the incident or reflected flux, while the secondary fluxes are very 

small fluxes compared to the incident or reflected flux (usually less 

than 1 percent). The purpose of this distinction is to allow for very 

accurate correction of the large fluxes with the best possible techniques, 

and to allow simplified (although only moderately accurate) corrections 

to be made to the secondary fluxes. This is based on the fact that cor­

rections to terms comprising only 1 percent of the total flux can be in 

error by 50 percent and cause only a\ percent error in the total flux, 

while corrections to the primary fluxes must be more accurate that the 

desired accuracy of the final answer. There are some intermediate fluxes 

lying between these two extremes which should be corrected on the basis 

of their maximum possible effect on the final answer. Throughout the 

following derivation only the secondary fluxes will be specifically 

denoted, all other fluxes are considered to be primary or intermediate 

Further, it should be noted that the approach outlined in this chapter 

is designed to obtain systematic information about the distribution of 

the flux in the reflectometer. Since the distribution obtained in this 

manner is dependent on tacit assumptions about the distribution of flux 

reflected from the sample, it is apparent that any analysis of errors 

will have to deal with the most probable maximum deviations from the 

assumptions used in these derivations. Appendix G provides this type of 

error analysis for the particular reflectometer configuration utilized 

in this work. Appendices F and H provide system calibration techniques 

and experimental reflectance datao 
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Absolute Measurement of Reflectance 

An absolute reflectance measurement is made by making two basic 

measurements; one of the incident flux F1 , and the other of the reflected 

flux FRo Since neither of these measurements is as straightforward as 

would be desired, they will be discussed separately. 

Incident Flux (F1): To measure the incident flux, the detector is 

placed at (or near) the first focal point of the ellipsoidal mirror 

(figure 23). A major problem with this measurement is that some flux is 

back-reflected by the entrance port of the averaging sphere; some of 

this flux returns to the ellipsoidal mirror and is again reflected into 

the sphere, thus increasing the flux in the sphere that is read by the 

detector. This interchange was eliminated by placing a black shield 

1\ inches above the sphere port, with a hole just large enough to admit 

the incident beam. With this procedure the flux incident on the 

detector is 

(9) 

where 11 if the efficiency of the averaging sphere, which for a given 

sphere configuration is a function only of the sphere coating 1s reflectance, 

Reflected Inux (FR): Figure 24 illustrates the flux balance for the 

flux re.fleeted by the sample. The flux absorbed by the mirror is denoted 

by Fa' the flux lost through the entrance hole is denoted by FH. The flux 

* scattered by the wire sample supports is (Pe )w Fw, while the flux lost due 

·k(pe )X is the average effective reflectance of the ellipsoidal 
mirror for the given distribution of FX on the mirroro 
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* to shading of the detector by the sample is Pe[Fgp - FSR]. The flux 

crossing the first focal plane is (pe: ) 8F8 • Thus, the total flux reflected 

by the sample is~ 

(10) 

where Fw and FSR are secondary fluxes. Depending on the distribution of 

the reflected radiation, the fluxes FH and FSP may be secondary fluxes; 

however, they will be treated as intermediate fluxes, since, in general, 

they are considerably larger than fluxes Fw and FSRO All the fluxes in 

equation (10) are defined on the basis of the flux leaving the sample" 

To aid in establishing the quantities in equation (10), the fol-

lowing fluxes are defined (figure 25): 

(1). Fg is defined, as above, as being the flux crossing the first 

focal plane divided by the ellipsoidal mirror's average effective 

reflectance for the particular distribution of F8 on the mirror (pe)8 • 

(2)~ F81 is defined as the flux crossing the first focal plane 

divided by the mirror I s average effective reflectance (p8 ) 81 for the 

case when the ASH shield is placed in the first focal plane. 

(3). F82 is defined as the flux crossing the first focal plane 

divided by the average effective reflectance ('P"e:)82 of the outer edges 

of the ellipsoidal mirror for the case where shield 82 is in the first 

focal plane. 

(4). Fn· is defined as the flux crossing the first focal plane 

divided by the mirror's average effective reflectance (p8 )D when shield 

D is in place. 

*'p" is the average effective reflectance of the central part of the 
ellipsoidal mirror, which varies by less than 0,2 percent as given in 
appendix F. The effective reflectance is defined in appendix F. 
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It is possible to establish all the defined fluxes one by one and then 

complete the flux balance for the reflected flux. After that it is 

then necessary to relate the defined fluxes (F8 , F81 , F82 , FD) to those 

fluxes viewed by the detector (Fsn, F510 , Fszn, and FDD), which views a 

portion of the averaging sphere. 

Mirror Loss (F ) : The ellipsoidal mirror will absorb some of the 
C{ 

reflected flux FR. Further, if the ellipsoidal mirror has a poor surfac0, 

finish and/or a partially transmitting mirror coating, the mirror may 

transmit some of FR and/or scatter some of the reflected flux (i.e., 

FRPe• where Pe is the true reflectance of the coating) away from the 

second focal point. Thus, it is necessary to know the effective 

reflectance p; of the ellipsoidal mirror. The effective reflectance of 

the ellipsoidal mirror is defined as the ratio of the flux that reaches 

a predefined area (i.e., the entrance port to the averaging sphere) at 

the second focal plane to the flux incident on the ellipsoidal mirror 

from a defined area in the first focal plane (ioeo, the illuminated area 

of the specimen). By this definition, the absorbed flux,(1 - p;)~ 

includes flux lost by scattering of the ellipsoid, absorption by the 

ellipsoid~ transmission by the ellipsoid, and any optical aberrations in 

the ellipsoidal mirror. This reflectance was measured for the particular 

ellipsoid used in this work, and the effective reflectances of t:he :,rr:tr:co:: 

as a function of position on the mirror are reported in Appendix F, 

These values indicate that the mirror reflects better (by about 1.5 per-

cent) near its edges than at the apex of the ellipsoid. Thus, the por-

tion of flux reflected by this part of the mirror should be individually 

corrected for mirror reflectance. The use of the previously defined flux 

F82 allows this individual correction to be ma.de~ since this is the flux 
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that is incident on the higher reflecting edges of the ellipsoidal mir­

ror. The average effective reflectance for each; of the four defined 

fluxes is 

F 
(p,)8 = P/i + ,s:(0.015)) 

(FSl - Fs2>Pe + Fs2<l~OlS)pe 
('pe >s1 = F81 

. FS2 · 
(~ )81 = "P'. (1 + ~F. (0.015)) 

e e Sl 

(FD - FS2)pe + FS2(1.015)pe 
~pe)D = F . 

D 
F 

(p6 )D = p6 (1 + : 2(0.015)) 
D 

and from appendix F 

(11) 

(lla) 

(12) 

(12a) 

(13) 

(13a) 

(14) 

where Pe is the average effective reflectance of the central part of the 

ellipsoi4al mirror (i.e., assumed to be the effective reflectance of point 

3 in figure 44). 

',. 
Since F82 is the only flux' corrected for changes in the reflectance · I· 

of the ellipsoidal mirror with positions of incidence on the mirror, the 

approximate magnitude of Fa is 

FQ' = [F8 - F82J (1 - Pe) + r 82 (1 - p/L015)) (15) 

FQ' - F8[1 - Pe] - F82 (0.0l5)pe (lSa) 

Note that the mirror actually absorbs slightly more flux than is indi­

cated in equation (15), but these additional amounts are accounted for in 

the wire.loss correction and the sample shading correction. 
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Hole Loss (FR): The use of the defined fluxes F8 and F81 , as shown 

in figure 26, allows the flux density around the _entrance hole on the 

ellipsoidal mirror to be calculated, where 

(16) 

is the flux incident on the area AsH, where AgH is the area on the 

ellipsoidal mirror projected from the second focal point of A'sH in the 

first focal plane. Thus, the average flux density around the entrance 

hole is 

(17) 

A good assumption about the flux on the area ASH - AH is that its dis-

tribution is sufficiently uniform that the correction for the flux lost 

through the entrance hole AH, which is centered on the area AsH, can 

be made on tµe basis that the average flux density over AH is the same as 

the average flux density over ASH - AH. With this assumption, the hole 

loss is 

(18) 

or in terms of the defined fluxes, the hole loss is 

(19) 

The assumption of uniform intensity over the small solid angle sub-

tended by AsH is more accurate and reasonable than the assumption of uni-

form intensity over the hemisphere made in almost all the methods reviewed 

in chapter L A specific surface for which this correction FR would be 

seriously in error is the diffraction grating with a reflection lobe 

directly out the hole. 



,, , ,=: P~OJECTED AR/EA OF SAMPLE As 

I I l "' ELLIPSOIDAL 

"'-/ MIRROR 

. A's AT FIRST FOC POINT AL 

..,-PROJECTION LINES 
FROM THE SECOND 

FOCAL POINT 

a) SYSTEM CONFIGURATION b) FIRST FOCAL PLANE 

WIRE 
SAMPLE 

SUPPORT 

Figur$ 26. Illustration of Shields and Ar•as Involved in the Correction for the Hole Loss (FH). 

"' 00 



69 

Wire Loss (Fw): Some of the flux reflected by the sample and re­

imaged by the ellipsoidal mirror -toward the second focal point is 

absorbed by the wire sa·mple supports. The amount absorbed by the wire 

(FW(pe)W) can be established in the following manner. First, it should 

be noted that the sample·:Ls oriented so that the specular component of 

reflection does not hit any of the wire supports. That is, .only a part 

of the nonspecular component of the reflected flux is blocked by the 

wires. Therefore, if a shield (of area AD) were constructed to block out 

the flux about the specular component, then one could measure the non-

specularly reflected flux. This may be assumed to be uniformly dis-

tributed over the area (Ae) of the. first focal plane of the ellipsoida 1 

mirror. Then a knowledge of the area Ae over which the energy is 

distributed and the cross-sectional area of the wires allows the 

calculation of Fw· 

(20) 

where 

(20a) 

where De is the diameter of the opening of the ellipsoidal mirror in the 

first focal plane, and An is the area of the shield used to eliminate the 

specular component. This equation reduces to 

(21) 



70 

It should be noted that the absorptance of the wire supports was not 

included in equation (21); this is because the wires are specular reflec-

tors and any flux striking them is reflected out of the optical path 

between the first and second fical points and therefore is entirely lost 

to the system. Since FW is a secondary correction, it is apparent that 

the assumption that average flux density over the first focal plane 

is intercepted by wire supports (except at the specular peak) is suffi-

ciently accurate, especially since the wire supports comprise two diameters 

of the circle D8 and the wire loss is distributed about the area A8 rather 

than at one specific point, as is the case for the hole loss. 

Sample Loss (Fsp and FSR): Some of the reflected flux is shielded by 

the sample from the detector at the second focal point (figure 27); how-

ever, not all of this flux that strikes the sample is completely prevented 

from reaching the detector, since any of the reflected flux incident on 

the specimen in the area A~Sl (the image on the first focal plane of the 

·sphere entrance port at the second focal point) may be multiply reflected by 

the sample and ellipsoidal mirror to the second focal point and into th~ 

averaging sphere. To make the correction for these losses, the three 

defined fluxes Fn, F8 , and Fsl will be needed. The flux that is involved 

in these losses is that which strikes the ellipsoidal mirror on the 

projected area of the sample Ag, (This area is projected from the second 

focal point.,) From figure 26 it is seen that As is partially surrounded 

by the shield ASH' and will have approximately the.same flux density as 

that on ASH. Therefore, the total flux loss would be (from equation 17) 

AS FSH 

FSP = ASH - ~ (22) 

if all of the flux within the area As on the ellipsoidal mirror were lost. 
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However, of the flux FSP' a portion As/As (where A81 is pro:jected area 

on the ellipsoid of A's 1) is reflected from the sample so that it could 

reach the detector, since any flux leaving the sample from the area A'81 

can reach the detector. The question is how much of this reflected flux 

reaches the detector. It is reasonable to assume that the sample has the 

same non-specular component for flux incident from 7° to the normal as 

for normally incident flux. Further, it is this non-specular component 

of the flux reflected from the area A'81 which will reach the detector; 

thus, it is apparent that of the flux striking the sample for the 

second time, the amount 

(23) 

reaches the detector. The amount 

is reflected back into the area As on the ellipaoidal mirror" This flux 

is then reflected back to the sample, where again part of the flux 

[A81/A8] is reflected.toward the detector .. The amount that reaches the 

detector on the third reflection from the sample is 

Fs (A ) A l A - A_ Fs - FD F 
E H S J [ ...L J [ e --w J [ J P 2- s [ ...]. J (25 ) 

ASH - ~ As Ae F s s p e F s 

Further, the amount of flux reaching the detector after the "nth" 

reflection from the sample is 

(A.) F A F A A__ F F 
· S SH ] [ ...fil:. ] [ D _ 2 ] [ e - --w ] [ - ( S - D) ]n-1 (26) 

[ A -F PgP A PsP... F 
ASH - AH S S e e "' S 
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Therefore, FSR of the flux Fgp in equation (22) reaches the sphere 

port where 

(2 7) 

which sums to 
F (A ) F. A - A __ 

FsR = [ SH Sl ][ ~ A - ( e --w)] 
AsH - AH Fg sPe Ae 

1 

1 -
(28) 

Thus, the total effect of the sample shielding the detector is 

This completes the calculation of the individual losses. The foregoing 

provide a basis for calculating FR as given in equation (10). 

(30) 

Upon substitution of equations (15), (19), (21), and (29) into equation 

(30), FR, in terms of the defined fluxes, sample reflectance and system 

constants, is given by 

(31) 

Measurement of Fluxes 

Now the defined fluxes F8 , r81 , F82 , and FD must be evaluated_ in 

terms of the flux that the detector views. First F8 will be considered@ 

The measurement of these quantities is complicated because the "detector" 
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is not black; that is, the sphere entrance port back-reflects flux into 

the opticAl path, which gets back into the sphere and increases the flux 

sensed by the detector. Specifically for the Fs measurement, the flux 

(pe)sFs is the desired quantity entering the sphere port. How-

ever, some~, of this flux is reflected out of the sphere entrance port 

where 1( is the ratio of F1 (the back-reflected flux) to (pe )8F8 • This 

flux is reflected nearly diffusely so that fs-e ~ ;Fs (pe )8 is intercepted 

by the ellipsoidal mirror and refocused on the sample at the first focal 

* point. The sample then reflects this flux back to the ellipsoidal mirror, 

which then refocuses it onto the sphere entrance. Thus, an amount F8 ' 

is added to the flux Fs (p8 ) 8 that was originally incident on the sphere 

. port 

(32) 

where Pen is the average effective reflectance of the ellipsoidal mirror 

for flux coming diffusely from the sphere ent1c-ance at the second focal 

point and PHS is the hemisphericB;l reflectance of the sample (chapter I) .• 

Further, of the flux F8 ' that reaches the sphere entrance on the second 

pass, the amount 

F 11 - 2 ,,, f F , 
s = PHs Pen 'I S-e s 

(33) 

is added to the flux in the sphere in the same manner as F8 ' was added. 

This continues until the total flux in the sphere is 

- 2 ; 
which, since PHs Pen ~ . fs-e < 1 sums to 

*f is the standard diffuse configuration factor as defined in 
S-e. 

reference 4. 
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1 
Fss == (ps >sFs [ 1 _ · - a 11 , £ _] 

. PHs Pen s-e 
(35) 

Thus, the flux viewed by the detector is 

(36) 

Several simplifying assumptions are made in the foregoing discussion: 

(1) .. PeD is the same for the flux leaving the second focal point 

and goi~g to the first focal point as for the flux leaving the first 

focal point and going to the second focal point. Further it is logical 

to assume that PeD == (Pe >n .. 
(2) .. The loss of flux due to the shading of the ellipsoidal mirror 

by the sample and sample holder is accounted for in the calculation of 

f 8_6 • Further, the loss due to the entrance hole is also taken into 

account during the calculation fs • 
-€ 

(3) .. After the energy is re-reflected by the sample back to the 

ellipsoid, the losses due to shading of the sphere port by the sample, 

sample holder, and entrance hole are neglected. 

,Assumption (2) involves no error, since it just specifies the method 

of calculation for fs-e· Assumptions (1) and (3) yield only extremely 

small errors, since the corrections, in general, are very small correc-

tions to a quantity which in itself is already very small compared to F8 • 

Thus, Fg is related to the flux striking the detector in the fol-

lowing manner 

(37) 



The effect on the F8 measurement given by equation (37) is also 

present in the other three measurements (F81 , F82 , FD). The effect on 

each of these measurements is similar. The major changes arise in the 
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calculation of £8 -e and in the reflectance of the sample. The changes in 

fs-e are caused by the shields (Sl and S2) shading the ellipsoid from the 

detector. The calculation off can easily be corrected for this 
S-e 

shading. However, the change in reflectance (due to the types of 

reflectances involved) is not so easily established. The best assumption 

for F8 , F81 , and FD is to assume that the surface's hem~spherical reflectance 

remains the same for these measurements. This is a very good approximation, 

since the introduction of the small shields A81 and~ into the first 

focal plane does not markedly change the condition of hemispherical 

illumination and hemispherical viewing. However, the F82 measurement 

presents an entirely different problem, since the A82 shield does not 

allow either hemispherical illumination or hemispherical viewing. An 

approximation to the differences _between pHS and the pH82 could be 

(38) 

No effort is made to defend this approximation, except to say that for a 

specular sample, equation (38) results in PHs2 = PHS' which is approxi­

mately true (except for the effects of Fresnel's law); and for the diffuse 

reflector, equation (38) results in the sample reflecting the same amount 

of flux onto the lower edge of the ellipsoidal mirror for illumination 

conditions of 7° to normal as for near grazing illumination conditions. 

This yields a low value for pH82 since most surfaces tend to become 

specular at grazing incidence. It is felt that equation (38), although 

a guess at best, is better than no correction at all. 
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From these assumptions, then, the flux that the detector views for 

measurement of the remaining fluxes F81 , F82 , and-FD is 

1 
FDD = ~ FD(p~)D[l - - ~~ (f ) ] 

"' PHsPeD S-e: D 

Equations 39 through 41 can be rewritten to give F81 , F82 , and FD as 

functions of the system and the flux that the detector views. 

Fs1n<1 - PHsPe:D2~~<fs-e:)s1) 

~ (pe:)Sl 

F -F 
SD S2D - 2 ~(f ) ) 

F PHsPe:D ~ S-e: S2 
SD 

In equation (40) the term (Fg - Fs2)/Fs occurs, which, as shown 

later, is closely approximated by (FSD - FS2D)/FSD' which has been 

substituted in equation (43). 

(39) 

(40) 

(41) 

(42) 

(43) 

(44) 

It is now possible to find FR in terms of measured quantities and 

system parameters by use of equation (31) with equations (37), (42), (43), 

and (44)~ First, however, some simplifying assumptions will be made 

about the terms composed of ratios of fluxes in the last term of 
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equation (31). The ratios FD/F6 and (F6 ·- Fn)/F8 both appear. The 

ratios are equal to 

(45) 

and 

(46) 

In equations (45) and (46), all corresponding terms are equal or have be~n 

previously assumed equal without introducing significant errors. Thus, 

(47) 

Further, equations (lla), (12a), and (13a) canbe converted to functions 

of FS2D' Fsn, and FSlD in the same mam,1.er. 

Substituting equations (37), (42), (43), (44), and (47) into equr-t·~ 

tion (31), and combining terms, yields 

(48) 
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There are three major unknowns in equation (48). They are as fol-

lows: 

(1). The efficiencies of the averaging sphere~ and~'· 

(2). The hemispherical or semi-hemispherical reflectance PHs of 

the sample for the correction to the various terms for the detector 

ellipsoid interchange. 

(3). The reflectance of the sample Ps• A good approximation to 

this is Ps = Fsn/FlD" 

The remaining terms of equation (48) are either fixed system parameters, 

or are obtained from measurements of FDD' F8D, FSlD' and F82n• 

For the absolute measurement of p(7°,0), the reflectance of 

the sample (from equations 9 and 48) is equal to 

(49) 

Thus, to establish absolute reflectance with the ellipsoidal mirror 

reflectometer, one needs to have good estimates for~'~', and the various 

values of PHS" This is discussed further in appendix G. It will become 

clear that the comparison measurement, when a calibrated specular mirror 

is used for the reference standard eliminates the need for an accurate 

-knowledge of these terms. 

Relative Measuremeat of Reflectance 

As in the case of the absolute reflectance measurement, a. value for 

the incident flux is needed so that the reflected flux FR of equation 

(48) can be canpared to the incident flux to calculate reflectance. 0 • 

Incident Flux (F1): In this case a value of flux related to the 

incident flux is obtained by using a calibrated specular mirror 



80 

(appendix B) as the reference sample. The flux F1 that is incident is 

reflected by the sample so that 

(SO) 

Of the flux FRM that leaves the sample, an amount FRM Pe reaches the 

entrance port of the detector, where again there is an interchange 

between the averaging sphere and the ellipsoidal mirror which increases 

the flux in the averaging sphere so that the flux the, detector views is 

F - ] 
== F p p (1 2 > (f ) ) ID IM e - PHMPen ~ S-e I 

where f(S-e)r is equal to f(S-e)s• 

From equation (51) 

(51) 

(52) 

Therefore, the reflectance p(7° ,e) io equal to FR, equation (48), divided 

by F1 , equation (52). Further, the simplifying assumption that all the 

(1 - PHS pe2 ~, f(S-e)) terms for FlD' Fsn• FSlD' and FDD are equal, and 

the fact that~, and~ are identical throughout equations (48) and (52) 

yields 

([ FSD [ 
---· -F----S2D------ l + 
(1 + ~ (0.015)) 

FSD 

F. A -A FDD A .. · 
[ DD - 2 ( § . W ---~1-~~ _J] J + ------- [....].A ] F PsPen A ) F F F 

SD e _ SD - DD S2D (O.OlS) _ e 
1 - p Sp e F SD 1 + F DD 

F · A - A.._ 
[ _Jm. - 2 ( e --w) 

F PsPe A 
. SD . e l 

(53) 
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where the only remaining unknown is p8 , which is the same as p,(7°,e). A 

very good approximation to p8 , as pr'evious ly stated, is 

(54) 

Even if l's of equation (54) was wrong by five percent, this would have 

little effect on p(7°,e), since p8 is only found in secondary flux tenns. 

Further, if the need and capability for more accuracy were justified by 

the other corrections, one could, of course, iterate this process by cal-

culating successively better Ps by using p(7°,e) calculated from Ps of 

equation (S4) and then, successively, the p(7° ,6) ·calculated from 

equation (53)., 

Swmnary 

This chapter has presented the general analyses for a~_ellipsoidal 

mirror reflectometer, which are based,· on the, supposed abili;y 

to measure accurately four def:inei fluxes. Through the use of the four 

defined fluxes and an accurate knowledge of system parameters, it is pos-

sible to make corrections for system losses based on tacit assumptions 

about the arbitrary geometric distribution of the flux from the general 

engineering surface, The lack of knowledge concerning the distribution 

of reflected flux from conunon materials has seriously handicapped pre-

vious attempts to measure reflectance accurately; however, with the 

ellipsoidal mirror reflectometer, one is able to establish the important 

features of the reflected flux 1s distribution, that is, the required 

average flux density is established for each correction and the assump-

tions concerning these corrections appear more realistic than those pre-

viously used with other reflectometers. Further, many of the assumptions 
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leading up to equation (53) can be made more accurate at the cost of 

further complication of equation (51). With present.source-detector 

limited detection ability, it was felt that more accurate corrections to 

the system losses were not justified. However, with the advent of 

infrared continuous wave, many wavelength lasers and more sensitive super­

cooled solid state detectors, the ability to account for the system 

losses will increase and, thus, the assumptions leading up to equation 

(53) should be reviewed and revised as necessary. 

It is also apparent from the analyses presented in this chapter that 

the relative reflectance measurement requires less knowledge about the 

system losses than the absolute reflectance measurement. Further, the 

use of a calibrated mirror as the only reference reflectance standard 

is very desirable, since they are available and can be individually 

calibrated by any investigator. All other reflectometers using mirrors 

to collect hemispherically the reflected flux from the sample require 

the use of a non-existent diffuse reflectance standard; and even if it 

did exist, corrections for the hole loss based on the diffuse standard 

are questionable, due to differences in geometric distribution of the 

flux reflected by the diffuse standard and that reflected by the sample. 

Another point that is of interest is the difference between the 

absolute method and the relative (comparative) methods discussed in this 

chapter. In fact, many investigators would denote both these measurements 

as absolute, since the final answer· is given in absolute reflectance 

units and not compared to some standard (such as MgO). The difference 

implied in this work between relative and absolute reflectance measure­

ment has to do with how the incidence flux is obtained and not with how 

the data are reported. 



Several losses which were not discussed in this chapter are: 

(a) Atmospheric absorption. 
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(b) Edge loss, due to improper sample leveling in the first focal 

plane. 

(c) The possibility that the detector does not read each signal 

the same. 

However, these are losses that can be largely eliminated by care­

ful attention to experimental technique. Appendices G and H provide an 

error analysis and some experimental data, and chapter V deals with the 

sununary and conclusions of this dissertation. 



TABLE II 

FLUX TERMINOLOGY* 

FI = The flux incident on the sample at the first focal point. 

FR = The total flux reflected by the sample (not including inter-

reflections). 

F = The flux effectively absorbed by the ellipsoidal mirror. 
(Y 

FW = The flux absorbed by the wire divided by (pe )w. (i.e., Fw is the 

flux leaving the sample headed in the direction of the wires). 

Fgp = The flux that is initially shaded from the detector by the sample 

divided by Pe. 

FSR = The flux that reaches the detector after multiple reflections with 

the sample divided by Pe. 

FH = The flux lost out the entrance hole. 

F8 = The total flux crossing the first focal plane (excluding detector 

ellipsoid ~nterchanges) divided by (pe)s. 

FSl = The total flux crossing the first focal plane when shield ASH is 

used divided by (pe\l. 

Fsz = The total flux crossing the first focal plane when shield A82 is 

used divided by We:\~. 
FD (= The total flux crossing the first focal plane when shield An is ,, 

used divided by We )0 • 

*All fluxes are defined on the basis of the flux leaving the sampleo 
The subscript D added to the subscript of any of the above fluxes implies 
the flux actually viewed by the detector when the defined flux is measured 
by the detector 

84 



85 

TABLE II (Cont'd) 

REFLECTANCE TERMINOLOGY 

= Effective reflectance of a point on the ellipsoidal mirror. 

Pe • Effective reflectance of the central area of the ellipsoidal mirror. 

(pe >s = Effective reflectance of the ellipsoidal mirror to the flux FS" 

(pe >s1 = Effective reflectance of the ellipsoidal mirror to the flux FSL 

(pe )s2= Effective reflectance of the ellipsoidal mirror to the flux FS2: 

(pe )D = Effective reflectance of the ellipsoidal mirror to the flux FDo 

PHs = The hemispherical reflectance of the sample, 

PHM = The hemispherical reflectance of the reference mirror. 

PM = The reflectance of the specular reference standard, 

Ps = The normal-hemispherical reflectance, and is approximately equal 

to p(7° ,e) 

(pE)W = The effective reflectance of the ellipsoidal mirror to the flux 

Pen = Effective reflectance of the ellipsoidal mirror to diffuse flux 

from the second focal point, 

AREA TERMINOLOGY 

AH = Area of the entrance hole. 

~ = Area of the opening of the ellipsoidal mirror in the first focal 

plane minus the area of the shield AD' 
.,. 

A SH= Area of the shield ASH in the first focal plane. 

A's = Area of the sample in the first focal plane. 

FW. 

A~Sl = First focal plane area of the image of the sphere entrance port at 

the second focal point. 

A~ = Area of the shield used to block the specular component. 
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TABLE II (Cont'd) 

A82 = Represents the shield used to establish the flux distribution for 

mirror loss corrections. 

ASH = Projection of A;SH from the second focal point onto the ellip­

soidal mirror. 

AS = Projection of A's from the second focal point onto the ellip­

soidal mirror. 

ASl = Projection of A;Sl from the second focal point onto the ellip­

soidal mirror. 

MISCELLANEOUS TERMINOLOGY 

Efficiency of the averaging sphere (i.e .. the ratio of the flux 

viewed by the detector to tnat entering the sphere). 

T\; = The ratio of flux leaving the entrance port of the sphere to that 

incident on the entrance port 

fs-e = Diffuse configuration factor from the sphere entrance port to the 

ellipsoidal mirror (corrected for shading effects of the sample 

and sample support and for the effect of the entrance hole). 



CBAP.rER V 

CONCLUSION 

This chapter is composed of three parts, (1) Summary of the develop­

ment of an ellipsoidal mirror reflectometer, (2) summary of other results 

obtained' during this development, and (3) recommendations. 

The use of an ellipsoidal mirror, sulfur coated averaging sphere 

over the detector, and a specular reference standard have allowed the 

development of a very versatile reflectometer. This versatility in-

cludes the ability to measure accurately p(~,9), p(~,e,~·, 9'), p (specu­

lar), p (non-specular), and p(directional annular cone). High accuracy 

is possible due to the following factors: (1) spatial and angular sensi­

tivity of the detector have been minimized by use of the sulfur coated 

averaging sphere; (2) a technique for correcting for the entrance and/or 

exit hole loss -has been effectively utilized [ 12]; (3) the use of_ the 

ellipsoidal mirror reduces .aberrations in the system and reduces the size of 

solid angle of the flux incident on the detector; (4) the effective re­

flectance of the ellipsoidal mirror was measured as a function of posi­

tion, providing an accurate correction for variations in the mirror's 

reflectance with position; (5) the reflectometer needs only a specular 

reference standard which is easy to calibrate; (6) the sy1tem losses 

can be evaluated by establishing the flux involved in each loss through 

the use of shields placed in the fir•t focal plane. 
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The actual accuracy of this type of instrument is estimated to be 

a.t least two percent and probably better than one percent; however, the 

present lack of comprehensive data on the goniometric distribution of 

reflected. flux from cc.munon engineering materials precludes a positive 

general statement of accuracy at this time. Indeed, some investigators 

have questioned ~hether an accuracy of better than one percent is useful, 

since it is probable that the variation in reflectance of similar 

samples may exceed ot:i,_~ percent and, further, the condition of the surface 

while in use (say ins.pace) is never definitely known. In any event, 

this reflectometer proviAes more information concerning the reflectance 

of engineering samples than previous instruments. Further, the separa­

tion of the detector and sample permits heating and/or cooling of the 

sampleo 

One instrument which seems to be essentially identical in concept 

to the ellipsoidal reflectometer is the paraboloidal reflectometer 

shown in figure 28 [30J. If two paraboloids were used and the one that 

collected the reflected flux and focused it on the detector had a longer 

focal length than the other, then this reflectometer would seem to pos­

sess all of the advantages of the ellipsoidal reflectometer. 

Secondary Results 

During the development of the ellipsoidal reflectometer the follow­

ing results were obtained: 

(1) The use of the sulfur coated averaging sphere permits the con­

struction of a simple and accurate infrared specular reflectometer. 

(2) A method of applying sulfur to a sphere wall was developed. 

The resulting coating appears to be more durable than standard sphere 
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coatings (i.e., MgO or BaS04) (appendix E). 

(3) A simple bench test was proposed for studying sphere coatings 

for use in the infrared (appendix D). 

(4) The directional annular cone reflectance was used to study 

the diffuseness of several samples.(appendix H). 

Reconnnendations 

During the course of the development of the ellipsoidal reflecto­

meter several ideas for redesign and/or use of this instrument were gen­

erated. They are: 

(1) Care should be used in the design of an ellipsoidal reflecto­

meter to keep the specular component of the reflected flux as far away 

from the sample as is practical. 

(2) It is recommended that a more complete ellipsoidal mirror, 

such as shown in figure 29, be used. This will allow tilting of the 

sample without flux losses around the edges of the mirror. (It will also 

be necessary to tilt the detector in some cases). 

(3) It is suggested that the continuous wave laser would be a 

superb source, since it has a high intensity collimated beam. Further, 

the use of the laser would allow the smallest possible entrance hole 

and reduce the hole loss to nearly zero. 

(4) To use this instrument at its best accuracy, a set of at 

least 5 specular standards, whose reflectances are evenly distributed 

between zero and one, should be developed [19]. 

(5) Figure 30 illustrates a proposed design for a recording spec­

trometer using a chopped double beam source, where the flux incident 

on the two samples is the same. 
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(6) Additional work on controlling the first and second reflec­

tions inside a gold-roughened averaging sphere may make this device 

suitable for use with the reflectometer and extend its range to l~o 

(7) The instrument is easily convertible to the .4 to 2.~ range 

by changing the source, detector, and sphere coating. 

(8) A needed experimental study is the effect of the size of the 

solid angle on the value of the specular component; data of this nature 

would. be valuable to the heat transfer analyst. 

(9) Figure 3la illustrates the use of the ellipsoidal mirror op­

tics for transm:i,ttance and scattering measurements, 
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In conclusion, it is felt that the ellipsoidal mirror reflectometer 

has been shown to be capable of accurate reflectance measurements in the 

1.5µ to 7 .~ region. Further, a simple modification will extend this 

range down to .4µ. In addition, the use of the gold sphere and a helium 

cooled balometer may well extend the upper wavelength limit to 15µ or 

more. On the basis of these results the development of integrating 

spheres for the infrared would seem to be unnecessary. 



CHOPPED 
MONOCHROMATIC 
INCIDENT -=~ ... ~======17 
FLUX 

DETECTOR 

94 

ELLIPSOIDAL 
MIRROR 

(A) SAMPLE 

(B) MIRROR 

Figure 30a. Transmittance and Scatter Optics 
Using An Ellipsoidal Mirror 



REFERENCES 

1. Parmer, J F., "The Thermal Radiation Characteristics of Specular 
Walled Grooves in the Solar Space Environment." Ph.D. Thesis, 
Oklahoma State University, May 1965. 

2. Sparrow, E. M., Eckert, E. R. G., and Johsson, V. K., "An Enclosure 
Theory for Radiative Exchange Between Specularly and Diffusely 
Reflecting Surfaces." Transactions of ASME, Journal of Heat 
Transfer, V. 84, 1962, pp. 294-300. 

3. Seban, R. A., "Discussion." Transactions of ASME, Journal of~ 
Transfer, V. 84, 1962, pp. 299-300. 

4. Wiebelt, J. A., Engineering Radiation Heat Transfer, Notes for 
Oklahoma State University, May 1963. 

5. Fragstein, C. V., "On the Formulation of Kirchhoff's Law and Its 
Use for a Suitable Definition of Diffuse Reflection Factors." 
Optik, V. 12, 1955, pp. 60-70. 

6. Edwards, D. K., Gier, J. T., Nelson, K. E., and Raddick, R. D., 
"Integrating Sphere for Imperfe-ctly Diffuse Samples." Applied 
Optics, V. 51, 1961, pp. 1279-1288. 

7. Jacques, J. A. and Kuppenheim, H. F., "Theory of the Integrating 
Sphere." Journal of the Optical Society of America, V. 45, 1955, 
pp. 460-470. 

8. Gates, D. M., Shaw, C. C., and Beaumont, D., "Infrared Reflectance 
of Evaporated Metal Films." Journal of the Optical Society of 
America, V. 48, 1958, pp. 88-89. 

9. Bennett, H. E. and Koehler, W. F., "Precision Measurement of Absolute 
Specular Reflectance with Minimized Systematic Errors." Journal of 
the Opticql Society of America, V. 50, 1960, f:>p. 1-6. 

10. Weeks, R. F., "Simple Wide Range Specular Reflectometer." Journal 
of the Optical Society of America, V. 48, 1958, pp. 775-777. 

11. Ramsey, W. Y., "Specular Spectral Reflectance of Paints from .4 
to 40.0 Microns." Meteorological Satellite Laboratory Report 
No. 31, April 1964. 

12. Coblentz, W. W., "The Diffuse Reflecting Power of Various 
Substances." Bulletin of the Bureau of Standards, V. 9, 1913, 
pp. 283-325. 

13. Gier, J. T., Dunkle, R. V., and Bevans, J. T., "Measurement of 
Absolute Spectral Reflectivity from 1, 0 to 15 Microns. 11 ·Journa 1 
of the Optical Society of America, V. 44, 1954, pp. 558~562. 

95 



REFERENCES - Cont'd 

14. Royds, T., "The Reflective Power of Lamp- and_ Platinum-Black." 
Philosophical Magazine, V. 21, 1911, pp. 167-172. 

15. Royds, T., "Das Reflexionvermogen Schwarzer Flachen. 11 

Physikalische Zeit schrift, V. 11, 1910, pp.316-319. 

16. Paschen, F., Ber. Berlin Akad. Deut. Wiss., 27(1899). 

17. Brandenberg, W. M., "Focusing Properties of Hemispherical and 
Ellipsoidal Mirror Reflectometers." Journal of the Optical 
Society of America, V. 54, 1964, pp. 1235-123~ ~-

96 

18, Stair, R. and Schneider, W. E., "Standards, Sources, and Detectors 
in Radiation Measurements." Symposium on Thermal Radiation of 
Solids. Editor: Dr. Samuel Katzoff. NASA SP-55. To be published 
in 1965. 

19. Janssen, J. E. and Torborg, R. H., "Measurement of Spectral 
Reflectance Using an Integrating Hemisphere." Measurement of 
Thermal Radiation Properties of Solids. Editor: J.C. Richmond" 
NASA SP-31, 1963, pp. 169-182. 

2 0. White, J. U., "New Method for Measuring Diffuse Reflectance in the 
Infrared." Journal of the Optical Society of America, V. 54, 1964, 
pp. 1332-1337. 

21. Birkebak, R. C. and Hartnett, J. P., "Measurements of the Total 
Absorptivity for Solar Radiation of Several Engineering Materials." 
Transactions of the ASME, V. 80, 1958, pp. 373-378. 

22. Kozyrev, B. P. and Vershinin, 0. E., "Determination of Spectral 
Coefficients of Diffuse Reflection of Infrared Radiation from 
Blackened Surfaces." Optics and Spectroscopy, V. 6, 1959, 
pp. 345-350. 

23. Derksen, W. L., Monahan, T. I., and Lawes, A. J., "Automatic 
Recording Reflectometer for Measuring Diffuse Reflectance in the 
Visible and Infrared Regions. " Journal of the Optical Society of 
America, V. 47, 1957, pp. 995-999. 

24. Derksen, W. L. and Monahan, T. I., "A Reflectometer for Measuring 
Diffuse Reflectance in the Visible and Infrared Regions." Journal 
of the Optical Society of America, V. 42, 1952, pp. 263-265. 

25. Sanderson, J, A., "The Diffuse Spectral Reflectance of Paints in 
the Near Infrared," Journal of the Optical Society of America, 
v. 37, 1947, pp. 771-777. 



REFERENCES - Cont'd 

26. Martin, W. E., "Hemispherical Spectral Reflectance of Solids." 
Measurement of Thermal Radiation Properties of Solids, Editor: 
J, C. Richmond, NASA SP-31, 1963, pp. 183-192. 

27. Dunkle, R. V., Ehrenburg, F., and Gier, J, T., "Spectral Charac­
teristics of Fabrics From 1 to 23 Microns." Transactions of the 
ASME Journal of Heat Transfer, V. 82, 1960, pp. 64-70. ~ ~-

97 

28. Streed, E. R., McKellar, L.A., Rollings, R., Jr., and Smith, C. A., 
"Errors Associated with Hohlraum Radiation Characteristics Deter­
minations." Measurement of Thermal Radiation Properties of Solids. 
Editor: J.C. Richmond. NASA SP-31, 1963, pp. 237-252. 

29. Reid, D. C, and McAlister, E. D., "Measurement of Spectral Emissivity 
from 2 µ to 15 µ." Journal of the Optical Society of America, V. 49, 
1959, pp. 78-82. 

30. Dunkle, R. V., "Spectral Reflectance Measurements." Surface Effects 
£!!. Spacecraft Materials, Wiley & Sons, 1960, pp. 117-137. 

31. Clayton, W. A., "Comments on 
Thermal Radiation of Solids. 
be published in 1965. 

Measurement Techniques." Symposium.£!!. 
Editor: S. Katzoff. NASA SP-55. To 

32. Shibata, K., "Simple Absolute Method for Measuring Diffuse Reflectance 
Spectra." Journal of the Optical Society of America, V. 47, 1957, 
pp. 172-17 5. 

33. Oldham, M. S., "An Infrared Reflectometer." Journal of the Optical 
Society of America, V. 41, 1.951, pp. 673-675. 

34. Standard No. D523-62T "Specular Gloss" and Standard No. Dl471-57T 
"Two-Parameter, 60-Deg Specular Gloss." 1964 Book of ASTM Standards, 
Part 21, published by the American Society for Testing and Materials, 
Philadelphia 3, Pa., 1964. 

35. McNicholas, H.J., "Absolute Methods in Reflectometry." National 
Bureau of Standards Journal of Research, V. 1, 1928, pp. 29-73. 

36. Birkebak, R. C., "Monochromatic Directional Distribution of Reflected 
Thermal Radiation from Roughened Surfaces." Ph.D. Thesis, University 
of Minnesota, 1962. 

37. Richmond~ J, C., DeWitt, D. P., and Hayes, W. D., Jr., "Procedures 
for Precise Determination of Thermal Radiation Properties, November 
1962 to October 1963." National Bureau of Standards Technical Note 
252, 1964. 



REFERENCES - Cont'd 

38. Kronstein, M., Kraushaar, R. J., and Deacle, R .. E., "Sulfur as a 
Standard of Reflectance in the Infrared." Journal of!!:!£. Optical 
Society of America, V. 53, 1963, pp. 458-465. 

39, Rohzhin, V. V,, "A Photomultiplier for Measuring Radiant Flux in 
Lighted Models with an Absorbing Medium." Iz vestis Vysshikh 
Uchebnykh Zavedeniy, Priborostroyeniye, Na. 1, 1961, pp. 94-98. 

98 

40. Agnew, J. T. and McQuistan, R. B., "Experiments Concerning Infrared 
Diffuse Reflectance Standards in the Range 0.8 to 20.0 Microns." 
Journal of the Optical Society of America, V. 43, 1953, pp. 999-
1007. 

41. Bennett, H. E., Silver, M., and Ashley, E. J,, "Infrared Reflectance 
of Aluminum Evaporated in Ultra-High Vacuum." Journal of the 
Optical Society of America, V. 53, 1963, pp. 1089-1095. 

42. Hass, G., Engineer Research and Development Laboratory, Ft. Belvoir, 
Virginia, Personal Communication. 

43. Bennett, H. E., Benne:tt, Jean M., and Ashley, E. J., "Infrared 
Reflectance of Evaporated Aluminum Films. 11 Journal of the Optical 
Society of America, V. 52, 19~2, pp. 1245-1250. 

44. Bennett, J.M. and Ashley, E. J., "Infrared Reflectance and 
Emittance of Silver and Gold Evaporated in Ultrahigh Vacuum." 
Applied Optics, V. 4, 1965, pp. 221-224, 

45. Hass, G., Optics Section, American Institute.£! Physics Handbook 
Coordinating Editor D. E. Gray, 1957, McGraw-Hill Book Company, 
Incorporated, New York, pp. 6-19. 

46. Hass, G., "Filmed Surfaces for Reflecting Optics." Journal of the 
Optical Society of America, V. 45, 1955~ pp. 945-952. 

47. Richmond, J.C., DeWitt, D. P., Hayes, W. D., Jr., and Dunn, S. T., 
"Procedures for Precise Determination of Thermal Radiation 
Properties,"November 1963 to October 1964 .. " National Bureau of 
Standards Technical Note, to be published in 1965. 

48. Goebel, D. G., Caldwell, B. P., and Hannnond, H. K., III, "Use of 
an Auxiliary Sphere with a Spectroreflectometer to Obtain Absolute 
Reflectance." Photometry and Colorimetry Section, National Bureau 
of Standards, Washington, D. C., October 27, 1964, unpublished. 

49. DeWitt, D. P. and Richmond, J. c., "Laser Source Integrating Sphere 
Reflectorneter." Presented at the Annual Meeting of AIAA, January 
1965, New York. 

50. Jakob, Max, Heat Transfer, John Wiley & Sons, Inc., V. 1, 1949, p. 52. 



REFERENCES - Cont 1d 

51. Rf.chmond, J. c., Harrison, W. N., Shorten, F. J., "An Approach to 
Thermal Emittance Standards. 11 Measurement of Thermal Radiation 
Properties .!2f Solids. Editor: J. c. Richmond. NASA SP-31, 
1963, PP~ 403-424. 

99 



APPENDIX A 

COMMENTS ON RECIPROCITY 

Since the most common condition is that of illumination from a 

direction.and reflection into the hemisphere above the surface, the 

most useful reflectance to the heat transfer engineer is p(~,e). As 

heat transfer calculations become more sophisticated, the specular com­

ponent of this reflectance will also be needed. In general, most in­

struments measure p(cr', e·) (i.e., heated cavity, most recent modifi­

cations of the integrating hemisphere, and the integrating sphere as 

used in reference 36), and only a few instruments measure p (co, 8). 

Hence, it is important that well-defined relationships between p(c,o,8) 

and p(co',e') be stated. The literature provides two sets of defini·· 

tions, one which is widely accepted, the other appears only in a very 

few references. 

(1). The most widely accepted statement of the reciprocity be­

tween p (q,, 8) and p (c,o ', e ') is [5, 35): 

If p(~,e) is measured with constant intensity incident over dw 

from the direction ~,e, and with collection of the reflected energy over 

the hemisphere, then the equivalent measurement of p(~',e') is to have 

constant intensity incident over the hemisphere (i.e., perfectly dif­

fuse illumination), and collection of the reflected energy over the 

solid angle dw in the direction ©,e. 

(2). Reference 36, page 41, indicates that these two reflectances 

are equivalent if, and only if, the distribution of the incident energy 

for the p(~',e') measurement is the same as the reflected energy for the 

p(~,e) measurement. However this statement does not seem to be consistent 
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with those from references 5 and 35. 

Accepting statement (1), it is apparent that for anisotropic sur­

faces p(~,e) = p (~,e'), that is, the values of 0 and e' are independ-

ent when all other given conditions have been met. For isotropic sur-

faces, 9 and e' must be equal. 

With this in mind, then it is critical that the instruments that 

measure p(~i,e') have perfectly diffuse flux incident on the sample, 

while in instruments measuring p(~,e), it is only necessary for com-

plete non-selective hemispherical collection. C. V. Fragstein [5] 
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states this in the following manner (his symbols have been converted to 

the symbols used in this work): 

Consider the surface element dA to be irradiated uniformly from 
all directions and with the specific radiation intensity Ir.. 
Then the radiant energy reflected by dA in direction cp,e into the 
solid angle dw is equal to that energy which is reflected by dA 
into the hemisphere if dA is irradiated from direction ~,e over 
the solid angle dw with the same specific radiation intensity Ir.. 

These same references [5, 35] discuss the reciprocity relations 

between the many other kinds of reflectances. Through these reciproc-

ity relationships, it also is possible to relate the non-specular 

component of reflectance, if the excluded component is identical in 

both cases and the remaining conditions for p(~,e) = p(cp',e') have 

been met. 



APPENDIX B 

DESIGN OF SPECULAR REFLECTOMETER 

This section describes a simple, but accurate, infrared specular 

reflectometer. In previous infrared specular reflectometers, very pre­

cise alignment of the optics was necessary to insure that the detector 

viewed different reflected signals identically [9, 10]. The specular 

reflectometer used in this work to measure the reflectance of the cali­

bration mirrors (chapter IV) is illustrated in figure 31. The sulfur­

coated diffusing sphere developed in chapter III was used to average 

the monochromatic flux from the Globar for two different signals, one 

being.the flux that is reflected once by each of the sample mirrors, 

and the other being the unreflected incident flux. The use of the 

sulfur-coated diffusing sphere reduces the required precision of opti­

cal alignment, since the "images" of the two signals need not be the 

same size, nor on exactly the same area of the sphere wall (figu~es 

18a, and 22). 

In the reflectometer, the path length for the two measurements is 

different, so that it is necessary either to operate in a non-absorbing 

atmosphere, or at wavelengths where atmospheric absorption does not oc­

cur. In this case, the reflectance was measured at the same wave-

lengths and with the same band passes as were used in the ellipsoidal 

mirror reflectometer (chapter II, page 26). In chapter III, it was 

shown that atmospheric absorption did not affect the flux at these 

wavelengths for changes in path length of six inches and more. Due to 

the longer path length (approximately l~ inches longer), the signal re­

flected by the two sample mirrors has an image area on the sphere wall 
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about 2.1 times that of the unreflected signal. For each measurement) 

the small unreflected image of the incident flux was visually centered 

on the large image of the double reflected flux. This insured accurate 

measurement of both signals (see figures 20 and 22). 

The ratio of the twice reflected flux to the incident flux is 

equal to the product of the reflectances of the two sample mirrors. If 

the reflectances of the two mirrors can be considered equal, then the 

ratio is equal to the square of the reflectance of the mirrors. This 

procedure increases the accuracy of the reflectance measurement) since 

the expected error in the measured ratio is the same whether one or two 

reflections are involved (i.e., with two reflections, the final error 

is approximately the square root of the error in the measurement of the 

ratio). 

The two sets of calibration mirrors were selected as follows: 

(1) Aluminum Mirror: A set of 12 optically polished ~-inch by 

\-inch glass samples were prepared. The aluminum coating was then 

vacuum deposited on all of the samples at the same time, to an opaque 

thickness, in a time of one second. This should give essentially the 

same values for reflectance that Bennett, et al. [41] report for their 

ultra-high vacuum coatings of aluminum. Hass [42] indicates that the 

fast evaporation-times at normal vacuums yield the same reflectance 

values as those measured for the ultra-high vacuum coatings. The alum­

inum used for the coatings was 99.999% pure. 

(2) Gold Mirrors: A set of 12 optically polished ~-inch by 

%-inc~ glass samples were prepared. The gold was vapor-plated on all of 

the samples at the same time, over a chromium substrate (to increase its 

mechanical durability), in accordance with standard procedures. At the 
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time of the coating, it was not known that the infrared reflectance of 

gold (like aluminum) varies significantly with evaporation techniques 

.[44]; thus, no effort was made to control the evaporation time to ensure 

a coating of the highest possible reflectance. 

Four of these mirrors were then visually selected from each of the 

sets of 12 to form the two sets of calibration mirrors, as follows: 

(1) They were examined with an 8-power microscope with grazing il­

lumination for surface irregularities, and 

(2) They were examined for opacity and scatter when illuminated by 

the 0.632 µ line of a helium-neon laser. 

The aluminum and gold mirrors both exhibited no visible surface 

irregularities under examination with the microscope, and they were 

both opaque to the 0.632 µ lasar line. Qualitatively, the aluminum and 

gold mirrors both seem to scatter the 0.632µ laser beam about the same. 

No quantitative value of scatter was obtained. 

The reflectance of the two sets of calibration mirrors was then 

measured in the following manner: 

Six reflectance measurements were made; 2 each of three combina­

tions of pairs from each set o.f the mirrors. This does not exhaust 

the six unique pairs from a set of four, but does allow inter-compari­

son of all of the mirrors to establish that their reflectances are in­

deed equal, as would be expected for samples prepared at the same time. 

Table 3 gives the results for aluminum. Each reflectance value 

is the square root of the ratio of the two signals. Further, each of 

the six readings represents a completely separate measurement, taken 

on different days and after realignment of the optics and repositioning 

of the samples; therefore, these measurements should be independent and 



TABLE 3 

REFLECTANCE OF ALUMINUM 

Standard Best 
")... P1-2* P1-2 pl-3 pl-3 P2_4 P2_4 Average Deviation Literature 

Values [41] 

1.5 0. 961+ 0.961- 0.962 0.960- 0.962 o.959 o.9608 0.0012 o.9742 

2.0 .975 .975+ .972 .975- .976 .972 .9742 .0017 .9779 

2.5 .977- .976+ .974 .976 .975 .976 .9757 .0010 .9794 

3.5 .985+ .983 .984 .981 .982 .982 ,9828 .0005 ,9816 

4.5 .985 . 985+ .982 .984- .984- ,984 .9840 .0011 .9835 

5.5 .985 .986 .983 .985+ .986- .986+ .9852 .0012 .9850 

6.5 .985 .985 .983 .985 .986 .987+ .9852 .0013 .9861 

7.0 .988 .988- .984 .985+ .986 .987+ .9863 .0017 .9866 

* The subscripts on the symbol "p" for reflectance indicate the particular mirrors used for 
the measurement. 

Average 

n 
~ p 
1 

=-
n 

L1 y<p-p )2 

Standard deviation= (n-l) 
..... 
0 

°' 
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errors should be random. The results for reflectance of the different 

pairs of mirrors indicate that, within the precision of measurement, 

there does not appear to be any variation in reflectance among the 

samples in this set. The arithmetic average and the standard deviation 

of the measurements are reported in table 3 and are compared to the data 

(accurate to ±.001 reflectance units) reported by Bennet, et al. [41]. 

The agreement is excellent beyon:1 three microns; the tendency of the 

reflectance to be lower than comparable values at the shorter wave­

lengths is attributed to differences in optical finish and oxide forma­

tion on or in the coating. The reflectance values reported in this 

work are higher than the reflectance values reported for standard alu­

minum coatings throughout the 1.5 to 7.0 micron range [43]. Further, 

when comparing these values to other values in the literature, the band 

width of flux at 1.5 microns is very important, since aluminum's re­

flectance is changing quite rapidly below 2.0 microns. Due to this, the 

wide band (about 0.18 microns in width) values reported for 1.5 microns 

in this work will be lower than narrow band literature values for a 

coating with the same spectral reflectance 

The results for the gold mirrors shown in table 4 are qualita­

tively similar to the results for aluminum mirrors. That is, the 

reflectances of all four gold mirrors are equal, and the reported 

reflectances tend to be lower than the best literature values at the 

shorter wavelengths. Since the gold mirrors were prepared without spe­

cial attention being paid to the evaporation time or the level of vac­

uum, exact agreement with the literature was not expected. The recent 

work of J. Bennett [441 indicates ultra high vacuum techniques increase 

the reflectance of gold by about 1 percent in the infrared. 



TABLE 4 

REP'LECTANCE OF GOLD 

Best 

* 
Standard Literature Literature 

">,.. 
P1-2 Pt-2 Pz_3 Pz_3 P3-4 P3_4 P3_4 Average Deviation Values [45] Values [44] 

L5 0.980 0.981 0.980 0.981 00982 0.983 0.979 0.9809 0.0014 0.982 0.9806 

2 .. 0 .984 .984+ .984 .983 .,983 .983+ .,981 .. 9833 0 0010 .983 .. 9914 

2.5 .984 .. 986+ .986 .982 .984 .984 .984+ .9843 .0014 .983 .9922 

3.5 .987 .. 987 .988 .987 .. 986 .987 .988 .. 9870 .. 0005 .983 .9934 

4.5 .986+ .988 .987+ .988 .987 .. 986+ .987+ .9874 .0008 .983 .9938 

5.5 .987 .989 .988+ .986 .985 .986- .98.8 .9870 .0014 .983 .9938 

6.5 .988 .987+ .,988 .987 .. 988+ .988 .,9878 .ooos .983 .9939 

7,,0 .988 .,987 
+ .988 .992 .989 .989 .. 9890 .0017 .984 .9939 

*The subscripts on the symbol "pn for reflectanc·e indicate the particular mirrors used for the 
measurements. 

I-' 
0 
00 



Table 5 gives the average value of reflectance for a set of 4 

rhodium mirrors purchased from Evaporated Metal Films Corp., Ithaca, 

N. Y. These mirrors are also~ inch by t inch, and exhibit reflec­

tances very close to literature values for the longer wavelengths and 

much lower for the shorter wavelengths. Visual examination of these 

samples with the 0.632 µ laser line qualitatively indicated consider­

ably more scatter than for the aluminum or gold mirrors. 
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It is not believed that the lower values for the short wavelength 

reflectances reported in this work represent an instrumental error, 

since there is every reason to expect an increase in accuracy at the 

shorter wavelengths, where more energy is available for detection and 

the required precision of optical alignment is at a minimum (chapter 3). 

Since in the calibration of the ellipsoidal reflectometer, these 

mirrors are used with several different angles of incidence (from o0 

from the normal to 52° from the normal), the effect of changing the 

angle of incidence was studied. Within the accuracy of the measure­

ments, no change of reflectance with angle of incidence was observed 

for the gold and aluminum mirrors (for incident angles up to 50°). 

Summary 

The mirrors used for calibrating the ellipsoidal reflectometer, 

and later to be used as a reference reflectance standard, have a re­

flectance known to ±0.0015 reflectance units and do not vary in reflec­

tance by more than -0.000 and +o.003 reflectance units with angle of 

incidence up to incident angles of 50°. 
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TABLE 5 

REFLECTANCE OF RHODIUM 

Literature 
{\. Average Values [ 46] 

1.5 0.8383 0.882 

2.0 .8850 .905 

2.5 .9104 .915 

3.5 .9339 .932 

4.5 .9428 .942 

5,5 .9470 .946 

6.5 .9474 .950 

7.0 .9510 .953 
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Further, this section illustrates the design of very simple and 

accurate infrared specular reflectometers, with an accuracy of at least 

±0.0015. reflectance units. The use of the sulfur-coated diffusing 

sphere in front of the detector considerably reduces the inherent pro­

blems of optical alignment, and detector spatial sensitivity. It 

should be indicated that the design illustrated in figure 31 is not the 

best design, but the most convenient for this work. It would be a ber­

ter instrument if an odd number of reflections were used and the path. 

length kept the same. The sulfur sphere (with a thermocouple detector 

and Globar source) should easily extend the use of the Bennett and 

Koehler [41] specular reflectometer to 8 microns. 



APPENDIX C 

OTHER FLUX-AVERAGING DEVICES 

In the course of this work, several flux-averaging devices were 

tested for use with the ellipsoidal mirror reflectometer. Essentially, 

there are two workable solutions to the problems imposed by the use of 

large area detectors that are spatially sensitive. 

(1) The absolute averaging device reads the flux correctly regard­

less of image configuration. The sulfur-coated sphere discussed in 

chapter 3 is such a device. So is the roughened gold-plated sphere. 

With the absolute device, no correction is made for either small area 

signals or large area signals. 

(2) The averaging device that can be calibrated consistently reads 

the small area signal and the large area signal in known different 

factions. That is, the values 'can be corrected by using a calibration 

procedure to correlate the magnitude of a large area signal to that of a 

small area signal. Some devices of this nature are reported in this section. 

The absolute method was preferred in this work, since calibration 

procedures for all other devices would have reduced the over-all accu­

racy of the measurements in the ellipsoidal reflectometer. If accura­

cies of the order of only five percent are required, the averaging device 

that can be calibrated is very useful. The results for several averaging 

devices are reported in the following discussion. 

Diffusing Windows 

The first device tested was a roughened sodium chloride window. 

The data in figure 32 are from the same types of tests as reported 
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DIFFUSING SCREEN NO. 2 
DIFFUSING SCREEN NO. 2 

e* ---B A' ---A 

Results of scans across the sensitive area of the thermopile detector in the 
A-A' and B-B' directions, with unchopped tungsten incident flux. The A-A' 
direction is across five rows of plates, and the B-B' direction is across 
two columns of pla_tes. 

DIFFUSING SCREEN NO. 2 

\_ 

DIFFUSING SCREEN NO. 2 DIFFUSING SCREEN NO. 3 

B' B A' A 

Results 1of scans 1across the sensitive area of the thermopile detector in 
the A-A and B-B directions, with chopped tungsten incident flux. 
The A-A' direction is across five rows of plates, and · the B-8' cUrect io.n 
la across two colunms of plates. 

Figure 32. Results of Spatial Sensitivity Test for NaCl Diffusing Sc~een. 
Reprinted from reference 47. 
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for figures 12 and 13, except that the diffusing screen holder* now held 

the diffusing screens. Diffusing screen No. 2 was 5 nnn thick, and one 

surface had been ground with a 9.5 µ abrasive. Screen No. 3 was 2.5 nnn 

thick, and one surface had been ground with a 50 µ abrasive. 

In figure 32, it can be seen that diffusing screen No. 3 had only 

a slight effect in smoothing out the peaks, but diffusing screen No. 2 

was quite effective, and produced a relatively uniform response across 

the sensitive area of the detector in both the a-c and d-c scans. The 

use of a roughened window would be suitable only for signals that are 

small relative to the detector area, since the roughened window would 

scatter energy away from the sensitive elements for larger area signals. 

Diffusing Elbows 

The second effort was to construct a diffusing elbow, shown in 

figure 33. This elbow greatly reduced the spatial sensitivity when the 

flux was incident on one end of the elbow, and the detector was placed 

at the other end. However, figure 34 indicates that the sensitivity of 

the elbow-detector combination varied radically with angle of incidence 

across the diffusing surfaces, while figure 35 shows relatively little 

angular sensitivity in the plane of incidence perpendicular to the mir-

ror surfaces. Figure 36 is an improved design, in which the walls are 

all mirrors, except for the diffuse 45° surface used to reflect the in-

coming radiation toward the detector. The diffusely reflecting surface 

used with this device consists of a series of spherical depressions in 

*The screen holder is used to hold the diffusing screens, to be 
tested, in front of the detector window. 
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aluminum, each of 1/16-inch radius] spaced 0.088 inch apart in a hexa­

gonal, close pack array. Goniophotometric reflectance curves for this 

surface for wh:i. te light incident at 45° are. shown in figure 3 7. This 

surface has since been liquid honed, and then gold plated. The liquid 

honing gives a diffusing surface of small roughness, which, in combina­

tion with the large roughness of the spheric&l depressions, should re­

duce the height of the specular peak at 45°, seen in figure 37. 

Figure 38 represents the spatial sensitivity (chapter III) of this 

elbow as a small image is traversed across the entrance port. It is ap­

P,.rent that a small area signal can be reproduced by positioning the 

elbow to yield a maximum signal for each case. Figure 39 represents· 

the area sensitivity test (chapter III) for the case when for A/A(mini­

mum) = 1 the elbow is moved until a maximum reading is obtained (fig­

ure 38) and then the area sensitivity of the elbow is measured. Figure 

39 indicates that the decrease in signal for the large areas is cali­

bratable; that is, the device senses the large area signal about 20 per-· 

cent lower than the small area signal of the same flux. Thus, careful 

c2libr11tion and measuring techniques would allow use of a device of this 

nature for reducing spatial sensitivity for_large area detectors. 

Some devices that were not tf,;;.sted in this work, but appear to be 

qualitatively similar in nature to the above approaches, are: 

(1) Condensing specular cones [39]. 

(2) A four-walled specular duct with a diffusing window at one 

end and the detector at the other., ~imilar to the detector viewing con­

figuration in ~eference 47. 
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In the design of a flux-averaging device, it is necessary to de­

cide what end accuracy is desired and to accept the fact that extremely 

good absolute averaging devices, available with present technology, very 

seriously limit the energy available for detection. Thus it is neces­

sary to make a compromise between averaging ability and efficiency of 

energy detection. All the calibratable devices were in general more 

efficient by an order of magnitude than the absolute devices tested. 



APPENDIX D 

TEST FOR INTEGRATING SPHERE COATING 

Although this dissertation is not specifically concerned with inte­

grating sphere reflectometers, some of the measurements made while inves­

tigating diffusing spheres appeared to provide a practical test for the 

usability of a given sphere coating in an integrating sphere reflectometer. 

Tests of this nature are necessary, since perfect diffusers of unit 

reflectance are not available for sphere coatings. In each case, a sphere 

coating is a combination of a high reflector and a good diffuser; i.e., 

the higher reflectance coatings can be poorer diffusers and still perform 

acceptably in an integrating-sphere reflectometer. 

To date, despite the very extensive use of integrating spheres for 

the past 40 years, there are only two accurate tests to compare the per­

formance of the actual integrating sphere reflectometer to the theoreti­

cal model used for reducing the data from the actual reflectometer. 

The first of these tests is quite old but, for reasons unknown, its 

use has not been .reported in the literature. Goebel, et al. [48], have 

expressed the theoretical basis for the "appended sphere" approach and 

have gathered preliminary data. The "appended sphere" technique utilizes 

the theory of integrating spheres to compare theoretically and experi­

mentally the efficiency of a small sphere with a diffusing coating and 

one opening to the reflectance of a flat sample of the same diffusing 

material. Both the efficiency of the small sphere and the reflectance of 

the flat sample are measured with a standard integrating sphere. 
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The second of these tests is the relatively new approach of the 

"First Reflection Cavity," which was utilized by Dewitt and Richmond [49]. 

This approach utilizes a cavity of a varying depth with a "perfectly" 

diffusing bottom and "perfectly" absorbing side walls. By varying the 

depth of the cavity and measuring the effective reflectance of the cavity 

and comparing this to the diffuse configuration factor from the image 

centered on the bottom of the cavity to the opening at the top of the 

cavity, one then establishes how well the integrating sphere reflec­

tomet~r measures flux of differing geometric distribution in the 

spher_e. 

Both of these tests are quite elaborate and depend on very exacting 

experimental.conditions, including the availability of a complete inte­

grating sphere reflectometer. The test proposed below provides a quick 

easy way to establish at least a necessary condition for an integrating 

sphere coating, 

Qualitative Description of Test 

The general optical system for these tests is shown schematically in 

figure 10. In this test, the sphere was mounted with its entrance port 

at the center of rotation of the milling head, and the incident beam was 

centered on the entrance port. The sphere was then rotated, and the 

response of the detector was recorded as a function of the angular posi­

tion of the sphere measured as the angle between the axial ray of the 

incident beam and the normal to the sphere entrance port. 

If a perfect integrating sphere were tested in this way, and the 

detector viewed only a portion of the sphere wall, as illustrated in 

figure 40, then the signal from the detector would change as the 
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illuminated spot moves around the sphere, by an amount proportional to 

the difference in brightness of areas on the sphere wall that are and are 

not illuminated by the incident flux. If the area illuminated by the 

incident beam is not viewed by the detector, no flux will be received 

by the detector on the first reflection of the incident flux. Thus, for 

a surface that approaches an ideal integrating sphere coating, the curve 

of response as a function of angle should show two ranges of constant 

response with a smooth monotonic transition between the two ranges. The 

lower range would represent those angles at which the detector views none 

of the illuminated area, and the higher level would represent those angles 

at which it views the entire illuminated area, and the transition would 

represent those angles at which the detector views an increasing fraction 

of the illuminated area. 

Theory for Tests of Integrating Sphere Coatings 

Figure 40 illustrates the theoretical model to be studied. The flux 

from the first reflection will be considered separately from that due to 

multiple reflections in the sphere. To get a quantitative value for the 

ratio of the two flat regions discussed above, it is necessary to account 

for the flux getting to the detector in each case. 

Case 1. The detector does not view the first reflection of the 

incident flux (F). The incident flux (F) is reflected by the sphere wall 

(with a reflectance of p8 ). 

R = F Pg (55) 

and none of this reflected flux impinges directly on the detector. This 

flux is then rereflected by the entire sphere (except for the portion 

lost out the entrance and exit ports). 



128. 

R (56) 

Where As is the total area of the sphere (As= 4nR2 ) and 

AsH = As - AHl ,_ AHz (Ai11 and AH2 are the areas of the exit and entrance 

ports, respectively). Of the flux B{, only R2_' reaches the detector 

sensing element. 

(57) 

where Anv is the area of the sphere fully viewed by the detector, 

(~V - AH2 /A'i is the proportion of the twice-reflected flux in the area 

viewed by the detector, and f 1 is the diffuse configuration factor from 

~V - AH~ to the sensing element of t_he detector. 

Similarly, on the third reflection the amount of flux R3 ' reaches 

the detector 

(58) 

and on the n'th reflection 

(59) 

The sum of the quantities of flux that reaches the detector is 

easily summed to 

2 ASH [ ADV - ~2 J 
El = F Ps -A A fl [ 

s s 
(60) 

Thus, the flux reaching the detector for the case where the detector does 

not view the first reflection is E1 • 
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Case 2. The detector views the first reflection. In this case, the 

only additional flux impinging on the detector is that due to the first 

reflection. From equation .(55), this is 

Ri'' = F Ps f2 (61) 

where £2 is the configuration factor from the area illuminated by the 

beam to the detector sensing element. Since this is the only additional 

flux impinging on the detector, the total flux reaching the detector for 

this case is 

(62) 

The ratio of the flux reaching the detector for these two cases is 

which upon substitution from equation 60 becomes 

1 + 

1 

(f2/£1}As - PsASH]As 
Pg(ASH)(ADV - AH2) 

(63) 

(64) 

Therefore, the ratio of the detector readings when it does and does not 

view the illuminated area is known for a completely diffuse sphere 

coating. 

Thus, an easily performed test can illustrate the quality of a given 

sphere coating with regard to its reflectance-diffuseness combination, 

the uniformity of coating reflectance throughout the sphere, and whether 

the cavity used is close enough to a sphere in shape. 
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Preliminary Data 

Two types of possible infrared sphere coatings were tested with the 

configuration illustrated in figure 40. These were the roughened gold­

plated coating and the "Crystex" sulfur coating; both are described more 

completely in appendix E. 

Gold Roughened Spheres 

Figure 41 shows results obtained with the gold-plated S-460 shot, 

2-inch diameter sphere, at wavelengths of 2.2, 5, and 8 µ. In this case, 

the detector port is in the plane of incidence, and is diametrically 

opposite the entrance port. The curves indicate that there is a large 

specular component to the reflected flux at 50°, and that the 

reflectance characteristics do not change appreciably with wavelength. 

The S-460 shot surface has a roughness of about 150 µ in rms; hence, no 

effect of wavelength would be expected in this range. This sphere 

coating does not follow the integrating sphere model in any respect; 

thus, it does not appear.promising.as a true integrating sphere coating. 

Sulfur Sphere Coatings 

The sulfur sphere coating outlined in chapter III also was tested in 

this manner. Figure. 42 illustrates the results for sulfur at 1.5, 2.2, 

5.0, and 10.0 µ. Each of these curves illustrates two flat regions with 

a smooth monotonic transition between the regions. These results gave 

a qualitative indication of the utility of sulfur surface as an inte­

grating sphere coating. However, the values for the ratio of the reading 

when the illuminated area was not viewed directly by the detector (area 

c-d in figure 40, i.e., the low flat portion of the curves in figure 42), 
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and the reading when it was viewed directly by the detector (area a-bin 

figure 40, high flat portion of the curves in figure 42) were lower by a 

factor of 2-3 than would be predicted by theory (equation (64)). 

Apparently, the experimental set-up did not fit the theoretical model. 

The following may contribute to the failure of quantitative theoretical 

and experimental agreement. 

(1). The flux from the illuminated area when it is not directly 

viewed by the detector (i.e., when the incident flux is in area c-d in 

figure 40) could reach the detector by paths other than by being multiply 

reflected from the d-a-b·c area viewed by the detector, by (a) hitting 

the lip of the detector port and being reflected to the detector, and (b) 

being diffused to the detector by scratches on the CsBx: window. The net 

effect would be to increase the height of the low flat· portion of the 

curves in figure 42 • 

(2). The illumination in the a-b area of figure 40 is incident at 

high angles of incidence, where even the best diffusers tend to become 

somewhat specular. Thus, the flux tends to be specularly reflected 

around the sphere wall into the area c-d, which is not viewed by the 

detector, instead of being diffusely reflected to the detector. The net 

effect would be to reduce the value of the high flat portion of the 

curves in figure 42. 

(3). Using the wrong value for ADV in equation 64. 

(4). Using the wrong value for the reflectance of the sulfur coating. 

(5). Improper evaluation of f 1 and f 2 • 

Undoubtedly, the first two effects are largely responsible for the 

low ratio of the two signals, as compared to the theoretical model. 
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Detector and beam configurations for a proposed new test are given 

in figure 43. In this test, both beams are incident at angles near nor­

mal, and flux from areas not viewed by the detector can no longer reach 

it by indirect paths. Equation (64) will still be valid, except that 

AsH = As - AHl - AH2 - AH3" 

This procedure should provide a convenient bench test for investi­

gating the quality of individual sphere coatings. As such, it could be 

utilized in studying the many proposed coatings for infrared integrating 

spheres. 
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Figure 43. Sphere Configuration for 
Integrating Coating Tests 
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APPENDIX E 

Several types of sphere coatings were prepared for use as described 

in chapter III and appendices C and D. This section briefly outlines 

the methods used in preparation of these surfaces. In each case, two 

hemispheres were coated and then joined to form the sphere, 

Sulfur 

All sulfur used in this work was Crystex brand sulfur; however, 

reference 38 indicates that or.d.inary flowers of sulfur has about the same 

reflectance as Crystex brand sulfur through the infrared. No effort was 

made to establish the usefulness of this or other forms of sulfur other than 

Crystex brand sulfur. It should also be noted that Stauffer Chemical Co., 

also supplies Crystex brand sulfur which contains 20 percent by weight of 

oil and which has excellent mechanical properties. However, information on 

the reflectance is not available, Several different techniques weire 1.1-1511,iiil 

to apply sulfur to the sphere walls, as follows: 

Hand Pressed: Initially, sulfur was applied to the sphere over a 

thin coat of rubber cement by hand pressing (with the fingers). The 

sulfur was built up to a thickness of about 1/8 inch, and contoured to 

roughly conform to the outline of the two hemispheres. The surface was 

then smoothed with an artist I s brush. This surface had a fairly unifo:em. 

appearance but it was extremely fragile. 

Sulfur-Alcohol Slurry: To increase the uniformity of the coating 

over the surface of the sphere and the reproducibility from one spher:! to 
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another, a spraying application technique was investigated. One part 

sulfur was mixed with about two parts alcohol by volume to form a slurry 

* which was sprayed from a BVl Model VS-850 Electric Sprayer. The slurry 

was sprayed so that most of the alcohol evaporated before the spray hit 

the roughened (approx. 50 µ in.rms) sphere wall. To insure rapid 

evaporation of the remaining alcohol, the hemispheres were heated to 

170 °F before spraying. About ten spray applications were necessary to 

obtain a 1/8-inch coating. The hemispheres were reheated to 170 °F and 

the sulfur surface was smoothed with an artist's brush between applica-

tions. The resulting coating was very uniform in appearance, but it 

tended to crack with time, and its adherence to the metal hemisphere 

was poor. The sulfur itself formed a quite hard surface. 

Benzene-Sulfur Slurry: To alleviate the problems experienced with 

the sulfur-alcohol slurry, the alcohol was replaced by benzene. This 

slurry was applied to the roughened hemisphere wall over a thin coat of 

a benzene-soluble contact cement. During the first few seconds of 

spraying, the spray gun was held very close to the surface so that the 

benzene dissolved the contect cement, which migrated slightly into the 

sulfur coating. The thin coating was then dried, leaving the sulfur 

bonded to the sphere wall~ For the subsequent spraying operation, ~he 

spray gun was moved further away from the sphere wall, the temperature 

of which was maintained at about 150 °F by heat from two infrared lamps. 

This, and the fact that benzene is more volatile than alcohol, permitted 

the slurry to be sprayed continuously until a coating thickness of about 

1/8 inch was obtained •. The surface was then smoothed with an artist's 

*Burgess Vibrocrafters, Inc., Grayslake, Illinois~ 



brush. The surface produced by this technique was very uniform in 

appearance and mechanically strong enough to withstand normal laboratory 

handling. The surface hardened considerably with age, 

BaS04 Surfaces 

A BaS04-Benzene slurry was sprayed :tn tiw same manner a.s th.:, 1~nlfu:r,, 

benzene slurry to coat spheres with BaS04. 

Gold-Roughened Surfaces 

Several spheres were roughened with glass and steel spherical shot 

by the Pangborn Company, using a Roto-blast process. The glass shot 

(Pangborn No. L) are -200+325 mesh SAE and yield a surface roughness on 

the aluminum sphere of about 25 µ inch rms. The steel shot (Pangborn 

No. S-460) are 10 mesh SAE and yield a surface roughness on the aluminum 

spheres of about 150 µ inch nus. After the hemispheres had been uni­

formly roughened with one of the above shots they were cleaned and 

was vapor-deposited onto the surface. 



APPENDIX F 

EFFECTIVE REFLECTANCE OF THE ELLIPSOIDAL MIRROR 

The reflectance measured in this section is the effective 

reflectance defined in chapter IV. The effective reflectance accounts 

not only for mirror absorptance and transmittance, but also for scat­

tering due to surface roughness and aberrations due to improper construc­

tion of the ellipsoidal mirror. 

The effective reflectances of various areas of the ellipsoidal mir­

ror were measured because (1) in the absolute reflectance measurement 

(chapter IV) it was necessary to know the reflectance of the ellipsoid~l 

mirror, and (2) in the relative reflectance measurement it was' necessary 

to know the change of reflectance with position of the reflected sample 

flux on the mirror. 

Figure 44 illustrates the 13 areas of the mirror that were examinedo 

First, the reflectance of area 1 was measured using one of the calibrated 

mirrors described in appendix B, and then the reflectances of the .remaining 

12 areas were compared to that of area No. 3 by using two of the calibrated 

mirrors described in appendix B. These two calibrated mirrors were used 

to c~pare, for .one pair of areas at a time, the flux reflected from one 

of the outer areas (areas 2 - 13) to the flux reflected by area No. L 

All of the areas on the mirror were larger than\ inch square, so that 

each reflected flux represented an average sampling of the reflectance 

over the particular region of the ellipsoidal minor. 
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Reflectance Measurement 

The reflectance .·of area 1 was evaluated by taking two measurements; 

one with the averaging sphere-detector combination at the first focal 

point, to measure the incident flux Fr, and the other with a calibrated 

aluminum mirror at the first focal ·point and the detector at the second 

conjugate focal point. to measure ~he flux F1 reflected by the_ sani.ple and 

the ellipsoidal mirror. In both measu'l:'ements the image of the :flux to be 

measured was positioned on the same place in the averaging sphere, so 

that a very accurate comparison of the two fluxes could be made (see 

chapter III). Also, in both measurements, the sphere entrance was 

shielded to allow entrance of only the flux to be measured, eliminating 

any flux interchange between the sphere and the ellipsoidal mirror (see 

chapter IV). Since this is. essentially an absolute reflectance measure-

ment, the analysis of chapter IV can be used. Equation (9) of chapter IV 

yields 

(65) 

and equation (51) yields 

(66) 

where the terms for the interchange between the ellipsoidal mirror and 

the sphere entrance are eliminated by the shielding described above. 

Therefore 

FRD 
P,,, = F p 

"' • ID m 
(67) 

where A is given in Table 3 of appendix B. The values obtained from four 
m 

sets of these measurements are listed in table 6. The arithmetic average 
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of p for area No. 1 for these four sets was used in computing the 
€ 

reflectance of the other areas of the mirror . 

TABLE VI 

ELLIPSOIDAL MIRROR REFLECTANCE 

Set :/Fl Set :/F2 Set :/t3 Set :/t4 Average 

1.5µ 0.951 0.949 0.951 0.948 0.950 

2.~ .964 .963 .959 ,961 .962 

2.5µ .965 .969 .967 .963 .966 

3.5µ .969 .971 .969 .971 .970 

4.5µ .969 .971 .970 .973 .971 

5.5µ .970 .971 .973 .970 .971 

6.5µ .971 .973 .973 .974 .972 

7.~ .972 .972 .974 .973 .972 

Variation of Reflectance with Position 

The change .of reflectance as a function of position was measured by 

use of two of the calibrated mirrors. These mirrors were placed on sample 

holders set at different angles to the first focal plane of the ellipsoidal 

mirror (figure 44). Four measurements for each pair of ar~as were made. 

One of each pair of measurements was made with area No, 1 in the optical 

path. The detector was again shielded to prevent interchange between the 

averaging sphere and the ellipsoidal mirror. The flux viewed by the 

detector was 

(68) 

where Pel is the reflectance of area No~ 1 and Pml is the reflectance of 

the particular sample mirror. The second measurement was made with sample 

mirror 2 placed on another sample holder such that one of the remaining 

areas was in the optical path (areas No. 2-13). Again the averaging 
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sphere was shielded to prevent interchange with the ellipsoidal mirror. 

The flux viewed by the detector was 

where n represents one of the areas No. 2 through 13. Since the effi-

ciency of the averaging sphere (n) is the same for equations (68) and 

(69), the ratio of these fluxes is 

(70) 

To eliminate the effect of a possible difference in reflectance 

between Pmz and Pml' the mirror samples were interchanged and measure-

ments taken again to yield 

(71) 

From equations (70) and (71), the ratio of the two reflectances is 

given by 

(72) 

Table 7 presents the values obtained in this manner for the 13 positions 

and for the 8 wavelengths used in this work. The results indicate that 

PenlPel does not vary with wavelength and that PenlPel increases as one 

moves away from the apex of the ellipsoidal mirror. Thus, it is apparent 

that the reflectance of the outermost parts of the mirror is about 1,5 

percent higher than that of the apex at all wavelengths. Therefore, the 

flux from a diffusing sample when measured with the ellipsoidal mirror 

reflectometer should be corrected for mirror reflectance depending on 

what part of the mirror is used to refocus the flux at the second focal 

point (see chapter IV). 



TABLE VII 

THE CHANGE IN REFLECTANCE OF THE ELLIPSOIDAL MIRROR AS A FUNCTION OF POSITION. 
VALUES ARE ALL REFERRED TO AREA NO .. 1. FOR LOCATION OF THE AREAS ON 

THE ELLIPSOID, SEE FIGURE 44. 

Wavelengths-> 1.5 b!: 2 .o µ 2.5 µ 3.5 µ 4.5 µ. 5.5 µ 6.5 µ ~ 

Areasi 

1 1.000 1.000 1 .. 000 1.000 1.000 loOOO 1.000 1.000 
2 1.001 1.001 1.000 loOOO 1 .. 000 1.000 1.001 1.000 
3 1.002 1.002 1.001 1.000 1.001 1.001 LOOl 1.002 
4 1.013 1.010 1.012 1.016 1.016 1.015 1.015 1.013 
5 1.0·00 1.001 1.002 1.001 1.000 1..001 1.000 1.000 
6 1.002 1.002 1.003 1.001 1.002 1.002 1.002 1.001 
7 1.015 1.013 1.015 1.015 1.014 1.014 1.015 1.013 
8 LOOl 1.001 1 .. 001 1.000 1.002 1.001 1.001 1.001 
9 1 .. 002 1.002 1.003 1.002 1.003 1.002 1.003 1.002 

10 1.014 1.015 1.014 1.016 1.015 lv015 1.015 1.014 
11 1.001 1.002 1.001 1 .. 000 1.000 1.001 1.001 1.002 
12 1.002 1.002 1.001 lff002 1 .. 001 1.002 1.002 1.002 
13 1.013 1.014 1.014 1,,016 1.014 1.014 1.015 1.014 

Average Values of Areas Equal Distance From the Apex of the Ellipsoid 

Set A* 1.001 1.001 1.001 1.000 1 .. 001 1.001 1 .. 001 1.001 
Set B* 1.002 1.002 l,,002 1.001 1.002 1.002 10002 1.002 
Set C* 1.014 1.013 1.014 1.016 1.015 1.015 1.015 1.014 

*Set A is composed of areas 2, 5, 8, and 11; set Bis composed of areas 3, 6, 9, 
and 12; and set C is composed of areas 4, 7, 10, and 13. 

I-' 
~ 
+:'-
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To increase the accuracy of this measurement, a scale expansion 

technique (provided for on the Brower Model 129 amplifier) was used. 

With this technique, the scale is expanded by a factor of 5 by suppres­

sing the zero by 400 percent. Hence, the error in reading the data from 

the recorded curve is reduced by about a factor of 5· •. This permits 

small changes in large signals to be measured with increased precision. 

The precision of these measurements is expected to be greater than that 

reported for the measurements in appendix B. This scale expansion tech­

nique could be used to increase the precision and accuracy of the values 

reported in appendix B. 



APPENDIX G 

ERROR ANALYSIS OF THE ELLIPSOIDAL 

MIRROR REFLECTOMETER 

This section deals with estimating the errors involved in the 

various corrections discussed in chapter IV, which are required to 

* establish p(7°,9)o The estimated error is used because most of the 

corrections depend on an unknown quantity, the geometric 

distribution of the reflected flux. Thus, this particular error 

analysis is based on· an estimate of the effects of vari0tts 

changes in the geometric distribution of the fluxes on the individual 

losses. In this section the various parameters will be considered to vary 

over ranges that are larger than the expected ranges for engineering sur-

faces. This should permit a conservative estimate of the accuracy of 

an ellipsoidal reflectometer measurement. This analysis does not dis-

tinguish between the errors caused by imprecision and the errors caused 

by uncertainties in measured parameters (random error and bias). 

The error analysis will concern equation (53), chapter IV, 

which is the equation used to determine the absolute reflectance of 

the sample. The additional errors present in the direct measurement of 

absolute reflectances are discussed at the end of this section. In the 

error analysis of the relative reflectance measurement, the following 

types of errors are considered. 

*Throughout this section Pg and p(7°,9) are used interchangeably. 



(1). Errors due to the flu:!!. interchange between the ellipsoidal 

mirror and the averaging sphere. 

(2). Errors due to incomple~e knowledge of system parameters. 

(3)e Errors due to uncertainty in the measurement of FSD' FSlD' 

FS2D, and FDD" 

(4). Errors due to faulty as.sumptions concerning the geometid.c: 

distribution of the reflected flux. 

(5). Errors caused by the uncertainty in the reflectance of the 

specular reflectance standard. 

(6). Other sources of error. 
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First, the errors associated with the flux interchange between the 

averaging sphere and the ellipsoidal mirror are analyzed, then the effect 

of the uncertainty in the reflectance of the specular reflectance 

standard and the effect of the uncertainty of reading the various fluxes 

are discussed.- Ne1tt, the effect of variation in the reflectance of the ellip-

soidal mirror are analyzed. The remaini~g errors are disctissed in connec­

tion with the specific corrections for the hole loss, wire loss, mihror. 

loss, and the sample shading effect. For the analysis of these correc-

tions a set of assumptions is made concerning the distribution of the 

reflected flux in order to establish an over-all estimate of accuracy. 

Since the magnitudes and interdependance of the various fluxes used in 

equation 53 are unknown, standard error propagation formulas are not used 

in this error analysis. It is felt that continued usage of this instrument 

will provide the massive amount of data needed to justify a more accurate 

error analysis. Until that time, this section offers an estimated accuracy 

of data which is at least partially supported by the precision of measurement 

indicated in appendix H, Table XI. 
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Sphere-Ellipsoid Interchange 

The error associated with the interchange of flux between the 

averaging sphere and the ellipsoidal mirror is caused by the assumption 

that(in derivation of equation 53, chapter VI) 

[1 - PHs P:n Tl' f (S-e )SJ == 1 (73) 

[.1 -l,I 

- PHM p eD Tl I f (S-e)I] 

[1 
-·l,j Tl I 

f (S-e )Sl J - PHs Pen - 1 (74) 

[1 -:.i 

- PHM Pen Tl I f(S-e)I ] 

[l - PHs P:n Tl' f (S-e: )D ] 
= 1 (75) 

[l - PHM P:n Tl' f (S-e )I] 

and 

= 1 (76) 

The error arises from the fact that pHS f pHM and the various £8 _e 

are not equal. However, in equations 73, 74 and 75 the differences among 

these three configuration factors are insignificant since the use of small 

shields in the first focal plane (17 in. from the sphere entrance port) 

does not appreciably change the flux reflected back to the ellipsoidal 

mirror by the averaging sphere. Further, the left hand side of equation 

76 is a term that is only used to establish the mirror absorption 

FOi, therefore it is possible to simply factor out a single 
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term from the entire equation (53) and study the effect of setting this 

term equal to one. The resulting equation is 

[l -;,;1 'r1 I 
f {S-e ~ J - PHS peD 

Ps = Ps 
I (77) 

[1 -w T] I f J - PHM peD S-e 

where Psis the true reflectance and p8 1 is the reflectance for the as­

sumption that the multiplying term is one. Thus the error in Pg caused 

by the assumptions of equations 73, 74, 75, and 76 is 

Ps - Ps' 

Ps 
= (78) 

Experimental measurements indicate that the. term p:D T]' fS-e has 

a maximum value of 0.04. These measurements were made with a specular 

mirror sample .with and without a shield in the first focal .plane 

that completely eliminated this interchange (see appendix H). Thus 

equation 78 becomes 

Ps - Ps 

Ps 
= 

[pHM - pHS ] (0.04) 

1 - pHS(0.04) 

It remains then to establish the values for pHS and pHM. 

(79) 

Jakob [50J indicates that for conductors (1 -pN)/(1 - p'ft lies between 

1.00 and 1.33, while for insulators he indicates the limiting values to 

lie between approximately .935 and 1.05, where pN is essentially the 

p(7~8) measured by the ellipsoidal mirror reflectometer. Thus, by letting 

pHM = PM and PHs = p8 , the error caused by this term can be graphed as a 

function of Ps with PM as a parameter. Figure 45 illustrates such a graph 

and indicates that accurate reflectance measurements are possible either 
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(1) when p HMR:: pHS or (2) when the terms in equations 73 through 76 can 

be accurately evaluated and the appropriate corrections made to the terms 

in equation 48, chapter IV. 

Reflectance Standard 

The error caused by the uncertainty in the reflectance of the specu-

lar reflectance standard is (from appendix B) ±.0015/pM which for the 

case of the aluminum and gold standards is (on the average) ±.0017. 

Since pM is multiplied by all the terms of equation 53, the uncertainty 

of pM carries over directly as an uncerta.inty in Ps. 

Flux Measurement 

The effect on p(7~8) of the uncertainty in the measurement of the 

various fluxes Fsn' FSlD' F82D' FDD' and F1D is discussed in this sec­

tion. Examination of equation 53 indicates that the flux ratios F8D/F1D 
' 

FDD/FlD' F82D/F1D and F81D/FlD are the only terms involving measured fluxes 

that could appreciably affect p(7~9). Further, it is apparent that the 

measurement of each of these fluxes involves about the same uncertainties, 

so that in effect the uncertainty of measurement of the fluxes can be 

converted (as a first order approximation) to the uncertainty in FR/FI 

where 

(80) 

All other flux ratios in equation 53 are in secondary terms so that no 

significant error is caused by uncertainty in measurement of these ratios. 

The uncertainty of measurements in this case involves several variables, 

(1) the actual mechanics of reading signals from a 10 in. strip chart 
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recorder, (2) the lack of linearity of the detector-electronics system, 

(3) the instability of the entire system between measurements and (4) 

the effects of spatial sensitivity of the detector as present in chap-

ter III. The strip chart recorder has an accuracy of ~0--2 percent of full 

scale deflection •.. The linearity of the system is accounted for in 

appendix R by an independent check on the linearity of the complete system. 

The effects noted in chapter III are minimized in the relative measure-

ment by careful placement of all beams on the same part of the averaging 

sphere's wall. Thus the total uncertainty of careful measurements of 

fluxes is estimated to be less than ± 0.5 percent. This percision could be 

increased by the use of a mechanical digital voltmeter, which gives one 

additional significant figure, and by a statistical analysis of repeated 

readings o.f these fluxes. 

Variation in Mirror's Reflectance 

Appendix F indicated that the edges of the ellipsoidal mirror re-

fleeted about 1.5 percent more of the incident flux than the central 

portions of the mirror. In chapter IV a correction for the effect was 

established. In equation 53 of chapter IV, each term is multiplied by 

this correction and since the correctionsto each term are very nearly 

equal, the total effect of the correction can be studied by assuming this 

term to factor out of equation 53 so that 

Pg= 
1 

FS2D 
1 + - (0.015) 

FSD 

(81) 

where F53 represents the remaining terms in equation 53. The factor 

(0.015) is the increased reflectance of the edges of the ellipsoidal 



mirror and is estimated to have uncertainty of less than ±0.003. The 

effect of this uncertainty on Psis 

F 
Ps - p .,. 1 + FS2D . (0.015 ± 0.003) s 

1 -= SD 
Ps 

FS2D 1 +_ (0. 015) 
FSD 

(82) 
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where Fs2D/F8D =0.20 for the case of the perfect diffuser. This yields 

an uncertainty in Ps of less than ± 0.0009. From this it is also apparent 

that variation in r82D/F8D will not affect this term; further, the value 

for r82D/F8D will in general be less than 0.2, so that this uncertainty 

will generally be smaller than ±0.0009. 

Flux and System Assumptions 

In order to establish the effects of the remaining factors involved 

in an estimate of the uncertainty, the following assumptions are made 

about the geometric distribution of the flux. 

(1) FSD =Oo95 Pg (4) 
FDD 

=0.90 Pg 
FlD FlD 

(2) F FS2D =0.16 ~ =0.7p 8 (5) 
FlD FSD 

(3) F (6) FS2D =0.21 ~ =o.1sp8 
FlD FSlD 

( 7) FS2D 
=o.17 

FDD 

The following values for system constants are approximately those 

used in this work. 
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~ 1 
(1) - •0.97 (3) . -

Pe ASH-~ 3 

(2) PM • 0.98 (4) 
ASl 1 ·-ASH.~ 12 

(5) A 
..!. = 0.0021 

~ 

The above values for the flux ratios and the system parameters are 

used in the following analyses. 

Hole Correction 

From chapter IV the hole correction is given as 

FH AH PM 1SD 
-F = .A A (. 'Ill . )( . F 

R. · SH - ~"ll · Ps 11 lD S2D 
i + v-<0.015) 

SD 

FSID _____ .....,. __ , 
l +. S2D(0~015) 

1"SlD 

(86) 

The value for FH/FR under the previous assumptions is 0,.0816. There re-

main two sources of error in this correction. which liave not yet been i:f:is-

cussed; these are the uncertainty in area ratios and in the average flux 

density assumption of chapter IV, equation 19. The area ratio was meas-

ured with an accuracy of ±0.01 sq in., which generates by calculation 

similar to equation .82 an uncer.tainty in equation 86 of ±0.0015. 

In equation 19, chapter IV, it was assumed. that (F8- Fs 1)/(A8H- AH) 

was the flux density on the area of the ellipsoidal mirror immediately 

surrounding the entrance hole in the mirror. The maximum error* for 

this correction could occur if instead of being distributed evenly about 

the shield ASH the flux was distributed such that no flux left through the 

* Again excluding the case of a diffraction grating. 
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entrance hole while 25 percent of the reflected flux was absorbed by the 

shield. In this case there would be no hole correction, but equation 19 

would indicate that 8.33 percent of the flux was lost out the hole. This 

error is very large; no known engineering surface has a distribution of 

this nature; further, experimental techniques are available that will 

warn the investigator of this problem, such as tilting the sample with 

.respect to the fir!:lt focal plane and observing the variation in F 
SlD. 

On_ the whole, an uncertainty of less than ±0.003 is expected from this 

correction. With the availability of more --goniometric reflectance data 

in the next few years, this loss can be more accurately studied. 

Wire Correction 

From chapter IV the wire correction is given by 

= [ F . 
1 + _fil (0.015) 

FDD . 

] (87) 

which under the previous assumptions is equal to 0.0018 • The uncertainty 

of the area ratio is ±0..005 when the uncertainty in'Aw is ±0.005 and the 

uncertainty in Ae is ±.OS. This affects the value of Ps by less than 

±0.0005. 

The asaumption that the flux density over~ is the same as the flux 

density over A6 is probably the most accurate assumption of all, for the 

case where the specular component is not incident on the wires; as such, 

no uncertainty is attributed to this assump,:ion. 
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Sample Shading Correction 

From chapter IV the two sample shading correction terms are 

FSR ~M [ 
F· .... , . 

· SD 
-= 
FR PsFiD F . 

1 + -BB.co.015) 
FSD 

.. 

. F 
1 + ~( 0.015) 

1s1D 

1 + 

FSlD 
x ] F 

-BB.co.015) 
FSlD 

----~~-1F~---F--~] 
l _ p p ( SD DD) 

S t FSD 
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(88) 

(89) 

First Fgp is analyzed for the remaining unaccounted for uncertainty 

due to the uncertainty in A8 /(ASH-AH). The value of Fgp/FR under the 

original assumptions is 0.020 and the uncertainty in AS/ (ASH -AH) is 

±.001 which yields an uncertainty in Fsp/F1R that is less than ±0.0002. 

In equation 89 the value of FSR/FR is 0.0008 (for p8 = 1.0) and the 

effect of the uncertainty in AS 1/(ASH - AH) and (A8 - Aw)/A6 is negligible, 

for even if these terms were 50 percent in error they would influence Pg 

by only ±.0003, thus no uncertainty is attached to this term, in fact it 

will almost always be neglected; it is included in the analysis so that 

its magnitude can be checked for each sample and used whenever it is sig-

nificant. 

Edge Loss 

If the sample is placed slightly below the first focal plane, the 

ellipsoidal mirror no longer collects flux over the entire hemisphere. 
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In the experimental measurements reported in appendix H, care was exer-

cised to insure that the sample was at or above the first focal point. 

The effect of being below the first focal plane is easily studied for the 

case of the perfect diffuser. That is, the flux reflected by the perfect 

diffuser· is 
F =TI!' 

R 
(90) 

where 1 1 is the outgoing intensity and is constant over the hemisphere. 

If the sample is slightly below the focal plane then the flux ref'le:et:ee. 

by the ellipsoid is 

(91) 

The fract:Lon of the total reflected flux lost is 

F - FE 2rr (1 - cos2 q,"'] R 
cos2 cp' = 1 - (2) TI = (92) 

FR 
where the cos cp' is (as function of the distance (h) below the first 

focal plane and radius (re) of the opening of the ellipsoidal mirror). 

cos ,.p 

or 

r-:;;--
=~ ~2 

ti + r e 

= 

(93) 

(94) 

The quantity expressed in equation 94 is graphically illustrated 

in figure 46. Further, if the instrument were deliberately operated 

with the sample a fixed distance below the first focal plane, the S2 

shield could be used to establish the average flux density on the edges 

of the mirror, then a correction, similar to the entrance hole correction, 

could be used. 
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Absolute Measurement 

The major additional uncertainty arises from the fact that the 

sphere-ellipsoid interchange is present only in the reflected flux meas­

urement, thus the error caused by this interchange is essentially shown 

by the pM • 0 curve in figure 45. That means that a good knowledge of 

this interchange is needed to provide accurate data with the absolute 

measurement technique, 

In addition, a better knowledge of the ellipsoidal mirror's re­

flectance is needed, since for the absolute measurement the reflectance 

Pe doesn't cancel out as in the relative measurement. 

Summary 

Since only fragmentary data are presently available for use in an 

error analysis, no effort was made to establish accurately the relation 

between the various uncertainties calculated in this section. Table VIII 

lists the percentage uncertainties. It should be noted that most of the 

uncertainties will also depend on the difference between the reflectances 

of the standard and the sample, 

From table VIII it appears that the ellipsoidal mirrc:3r reflectometer 

is capable of accuracies of better than two percent. However, only 

continued reevaluation can establish unequivocally the overall accuracy 

of this instrument. Further, figures 45 and 46 indicate specific non­

random errors which must be corrected for or eliminated if highly accurate 

measurements of reflectance are desired. 



Uncertainty 
Due To 

Reflectance 
Standard 

Flux 
Measurement 

Variation in 
Mirror Reflectance 

Area Ratio 

Average Flux 
Density 

Area Ratio 

Area Ratio 

Area Ratio 

* 0 Pg = p (7 ,8) 

TABLE VIII 

EXPECTED UNCERTAINTIES 

Term 
Involved 

P* s 

Pg 

Fw/FR 

Fgp/FR 

FSR/FR 
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Expected Uncertainty 
in P"' s 

±.17% 

± .50% 

±.09% 

±.15% 

±.30% 

±.05% 

±.02% 

±.01% 



APPENDIX H 

EXPERIMENTAL DATA 

This section presents experimental data taken with an ellipsoidal 

mirror reflectometer, There are four main parts to this appendix: 

(1) System parameter and alignment, (2) directional hemispherical re-

flectance,. (3) specular component of reflectance, and (4) directional 

annular cone reflectance. 

System Parameters and Alignment 

Alignment: Optical alignment of the ellipsoidal mirror reflecto-

meter was accomplished by setting the monochromator so that the visible 

part of the spectrum was focused on the exit slits. The image of the 

exit slits* was visually focused (by the 49-in. radius of curvature spher-

ical mirror through the entrance hole in the ellipsoidal mirror) onto the 

center of a diffuse sample. The sample holder and mtrror holder were ad-

justed to give an image of minimum size and maximum sharpness at the 

second focal point. To ascertain that all of the beam of reflected flux 

was passing through the entrance port of the averaging spere at the sec-

ond focal point, a Polaroid Land camera back was placed at the second 

focal point so that the plane of the film was at the position where the 

sphere entrance port would be placed.** Two different samples were used 

* The exit slits were masked to a height of 2 nun. 
** The film was Polaroid type 47 - a 3000 speed film. 
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at the first focal point, (1) an aluminum mirror and (2) a diffuse 

porcelain enamel reflectance standard. Figure 47 displays the images 

formed at the second focal point for the two different samples and for 

different exposure times. The black area around ea.ch image is the approx­

ima.te size and shape of the entrance port of the averaging sphere, 

The image formed when the aluminum mirror was used in the first focal 

plane is quite clear and well defined. The image formed when the mirror 

was inclined 25° with respect to the first focal plane shows light gray 

areas surrounding the white image, which indicate that the scatter and 

aberration of tha ellipsoidal mirror increase with distance from the apex. 

The image formed at the second focal point when the porcelain enamel (a 

fairly good diffuser) was placed at the first focal poin.t is enlarged and 

indicated that careful position of the image on the sphere entrance port is 

required if one expects to collect all of the flux represented by these 

images. The increased image size for the diffuser is indicative of the 

total scatter and aberrations for this particular ellipsoidal mirror. 

In all cases, increased time of exposure yielded slightly enlarged im­

ages, indicating that a small amount of flux surrounds the visual image. 

This poor image definition is due to aberrations and scatter caused by ~he 

ellipsoidal mirror. The conclusion drawn from the results displayed in 

figure 47 is that flux at the second focal point does pass through the 

sphere entrance when care is taken to center the visual image on the 

entrance to the sphere. 

Linearity: A set of five sector discs was constructed to provide 

an independent check of the linearity of the entire detector-electronics 

system. These discs were made by machining out equally spaced radial 



Aluminum Mirror 
0° Sample Holder 
2-Second Exposure 

Aluminum Mirror 
0° Sample Holder 
1-Minute Exposure 

Aluminum Mirror 
25° Sample Holder 
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Figure 47. Image configurations at the second focal plane. 
The black area surrounding each image is approximately the 
area of the sphere entrance port. 
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sections of an aluminum disc, leaving a multiple bladed disc. the trans-

mittance of these rotating discs is equal to the ratio of the open area 

on the disc to the total area of the disc. These areas were very ac-

curately measured by the Engineering Metrology Section of the National 

Bureau of Standards, 

Reference 51 contains a more complete description of these sector 

discs. The discs (rotating at about 1300 rpm) were used to attenuate the 

incident flux when an aluminum mirror was at the first focal point and 

the averaging sphere-detector at the second focal point. The output of 

the amplifier was read on a 10 in. strip chart recorder.• The unattenu-

ated signal was then divided into the five attenuated signals to give 

the ratios that the system yields for the five separate known transmit-

tances. These results, along with the measured area ratios for each 

disc, are presented in table IX. The values are reported for each of 

the wavelengths used in this work. 

TABLE IX 

LINEARITY CHECK 
Standard 

Calculated Deviation Signal Attenuation 
Transmission of (average of 4 tests) 

Calculated 
Disc Transmission 1.51:!: 2 • 9:!: 2.51:!: 3.51:!: 4.51:!: 5.51:!: 6.51:!: 7.51:!: 

A • 7510 ± .002 .748 .749 .749 .748 • 751 .752 • 751 .746 

B .5000 ±.0002 .498 .497 .499 .500 .503 .500 .502 .496 

c .2528 :!!: .0014 .252 .250 .254 .253 .250 .254 .251 .251 

D .1273 ±.001 .126 .126 .12 7 .12 7 .130 .126 .125 .124 

E .0507 ±.0003 .050 .049 .046 .049 .049 .047 .050 .046 
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From table IX it is apparent that, within the precision of reading 

a 10 in. strip chart recorder, no corrections for linearity are necessary. 

Sphere-Ellipsoidal Interchange: The interchange of flux between 

the averaging sphere and the ellipsoidal mirror was measured by using the 

aluminum mirror and a shield just below the first focal plane that only 

passed the specularly reflected beam from the mirror. By comparing the 

detector signal when the shield was in the system and when it was not in 

the system it was possible to calculate p6 D2 'T1 'fS-e from equations in chap-

ter IV and appendix B. The values for this term are given in table X. 

TABLE X 

MEASURED VALUES OF p :n 11 1 fs-e 

I\, ~Ii '11 If 
~E:D 'I S-€ 

1.5 0.039 
2.0 .039 
2.5 .040 
3.5 .036 
4.5 .031 
5 .5 .02 6 
6.5 .018 
7.0 .013 

Shields: To enable measurement of FSlD' FDD' and F82D two shields 

were constructed. (1) A small shield shaped as depicted in figure 26, 

chapter IV, and (2) a circular disc which only allows flux from the 

central part of the ellipsoidal mirror to reach the second focal point. 

The same small shield was used for both the FSlD and FDD measure-

ments. The shield was placed on opposite sides of the sample for the 

two measurements. No effort was made to design a specific shield to 

block out only the specular component, since this is a study in itself. 

The area of this shield projected onto the ellipsoidal mirror is 1.905 sq. 

in. The other shield (for Fszn) was constructed so that it blocked the 
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flux from the outer 2 in. of the mirror. Then to get the flux on this area 

of the mirror the signal read with the shield in the system is subtracted 

from the signal for the system with no shield (Fsn>· 

The area of the entrance hole was measured to be 0.339 sq. in. and 

the projected area of the sample is 0.146 sq. in. Thus 

AS+ '\i 
---- =0.310 
ASH - AH 

Area Ast is 0.05 ±0,01 so that 

ASl 
---- =0.032 
ASH~~ 

(95) 

(96) 

The Platinum-13l Rhodium sample was a ~-in. diameter disc which 

yields (after correcting for the overlap of the image of the hole and 

the sample) 

As+~ 
---- =0.331 
ASH - AH 

(97) 

The value of the left hand side of equation (96) is unaffected in either 

case. 

Directional Hemispherical Reflectance 

Several samples were chosen for reflectance measurement with the 

ellipsoidal mirror reflectometer (1) Platinum-13% Rhodium, (2) Gold Mesh, 

(3) a porcelain enamel, (4) oxidized Kanthal, and (5) Crystex brand sulfur. 

Samples (1) and (4) are high temperature emittance standards provided by 

the National Bureau of Standards and described by Richmond, et. al. [51]. 

Sample (2) was provided by Bernd Linder of the Missile and Space Division, 

General Electric Co., Philadelphia, Pa., and is 2 mil. stainless steel wire 
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screen (135 mesh) backed by .015 mil mylar with vapor deposited gold coat­

ing. Sample (3) is one of the standards of luminous daylight reflectance 

orovided by the National Bureau of Standards. Sample (4) is the same 

sulfur that has been used throughout this work. 

Platinum-13% Rhodium: The average value of six determinations of the 

reflectance of two samples is shown in figure 48. Table XI gives the 

individual reflectances and the standard deviation of their average. The 

six reflectances reported in table XI were measured by two different oper­

ators over a period of one week. Further, determinations la and 2a were 

made on samples tilted 10° to the first focal plane to eliminate the hole 

and sample corrections. This is possible because, as the specular compon­

ent in table XI indicates, the reflected flux is concentrated around the 

specular peak and tilting the sample does not result in an edge loss. The 

data for the case where the samples were tilted shows no significant dif­

ference from the data for the samples in the first focal plane, thus the 

hole and sample corrections apparently were correct. Further examination 

of the values given in table XI indicates that there may be a slight dif­

ference in reflectance between the two samples. The specular component 

presented in table XI will be discussed later in this section. 

Gold Mesh: The data for the Gold Mesh are presented in figure 49 

where each data point is the average of three determinations. The data 

are self-explanatory. 

Enamel: The data for the porcelain enamel reflectance standard are 

presented in figure 50. No effort was made to correct the low reflectances 

for the sphere ellipsoidal mirror interchange (see appendix G). 

Oxidized Kanthal: The data for the oxidized Kanthal are graphed in 

figure 51. These data were taken by attenuating.the flux for the reference 
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TABLE XI 

REFLECTANCE OF PLATINUM - 13% RHODIUM** 

Standard Specular 
4fo la 4fo lb 4F le 4fo 2a {F 2b 4F 2c Average Deviation Com2onent* 

0.610 0.597 0.591 0.566 0.574 0.603 0.596 ±0.005 69% 

.701 .691 .692 .694 .686 .696 .693 .002 82% 

.823 .813 , 821 .826 .82 7 • 820 .822 .002 83% 

.919 .905 • 921 • 924 .930 .913 .919 .005 86% 

.933 .926 ,937 .935 .940 • 929 .933 .004 87% 

. 942 .936 .940 .946 • 94 7 . 932 .941 .005 88% 

.945 .938 .940 .947 .949 .942 .944 .005 90% 

.947 .940 .942 .946 .953 .943 ,945 .005 92% 

* This is an approximation of the specular component by using 

[(FSD- FDD) I F8DJ x 100%, and includes the diffuse 

component of flux in the solid angle about the specular direction. 

** Two samples are represented in this table, sample 1 and sample 2. 
la and 2a were made ~ith the sample tilted 10° to the first focal 
plane. 

NBS Reflectance for Pt. 13% Rh. reference 37. 

(various sample temperatures) 

"-
800°K .. llOOUK 1300"1( 

l.5µ 74.8% 78.7% 77,4% 
2.0 80.8 81.5 80.3 
2.5 83.5 83.2 82 .o 
3.5 87.4 85.7 84.5 
4.5 89.1 87.4 86.5 
5.5 90.4 88~9 87.3 
6.5 91.4 89.9 88.7 
7.0 91.6 90.4 89.2 
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measurement by 50 percent, by use of one of the previously described 

sector discs. No attenuation was used for the sample measurement. In 

addition, the data were corrected for the sphere-ellipsoid interchange 

through use of table X in this appendix and equation 78 of appendix G. 

Sulfur: The directional hemispherical reflectance for "Crystex" 

brand sulfur is presented in figure 52. The dip in reflectance at about 

3.5µ indicates an absorption band that could be caused by an organic con-

tarninate in the sulfur. It is not known whether this absorption occurs 

in the sulfur coated averaging sphere. 

Specular Component of Reflectance 

The data in table XI, and figures 49, 50, 51 and 52 include the 

specular component of the reflected flux. No effort was made to study the 

size of shield that would yield the most useful conponent; instead a con-

venient shield (the ASH shield) was used, The specular components reported 

were calculated as follows: 
FSD - FDD 

% specular component= (100) 
FSD 

(97) 

Thus the experimental specular component for the diffuser (assum-

ing sulfur to be a near perfect diffuser) is 9 percent, The specular com-

ponent defined by equation 97.minus the specular component for sulfur is 

the "true" specular component and is shown in table XII for the samples 

reported in tnis work. 
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TABLE XII 

"TRUE" SPECULAR COMPONENT 

"' Sample Pt-13% Rh Gold Mesh Porcelain Oxidized Sulfur 
Enamel Kanthal 

1.5 60.% 4.% 3 % - 3. % o.o % 
2.0 73.% 4.% 4 % - 2. % 0.0 
2.5 74.% 4.% 4 % - 1. '7<> o.o 
3.5 77 .% 4.% 12 % - 1. % 0.0 
4.5 78.% 4.% 25 % - 1. % 0.0 
5.5 79.% 4.% - 1. % o.o 
6.5 81.% 4.% - 1. % o.o 

Directional - Annular Cone Reflectance 

Various directional annular cone reflectances of three samples were 

measured and compared to the values expected for the "perfect" diffuser. 

The reflectance measured for this section was 
2TT TT /2 

J.O J., I'(cp!G')cos cp' sin cp'dcp'd9' 
(98) 

p(directional annular cone)= 
I (7° ,e) cos 7° (b. w) 

where the flux reaching the detector was restricted to the annular solid 

angle between~' and rr/2 by use of a circular disc centered on the sample 

and placed just below the first focal plane. Five shields providing 

different cp's were used. Then the detector signals for each of the five 

shields were divided by FR and compared to resulting values calculated for 

the perfect diffuser, which is 

p(directional annular cone) 2 , - - - = cos cp 
p (directional hemispher,ical) 

(99) 

The angle cp I was measured for each of the shields and table XIII illus-

trates the data for three samples at 2.5µ. They are sulfur, BaS04 , and 

the gold mesh. 



cp' 

79. 5° 

62. 8° 

43. 7° 

34.3° 

14 .5° 

TABLE XIII 

RATIO OF DIRECTIONAL ANNULAR CONE REFLECTANCE TO 
THE DIRECTIONAL HEMISPHERICAL REFLECTANCE 

FOR SUSPECTED DIFFUSERS.* 

Perfect Diffuser Crystex Sulfur BaS04 --
0.033 0.035 0.035 

.210 .207 .207 

.522 .523 . S?.0 

.683 .692 .680 

.936 . 935 .934 

* Data taken at 2.5µ 
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Gold Mesh 

0.033 

.194 

.480 

.641 

.917 
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