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CHAPTER 1
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. PFurther, 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 reflectance 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 ten percent accuracy, and little or nothing is known about the
goniometric distribution of the reflected or emitted flux from common
engineering msterials. Further, the effect on reflectance of roughness,
surface contaminatioen, surface damage, and surface temperature cannot be
predicted from existing experimental data.

Becauge of a lack of this kind of information, the heat transfer
engineer ususlly assumes perfectly diffuse reflection or emission (i.e.,

equal intensity in all directioms), or, in a limited number of



calculations [1,2,3]? the analyst has assumed sp?cular reflection. How-
ever, the most useful approaéh of assuming that the surface is partially.
specular and partially diffuse cannot be used, since dgta of this nature
are limited.

Aside from the demands of spacecraft temperature control, there is
a continuing demand for accurate experimenfal verification
of existing theories concerning the relations between surface parameters
and reflectance (including a need for the gqniometric distributiqn 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 reasonhble‘conciuSions

from the experimenfal data.
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 theorist. Keeping in mind the diverse definitions presently in use,
the author has attempted to use the definitions which best suit this
dissertation, PFurther, all terms and definitions used in this dissertg-
tion are assumed to refer to monochromatic flux, except where otherwise

noted.,

*Numbers in brackets refer to the biblicgraphy.



Figures 1 and 2 illustrate the general terms to be used throughout
this dissertation, Figure 1, part A, illustrates the bi-directional

reflectance, which 1s defined as

I (30 dcos ¢ (A w)’ (1)

18,50,8°] =
ples850; ;m’ecos ola w)

where I¢geis the unidirectional intensity over a small solid angle A w
about the particular direction ¢, and 1’(¢;e’) is the functional
description of the reflected intensity [0 < ¢ < %3 O0<o =< g,
0<8 <2, and 0 < §” < 2], The intensity 1s 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 1s defined as

2” 4 rd rd 4 rd
J; I (387 )cos ¢  dw
I¢’eCOS o(A w)

0(p,8) = (2)

which is the ratio of the flux reflected into a hemisphere above the
surface to that incident at ¢,8 in a small solid angle A w, where

0

IA

m
o < E’and 0< 9 <2m. Another term for this concept 1s hemispheri-
cal reflectance of the second kind.
Part C of figure 1 illustrates the diffuse directional feflectance,

which is defined as

—_ , 2 = I’ ,e,) (3)
which is the ratio of the flux per unit solid angle reflected into the
®,8° direction (for conditions of diffuse illumination) to the flux per

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

the wfe’ direction (for the same conditions of diffuse illumination).
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The hemispherical reflectance (Part D, figure 1) is defined as

: 2.”/ ’ s ’, ,
0 J; I'(p,08 )cos ¢~ dw
H =

(4)
’f:n;(Q,e)cos @ dw

ﬁhich is the ratio of flux‘reflected into the hemisphere to that which is
incident over the ﬁemisphere. Note.that fhisléquation 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 calculatiéns and only_limited use to the
theoretical investigator. However, it is useful in that 1 - Py is the
fraction of thevincidént energyuabsorbed for fhe given illumination
conditioné.

Further;'the diffuse—hemispherical reflectance is defined as

‘ zrr ’ , td
| L ds T@ieNeos ¢ du
p(diffuse hemispherical) = =1 £55

fhat ié the ratib.df‘flux reflected iﬁto the hemiéphere ébove the sur-
face to the incident flux, which is\perfectly diffuse over the nemi-
sphere.

The foregoing definitions of reflectance provide a basis for
defining and discussing some additional terms; which facilitate the
remaining discussions in this dissertation. For a more complete discuse
gion of reflectance terms and ofher related ways of defining these terms,
see references 4 and 5. The first is the specular reflectance, which is

defined as

’ 180° dw’
IAw"I (9,6 + Ycos o duw

p(specular) = I__cos (A ) (6)

1)



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 flux; however, in this case, it appears useful
to leave the outgoing solid angle unspecified, as it will be desirable

to measure and use different size solid angles for different calculations
and for different surfaces, For instance, the heat transfer analyst is
primarily interested in the flux grouped around the specular directioﬁ,
so that he knows, fairly accuratély,.the amoﬁnt of flux that is reflected
in the primary direcfion of spécular feflectance. At this time, the heat
transfer literature provides no study of the size of solid angle of
interest; however, the extensive studies on gloss measurement may be of
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 transfer
calculations of the specular-diffuse type, the diffuse component should
be subtracted ffom p(ﬁpecular) to give an estimate of the additional
energy (over and above the diffuse component) that is grouped around the
specular direction.

For this work, the non-specular reflection is defined as

m_, JE
I; I°(p,9)cos ¢ dw

ICPQCOB (p(A w)

p (non-specular) = - p(specular) {7

This is 1llustrated in part B of figure 2. bNote that this is not the
true diffuse component of reflectance, since the diffuse component of
the flux in the specular direction 1is not accounted for,

One remaining term seems advisable to definej the directional

annular cone reflectance is



1'(9,0+180°)
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'Figure 2. Reflectance Terminology(B)



ng Zﬂ s , ' )i . ’ T »
j@l j; I7°(p,6 )cos o sin p dp db

Ip,5 cos ol(ia w)

o(directional annular cone) =

(8)

which is the ratio of the flux leaving the surfacé in an annular cone to
that incident at ,9 in solid angle (A 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 reflectahces defined on a monochromatic basis, as pre--
viously stated, it is necessary to know the waveléngths at which these
reflectances should be measured. If one considers the problems of heafi
tfansfer, it is apparent that the wavelengths of interest for a
raflectance messurement are those at which the principal amount of
energy is transmitted. The cross-hatched areas of figures 2 and 4 indi-
cate the wavelength band encompassing 99 percent of the flux emitted by
a blackbody source at the indicated temperature. This graph indicates
that for high temperatures the band is very small and centered near the
visible (0.4 to 0.7 u); as the temperature decreases, the center of the
cana gnifts\to longer wavelengths and becomes much wider, so that aﬁ very
low temperatures it is extremely wide and centered far out in the}ihfra-
red. Thus, the wavelength of interest varies with application; the
space program of satellite temperature control is primarily con-
cerned with the 0.35 to 35 u region, which encompasses the principal
flux from the éun, thaf emitted and reflected by the earth, gnd that
emitted Ey the spééeéraft; The'theorist‘for most studies is not too
concerned with the wavelengths measured, but mostly with having a very

wide band. of wavelengths to choose from.
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Methods of Measurement

The directional hemispherical reflectance from 0.4 to 2.1 u is

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

there exist many instruments which measure T(p 9”) and p(p,8) 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 coétings 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). PFurther, the measurement of true specular reflectance. of
mirrors or other highly specular surfaces 1s not reviewedj 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 1in the wavelength range of 2.0 to 35 u,
where reliable data are not generally avalilable., There exist two basic
methods of measurement of reflectance in this range: (a) Coblentz hemi-
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(p,8) 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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=
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Figure 5, Coblentyg ,Hemisphere
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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 absolute
data and relative data (i.e., 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 célculating 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 comjugate focal point to read the incident flux, and then the
sample is placed at the first conjugate focal point and the detector at
the second conjugate to measure the reflected flux. The ratio of these
two fluxes, cofrected for system losses, is then p(y,0), where generally
p 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 atmo;pheric ébéoiption,
losses out the entrance hole, mirior absofﬁtioﬁ (thch may vary with
position on the‘mirior), and the inability of the detector to sense
equallyithe reflected flux from all direcfions over the hemisphere.'
Because of the sphericél aberrations, a large image is formed at the
second conjugate focal point, which requires the use of a 1aige defector’
(such as a ten junction thermopile). Thus, large errors due to detector
spatial sensitivity are probable (chapter III.and reference ‘18). 1In tﬁe -
relative mode of operation, it is possible to minimizé all of the above'ﬂ,;
mentioned effects if the distribution of the reflected flux from the
sample and from the étandard 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 losé, which
is very dependent on the distribution of reflected flﬁx (i.e.,'for a. .
specular surface there isvno hole loss; while for a perfectly diffuse
reflection, the hole loss is identical to the diffuse configuration fac; ﬂ
tor between the image and the hole, and for the distribution of refleétéd
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 frém "
the top of the hemisphere than to energy from the edges. An additionél;
problemvisfﬁhe”critiéalify of sémplé and detector elevations, which, if
they are no both fn the focal plane, uill yield large ervors, since
much ofltﬁe;énergy will ﬁiss‘thé detéctor‘eniiiély;',. R

With 1argé unkhdﬁﬁ érrors,-and'the experiehcg of more recent inyés— e

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 tok
15 p, with a probable‘aecuraey for any general engineering surface of,

at best, ten percentﬂ’ During the 50-year history of this,instrument,
many innovations_havelbeen made. The most-prominent of these are:

(1). Janssen and Tqrborg,modified the original concept of thev
Coblentz hemisphere to measure p(w 6’), as shown in figure 6 [19].

This modificatlon allows sample heating and relative reflectance
measurements frOm.Oa4{to~20 My with probable accuracy of five percent for
general engineering naterials. This modification essentially eliminated
the detector,problem, doubled the hole correction problem, introducedn>
the problem of getting‘a good infrared diffuser, introduced the effect

of sample-diffuser interreflection, and did not affect the other princi- v
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-
~ditioms, it is probable that an accuracy on the order of two percent is -
obtainable. Further, H(mfe') = p(@f@') only if a perfect diffuser is
used in the firstlccnjugate focal point and an accurate correction can
bevmadelfor the'nele_lnSSes;

2). 'J. U.‘White'built in 1964, an automatic recording Coblentz-
type instrument for the Natlonal Bureau of Standards [20] The instru-
ment requires the use of a’ specular standard and a diffuse standard, and
makes relative measurements over the 2.5 to 22.5 u range of E{@,e ) with _‘
no estimated accuracylf_lt.anpears that this instrunent'nas an aeeuraEy |
of the order of'ten'nereentti'ltvis Questienanlevwhether this: instrument
illuminates the sample diffusely, so that it is doubtful that data from

this instrument can be used in the reciprocity relatlons to yield p(@,e )
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The main innovation'with the iﬁstrument was plating‘the soﬁrce at the L
first conjugaté focal point and viewing the source—and sample through‘a.
very large hole in the ﬁemispﬁgre,

(3). Birkebak and Hartnett, utiliztng'the basic Coblentz:concept,p,_
extended the hemisphere to about % the size of a sphere, which allowed
the sample and detector to be tilted so @ was no longer restricted to>
near normal illumination r211.

4). Kozyrév and Vershinin, utilizing the basic Coblentz concépt,
extended the use of the instrument to a directional annular cone
reflectance meésurement by use of carefully constructed baffles [22].

(5). References 23, 24, 25, and 26 illustrate some of the maﬁy other
varied applications of this instrument.

Further, it should be noted tHat all of the above instruments,»Witﬁ
proper procedures, are able to measure the reflectance (either p(@,e)
or 5(yp;8”)) with and without the specular component; however, they are
all veryvrestricted in the size of solid angle that can be eliminated
as the specular component.

B. Heated Cayity Reflectometer:

In the laté 1940's, the heated cavity reflectometer, concep-
tually illustrated in figure 7, was developed, which offered a means éf‘
 measuring p(@ ") from 1 to 35 p, with a probable accuracy of five ﬁercent .
for general engineering materials [13,27,28, and 29]. The princ1ple of
this system is.to place the sample in a.blackbody cavity (i.e., equal

intensity from all d1rect10ns) and thus illumlnate it dlffusely. The

sample and a‘ pot on the>wall‘are v1ewed alternately 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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the sample in the middle of the cavity, the angle of viewing (@’) for
relative measurements of p(p,;0”) can be varied by tilting the sample.
The major unique problems with this instrument are eliminating the tem=
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 Watef;,

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 recipfo-
city relations) on distribution of the reflected flux. This instfument
is also capable of eliminating the specular component by viewing at
@’ = (), then the specular compénent 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 §5(,6") for limited values of @ie';
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It is also apparent that several problems afe common to mbst of the‘iﬁves-
tigators and have yet to be eliminated. They aret |

(1) The effect of the entrance or exit hole on the measuﬁeménf,

(2) fhe lack of versatility in the instruments which restricts
them to very special measurements,

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

(4) The necessity for a calibrated reflectance standard of known
goniometric distribution of feflected flux, and

(5) Spherical aberrations and/or detector spatial sensitivity
problems.

It should be noted that reflectance measurements with the above1 
instruments are still an art and the estimated accuracy as given hefeiﬁ'v
for each instrument is intended to imply the use of the best possible :
measurement procedures for surfaces of unknown distribution of reflé@téd.
flux. Further, it is felt thﬁt the general literature data, much of iﬁ‘
going back to the work of Coblentz in 1913, do not reflect the beSt‘}f-"'
measurement procedures available today and may be in error on theréfdér
of 30 percent. References 30, 31, 32, and 33 give or review other  .
methods of measuring infrared reflectance. One reflectometer that wés’@
not discussed above is the ?arboloid reflectometer [30]. This refleé;"  .
tometer appears to have many of the advantages of the ellipsoidal refleé;,
tometer discussed in this work, and is ¢onsidered in chapter V. iTébié‘i

is a summary of the previously defined reflectances.



Reflectance

TABLE 1

REFLECTANCE TERMINOLOGY

Measurements Definition Figure Remarks
Bi-directional I’ (0.0 )cos ¢ (A w)’ la Yields complete description of surface's
Reflectance éos ) reflection characteristics. Very few
g _{me @ measurements available.
Directional 1b Measured by Coblentz, paraboloidal, and
Hemispherical IZ"I'(m’e')cos * dw’ ellipsoidal reflectometer.
g ®
Iw’e cos (A w)
Diffuse i' ’07) 1lc Measured by heated cavity and recent
Directional -—49*7—wy modifications of integrating hemispheres
' Ip " (9,8 and spheres
Hemispherical o , 1d Very general and is seldom useful.
L 17 (p;0 )cos o dw”
2 .
f; I(p,0)cos o dw
Specular ' ' 2a Of interest in heat transfer calculationms.
[ 4 0 4 N
Component jﬁw'l (p,8 + 180°)cos g dw Has not been extensively measured.
' Should become important.
I, g cos (s w)
P>
Non—speculér - 2b Complimentary to specular component
Component JA,I’QP;O’)COS o dw’ ( Jar) measurement.
- p{(specular
'_I¢’9 cos (A w) plep
Directional 2c Appears that this type of reflectance

Annular Cone

- 2n vy s iae
ﬁgf I; I (s )cos ¢'sin @ dog do
' Lp,g cos oA w)

would be useful for specific heat
transfer configurations:

0¢



CHAPTER II
AN ELLIPSOIDAL MIRROR REFLECTOMETER

This chapter describes the conceptual design and operation of an

eliipsoidal 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 0(y,8), p(m,@,@fe'), 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 p 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 mirrorf 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*frbm"Strohg"Eléctric Corporation, City Park Avenue,
Toledo 1, Ohio.

21



22

36" RADIUS SPHERICAL MIRROR

MONOCHROMATOR ELLIPSOIDAL

MIRROR

SPECIMEN
[‘i‘] DETECTOR AT SECOND FOCAL POINT

SIDE VIEW

45° ALUMINUM FRONT SURFACE MIRROR

GLOBAR
SOURCE

SOURCE
OPTICS ;:t> MONOCHROMATOR

1
"~ CHOPPER.

PARTIAL TOP VIEW
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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 tﬁermo—
couple synchronous amplifierf To measure the incidentbflux, the detector
is placed at the first focal point (see figﬁre 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, ome 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:

(1), Aberrations are reduced to a minimum, since all measurements
are centered around true focal points rather than conjugate focal points
RYAR

(2). The reflected energy is now concentrated in a small cone (24°
half-angle), instead of over the entire hemisbhere, which reduces

errors due to angular sensitivity (chapter III). )

* Brower Laboratories, Inc., Turnpike Road, Westboro, Massachusetts.
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(3). The detector and sample are widely separéted (17 iﬁchés),
which will allow heating and cooling of the sample over larggvtemperatﬁre
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 1s primarily concermned with the measurement of p(¢,é); '::
however, the unique optics of the ellipsoidal mirror allow accurate
description of the distribution of the reflected flux, because the spafiéi‘
distribution of the reflected energy croséing the first focal plane is
related precisely to the goniometric distribution of the reflected flux.
That is, every direction Q:e’ in the hemisphere above the surface_is |
represented by a point P in the first focal plane, and every solid anglé
centered in the direction @:e' ié 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‘fécal

.plane. With this procedure, a specular component can be measuredrwhich 
has a solid angle determined by the open area of the shield placed at thé‘;v’
first focal point., 8Similarly, the bi-directional reflectance |
(i.e.,‘p(7°;e,@fe;)) c0u1dLbe measured'by the same procedure'(i;e.;"5y>”
_varying'the p¢sition»Qf thg:holg_in:the_shig}d). Measﬁremégt of\th¢_
directional annular coﬁe reflectance 1is aCcomplished thfough use of.a~s$t R

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

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

the distribution of the reflected flux will aid'éreatly in making precise
corrections for 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 p region. Further, siqce 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 CO,. 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 p for the shorter wavelengths
to about 0.4 p 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 u.
Description of System Losses

In order to attain a high degree of accuracy, the flux iosses iﬁ'
the system must be accounted fof precisely. Thus, this section qualité; .
tively describes these losses for future use in a flux balance of the
system.

(1). Ellipsoidal Mirror Losses (Fu):

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.
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(2). Hole Losses (Fy):

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 accuraéely thié 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 (F )

spFsr

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 agsorption will introduce errors in the
absolute measurement. These errors can be minimized in a comparison
measurement.

(6),.,  Edge Losses:
If the sample is nbt 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). Detector Related Problems:

A pfoblem common to most previous refiectance 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 wéll “
if the illuminated area of the detector is changed) and angular sensi-
tivity (i.e., as the angle of the incidence gets further from the normél,
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 magnitu&e of the
above listed losses, and appendices F and G discuss the calibration

techniques and the probable magnitudes of the losses.




CHAPTER III
DETECTOR PROBLEMS

In this chapter the problems 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 comﬁarison 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 wvariation in response of the detec-

tor with angle of incidence of the measured flux.

(A). Detector Spatial and Angular Sensitivity.

As previously stated, a large area detector is required in the
ellibsoidal mirror reflectometer, because the incident image (2mm x 2mm)
is magnified about 25 times to a size .of lcm by lem atvthe 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 direct;on 7° from the normal over a 2mm by 2mm
area equally, as well as flux f;ém a cone about the normal having a 24°
half angle and an image area of lem by lem., 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‘microphoﬁic nolse was accentuatéd 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 tén 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.1). Detectér Spatial Sénsitivity:

The tﬁermopile 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 étop, having a circular opening % 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 thefmopiie consists Qf ten plates, each apbroximately 2mm by 5mm
in size, arranged in two columns of five rows_each to fbrm a sensitivé
area 1 cm square. A ﬁhermocouple was attached to the back of each plate?

and the ten thefmocoUples were connected in series to form the thermopile.



31

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 acroés 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 aﬁplifier. 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 apparent that the
plate on the fight 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
yplate on the left has greater sensitiﬁiﬁy 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 holder only is qualitatively similar
. to the equivalent é-c scan.

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

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

filter arrangement pfovided the different wavelengths. The results are

contained in figufes 12 and‘13.
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Results of scans across 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-B' direction is

across two columns of plates.

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 1s across five rows of plates, and the B-B' direction is
across two columns of plates, :

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

Since a detector was required that was equally sensifive to
radiation striking at any angle from O to 24°, the angular sensitivity of
the thermopile detector was measured.»lTo 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%°. The monochromator was
adjusted to give a band of radiation centered at 2.2 u. The response of
the detector was recorded as Rn when the axial ray of the incident beam
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, and 70° to
the normal, and the response of the detector was recorded at each setting
as Ry, O 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 1l4.
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 répeated with a band of radiation centered at 8 u.

The experimental curves are compared in'figure 14 with two computgd
theoretical curves. The top curve, in which Rp/Rg = 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 O, wéuld 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
Aincrease 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 increase in signal from O to 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 p, respectively. The fact that the
curves are nearly flat from O to 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 emall 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). Flux Averaging Devices.

The data on the variation in spatial and angular sensitivity of
the detector indicated that a flux-averaging device would be required for
use with any of the available large-area infrared de;ectors. 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 1is scattered away from the sensi-
tive area of the detector and is lost. In general, the losses in the
diffuser tend to increase with én 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 of the spectrum, where good integrating sphere coatings

are available., In the infrared, the spectral region for which the



41

reflectometer was specifically designed, no one has yet shown that satis-
factory integrating sphere coatings exist for use beyond 4 u.

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.

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 entramnce
and exit ports to be a minimum, anﬁ (4) the detector to view the enkire
sphere. Further, it is important that the sphere wall be a diffusing sur-
face 1f a constant intensity across the detector port is to be expected.

High sphere efficiency is required in this application, because the
amount of flux availlable for measurement 1s near the lower limit of the
useful range.of the detector, particularly at the longer and shorter
wavelengths, near 1.5 and 7.0 p. Certain white paints, Mg0O, and Ba80,
are good sphere coatings in the wisible and near infrared, but they

have low reflectance beyond 4 or 5 p 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 u and at 4 yu, and assumes that it is
usable out to 10 u. However, he does not mention the specific form of
sulfur that was used for his measurements, or his method of applying it

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

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

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

éhow that sulfur is a diffuse reflector to the flux from a Globar with wave-
lengths shorter than and longer than 4 u. 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 usé 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 process 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 avallable 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. aﬁd 0.515 sq. in.,
respectively.

(3). 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 Z-in. thick coating
of sulfur, which had been sprayed from a suspension of alcohol.

(6). A 2-in. diameter sphere was coated with a %-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
esmall 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 directiéns, 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.1). Area Sensitivity (Test No. 1):

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. 1In 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 sizé 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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carrelated to the area of sphere wall illuminated by the incident beam, and
each érea 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 ﬁosition was divided by the response at the
position where the beam was focused on the sphere wall, to obtain the
response ratio R/Ry. 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 i8 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 test 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 MgQ at 1.5 p, 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 i1s 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 goid; the roughness of the
sphere wall was of the order of 25 p inches rms. The change in R/R, was

2 percent, indicating poorer diffuseness than for the MgQ. Further, the
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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 € considers this device further.
Next, figure 17 shows the data for Crystex brand sulfur, which was
hand pressed onto the sphere wall. These data have a spread of 0.6 per-
cent in R/Ry and illustrate the usefulness of sulfur for an averaging
sphere coating} howe;er, the application technique ylelded 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 Qith a very thin coat of Crystex sulfur,
which was applied by suspending the sulfur in alcohol and spraying it omn
with a paint spray gun. The results of the area sensitivity test indi-
~cate a change in R/R, of l‘l 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/RO showed a greater change than the hand-
pressed sulfur sphere, it was decided to try spraying on a %-inch thick
coat of sulfur on the sphere wall. This sphere exhibited the same change
in R/Ro as the hand-pressed sphere and was less fragile. To further
reduce changes in R/Ry, 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 weli, 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 Y~inch diameter hole centered over the detector
sensing area. The sides of this hole were coated with Parson's black

and thus restricted tﬁe detector'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/Ry 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 efficlency, 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 sphere are plotted in the last graph of
figure 17 and show a 0.4 percent variation in R/Rg.

Thus, this test indicates that either of the spheres with detector
shields are usable at 2.4 u.

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 1is smaller. This figure shows that at the longer
wavelengths, where sulfur's reflectance is lower, R/R, 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

would be more pronounced at the longer wavelengths, because the
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reflectance of the sulfur wall is lower), or (2) by atmospheric absorp-
tion in the increased'path length due to water and COyp 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 wavelengthsf The results of the
tests for variation of response with image size are given in figure 20,
These résults show an increase in detector sensitivity with image size,
indicating that part of the flux i1s still reaching the detector on the
first reflection for large images. However, the change in R/R0 is
iimited to 1.5 percent for the longest wavelength. The reason that the
change of R/Ry varies with wavelength is that the reflectance of sulfur
varies with wavelength. At low sphere wall reflecgance (i.e., long wave-
lengths for sulfur), the flux from the first reflection is a major por-
fion of the flux in Fhe sphere, and 1if the detector views even a vefy
small amount of this flux (which is the case for large images on the
sphere wall), there 1s a significant increase in detector response.

This can be eliminated by increasing the thickness of the shield in
figure 18aj 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 u.

*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
wiﬁh 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 1ength
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 ome 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 p 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 nct 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 §f an averaging sphere can be extended at least to 7 microms 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 aréa detectors,
and (3) a reduction in the required precision of optical alignment of
the instrument.b In addition, the use of this device will increase the
accuracy of the ellipsoidal reflectometer. The major dlsadvantage 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-~
fﬁr 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
aralysis 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 tbe absolute measurement of the reflectance

_p(7°,e) 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 f£lux 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 {s 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. AAppendices F and H provide system calibration techniques

and experimental reflectance data.
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Absolute Measurement of Reflectance

An absolute reflectance measurement is made by making two basic
measurements; one of the incident £lux Fy, and the other of the reflected
flux FRq Since neither of these measurements is as straightforward as

would be desired, they will be discussed separately.

Incident Flux (FI): 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—reflectéd 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 enmough to admit
the incident beam. With this procedure the flux incident on the
detector 1s

Fip = FfT (9

where 7} if the efficiency of the averaging sphere, which for a given
sphere configuration is a function only of the sphere coating's reflectance.

Reflected Flux (FR): Figure 24 1llustrates the flux balance for the

yflux reflected by the sample., The flux absorbed by the mirror is denoted
by Ey’ the flux lost through the entrance hole is denoted by FH. The flux

*
scattered by the wire sample supports is(ﬁé)w Fi7» while the flux lost due

*(E;)X is the average effective reflectance of the ellipsoidal

mirror for the given distribution of Fx on the mirror.
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%
SR]' The flux

to shading of the detector by the sample is BG[FSP - F
crossing .the first focal plane is (ﬁé)SFS. Thus, the total flux reflecfed
by the sample is:

Fp = Fg + Fp + [Fgp - FSR] + Fy (10)
where Fy and Fgp are secondary fluxes. Depending on the distribution of

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

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

they are considerably larger than fluxes Fiy and FSR“

All the fluxes in
equation (10) are defined on the basis of the flux leaving the sample.

To aid iIn 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 FS on the mirror (E'G:)Sa

(25. Fgi is defined as the flux crossing the first focal plane
divided by the mirror's average effective reflectance (ﬁé)51 for the
case when the ASH shield is placed in the first focal plane.

(3). FSZ is defined as the flux crossing the first focal plane
divided by the average effective reflectance Cpé)sz of the outer edges
of the ellipsoidal mirror for the case where shield S2 is in the first
focal plane.

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

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

D is in place.

*5 1is 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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Itvis possible to establish all the defined.fluxes one by one and then
complete fhe flux balance for the reflected flux. After that it is
then necessary to relate the defined fluxes (FS, fSl’ Fgos FD) to those
fluxes viewed by the detector (Fsps Fgip» Fgop» and FDD), which views a
portion of the averaging sphere.

Mirror Loss (Ey): The ellipsoidal mirror will absorb some of ihe
reflected flux Fp. Further, if the ellipsoidal mirror has a poor surface
finish and/or a partially tramsmitting mirror coating, the mirror may
transmit some of Fp and/or scatter some of the reflected flux (i.e.,
Fppe» where p. is the true reflectance of the coating) away from the
second focal point. Thus, it is necessary to know the effective
reflectance pé of the ellipsoidal mirror. The effective reflectance of
the ellipsoidal mirror is defined as the rafio 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 fecal plane (i.e., the illuminated area
of the specimen). By this definition, the absorbed flﬁx,(l - @é)p
includes flux 1ost.by scattering of the ellipscid, absorption by the
ellipsold, 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 the wmirroer
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 ﬁirror should be individually
corrected for mirror reflectance. The use of the previcusly defined flux
allows this individual correction to be made; since this is the flux

Fsa
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that 1s incident on the higher reflecting edges of the ellipsoidal mir-

ror. The average effective reflectance for eachyof the four defined

fluxes is
(Fg - Fgy)P, + F 2(1.015)'9' o
G, = e (11)
S -
=, Fso . o
(B lg = p. (1 + 5(0.015)) : (1la)
(Fo, = P )P + Fg,(1.015)F
Sl S2'"¢ S2 e
(T oy =~ ' A — (12)
'8l FS1 : |
. FSZ v .
(T gy =T (L + ir1<o.015)) (12a)
S ‘ o o
(F, - Fo,)p + Fo,(1.015)p
, ‘D 2
(pe)D - S eF 82 € (13)
D . .
N Fso
(F)p = F (1 + 5(0.015)) (13a)
D ' _
and from appendix F (14)
5, )gp = 1.015 7,

_wher; Pe 1s the average effective reflectance of the central part of the
~ellipsoidal mirror (i.e., assumed to be the effective reflectance of point
3 in figure 44),

Since Fgy is the only flux corrected for changes in the reflectancé
of the ellipsoidal mirror with positions of incidencé on the mirror, the

approximate magnitude of F, is

F, o=[F - Fgpl(1 =~ B.) + Fg, (1 - 5;(1,015)) (15)
F, = ?S[l - EE] - FSZ(0.015)5; | (15a)

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 (FH): The use of the defined fluxes F_ and Fg,, as shown

S

iﬁ figure 26, allows the flux density around the .entrance hole on the
ellipsoidal mirror to be calculated, where

Fsu = Fg - Fg (16)

is the flux incident on the area Agyy where AéH 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
Fsu

ASH - Ay

A good assumption about the flux on the area Agy - Ay is that its dis-

(17)

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 the basis that the average flux density over AH is8 the same as

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

loss 1s
A F
R _Si (18)
SH. H

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

A5 - Fgy)
Ry (19)
su " “u

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 FH would be

seriously in error is the diffraction grating with a reflection lobe

directly out the hole.



- ENTRANCE HOLE-A, —™=~

o POINT

I FOCAL POINT

a) SYSTEM CONFIGURATION

Figure 26.

PROJECTED AREA OF SAMPLE As

ELLIPSOIDAL
MIRROR

/

T.A's AT FIRST FOCAL o
Asy

_~PROJECTION LINES
“" "FROM THE SECOND

Aw

b) FIRST FOCAL PLANE

FIRST FOCAL
PLANE

WIRE
SAMPLE
SUPPORT

Illustration of Shields and Ardas Involved in the Correction fer the Hole Loss (FH).

89



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 sample supports. The amount absorbed by the wire
(FW(E;)W) can be established in the following manner., First, it should
be noted that the sample‘is 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-
t;ibuted 6ver the area (Ae) of the first focal plane of the ellipsoidal
mirror. Then a knowledge of the area A, over which the energy is
distributed and the cross-sectional area of the wires allows the

calculation of FW‘

g

(ﬁ'e) Fo= i?D 1 (5, )D (20)
€
where
T De2 :
Ae = A - AD (208.)

where De is the diameter of the opening of the ellipsoidal mirror in the
first focal plane, and Ap is the area of the shield used to eliminate the

specular component. This equation reduces to

Aw
Fw = FD X: (21)

since CE&)W-E (BE)D when Fj is evenly distributed over the area A,.
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. 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 strikipg 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 D, and the wire loss is distributed about the area A€ rather
than at one specific point, as is the case for the hole loss.

Sample Loss (Fgp and Fgp): Some of the reflected flux is shielded by
the sample from the detector at the seéond 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 mirrorito the second focal point and into tha
averaging sphere. To make the correction for these losses, the three
defined fluxes Fp» FS’ and FS1 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 1is seen that AS is partially surrounded
by the shield Agy>s and will have approximately the same flux density as
that on Agy. Therefore, the total flux loss would be (from equation 17)

A, F
sr’AS SH (22)
si "~ %n

 if all of the flux within the area Ag on the ellipsoidal mirror were lost.

F
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However, of the flux FSP’ a portion ASl/AS (where ASl is projected area
on the ellipsoid of A'Sl) is reflected from the sample so that it could
reach the detector, since any flux leaving the sample frém the area A’Sl
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'S1 which will reach the detector;
thus, it is apparent that of the flux striking the sample for the

second time, the amount

A. F A F
S “SH S1 D

[ U= 1p, 7.°[ —— 1] (23)
Agy - Ay " Ag T Fg s Ve A

reaches the detector, The amount

Ag Foy Fs - Fp _
—— 1 [ =35 1 og 7, (24)
s " “u S

iy

is reflected back into the area As'on the ellipsoidal mirror. This flux
is then reflected back to the sample, where again part of the flux
[ASl/AS] is reflected toward the detector. The amount that reaches the

detector on the third reflection from the sample is
cosnls) golsigple twg oty ey g
ASH - AH AS A F S FS

€ ’ S €
Further, the amount of flux reaching the detector after the "nth"

reflection from the sample is

(Ag) Foy Agq F, A, - _ Fg - Fy  na1 (26)
— 1 [ 170 = pap.? 1 [ =11 pop, ) ]
[ASH-AH Ag Fg PsPe A sfe T
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Therefore, FSR of the flux FSP in equation (22) reaches the sphere

port where

A F A - A -
i "Z[——<—Sll][—p 5,2 Tt pgp S Dol
SR Agy - A sPe A PsPe s (27)
n=1
which sums to
¢ = psilsyy D 5, i L
Agy - Ay~ "Fg 'S Ae FS - F 28
L - o 8D, (28)
PsPe F
S
Thus, the total effect of the sample shielding the detector is
, F F. A - A
_ 'S Sl D _ 3 1
sp~ Tsr T A - A, (Ag 'As1<r PP ) )( e
SH e - S D
L - pghy )

S

This completes the calculation of the individual losses, The foregoing

provide a basis for calculating FR as given in equation (10).
Upon substitution of equations (15), (19), (21), and (29) into equation

(30), F in terms of the defined fluxes, sample reflectance and system
R? >

constants, is given by

F
~ s ~ Fs1
FR“‘FS+<_AS"'A")A
(31)
P A, F ) A, - A
D s - Fs1 R W 1
YR TRy - Ay [Ag ‘As1(F°sp [ o))
€ SH 3 _ S™D
1 - pgf (52

Measurement of Fluxes

Now the defined fluxes F FSZ’ and FD must be evaluated in

s> Fg1»

terms of the flux that the detector views. First FS 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 Fg measurement, the flux
(E;)SFS is the desired quantity entering the sphere port. How-

ever, some T of this flux is reflected out of the sphere entrance port
where 1" is the ratio of Fy (the back-reflected flgx) to (ﬁé)SFS' This
flgx is reflected nearly diffusely so that f5. ¢ n’FS(E;)S is intercepted
by the ellipsoidal mirror and refocused on the sample at the first focal
pointf The sample then reflects this flux back to the ellipsoidal mirror,
which then refocuses it onto the sphere entrance. Thus, an amount FS'
is added to the flux FS(E;)S that was originally incident on the sphere
~port

’

Fg' = pug Pop N fgo [ Fg(F g ] (32)
where B;D is the average effective reflectance of the ellipsoidal mirror
for flux coming diffusely from the sphere entrance at the second focal
point and Pus is the hemispherical reflectance of the sample (chapter I).

Further, of the flux F,” that reaches the sphere entrance on the second

S

pass, the amount

"

Fs" = pys Eenz n’ fo o F ‘ (33)

S

is added to the flux in the sphere in the same manner as FS' was added.

This continues until the total flux in the sphere is
FSS = (EQ)SFS[]' =+ pHSEGDBT"fS-G + [pHsaeDzn'fs_ejzc . . . . . ] (34)

| which, since Pyg EGDZ N fg_o < 1 sums to

S-¢
reference 4.

*f is the standard diffuse.configuration factor as defined in
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1
- a 2 ’
1 pHS peD M fS-e

Fgs = (PelgFg [ ] (35)

Thus, the flux viewed by the detector is

1
e
Pus Pep 1 fg_e

Fsp = NGeds Fs [T ! (36)

Severél simplifying assumptions are made in the foregoing discussion:
(1)e P,p 18 the same for the flux leaving the second focal point

and going to the first focal point as for the flux leaving the first

focal point and going to the second focal point. TFurther it is logical

to assume that T, = (F )p-
(2). The loss of flux due to the shading of the ellipsoidal mirrox

by the sample and Sample holder is accounted for in the calculation of
fg e- Further, the loss due to the entrance hole is also taken into
account during the calculation fg .

(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 fg_.. 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 Fso

Thus, Fg is related to the flux striking the detector in the fol-

lowing manner

Ferll - oue Tord T7(£
spl! - Pug Bep® M (g0 . 37)
G, g s
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The effect om the FS measurement given by equation (37) 1is also

present in the other three measurements (FSI’ Fgos fD). The effect on
each of these measurements is similar. The major changes arise in the

calculation of fS-p and 1n the reflectance of the sample. The changes in

fS-e are caused by the shields (S1 and S2) shading the ellipsoid from the
detector, The calculation of fS-e can easily be corrected for this
shading. However, the change in reflectance (due to the types of

reflectances involved) 1s not so easily established. The best assumption

for F , and FD is to assume that the surface's hemispherical reflectance

s* Fs1

remains the same for these measurements. This is a very good approximation,

since the introduction of the small shields ASl and AD into the first

focal plane does not markedly change the condition of hemispherical

illumination and hemispherical viewing. However, the FSz measurement

presents an entirely different problem, since the ASz shield does not

allow either hemispherical illumination or hemispherical viewing. An

approximation to the differences between Ous and the Pus2 could be

_ Fs - Fsp
Prs2 = Pusl g ] (38)

No effort is made to defend this approximation, except to say that for a

‘specular sample, equation (38) results in ppgy = pyg, which is approxi-
mately true (except for the effects of Fresmel's law); and for the diffuse
reflector, equation (38) results in the sample reflecting the same amount
of flux onto fhe lower edge of the ellipsoidal mirror for illumination
conditions of 7° to normal as for near grazing illumination conditions.
This yilelds a low value for Pus2 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 Fg1s Fgy, and-Fp is

Fsip = M Fs1(e)s1 [T = :ﬂ'(f )si] (39)
HS"eD S-¢

_ 1
Faony = T Fao (0 )as L[ T ] (40)
S2D S2 e’S2 S FS — 2m
1 - (‘“ir"z)pHSpeD Ul (fS-e)SZ
S

L ] (41)

F = F_(o = 7
pp = 1 Fp(Pedply— Pusep N (Eg_cID

Equations 39 through 41 can be rewritten to give Fgq» FSZ’ and F,, as
functions of the system and the flux that the detector views.

— 2 d
_ Fsip @ - epgPep 1 (g g )s1)

Fs1 = T (g1 (42)
Fop-F
SDT'S2D - . .
Fsap( = TF_ PnsPep 1 (F5o¢)52) )
Fs = RCI “3)
F = FDD(1 " pHSBeDzn’(fS-e)D)
D M (og)p (44)

In equation (40) the term (Fg - Fgp)/Fg occurs, which, as shown
later, is closely approximated by (FSD - FSZD)/FSD’ which has been
substituted in equation (43).

It is now possible to find Fp in terms of measured quantities and
system parameters by use of equation (31l) with equatioms (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/FS and (FS‘- Fp))/Fg both appear. The

ratios are equal to

T Fop@ - pygPep N F5.6))p)NGE g

b _p ’ “
Fs Tap(l = opgPep 1 (Fg_)g)N(5,)y “3)
and
Ty Too - pusPep I (s o)V, )s )
Fs  Fapll = opgPep 1 (£5 )Mk Oy

In equations (45) and (46), all corresponding terms are equal or hawe Leen

previously assumed equal without introducing significant errors. Thus,

> Fop Fg ~Fp Fgp - oo
F.oF_eM Ty =5 (673
S SD S SD

Further, equationS'(lia), (12a), and (13a) can be converted to functions
of Fgops Fgp: and FSlD in the same mannper.
Substituting equations (37), (42), (43), (44), and (47) into equa-

tion (31), and combining terms, ylelds

o e,
_ Fspll - pygPep N (f5_¢)s) [1 . Ay + Ag

F -
R F A -A
_ S2D Asu " Aw
NGE )@ + 57— (0.015))
' SD
- 0.5 27’ A A
| 1 Fsinl! = PusPep | Fsdsil o 2t hs  Par
¢ Fsp - FDD)] * Foop TAgy - Ay Agy - Ay
1 - psa'?§—ir———- )| Ee(l + Fﬁ—-(O.OlS))
€ SD S1D
—_ Do P
c oo z(Ae - Ay 1 1 Fpptl = pugPep N (E5_ )ity
F. PsPe ‘T A / F.. - F Foop
sD © 1.5 22 T Bl + 5 (0.015)) A
€ SD DD

(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 7 and 7",

(2)., The hemispherical or semi-hemispherical reflectance pug of

the sample for the correction to the various terms for the detector
ellipsoid interchange.
(3). The reflectance of the sample Pge A good approximation to
The remaining terms of equation (48) are either fixed system parameters,
or are obtained from measurements of FDD’ FSD’ FSlD’ and FSZD'
For the absolute measurement of p(7°,8), the reflectance of
the sample (from equations 9 and 48) is equal to

T

P 71%58) = 5 49)

Thus, to establish absolute reflectance with the ellipsoidal mirror
reflectometer, one needs to have good estimates for 7, TN°, 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
ig used for the reference standard eliminates the need for an accurate

-knowledge of these terms.
Relative Measurement of Reflectance

As in the case of the absolute reflectance measurement, a value for
the incident flux is needed so that the reflected flux Fp of equation
(48) can be compared to the incident flux to calculate reflectance. -

Incident Flux (FI): In this case a value of flux related to the

incident flux is obtained by using a calibrated specular mirror
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(appendix B) as the reference sample. The flux FI that is incident is

reflected by the sample so that

Fpu = Fr Py (50)

0f 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

= il
F =Fpp _ Ema » v
ID IPMFe (1 PMPeD i (fS-e)I) {51)
where f(S-e)I is equal to f(S-e)S‘

'From equation (51)

 Frp(L = e M{Eg_ )p)
F,. = = (52)
I pMpe M

Therefore, the reflectance p(7°,8) ic equal to Fp, equation (48), divided
by FI’ equation (52). Further, the simplifying assumption that all the
(1 - PHS Bez 0’ f(S—e)) terms for Fi5, Fgp, Fgyp, and Fp, are equal, and

the fact that ﬂ' and 1) are identical throughout equations (48) and (52)

yields
. Py . Ay + Ag Asy

p(7 :e)=F F - 1+A - A —ASH-AHX-

1D A+ FSZD (0.015)) SH H
SD
, } . , |

Fop 2 Aq‘ Ay 1 DD [,:AE

[ 5= pep ¢ ) - ] + F A
F sPed A F F..
SD . ) DD o 52D 0 o1 €

: 1-psp.—F—-——'— +F (0.015)
¢ “sp DD
' (53)
r .
. 81D Ay + Ag . As1
‘ T A, - A_. - A
(1 + FSZD €0.015)) S S
SD :

[ . 2 (£ - Aw) L ]}

F S¥e Ae . ~ F D FDD
- pSpe F
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where the only remaining unknown is pg, which 1s the same as p(7°,9). A

very good approximation to ps, as previously stated, is
(54)

Even if és of equatidn (54) was wrong by five percent, this would have
little effect on p(7°,0), since Pg is only found in secondary flux terms.
Furfher, 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 Pg by using p(7°,6) calculated from Pg of

equation (54) and then, successively, the o(7°,8) calculated from

equation (53).
. Sunmary

This.chapter has presented the genéral analyses for an ellipsoidal
mirror reflectometer, which are based on the supposed abiiiéy
to measure accurdtely four defined‘fluxes. Through’;he usevof the four
defined fluxes and an accuraté 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 surfacg. The lack of knowledge concerning the distribution
of reflegted flux from common matérials 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's distribution, that is, the required
average flux density is established for each correction and the assump-
tiona concerning these corrections appear more realistic than thsse pre-

viously used with other reflectometers., Further, meny 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 reviewgd 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 réflected flux from the sample require
the use of a non-existent diffuse reflectance standard; and even 1f it
did exist, corrections for the heole 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
ébsolute method and the relative (comparative) methods discussed ih this
chapter. In fact, many investigators would denote both these measurements
as absolute, since the final answer 1s 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.
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Several losses which were not discussed in this chapter are:
(a) Atmospheric absorption.
(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 experimentél technique. Appendices G and H provide an
error analysis and some experimental data, and chapter V deals with the

summary and conclusions of this dissertation.



TABLE TII

FLUX TERMINOLOGY *

FI = The flux incident on the saﬁple at the first focal point.

F, = The total flux reflected by the sample (not including inter-
reflections).

F = The flux effectively absorbed by the ellipsoidal mirror.

F, = The flux absorbed by the wire divided by (pg)w. (i.e., F, is the
flux leaving the sample headed in the direction of the wires).

Fop, = The flux that is initially shaded from the detector by the sample

divided by Pg.

F = The flux that reaches the detector after multiple reflections with
the sample divided by'be.

F. = The flux lost out the entrance hole,

F, = The total flux croséing the first focal plane (excluding detector
ellipsoid interchanges) divided by (be)s.

F., = The total flux crossing the first focal plane when shield ASH is

used divided by (P )gy-

Fgp = The total flux crossing the first focal plane when shield ASz is
used divided by G’G)sg'
FD = The tdtal flux crossing the first focal plane when shield Ap 1is

used divided by (pg)p »

%A1l fluxes are defined on the basis of the flux leaving the sample.
The subscript D added to the subscript of any of the above fluxes ifmplies
the flux actually viewed by the detector when the defined flux is measured
by the detector
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TABLE II (Cont'd)

REFLECTANCE TERMINOLOGY

reflectance
reflectance
reflectance
reflectance
reflgctance

reflectance

of a point on the ellipsoidal mirror.
of the central area of the ellipsoidal mirror.

of the ellipsoidal mirror to the flux FSO

of the ellipsoidal mirror to the flux FS1

of the ellipsoidal mirror to the flux FSZ'

of the ellipsoidal mirror to the flux FDO

The hemispherical reflectance of the sample.

The hemispherical reflectance of the reference mirror.

The reflectance of the specular reference standard.

The normal - -hemispherical reflectance, and is approximately equal

to p(7°,

The effective reflectance of the ellipsoidal mirror to the flux ¥

9)

W.

Effective reflectance of the ellipsoidal mirror to diffuse flux

from the second focal point.

AREA TERMINOLOGY

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’

Area of the shield ASH in the first focal plane.

Area of the sample in the first focal plane.

First focal plane area of the image of the sphere entrance port at

the second focal point.

Area of the shield used to block the specular component.
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TABLE II (Cont'd)
= Represents the shileld used to establish the flux distribution for

mirror loss corrections.

Projection of A'SH from the second focal point onto the ellip-
soidal mirror.
= Projection of A'S from the second focal point onto the ellip~

soidal mirror.

Projection of A'Sl from the second focal point onto the ellip-

soldal mirror.

MISCELLANEOUS TERMINOLOGY

Efficiency of the averaging sphere (i.e.. the ratio of the flux

viewed by the detector to that entering the sphere).

The ratio of flux leaving the entrance port of the sphere to that

incident on the entrance port

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).



CHAPTER 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.
Main Regults

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(9,8), p(9,8,9 , 8'), 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 _hasvbeen 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 system losses
can be evaluated by establishing the flux involved in each loss through

thé use of shields placed in the first focal plane.
87



88

The actual accuracy of this type of instrument i1s estimated to be
at least two percent and probably better than one percent; however, the
present lack of comprehensive data on the goniometric distribution of
reflected flux from common engineering materials precludes a positive
general statement of accuracy at this time. Indeea, some Iinvestigators
have questioned whether an accuracy of better than one percent is useful,
since it is probable that the wvariation in reflectance of similar
samples may exceed one percent and, further, the condition of the surface
while in use (say in space) is never definitely known. In any event,
this refléctometer provides 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
sample.

One instrument which seems to be essentially identical in concept
to the ellipsoidal reflectometer is the paraboloidal reflectometer
" shown in figure 28 [30). If two paraboloids were used and the ome 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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COLLIMATED
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PLANE MIRROR
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Paraboloidal Reflectometer.
Reprinted from reference 30,

Figure 28.
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coatings (i.e., Mg0 or BaSO4) (appendix E).
(3) A simple bench test was proposed for studying sphere coatings
for use in the infrared (appendii D).
"~ (4) The directional anhular cone reflectance was used to study

the diffuseness of several samples.(appendix H),

Recommendations

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 deteétor 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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Figure 29. Enlarged Ellipsoidal Mirror
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(6) Additional work on controlling the first anavsecond reflec-
tions inside a gold-roughened averaging sphere may make this device
suitable for use with the reflectometer and extend its range to 10u,

(7) The instrument is easily convertible to the .4 to 2,04 range
by changing the source, detector, aﬁd 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 natﬁre
would. be valuable to the heat transfer analyst.

(9) Figure 3la illustrates the use of the ellipsoidal mirror op-
tics for transmittance and scattering measurements.

In conclusion, it is felt that the ellipsoidal mirror reflectometer
has been shown to be capable of accurate reflectance measurements in the
1.50 to 7.0u region. Further, a simple modification will exfend this
range down to .4u. In addition, the use of the gold sphere and a helium
cooled balometer may well extend the upper wavelength limit to 15u or
more., On the basis of these results the development of integrating

spheres for the infrared would seem to be unnecessary.
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Figure 30a. Transmittance and Scatter Optics
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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 transfef engineer is p(yp,8). As
heat transfer calculations become more sophisticated, the épecular com-
pbnent of this reflectance will also be needed. 1In general, most in-
strumeﬁts measure E(m’, ) (i.e., heated cavity, most recent modifi-
cations ofvthe integrating hemisphere, and the integrating sphere as
used in reference 36), and only a few instruments measure p(m,e).
Hence, it is important that well-defined relationships between p(yp,d)
and B(m',el) 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(p,3) and F(p’,87) is [5, 35]:

1f p(@,e) is measured with constant intensity incident over dw
from the direction ¢, 8, and with collection of the reflected energy over
the hemisphere, then the equivalent measurement of p(p ,8") 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 ¢,8.

(2). Reference 36, page 41, indicates that these two reflectances
are equivalent if, and only if, the distribution of the incident energy
for the B(¢',e’) measurement is the same as the reflected energy for the

p(¢,9) 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(p,8) = (9,087), that is, the values of 6 and 8  are independ-
ent when all other given conditions have been met. For isotropic sur-
faces, 8 and 8  must be equal.

With this in mind, then it is critical that the instruments that

measure p(p’,8") have perfectly diffuse flux incident on the sample,

)
while in instruments measuring p(yp,8), it is only necessary for com-
plete non-selective hemispherical collection. C. V. Fragstein [5]
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 I..
Then the radiant energy reflected by dA in direction ¢, 8 into the °
solid angle dw is equal to that energy which is reflected by dA
into the hemisphere if dA is irradiated from direction ¢,8 over
the solid angle dw with the same specific radiation intensity IK’
These same references [5, 35) discuss the reciprocity relations
between the many other kinds of reflectances. Through these reciproc-
ity relationships, it also 1s possible to relate the non-specular
component of reflectance, if the excluded component is identical in

both cases and the remaining conditions for p(p,8) =p(p",8") have

been met.



APPENDIX B
DESIGN OF SPECULAR REFLECTOMETER

This section describes 5 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 m;rrors (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 eacﬁ 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 (figures

18a, and 22).

)
In the reflectometer, the path length for the two measurements is
different, so that it is neceésary either to operate in a non-absorbing
atmosphere, or at wavelengths where atmospheric absorption does not oc-

cur. In this caée, the reflectance was measured at the same wave-
-lengths and with the same band passes as were used in the ellipsoidal
mirror refléctometer (chapter II, page 26). 1In chépter 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 1% 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,
tﬁe 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 expeéted 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
&aéuum 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. (417 report for their
ultra-high vacuum coatings of aluminum. Hass (427 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
%bincp 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 e¢xamined 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 y 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 u lasar line. Qualitatively, the aluminum and
gold mirrors both seem to scatter the 0.632u 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 of 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.

Tabie_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
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1.5 0.961"
2.0 .975
2.5 977"
3.5 .985"
4.5 .985
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6.5 .985
7.0 .988
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+
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TABLE 3

REFLECTANCE OF ALUMINUM

Pi-3

0.960"
.975
.976

.981

.984"

.

.985

.985

+

.985

Pooy

0.962
.976
.975
.982
.984"
.986
.986

.986

Poos

0.959
.972
.976
.982

.984

+

.986

+

.987

+

.987

Average

0.9608

L9742
.9757
.9828
.9840
.9852
.9852

.9863

Standard

Deviation

0.0012

.0017

.0010

.0005

.0011

.0012

.0013

.0017

Best
Literature
Values [41]

0.9742

.9779

L9794

9816

.9835

.9850

.9861

.9866

% The subscripts on the symbol "p'" for reflectance indicate the particular mirrors used for

the measurement.

Average =

Standard deviation =

—MB

|

m( 2
S(p~
7 p=p.

(n~1)

901
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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. T417.
The agreement is excellent beyond 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 wvalues for a
coating with the same spectral reflectance

The results for the gold mirrprs shown in table 4 are qualita-
tively similar to the results for aluminum mirrors. That is, the
reflectances of ali 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 [447] indicates ultra high vacuum techniques increase

the reflectance of gold by about 1 percent in the infrared.



TABLE 4

REFLECTANCE OF GOLD

Best
Standard Literature Literature

A pl-Z* P12 Pa_3 Py_3 P34 Pa_s Pg., Average Deviation Values [45] Values [44]
1.5 0.980 0.981 0.980 0.981 0.982 0.983 0.979 0.9809 0.0014 0.982 0.9806
2.0 .98 .98 .984  .983  .983  .983" 981 .9833  .0010 ,983 9914
2,5  .984  .9867 .986  .982 .98 984  .9847 ,9843  .0014 .983 .9922
3.5 .987 2987 .988 .987 986 .987 »988 .9870 0005 .983 29934
475 .986+ .988 '987+ .988 »987 986" 987" 9874 .0008 2983 9938
5.5 .987 2989 9988+ 2986 .985 .986° 1,988 29870 .0014 2983 .9938
6.5 .988 0987+ .988 «987 0988+ 2988 29878 .0005 »983 29939
7.0 .988 0987+ .988 2992 .989 2989 9890 .0017 2984 29939

*The subscripts on the symbol "p'" for reflectance indicate the particular mirrors used for the
measurements,
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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 % 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 p laser line qualitatively indicated consider-
ably more scatter than for the aluminum or gold mirrors.

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 0°
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 z0.0015 reflectance units and do not vary in reflec-
tance by more than -0.000 énd +0.003 reflectance units with angle of

incidence up to incident angles of 50° .



TABLE 5

REFLECTANCE OF RHODIUM

1.5

2.5

3.5

4.5

5.5

6.5

7.0

Average

0.8383
.8850
L9104
.9339
.9428
.9470
L9474

.9510

Literature
Values [46]

0.882
.905
.915
.932
.942
.946
.950

.953
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Further, this section illustrétes the design of very simple and
accurate infrared specular reflecfometers, 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 semsitivity. 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 calibfated 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

B' —8B

Résults 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 plates.

DIFFUSING SCREEN NO. 2

J

DIFFUSING SCREEN NO. 2
B’ -~—B

DIFFUSING SCREEN NO. 3

A' —A

Results'of scans across the sensitive areca 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-B' direction
is across two columns of plates. '

Figure 32, Results of Spatial Sensitivity Test for NaCl Diffusing Screen.
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 mm thick, and one
surface had been ground with a 9.5 p abrasive. Screen No. 3 was 2.5 mm
thick, and one surface had been ground with a 50 u 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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alﬁminumy each of 1/16-inch radius, spaced 0.088 inch apart in a hexa-
génnl, close pack array. Gonlophotometric reflectance curves for this
surface for white light incident at 45°are shown in figure 37. This
surface has since been liquid honed, and then gold plated. The liquid
honing gives a diffusing surface of swall roughness, which, in combina-
tion with the large roughness of the spherical 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 2 small image is traversed across the entrance port. It is ap-
parent that 2 small area signal can be reproduced by positioning the
elbow to yield a maximum signal for each case. Figureb39 represents
the area sensitivity test (chapter ILI) for the case when for A/A(mini-
mum) = L 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 1s calil-
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
calibration and measuring techuiques would allow use of a device of this
nature f£or reducing spatial semsitivity for large area detectors.

Some devices that were not tested Iin this weork, but appear to be
qualitatively similar in nature to the above approaches, are:

(1) Condensing specular comes [3¢9].

(2) & four-walled specular duct with a diffusing window at one
end and the detector at the other, similar to the detector viewing con-

figuration in veference 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 1s 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 i1s 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-
tometer measures flux of differing geometric distribution in the
sphere.

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 tgst 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 fqr 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 1lluminated 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 intégrating sphere coating, the curve
of response as a function of angle should show two ranges of constant
response with a smopth 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 wviews the entiré 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 ps).

R =T 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).
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ASH

= 2 21
R Fog” % (56)
S
Where Ag is the total area of the sphere (Ag = 4TR®) and

ASH = AS - AHl - AHZ (AHland AHZ are the areas of the exit and entrance
ports, respectively). Of the flux Ri, only Rz' reaches the detector

sensing element.

f1 (57)

where ADV is the area of the sphere fully viewed by the detector,
(ADV - AHZ/AQ is the proportion of the twice-reflected flux in the area
viewed by the detector, and f1 is the diffuse configuration factor from
@DV - AH? to the sensing element of the detector.

Similarly, on the third reflection the amount of flux R3' reaches

the detector

A Ay, - Ay
SH DV 2
¥ ]fl

S
and on the n'th reflection
yS
The sum of the quantities of flux that reaches the detector is
easily summed to
A A - AH
SH DV 2 1
B = F ol o [ ] [ —to ] (60)
S S 1 - _SH
~ Ps Ay

Thus, the flux reaching the detector for the case where the detector does

not view the first reflection is El'
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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

R{" =F pg £, (61)
where £, is the configuration factor from the area illuminated by the
beam to the deteétor sensing element. Since this is the only additional
flux impinging on the detector, the total flux reaching the detector for
this case is

E, =E; + F pg £, (62)

The ratio of the flux reaching the detector for these two cases is

L. ! - L (63)
E2 El + F Pg f2 . F Pg f2
Ey
which upon substitution from equation ¢Q becomes
E
. . (64)

Ey . (£5/£1)Bg - Pghgylig
05 (Agyd (Apy - Ayy)

Therefore, the ratio of the detector readingé 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 throughoﬁt 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

Figu;e 41 shows results obtained with the gold-plated S$-460 shot,
2-inch diameter sphere, at wavelengths of 2.2, 5, and 8 u. 1In this case,
the detector port is in the plane of incidence, and is diametrically
opposite the entrance port. The curves indicate that there 1is a large
specular component to the reflected flux at 50°; and that the
reflectance characteristics do not change appfeciably with wavelength.
The $-460 shot surface has a roughness of about 150 u 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 w. Each of these curves iliustrates 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-b in
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 CsBr window. The net
effect ﬁould be to iIncrease 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 Apy in equation 64.

(4). Using the wrong value for the reflectance of the sulfur coating.

(5); Improper evaluation of f; and £,.

Undoubtedly, the firét two effects are largely responsible for the

low ratio of the two signals, as compared to the theoretical model.

?-.‘.S
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Detector and beam configurations for a proposed new test are given
in figure 43. 1In 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
Asw = Ag = Au1 - Apz - Aps-

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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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 ordinary 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, informatiocm on
the reflectance is not available. Several different techmniques wews used
o 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 smoothéd with an artist's brush. This surface had a failrly uniforws
appearance but it was extremely fragile.

Sulfur-Alcohol Slﬁrry: To increase the uniformity of the coating

over the surface of the sphere and the reproducibility from one sphers to
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another, a spraying application technique was investigated. One part
sulfur was mixed with about two parts alcohol b& volume to form a slurry
which was sprayed from a BVl Model VS-850 Electric Sprayerf The slurry
was sprayed so that most of the alcohol evaporated before the spray hit
the roughened (approx. 50 u in.rms) sphere wall. To insure rapid
evaporation of the remaining alcohol, the hemigpheres 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 brﬁsh 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 hgrd surface,

Benzene-Sulfur Slurry: To alleviate the problems experienced with

the sulfur-alcohol slurry, fhe 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, the
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 gprayed coﬁtinuously 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,
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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,
Ba30, Surfaces

A BaSQ,-Benzene slurry was sprayed in the same manmer as thoe sulivg-

benzene slurry to coat spheres with BaSQ,,
Gold-Roughenad 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 u inch rms. The steel shot (Pangborn
No. 8-460) are 10 mesh SAE and yield a surface roughness on the aluminum
spheres of about 150 u inch rms. After the hemispheres had been uni-
formly roughened with one of the abhove shots they were cleaned and gold

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 ellipsoidal
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 1illustrates the 13 areas of the mirror that were examined.
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 compare, for one pailr 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 mirror.
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Reflectance Measurement

The reflectance of area 1 was evaluated by taking two méasurements;
oﬁe with the aver#ging sphere-deteétbr combination at the first focal |
point, to measure the incident flux FI’ and the other with a qalibrated
aluminum mirror at the first focal point and the detector at the second
conjugate focal point, to measure the flux Fy reflected by the sample and
the ellipsoidal mirror. In both measurements 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 ﬁoth measurements, the sphere entrance was
shielded to allow entrance of only the flux to be measured, eliminating
any flux interchangeibetween 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

Frp = Fi1) (65)

and equation (51) yields

Frp = F1Meofe (66)
where the terms for the interchange between the ellipsoidal mirror and
the sphere entrance are eliminated by the shielding described above.

Therefore

F .
— RD
b =5 (67)
€ “1mp fm
where P is given in Table 3 of aﬁpendix B. The values obtained from four

sets of these measurements are listed in table 6. The arithmetic average
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of pe 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 #1  Set #2  Set #3  Set #4  Average

1.5u 0.951 0.949 0.951 0.948 0.950
2,04 <964 .963 .959 .961 - 962
2.50 . .965 .969 .967 .963 .966
3.5u .969 971 .969 971 .970
4450 .969 .971 <970 <973 971
5.5u .970 971 2973 .970 971
6.5u .971 973 .973 974 972
7.0u .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 areas were made.
One of eaéh palr 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

Fip =T F1 Py1 Pt (68)

where p.; 1s the reflectance of area No. 1 and p_; 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 shlelded to prevent interchange with the ellipsoidal mirror.

The flux viewed by the detector was

FnD =1 FI pm2 pen (69)

where n represents one of the areas No. 2 through 13. Since the effi-
ciency of the averaging sphere (7)) i1s the same for equations (68) and

(69), the ratio of these fluxes is

F P o P
nD 2
(F)21= o= =1 (70)

1D Pm1 Pel

To eliminate the effect of a possible difference in reflectance
between Pm2 and Pl the mirror samples were interchanged and measure-~

ments taken again to yield

F P 1 P
nD 1
'(i?‘?lz = EEL';SE (71)
1D m2 “el

From equations (70) and (71), the ratio of the two reflectances is

given by
P Fio,  Fup
T =f(§"“‘)21 G2 (72)
Pe1 1D 1D

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
Pen/Pe1 does not vary with wavelength and that p.,/p.q increases as one
moves away from the apex of the ellipsoidal mirror. Thus, it 1s apparxent
that the-réflectance 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
veflectometer 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 p 2.0 2.5 i 3.5 u 4.5 U 5.5 u 6.5 U 7.0 1

Areasi

1 1.000 1.000 1,000 1.000 1,000 1.000 1.000 1.000
2 1.001 1.001 1.000 1.000 1.000 1,000 1.001 1.000
3 1.002 1,002 1,001 1,000 1.001 1.001 1.001 1.002
4 1.013 1,010 1,012 1.016 1.016 1.015 1.015 1.013
5 1.000 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 1.001 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 1.015 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 1,002 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 1,002 1.001 1.002 1.002 1,002 1.002
Set C* 1.014 1.013 1.014 1,016 1.015 1.015 1.015 1,014

*Set A 1Is composed of areas 2, 5, 8, and 11; set B 1s composed of areas 3, 6, 9,
and 12; and set C is composed of areas 4, 7, 10, and 13,

7971
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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 1s 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 1s reduced by about a factor of 5.. This permits
small changes 1in large signals to be measured with increased precisiom.
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°,e)f 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 1s based on an gstimate of the effects of warious -
changes in the geometric distribution of the fluxes on the individual
losses, In this section the varibus 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 doés not dis-
tinguish between the errors caused by imprecision and thé 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. 1In the
error analyéis of the relative reflectance measurement, the following

types of errors are considered.

*Throughout this section Pg and p(7°,0) are used interchangeably.
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(1). Errors due to the flux Iinterchange between the ellipsoidal
mirfor and the averaging sphere.
(2). Errors due to incomplete knowledge of system parameters.
(3). Errors due to uncertainty in the measurement of Fans Fgip»
FSZD’ and FDD'
(4)., Errors due to faulty assumptions concerning the geometrie
distribution of the reflected flux.
(5). Erroré caused by the uncertainty in the reflectance of the
specular reflectance standard.
(6). Other sources of error.
First, the errors assoclated 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. Negrt, the effect of variation in the wveflectance of the ellip-
soidal mirror are analyzed. The remaining errors are disc@ssed in counnec-
tion with the specific corrections for the hole loss, wire loss, mixrow
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 variocus fluxes used in
equation'53 dre unknown, standard error propagation formulas are not used
in this>errqr analysis. It is felt that continued usage of this imstrument
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 - Pus B:D 1’ f(s-e)s] 21 (73)

e ! 1
[1 - pps Pon M £(5.c)s17

=1 (74)
- o !
- Py Pep ' f(geyr !
[1 - pyg Pip M' £ ]
HS D -
€ (S-¢)D =1 - (75)
-~ 1 .
[:1 - pm p€D n f(s_e )I]
and
[1- p° *‘Fsg"FszD
Pus Pen ¢ Fopp L (S-¢)82
S2D. € = 1 (76)
- 7~ !
(1 - oy Pop M5 )1
The error arises from the fact that Pus a P and the various fS-

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 fo 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

Fy, 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

(1 - pyg Pop M Frge) A

- = 1
(1 - oy Pop M £g_ )

Pg’ (77)

where Pg is the true reflectance and ps' is the reflectance for the as-
sumption that the multiplying term 1s one. Thus the error in ps caused

by the assumptions of equations 73, 74, 75, and 76 is

- ' - - !

Ps ~Ps' Loy - Pyg JPep M £5 (78)
P - - t
S L-pys Pep M £,

Experimental measurements indicate that the‘term'B:D ' 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 eliminaﬁed this interchange (see appendix H). Thus
equation 78 becomes

og - Py = Pyg 4 (0-04)

T L - pyg(0.04) (79)

It remains then to establish the values for Pus and P

Jakob [50) indicates that for conductors (1l /(L - PH? lies between

Py
1.00 and 1,33, while for insulators he indicates the limiting values to
lie between approximately .935 and 1.05, where Py is essentially the
p(758) measured by the ellipsoidal mirror reflectometer. Thus, by letting
Pmm = PM aﬁd Pug = Pg* the error caused by this term can be graphed as a
function of pg with Py 88 @ parameter, Figure 45 illustrates such a graph

and indicates that accurate reflectance measurements are possible either



Ps
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(1) when P M~ Pyg OF (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) i.OOlS/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 Py carries over directly as an uncertainty in Pg-
Flux Measurement

The effect on p(758) of the uncertainty in the measurement of the
various fluxes FSD’ FSlD’ FSZD’ FDD’ and F1D is discussed in this sec-
tion. Examination of equation 53 indicates that the flux ratios FSD/F1D

2

/ and F_. ./

/¥ F1p S1D

are the only terms involving measured fluxes

Fpn/Fips Fgop F1p

that could appreciably affect p(758). Further, it is apparent that the
measurement of each of these fluxes 1nvolves 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

= =R (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 ITI. The strip chart recorder has an accuracy of %0.2 percent of full
scale deflection.. The 1inearit§ of the system is accounted for in
appendix H by an independent check on the linearity of the complete system.
The effects noted in chapter IILI 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 1s 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 of these fluxes.

Variation in Mirror's Reflectance

Appendix F indicated that the edges of the ellipsoidal mirror re-
flected 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

1 [F

F
1+ 7F_s_2_13 (0.015)
SD

where F53 represents the remaining terms in equation 53. The factor

] | (81)

Pg = 53

(0.015) is the increased reflectance of the edges of the ellipsoidal
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mirror and is estimated to have uncertainty of less than £0.003, The

effect of this uncertainty on ps is

F
$2D
Ps + 5= (0.015 ¥ 0.003)

SD ‘ (82)

FSD

where FSZD/FSD =0.20 for the case of the perfect diffuser, This yields

]
-
)

(0.015)

an uncertainty in Ps of less than %0.0009. From this it is also apparent
that variation in FSZD/FSD will not affect thié term; further, the value
for FSZD/FSD 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.

F

F _
(1) an =0.95 pg ) FDD 20,90 1,
1D 1D
F | F
) Fsip =0.7p $2D =0.16
g s (5) g
1D SD
F F
(3) s2p =0.15p, (6) Tsap =0.21
Fip Fsip
F
(7) 82D 417
PD

The following values for system constants are approximately those

used in this work,
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‘ 1
(1) Pe =0.,97 (3) ASH' AH 3
. A
S1 1
2) p, =098 “4) 1T =75
M ASH AH 12
A

(5) "¢ =0.0021

A,

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

F _ AH Py L FSD | ' FSID , ) (86)
‘R SH » s"1p i+ §§_2(0.015) 1+ §§—2(0;015)
SD ' §S1D

The value for FH/FR under the previcus assumptions is 0.0816. There re-
main two sources of error in this correction which have not yet been dis-
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 uncertainty in equation 86 of %0.0015.

In equation 19, chapter IV, it waé assumed that (FS— Fsl)/(ASH- 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 Agy 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

.respeet to the first focal plane and observing the variation in FSiD

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 Corfection

From chapter IV the wire correction is given by

o = A& Py [ Fpp ‘ ]

87)
F A PF F (
R € S°1D 1 +_FSZD (0.015)
DD
which under the previous assumptions is equal to 0.0018 . The uncertainty

of the area ratio is 30,005 when the uncertainty in‘AW is £0.005 and the

uncertainty in Ap is £.05. This affects the value of ps by less than

+0.0005.
The assumption that the flux density over Aw is the same as the flux
density over A. 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 assumption,
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Sample Shading Correction

From chapter IV the two sample shading correction terms are

F » : '
se__fn | Fsp ) Fs1p ] A (88)
F pF F - F A
R PsFip 52D -
1+ 222(0.015) 1+ §§39( 0.015) SE - 'H
SD S1D
and ‘
s __On [' T Fs1p ]x
R PsFip Fsap Fsop
: L+ ==—=(0.015) 1+ = (0.015)
SD S1D

A | |
[A: J [FDD S 4 AW) 1F _F ] (89)

— D

Pg 0
S Tk FSD

First Fgp is analyzed for the remaining unaccounted for uncertainty
due to the uncertainty in A /(ASH H) The value of Fgp/Fp wunder the
original assumptions is 0.020 and the uncertainty in AS/ (ASH -AH) is
1.001 which yields an uncertainty in FSP/FlR that is less than *£0,0002,

In equation 89 the value of FSR/FR is 0.0008 (for pg = 1.0) and the

. - - i ligibl
effect of the uncertainty in Asl/(ASH AH) and (Ae Aw)/Ag is negligible,
for even if these terms were 50 percent in error they would influence P

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.



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_=ml" , (90)

R
where I' is the outgoing intensity and 1s constant over the hemisphere.

If the sample is slightly below the focal plane then the £flux reflected

by the ellipsoid is
2 ¢'
Fp = I'fo Id cos ' sin o' dp'd8 " (91)

The fraction of the total reflected flux lost is

FR‘ FE ar [1 - coé2¢'] 2
=1 - = cos"Q (92)
FR 2) o

where the cos ¢'is (as function of the distance (h) below the first

focal plane and radius (re) of the opening of the ellipsoidal mirror).

.h2 :
cos p =V 2z 2 (93)
e
or
FR - FE } he
Fa Wo+r 2 (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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Figure 46. Edge Loss for Perfect Diffuser
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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 interchangé is essentially shown
by the oy = 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

3€ 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 mirrer 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.
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TABLE VIII

EXPECTED UNCERTAINTIES

Uncertainty Term Expected Uncertainty
Due To Involved in pg
Reflectance pg +.17%
Standard
Flux o
Measurement pS *.50%
Variation in ps +.09%
Mirror Reflectance
Area Ratio FH/FR +.15%
Average Flux * o
Density FH/FR %.30%
. + of
Area Ratio FW/FR +,05%
. 'F Oo
Area Ratio FSP/FR £,02%
Area Rat;o | FSR/FR +.01%

* = 0
ps - p(7 ’e)



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 cu:vature spher-
ical mirror through the entrance hole in thé ellipsoidal mirror) onto the
center of a diffuse sample. The sample holder and mirror 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 mm.
%% The film was Polaroid type 47 - a 3000 speed film.

16l
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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 each image is the approx-
imate size and shape of the entrance pért 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 the ellipsoidal mirror Iincrease 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 point is enlarged and
indicated that careful position of the image on the sphere entrance port is

required 1f 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 the
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 wvisual image on the
entrance to the sphere.

Linearity: A set of five sector discs was constructed to provide
an independent check of the limearity of the entire detector-electronics

system. These discs were made by machining out equally spaced radial
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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 amplifiér 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 ylelds 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 1.54 2.0u 2.5u 3.5u 4.5u 5.5u 6.5u 7.5u
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 L1273 +,001 126 ,126 .127 .127 .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
& 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 thé 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 BeDan'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 B2 1'fg__

|

.

0.039
.039
.040
.036
.031
.026
.018
.013

e &8 & & & =
ouvunuiuniunn o Wm

~Nouvis W N

Shields: To enable measurement of $2D two shields

Fgqp» Fpp» 2nd ¥

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 Fs1p 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 FSZD) 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
froﬁ the signal for the system with no shield (Fg)-

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

Ag + 4y

Agp - AH

=0.310 ’ (95)

Area Agq is 0.05 0,01 so that

A
Sl .0.032 (96)

As ™ Ay

The Platinum-13% Rhodium sample was & %-in. diameter disc which
yields (after correcting for the overlap of the image of the hole and
the sample)

Ag + Ay

Asp = By

=0,331 (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
provided by the National Bureau of Standards. Sample (4) is the same

sulfur that has been used throughout this work.

Platinum-137% 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 ¥I 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 1Is 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 sémples. 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 - 137 RHODIUM **

Wave Standard Specular
length # la # 1b # lc # 2a # 2b # 2c Average Deviation Component¥*

1.5 0.610 0.597 0.591 0.566 0.574 0.603 0.596 +0.005 69%
2.0 . .701  ,691 .692 ,694 .686 .696 .693 .002 82%
2.5 .823 ,813 .821 .,826 .827 .820  .822 .002 83%
3.5 .919 .905 .921 .924 .930 .913 .919 .005 86%
4.5 .933 .926 .937 .935 .940 .929 .933 .004 87%
5.5 .942  .936 .940 .946 .947 .932 941 .005 88%
6.5 .945 ,938 .940 .947 .949 .942 944 .005 90%
7.0 .947  .940 ,942 .946 .953 .943 .945 .005 92%

%
This is an approximation of the specular component by using

[(FSD- FDD) / FSD] 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 with the sample tilted 10° to the first focal
plane.

NBS Reflectance for Pt. 13% Rh. reference 37,
(various sample temperatures)

800°K~ 1100°K  1300°K

A

151 74 .8%  78.7% 77 4%
2.0 80.8 81.5 80.3

2.5 83.5 83.2 82.0

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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Figure 48. Reflectance of Platinum-137% Rhodium.
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Figure 49. Reflectance of Gold Mesh.
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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
3.54 indicates an absorption band that could be caused by an organic con-
taminate 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 figufes 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:

F - F
D DD
% specular component = —E-——————-(IOO) (97)

Fsp
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 this work.



175

TABLE XII

"TRUE" SPECULAR COMPONENT

N Sample Pt-13% Rh Gold Mesh Porcelain Oxidized Sulfur
Enamel Kanthal

1.5 60.% 4.% 3% -3.% 0.0 %
2.0 73.% 4.% 4 % -2.% 0.0
2.5 74.% 4.% 4 % - 1. % 0.0
3.5 77.% 4.% 12 % - 1. % 0.0
4.5 78.% 4.% 25 % -1..% 0.0
5.5 79.% 4.% -- -1. % 0.0
6.5 81.% 4.% -- - 1. % 0.0

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

2n m/2
: - ' | P} 1 J 1 t
JO J@. I'(0;9")cos o' sin @'dp'dd (98)

I (7°,8) cos 7° (A w)

p(directional annular cone)=

where the flux reaching the detector was restricted to the annular solid
angle between ¢' and M/2 by use of a circular disc centered on the sample
and placed just below the first focal plane. Five shields providing
different ¢'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 come) _ 2
p(directional hemispherical) cos @ (99)

The angle o' was measured for each of the shields and table XIII illus-
trates the data for three samples at 2.54. They are sulfur, BaSO4, and

the gold mesh,



176

TABLE XIII

RATIO OF DIRECTIONAL ANNULAR CONE REFLECTANCE TO
THE DIRECTIONAL HEMISPHERICAL REFLECTANCE
FOR SUSPECTED DIFFUSERS,.*

o’ Perfect Diffuser Crystex Sulfur BaSO4 Gold Mesh
79.5° 0,033 0.035 0.035 0.033
62.8° .210 207 .207 .194
43.7° .522 .523 .520 .480
34.3° .683 ©.692 .680 .641

14.5° .936 .935 .934 .917

*Data taken at 2.5u
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