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FLUX AVERAGING DEVICES FOR THE INFRARED*

by

S. Thomas Dunnt
National Bureau of Standards
Washington, D. C.

,’/A'BSTRACT

e spatigl and angular sensitivity of infrared detectorg recently has been investi-
ymﬁ%,ﬂ.InwmrmeHMMWtMsJﬁajmoﬂﬂnmwmmmwwMMMSmtm
infrared, 1t is necessary to distribute the flux as uniformly as possible over the entire
sensitive area of the detector. A solution to this problem 1s presented in the form of
several averaging devices developed at the National Bureau of Standards. Among the devices
investigated are roughened NaCl windows, diffusing 1light ducts, and spheres with different
coatings. Each device was subjected to a series of tests to establish its averaging capa-
bility and useful wavelength range. Results of these tests indicate that the use of a small
sulfur—coated hollow sphere over the detector increased the accuracy of most types of infra-
red reflectance measurements and, at the same time, decreased the requirement for precise
optical alignment of the detector in the wavelength range of 1.5 to 8 microns. The use of
the sulfur-coated sphere over a thermopile extends the usefulness of the multiple-reflection
specular reflectometer to about 10 microns. (Key Words: Detector,.éﬁggégggg Device, Spa-
tial Sensitivity, Angular Sensitivity, Sulfur, and Integrating Sphere). _A —_—

#The work described in this paper was done under Con b ~0302 2e

tMember of Photometry and Colorimetry Section, Mdtrology Division, Institute for
Basic Standards.
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l INTRODUCTION

From the turn of the century, large area thermopiles have been used as infrared
radiation detectors for large area beams. It is astounding that for all this time the gen-
eral practice has been to use these detectors as though they were spatially insensitiiiél/

this assumptioni(1). ' The spatial sensitivity for a ten—junction thermopile is shown in

(;;1y recently have experimental measurements been reported that confirm the fallacy of
’:X Appendix A describes the thermopile concerned and the method of measure-

figures 1 and
ment.

the Golay celll(fig. 3 and ad sulfide cellf(1), and the photomultiplier tube[(1)
have all been illustrated. M. 24 has found the largeé area InSb detector to be s
ilarly spatially sensitive. Thus, 1% is apparent that if a large agga tector 1s to be
used to accurately compare a small area beam with a large area beam 2)} or to compare two
beams of similar size (but smaller than the detector), it will be Heceskary tzﬂis some

(g;;tial sengitivity is notI:Tuniqué property of thermgpiles. The spatial sensitivit
4, tth
nke

=

flux averaging devige. Flgures 6.and 7 1llustrate that the angular sensitivity3/[of a ten-
Junction thermopileY(appendix A) fis such that to accurately compare beams inckdent on the
detector from different directions, with different solid angles, or with marginal rays ex—
ceeding an angle of 25° from the normal to the sensitive area of the detector, it will be
necessary to use an averaging device with the detector. Furthermore, the comparison of
beams or images whose irradiance varies with position will requlre the use of an averaging
device over the detectoq)(B). In general, problems of angular and spatial sensitivity
occur in all focusing optical ystems—._‘ EVD .

FLUX AVERAGING DEVICES

The data obtained on the spatial and angular sensltivity of detectors indlcate that
a flux—averaging device would be required for use with any of the avallable large-area
infrared detectors. The function of such a device is to distribute the avallable 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 1s absorbed by the diffuser, and
some is scattered away from the sensitive area and is lost., In general, the losses in a
diffuser tend to increase with an increase in i1ts effectiveness as a diffuser.

The literature provides several references to flux-averaging devices. One is the
work of Bennett and Koehler (4), who used a small integrating sphere to average the ineci~
dent radiation over a photomultiplier detector., Another 1s the work of Ronzhin (5), who
tried 1ight ducts and integrating spheres to average radiation over the sensitlve area of
a photomultiplier. However, these references offer solutions only in the ultraviolet,
visible, and near infrared portions of the spectrum, where good Integrating sphere coat-
ings are available. In the infrared, no one has yet shown that satisfactory Integrating
sphere coatings exist for use beyond 4 microns. Reference (1) also illustrates the use
of several similar averaging devices.

1/ Spatial sensitivity is defined as variation in response of the detector with change in
the irradiated portion of the sensitive area.

2/ Photometry and Colorimetry Section, Metrology Division, Institute for Baslc Standards,
National Bureau of Standards.

3/ Angular sensitivity is defined as the varlation in response of the detector with angle
of incidence (with respect to the sensitivity area of the detector) of the measured flux.




Three different types of diffusing devices were investigated. They are listed in
estimated order of increasing degree of diffusion ast 1) a diffusing screen placed direct-
ly over the detector, 2) a 1light duct with diffusing walls or a diffusing surface in the
system, and 3) an averaging spherel/ coated with a material having high reflectance in the
infrared and sufficient diffusion to permit it to be used as an averaging device.

.To establish the usefulness of the various averaging devices, three tests were devised
as follow:

1. Test A — Spatial Sensitivity: This test was designed to 1llustrate the requlred
preclsion of incident image placement for comparing beams of nearly the same image area.
The general optleal system for this and the following tests is shown schematically in
figure 5. A 6-inch-diameter spherical mirror of 49-inch radius was used to form an Iimage
of the monochromatic source on the entrance port of the averdging device. The averaging
device, with the detector, was mounted in a milling he¥d, $o that it could be moved & inches
in the x and 'y directlons, and rotated 360 in the x-y plane. The x direction is aligned
with the optical axis, *-

In the spatial sensitivity test, the averaging device was mounted at the center of the
milling head, with its plane of entrance perpendicular to the incident beam from the spher-
leal mirror. The entrance port of the device was then moved across the incident beam (the
size of this beam was 3 mm by 3 mm) and the detector response was recorded as a function of
beam position.

2. Test B - Area Sensitivity: This test was designed to evaluate the variation in
detection response with the size of the irradiated area on the entrance to the averaging
device, when the total flux 1s held constant. - The detector and averaging device were
mounted on the mi1ling head (figure 5) with the axial ray of the incident beam (3 mm by
3 mm) centered on and normal to the entrance port of the averaging device. The port was
moved along the axlal ray of the incident beam, and the detector response was recorded as a
function of the entrance port position. Since the incident beam is diverging from an image,
the size of the irradiated area could be varied from a minimum when the beam was Imaged on
the entrance port, to a maximum when the marginal rays fell Just inside the port.

i 3, Test C - Angular Sensitivity: In this test, the averaging device was placed on
the milling head and the image from the 49-inch radius of curvature mirror was placed on
the entrance to the averaging device. The output of the detector was recorded as a func—
tion of incident angle as the milling head was rotated (appendix A). The recorded data
were then normalized to a specified direction.

When results of any one of the three tests indicated a particular averaging device to
be unsuitable, no further tests were made.

DIFFUSING SCREENS

The first device tested was a roughened sodium chloride window. The data in figure 8
were obtained in the same manner as those reported for figures 1, 2, 3, and 4, except that
a diffusing screen holder 1s now placed against the detector entrance window. Diffusing
screen No. 2 was 5 mm thick, and one surface had been ground with a 9.5-micron abrasive.

1/ A distinction is made between an integrating and an averaging sphere. In the case of the
averaging sphere, the main requirement is that the distribution and fraction of the inci-
dent flux on the detector must be independent of the area of the sphere wall irradiated
for a certain specified area on the sphere, while the integrating sphere assumes uniform

diffuslon of flux over the entire sphere wall (with the exceptlon of the directly
irradiated portion).




Screen No. 3 was 2.5 mm thick, and one surface had been ground with a 50-micron abrasive.

In figure 8, 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 more effective, and produced a rela-
tively uniform response across the sensitive area of the detector in both the a-c and d-c
scans.

It is apparent from the reduced spatial sensitivity shown in figure 8, (compared to
figures 1 and 2) that the roughened window would be useful for reasonably accurate compari-
son of small beamsL/ (with respect to the detector area) that were accurately positioned in
the center of the detector sensing area. This device would not be good for use in measuring
beams of about the same size as the detector area, since much of the flux would be scattered
away from the sensitive area of the detector, and possibly, in some thermcpiles onto the
cold junctions, thus ylelding false indications.

DIFFUSING ELBOWS

The second device tested was a diffusing elbow, shown in figure 9. Thils 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 10 indicates that the elbow-detector
combination had high angular sensitivity in the plane of incldence across the diffusing sur~
faces, while figure 11 shows relatlvely little angular sensitivity in the plane of ineci-
dence perpendicular to the mirror surfaces. Figure 12 is an improved design, in which the
walls are all mirrors, except for the diffusing 45° surface used to reflect the incoming
radiation toward the detector. The diffusely reflecting surface used with this device con-
sists of a series of spherical depressions in aluminum, each of 1/16-inch radius, spaced
0.088 inch apart In a hexagonal, close pack, array. A goniophotometric reflectance curve
for this surface for white 1light incident at 45° is shown in figure 13. This surface has
since been 1iquid honed, and then gold plated. The 1iquid honing gives a diffusing surface
of small roughness, which, in combination with the large roughness of the spherical depres—
sions, should reduce the height of the specular peak at 45° in figure 13.

Figure 14 i1llustrates the spatial sensitivity (test A4) of thls elbow as a small image
is traversed across the entrance port. The signal from a small area beam can be reproduced
by positioning the elbow to yleld a maximum detector response. Figure 15 represents the
area sensitivity test for the case when, for A/(4 minimum) = 1, the elbow is moved until a
maximm reading is obtained (figure 14) and then the area sensitivity of the elbow is meas-
ured (test B). Figure 15 indicates that the decrease in signal for the large areas can be
calibrated; that 1s, the device senses the largest area signal about 20 percent lower then
the smallest area signal of the same flux content. Thus, careful calibration and measuring
techniques would allow use of a device of this nature for reducing spatial sensitivity for
large area detectors.

However, even with careful callbration of thls device, errors of up to 5 percent may
be present in comparisons between beams of flux of different cross—sectional areas.

AVERAGING SPHERES

Since none of the devices described so far provided the desired spatial imsensitivity,
an averaging sphere was tried.

Preliminary results, using a 2-inch-dlameter sphere mounted over the detector, with a
3M white velvet diffusing paint coating, indicated that this approach seemed feasible, at

1/ Neglecting the case where roughened windows are used over detectors to enable them to
view an entire sphere.




least at short wavelengths where known diffusers are available (6)s 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 tc be a
minimum, and 3) the area of the entrance and exit ports to be a minimum. In addition, the
detector should also view the entire sphere. Further, it is important that the sphere wall
be a diffusing surface if a constant irradiance across the detector port is to be attained.

High sphere efficlency is required in this application, because the amount of flux
avallable for measurement in the infrared is near the lower limit of the useful range of
the available detectors, particularly at the longer wavelengths. Certain white paints, MgO
and BaS0, are good. sphere coatings in the visible and near infrared, but they have low re-
flectance beyond 4 or 5 microns and are not suitable for use st longer wavelengths.
Birkebak (8) showed that sulfur is both a good diffuser and reflector at 2 mierons and
4 microns, and assumed that It is usable to 10 microns. However, he did not mention the
specific form of sulfur that was used for his measurements, or. hls method of applying it
to the sphere wall. Kronstein, et al (9) reported that mu sulfur and flowers of sulfur are
good reflectors out to 15 microns, and gave spectral reflectance curves, but did not use
sulfur as a sphere coating. Agnew and McQuistan (10) showed that sulfur is a diffuse re—
flector to the flux from a Globar with wavelengths shorter than and longer than 4 microns.
Data on the reflectance of mu sulfur is given in figure 16 (2).

2

Polished metals have high reflectance at all wavelengths from the near infrared 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 on reflection dif-
fuse the incident beam. Hence, it may be possible to produce a usable sphere coating by
first contouring a metal surface and then applying a vacum-deposited metal coating to in—
crease the surface reflectance. In the present work, two general types of surfaces were

considered for use as an averaging sphere coating in the infrared: 1) a roughened gold-
plated surface, and 2) a sulfur coating..

Many spheres were built and coated. The following is a partial 1ist of those
tested: '

1. A j~Inch~diameter aluminum sphere coated with smoked MgO. The entrance and de-
tector port areas were 0.188 in.? and 0.875 in.=<, respectively.

2. A 2-inch-dlameter sphere roughened by *roto-blasting™ with spherical glass shots.l/
The sphere was then vapor plated with an opaque coating of gold. Entrance and exit port

areas for all the 2-Inch spheres utilized in this paper are 0.444 in.?, and 0,515 in.2,
respectively.

3. A 2-Inch-diameter sphere coated with sulfur</. The sulfur was handpressed onto a
roughened sphere wall.

4+ The roughened, gold-plated sphere wall of sphere 2., above, was overcoated with a

very thin coat of sulfur. The sulfur was suspended in alcohol and sprayed with an ordinary
paint sprayer.

1/ 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.

2/ The sulfur used’in this investigation was Crystex brand sulfur and was supplied by
Mr. A. Blackwell, Manager, Technical Service Department, Stauffer Chemical Company,
380 Madison Avenue, New York, N. Y. The analysis glven by the supplier is 99.5%
Elemental Sulfur, 90% mu (insoluble) sulfur, 0.10% ash, and the acidity is 0.05%. Mu
(1nsoluble) sulfur comprises 90% of elemental sulfur.




5, A 2-inch-diameter sphere was coated with a 1/8~inch-thick coating of sulfur, which
hed been sprayed from a suspension in alcohol.

6. A 2-inch-diameter sphere was coated with a 1/8-inch-thick coating of sulfur, which
was sprayed from a suspension in benzene.

Appendix B describes the methods of coating or preparing the sphere wall.
Test B _Area Sensitivityl/

In order to establish the ability of the averaging sphere-detector combination to com-
pare beams of flux of various sizes, the previously described area sensitivity test was
performed. See figure 5 for detector viewing configuration.

The measured sphere position was experimentally correlated to the area of sphere wall
irradiated by the incident beam, and each area was divided by the cross-sectional area of
the beam at the focal plane of the spherical mirror to obtain the area ratio for each posil-
tion. The detector response at each position was divided by the response at the position
where the flux was focused on the sphere wall, to obtain the response ratlo R/Ro. 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 used to compare
beams of flux of small and large areas. The maximum area ratio attainable with the
described experimental arrangement was 12.25 to 1 for the 2-inch-diameter sphere, and
about 2.36 to 1 for the 4-inch-diameter sphere.

The area sensitivity test was applied to all the spheres considered for use as averag-
ing devices. The data at the top of figure 17 represent the results for Mg0 at 1.5 microns,
where i1t is a known good diffuser. R/R, varied by 0.8 percent for an area ratio 2.36 to 1.
Since the sphere was 4 in., in diameter, the optics of the test system limited the area
changes of the image on the sphere wall to a smaller ratio than for the 2-inch-diameter
spheres used for the other materials in the test. The results indlcate that the sphere
does indeed reduce the area sensitivity of the detector. However, MgO is not sultable for
general use as a coating in the infrared.

The second curve in figure 17 represents the results for a roughened sphere, which
had been vapor-plated with gold; the roughness of the sphere wall was of the order of
25 p-in, rms. The change in R/Ro was 2 percent, indlcating poorer diffuseness than for
the MgO. Further, the efficlency of thils sphere is almost identlical to that of the other
spheres tested, desplte the very high reflectance of gold. In thls deslgn there is a large
specular component qf flux that passes out the entrance port of the sphere on the first re~
flection from the sphere wall. Thus, to increase the efficlency of a sphere of this design,
the specular component of the first reflection must be kept in the sphere; on the other
hand, 1t must be kept away from the detector's sensitive area, since slight varlations in
image placement would yield large changes in detector response,

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 percent in R/R, and i1llustrate the usefulness
of sulfur for an averaging sphere coatingj however, the application_technique yielded a sur-
face that was extremely fragile and whose reflectance probably varied significantly from
point to point over the sphere wall. Thus, other methods were tried to obtain a more uni-
form and mechanically durable surface., First, the gold sphere referred to above was coated
with a very thin layer of Crystex sulfur. The sulfur was suspended in alcohol and applied
with a paint spray gun. The results of the area sensitiviiy test indicate a varlation in
R/Ro of 1,1 percent. Further, the efficiency of this sphere was nearly the same as that of

1/ The order of the itests on this device has been inverted for .sake of clarity,




the hand-pressed sulfur sphere. Since the efficlency was the same, and R/R, showed a
greater change than that of the hand-pressed sulfur sphere, 1t was decided to try spraying
an optically opaque 1/8~inch-thick coat of sulfur. This sphere exhibited the same change
in R/R, as the hand-pressed sphere and the coating was less fragile.

To further reduce changes in R/Ry, two different methods of shielding the detector
vlewing area were tried., Shielding is useful because the detector does not view the entire
sphere equally well, as 1s illustrated by its angular sensitivity in figures 6 and 7. The
primary function of a shield is to prevent the detector from viewing the directly irradiated
area on the sphere wall for all image configurations. The first shleld, which is illus-
trated in figure 18a, was & 0.15-inch~thick disk placed over the detector with a 1/2-inch-
diameter hole centered over the detector sensing area. The sides of this hole were coated
with Parson!s black paint, and thus restricted the detector!s field of view. The results
are presented in the second to last graph in figure 17, and indicate an over-all range in
R/Ro of 0.6 percent for an area ratio spread twlce as large as for the hand-pressed sphere,
The second shileld tested 1s shown in figure 18b. This shield was tried because 1t yields -a
higher detector efficiency, since it only restricts the detector viewing field in the direc-
tlon of the image on the sphere wall. The shield was constructed of 0.005-inch~thick pol-
ished platimum. The data for this sphere are plotted in the last graph of figure 17 and
show a 0.4 percent variation in R/Ro. Thus, these tests indicate that either of the
spheres with detector shields are usable at 2,4 microns.

These two spheres were tested at other wavelengths in the range l.5p to 7,0u. The re-
sults for the platinum shield (shield 2) are given in figure 18. Note that the scale of
the graphs for the longer wavelengths is smaller. This figure shows that at the longer
wavelengths, where sulfur's reflectance 1s lower, R/R° decreases with an increase in
A/(Amin.) as much as 2.8 percent. This could be eaused 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 reflectance of the sulfur wall is 1ower), or 2) by
atmospheric absorption in the increased path length due to water and CO; 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 cireular disk shield
substantiate this conclusion).

Since the change in R/Ro for the sphere with the platinum shield was quite large at
the longer wavelengths, the sphere configuration using the cireular disk was also tested
at these wavelengths.l/ The results of the tests for variation of response with image size
are given in figure 20. These results show an increase in detector sensitivity with image
slze, indicating that part of the flux is still reaching the detector on the first reflec—
tion for large images. However, the change in R/Ro is limited to 0.9 percent for the long-
est wavelength. The reason that the change of R/R, varles with wavelength is that the re-
flectance of sulfur varies with wavelength., With low sphere wall reflectance (i.e., long
wavelengths for sulfur), the flux from the first reflection is a major portion of the flux
in the sphere; and if the detector views even a very small amount of this flux (which is
the case for large images on the sphere wall), there is a significant increase in detector
response (2). This error can be eliminated by increasing the thickness of the shield
shown in figure 18; however, this will reduce the efficiency of the sphere, which is in-
tolerable, because the system is already energy limited in the 7-10 micron region when a
thermopile detector is used. .

The conclusions from this series of test are that a sulfur sphere with the circular
disk shield provides a better averaging device for signals of different image sizes. It
should be noted that sulfur has several absorption bands in this range, which may be

1/ Since the previous tests s this sphere had been recoated with sulfur sprayed from a
benzene . suspension, which ylelded a coating that was more stable mechanically than
that sprayed from an alcohol suspension.




detrimental for certain applications depending on high spectral resolutions.

Test As  Spatial Sensitivity

This test was designed to illustrate the required precision of incident Image place-
ment for comparing signals of nearly equal image area. The sphere entrance port was trav-
ersed across the incident beam, which was focused on the entrance port and had a 3 mm by
3 mm area.

The results for the sulfur sphere with the internal platinum shield are presented in
figure 21. The data are arbitrarily normalized to one of the central readings and plotted
as function of position on the entrance port as measured from one edge. These. data show
variations exceeding 2 percent at the longer wavelengths.

Results for the sphere with the circular disk shield show varlations of less than
0.4 percent for the wavelengths below 5.5 microns, and variations of about 0.8 percent for
the longer wavelengths (figure 22). This again illustrates the effect of the first re-
flected flux, since at the long wavelengths, where the reflectance of sulfur 1s lower, the
detector signal is higher for images between positions 0.4 and 0.6 on the entrance port of
the sphere, which is where more of the once reflected flux could reach the detector (left-
hand side of sphere opening in figure 18).

The results of these tests indicate that for short wavelengths the position of the
incident flux on the entrance port is not very critical, while at longer wavelengths more
care must be taken in positioning the incident beam.

Test C:  Angular Sensitivity

The general optical system for the angular sensitivity test is shown schematically in
figure 5. In this test, the sphere was positioned 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 ten rotated, and the response of the detector was recorded as a function of the
angular position 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 23, then the signal from the detector
would change as the irradiated spot moves around the sphere, by an amount proportional to
the difference in radiance of areas on the sphere wall that are and are not directly ir-
radiated by the incident flux. If the area irradiated by the incident flux is not viewed
by the detector, no flux that has been reflected only once will be recelved by the detector.
Thus, for a surface that approaches an ideal integrating sphere coating, the curve of
response as a function of angle should show two ranges of nearly constant response with a
smooth monotonic transition between the two ranges. The lower range would represent those
angles at which the detector views none of the irradiated area, and the higher level would
represent those angles at which it views the entire irradiated area, and the transition
would represent those angles at which the detector views an lncreasing fraciion of the
irradiated area. Reference 2 gives equation (1) as the quantitative description of this
change for the perfect diffuser as the ratio (R) of the reading when the detector does not
view the directly irradiated area to the reading when 1t views the directly irradiated
area.

1
T + (fa/fl A - pS'A‘SH]As (1)

Ps (ASH )(on‘ AHQ)

where A, 1s the total area of the sphere (Ag = 4mR®), A, = Ay — Ayy — Ay (A, and A,
are the areas of the exlt and entrance ports, respectively), Apy is the area of the sphere
fully viewed by the detector, (ADv - AHB)/AS is the proportion of the twice-reflected flux
in the area viewed by the detector, f, is the diffuse configuration factor from area

(Apy - AHE) to the sensing element of the detector, f; is the configuration factor from the

7




area irradiated by the beam to the detector sensing element, and Ps is the reflectance of
the sphere wall.

Figure 2/, shows results obtained with the gold-plated S$-460 shot, 2-in.-diameter sphere,
at wavelengths of 2.2, 5, and 8 microns. In this case, the detector port is in the plane
of incidence, and 1s diametrically opposite the entrance port. The curves indicate that
there is a large specular component of the reflected flux reaching the detector when the
angle 1s about 50°, and that the reflectance characteristics do not change appreciably
with wavelength. The S-460 shot surface has a roughness of about 150k in. rms; hence, no
effect of wavelength would be expected In this range. Thils figure i1llustrates that the
position of the incldent beam on the inside of the sphere 1s quite critical and indicates
the necessity of keeping the first reflection away from the detector port in a sphere with
imperfectly diffuse walls.l/

The sulfur sphere coating outlined earlier was tested in this manner. Figure 25 illus-
trates the results for sulfur at 1.5, 2.2, 5.0, and 10.0 microns. Each of these curves
11lustrates two flat regions with a smooth montonic transition between the reglons. These
results gave a qualitative indication of the utility of sulfur surface as an averaging
sphere coating. Further, the flatness of the flat regions suggests that the placement of
a beam inside the sphere is not as critlcal as with the roughened metal sphere walls.

In addition, the ratios of the heights of the flat portions of these curves (figure 25)
agree with the trends indicated in equation (1). However, the ratios calculated from the
data in flgure 25 were consistently lower by a factor of 2-3 than would be predicted by
theory [squation (1)]. Apparently, the experimental set-up did not entirely fit the theo-
retical model. Several possible sources of error ares

1. The flux from the irradiated area when it is not directly viewed by the detecter
(L.e., when the incident flux is in area c-d in figure 23) could reach the detector by
paths other than by being multiply reflected from the d-a-b-c area viewed by the detector,
by (2) hitting the 1ip of the detector port and being diffused to the detector by scratches
on the CsBr window. The net effect would be to increase the height of the low flat portion
of the curves in figure 25.

2. The radlation in the a-b area of figure 23 is incident at near grazing angles,
where even the best diffusers tend to become somewhat specular. Thus, some flux is refleated
around the sphere wall into the area c-d, which 1s not viewed by the detector, instead of
belng diffusely reflected to the detector. The net effect would be to reduce the height of
the high flat portion of the curves in figure 25.

3. Using the wrong value for Ay in equation (1).
4. Using the 'wrong value for the reflectance of the sulfur coating.
5. Improper evaluatlon of fi and f,.

The first two effects are largely responsible for the low ratio of the two signals,
as compared to the ratio computed from equation (1).

From the results established in this section, 1t can be stated that the use of an
ayeraging sphere can be extended at least to 7 microns by use of sulfur as a sphere wall
coating. Further, the inherent advantage of this approach is the ability to accept images
of varying size by use of a large éntrance port and to measure accurately the total flux
contained in various incident-beams, The major disadvantage is the reduction (by about
90 percent) of the flux that reaches the detector.

1/ In eddition, this test 1llustrates that roughened surfaces do not and camnot follow the
integrating sphere model in any respecty thus, 1% does not appear promlsing as a true
integrating sphere coating, as has been proposed by several investigzators.




SUMMARY

The summary of this work 1s presented in four parts: (a) the sulfur-coated averaging
sphere, (b) suggested improvements to the gold-roughened sphere, (e) other averaging devices
or techniques, and (d) present use of averaging spheres in the Infrared.

(a) The Sulfur-Coated Averaging Sphere. The data presented indlcate that, of the
diffusers or averaging devices tested, the sulfur-coated sphere (with a shield restricting
the viewing field of the detector) provides highest accuracy in comparing beams of different
geometry. Additional advantages accrued through the use of an averaging sphere are 1) prac-
tically any detector geometry can be used to view the sphere, regardless of sensitive area
or type, 2) the use of an averaging sphere greatly reduces the problem of optical alignment,
since minor variatlons in beam placement do not affect the signal output of the detector,
and 3) the careful use of the averaging sphere with the detector will provide the capability
to measure flux very accurately [more accurately than can be read from the commonly used
10-inch strip chart recorder (additional accuracy can be obtained by use of a digital
readout)].

The major disadvantages of the averaging sphere are the low efficlency of the sphere
(the order of 10% for those spheres tested) and the fact that the sphere reflects flux back
out the opening. The efficiency of the sulfur-coated averaging sphere decreases gignifi-
cantly at wavelengths beyond about 10 microns, because of the decrease in wall reflectance.
However, the tests on the sulfur sphere reported in thils paper, combined with the data in
references 2 and 8, Indicate that sulfur is usable as an averaging sphere coating out to at
least 10 microns.

(b) Suggested Improvements to the Gold-Roughened Sphere. Since a prime reason that
the sulfur-coated sphere cannot be used beyond 10 microns is sulfur's low reflectance be-
tween 10 and 15 microns (9), it is desirable to improve the performance of the gold-
roughened sphere. The following two methods are proposed to accomplish this: 1) design
the sphere so that the first three specular reflections of the flux do not strike the de-
tector or entrance port.of the sphere (especially, keep them away from the detector viewlng
port), or 2) place an optlcally opaque coating of sulfur (or some other bedy scatterer for
wavelengths longer than 20 microns, such as ground-up CsBr) over the directly irradiated
area of the sphere to diffuse the flux on the first reflection. For best results, care
should be taken to prevent the detector from viewing any of the diffusing material.

(e) Other Averaging Devices or Technigues. Several methods of averaging various
beams of flux that were not experimentally studied are 1) the use of lenses over the detec-
tor, 2) the use of condensing cones (which have inherent angular and spatial sensitivity),
3) the viewing of diffusing blocks which have high spatial sensitivity and low angular
sensitivity, and 4) the use of statistical methods to compare varicus detector signals by
traversing the sensitive area of the detector for each beam and cross~correlating the re-
sulting sensitifi}y curves. This last approach 1s being investigated at this time by
Mitchell Finkel.l

() Present Use of the Averaging Sphere in the Infrared. The author (2) has success-
fully used the sulfur-coated averaging sphere to improve the accuracy of the ellpscildal
mirror reflectometer and to construct a simple, but accurate, multiple-reflection, infrared,
specular reflectometer. In both cases, an Iincreased accuracy accompanied a decrease 1n the
required precision of optical alignment. Reference (3) 1llustrates the use of the gold-—
roughened sphere to average flux from various sources over the entrance slits to a

- monochromator.

The 3uthor would like to express his appreciation to John %‘ Wiebeltg/ and Joseph C.
Richmondl/ for helpful suggestions, and to John T. Perone, Jr.k/, for taking much of the
experimental data.

1/ Photometry & Colorimetry Section, Natlonal Bureau of Standards,
2/ Assoclate Professor of Mechanical Engineering at Oklahoma State University.
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APPENDIX A

MEASUREMENT OF DETECTOR SPATIAL AND ANGULAR SENSITIVITY

Spatial Sensitivity

The spatial sensitivity (figures 1 through 4) was measured by W. Schnelder,
Photometry and Colorimetry Section, Natlonal Bureau of Standards (1).

The thermopile was mounted on an automatically driven micrometer head that could move
1t horizontally in the plane of the sensitive area at a rate of about 0.08 inch per mimute.
A stationary aperture stop, having a circular opening 1/16 inch in diameter, was mounted
directly in front of the detector. The detector was irradiated through the aperture stop
by radiation from a tungsten lamp.

The thermoplle consists of ten receivers, each epproximately 2 mm by 5 mm in size,
arranged in two columns of five rows each to form a sensitive area 1 cm square. A thermo-
couple was attached to the back of each receiver, and the ten thermocouples were connected
in series to form the thermopile. The scans in the A-A! direction were made across the
center of the sensitive area, along the line between the two columns. The scans in the
B-B! direction were across the center of the sensitive area along the long axis of the two
recelvers in the third row. In each case, scans were made with a) the incident radiation
chopped at 13 cycles per second and amplified with a synchronous amplifier, and b) with un-
chopped radiation with a d-c amplifier. Results are shown in figure 1 for the a-c scans,
and in figure 2 for the d—c¢ scans.

In figure 1 for the A-A' scans, it can be seen that there are three distinct peaks,
with some Indicatlion of two others, corresponding to the positions of the five rows of
plates. In the B-B' scan, i1t is apparent that the plate on the right had greater sensi-
tlvity than that on the left.

In figure 2, the d-c scans in the B-B' direction are somewhat similar to the equivalent
a-c scansy the scans in the A-A' direction show five distinct peaks.

At this same time, Mr. Schneider also measured the spatial sensitivity of the Golay
cell in a similar manner. In this case, a Globar-filter arrangement provided the different
wavelengths. The results are shown in figures 3 and 4.

Angular Sensitivity

To measure the angular sensitivity of the thermopile, the detector was mounted on a
milling head (figure 5) with its sensitive area in a vertical plane and with the twe columns
of thermocouple recelvers vertical, in a position such that the center line of the sensitive
area colncided with the vertical axis of the milling head, An image of the exit slit of the
monochromator, 3 mm by 3 mm in size, was focused on the center of the sensitive area from a
direction normal to it, by means of a é~inch-diameter spherical mirror having a 49-inch
radius of curvature. The cone of rays thus had a half-angle width of about 34°. The mono-

-chromator was adjusted to give a band of radiation centered at 2.2 microns. The response of

the detector was recorded as R, when the axlal 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,
”5, 30, 40, 50, 60, and 70° to the normal, and the response of the detector was recorded at
each setting as Rg, © belng the angle of incidence, The data were normalized by the reading
at normal incidence, and plotted as a function of angle of incidence to produce the curve
shown in figure 6. Similar measurements were made with a cover plate 0.15 inch in thickness
with a l-cm by l-cm hole mounted over the sensitive area. The entire procedure was repeated
with a band of radiation centered at 8 microns.

The experimental curves are compared in figure 6 with two computed theoretical curves.
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The top curve, in which R,/Rg = 1 at all angles, would be obtalned i1f the detector were
equally sensitive to flux striking it at all angles, and if all of the incident flux struck
the sensitive area. The lower curve, in which R,/Rg = cosg, would be obtained if the de-
tector were equally sensitive to flux striking it at all angles and were completely f£illed
at normal Incldence.

From the experimental curves in figure 6 it can be seen that the sensitivity increases
slightly from normal to 20°, then decreases. The Increase 1s undoubtedly due to the fact
that as the illuminated srea of the detector increases, the more sensitive areas, as shown
in figures 1 and 2, become irradiated. 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 strik-
ing the sensitive area if admitted. The presence of the cover plate increases the rate of
fall-off in this range, as might be expected.

Smilar tests were made wlth the detector mounted with the five rows of plates vertl-
cal. The results shown in figure 7 are similar to those in figure 6, except that the in-
crease in signal from 0° to 20° was not observed., This 1s due to the fact that as the
angle was increased, more plates were 1lluminated, but in the same relative areasj hence
the signal remained constant.

The curves plotted in figures 6 and 7 show no significant differences for fluxes of
2.2 and 8 microns, respectively. The fact that the curves are nearly flat from 0° to 250
indicates that variation in angular sensitivity will be a problem only when the marginal
rays of an incident beam exceed 25°.
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APPENDIX B

SPHERE COATINGS

Several types of sphere coatings were prepared for use as described in the body of this
paper. This section briefly outlines the methods used in preparation of these surfaces. In
each case, two hemlspheres were coated and then joined to form the sphere,

Sul fur

All sulfur used in this work was Crystex brand sulfur; however, reference (9) indicates
that ordinary flowers of sulfur has about the same reflectance as Crystex brand sulfur
throughout the infrared. No effort was made to establish the usefulness of forms of sulfur
other than Crystex brand sulfur., It should also be noted that Stauffer Chemical Company
also supplies Crystex brand sulfur which contains 20 percent by welght of oll and which has
excellent mechanical properties. However, information on the reflectance is not available,
Several different techniques were used to apply sulfur to the sphere walls, as follows:

Hand Pressed: Initially, sulfur was applied to the sphere over a thin coat of rubber
cement by hand pressing (with the fingers). The sulfur was built up to a thickness of about
1/8 inch, and contoured to roughly conform to the outline of the two hemispheres. The sur—
face was then smoothed with an artist!s brush. This surface had a fairly uniform appear-
ance, but the coating was extremely fragile.

Sulfur—Alcohol Slurry: To increase the uniformity of the coating over the surface of
the sphere and the reproducibility from one sphere to another, a spray application technlque
was Investigated. One part sulfur was mixed with about two parts alcohol by volume to form
a slurry which was sprayed from a vibrator-activated spray gun. The slurry was sprayed so
that most of the alcohol evaporated before the spray hit the roughened (approximately 501
in. rms) sphere wall. To insure rapld evaporation of the remaining alcohol, the hemispheres
were heated to 170° F before spraying. About ten spray appllcations were necessary to ob-—
tain a 1/8-inch coating., The hemispheres were reheated to 170° F and the sulfur surface was
smoothed with an artist's brush between application. The resulting coating was very -uniforan
in appearance, but it tended to crack with time and its adherence to the metal hemisphere
was poor. The sulfur itself formed a comparatively hard surface.

Benzene-Sulfur Slurry: To alleviate +he problems experienced with the sulfur-alecohol
slurry, the alcohol was replaced by benzene. This slurry was applied to the roughened
hemisphere wall over a thin coat of a benzene—soluble contact cement, During the first
few seconds of spraying, the spray gun was held very close to the surface so that the ben—
zene dissolved the contact eement, which migrated slightly into the sulfur coating. The
thin coating was then dried, leaving the sulfur bonded to the sphere wall. For the subse-
quent 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 sprayed
continuously until a coating thickness of about 1/8 inch was obtained. The surface was then
smoothed with an artist!s brush. The surface produced by this technique was very uniform

in appearance and mechanically strong emough to withstand normal laboratory handiing. The
surface hardened considerably with age.

BaS0¢ Surfaces

A BaSO4~benzene slurry was sprayed in the same manner as the sulfur-benzene slurry to
coat spheres with BaSO..

Gold—Roughened Surfaces

Several spheres were roughened with glass and steel spherical shot by the Pangborn
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Corp., 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 25u in. rms. The steel shot
(Pangborn No. S-460) are 10 mesh SAE and yleld a surface roughness on the aluminum spheres
of about 1504 in. rms. After the hemispheres had been uniformly roughened with one of the
above shots, they were cleaned and gold was vapor—-deposited onto the surface.

Certain commerclal materials are identiflied in this paper 1n order to adequately
specify the materials employed. In no case does such identification lmply that the
material identified 1s necessarily the best available for the purpose.
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RELATIVE RESPONSE (chopped flux)

SCALE
IMM

Results of Scans Across the Sensitive Area of the Thermoplle 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 1




RELATIVE RESPONSE (unchopped flux)

SCALE
I MM

Results of Scans Across the Sensitive Area of the Thermopile Detector
in the A-A' and B-B' Directions, With Unchopped Tungsten Incident Flux.

The A-A' direction is across five rows of plates, and the B-B!' direction
is across two columns of plates.

Figure 2
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SCALE
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9 12 REGION

RELATIVE RESPONSE

2 4 REGION

Results of Scan Across the Sensitive Area of the Golay Cell
Detector in the A-A! Direction, With Incident Flux in Three
Different Wavelength Regions as Indicated.

Figure 3
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SCALE
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RELATIVE RESPONSE

2 11 REGION

Results of Scan Across the Sensitive Area of the Golay Cell
Detector in the B-B!' Direction, With Incident Flux in Three

Different Wavelength Reglons as Indicated. (The B-B' is
perpendicular to the arbitrary A-A' direction.)

Figure 4
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DIFFUSING SCREEN NO. 2 DIFFUSING SCREEN NO. 2

B’ -— B

Results of scans across the sensitive area of the thermopile detector in the

A-A' and B-B' directions, with unchopped tungsten incident flux. The A-A'
direction is across five rows of plates, and the B-B' direction is across
two columns of plates.

DIFFUSING SCREEN NO. 2

DIFFUSING SCREEN NO. 2 DIFFUSING SCREEN NO. 3

B' -—B A'

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
twe columns of plates. :

Results of Spatial Sensitivity Test for NaCl Diffusing Screen
(Reprinted from reference 6)

Figure 8
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ANGLE OF INCIDENCE =45°
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L)

RECORDER SIGNAL

2+ —
PRELIMINARY DATA

o 1 1 | 1 1 1
85° 65° 45° 25° 5° -15°

© (ANGLE FROM NORMAL TO SURFACE)
Goniophotometric Data of Spherical Impression Surface
Figure 13

(Teken by Dave Goebel, Photometry & Colorimetry Section, Metrology
Division, Institute for Basic Standards, National Bureau of Standards)
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