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Jzd?, the projected solid angle of “h: aperture as seen from a point on the
cavity wall, This investipation also considered cavity temperaturc uniformity
and cavity emittance uniformity. As a result of the investigation, a spher:-
cal cavity shape was selected in contrast to the customary conical cavity.

A study of core and wall materials resulted in the choice of aluminum type
A061-T6 with a hard black anodized coating called Hardas. The aluminum pro-
vides excellent thermal conductivity to aid in achieving uniform cavity temper-
ature, and the Hardas coating provides a rugged, stable emitting surface. The
wall emissivity is 0.9 or higher except from 3.0 to 7.0 um, where it is be-
tween 0.71 and 0.91. A computer program for polythermal cavity effects showed
spectral radiance errors of about 0.5% or less over the range 2 to 32 um.

A study of temperature control and uniformity led to sclection of an Ar-
tronix Model 5301-E temperature controller used with Rosemount platinum resis-
tance thermometers. Temperature uniformity is about 1 K o+ better, and tem-
perature stability and control are about 50 mK or better.

A study of attenuation and calibration showed the best technique to be =z
sequence of demagnifying optical modules. This method can provide stable,
reliable, predictable signals at very low levels. 1t has excellent uniformity
as a function of wavelength, and it can incorporate self-contained and self-
checked calibration capabilities.

A study of the 7V Chamber optical system resulted in a new design that adds
a toroidal concave mirror and a hyperbolic concave mirror to the existing
large concave spherical mirror. The new design has a nominal haif-angle tilt
of SO, and along this axis the imagery is about 40 times better than in the
present system.

The Improved Blackbody Simulator can be calibrated in two ways, with NBS
traceabil.ty for both. The first is on the basis of aperture diameter and
cavity temperature measurements, and the second is on the basis of sending
the Imnroved Blackbody Simulator to NBS for calibration in the low-temperature
blackbody simulator calibration facility.

Features of the Improved Blackbody Simulator include the following: a
38-mm (1.5-in.) diameter cylinder having, near one end, a 32-mm (1.25-in.)
diameter spherical cavity with a 5.1-mm (0.20-in.) diameter aperture; a heater
consisting of 25-AWG nichrome wire wrapped around the cylinder; electrical in-
sulation for the heater consisting of an anodized coating on the aluminum
cylinaer plus a fiberglass sheath around the wire; thermal insulation for the
heated core consisting of alternating lavers of fiberglass cloth and aluminum
foil; further thermal insalation in the form of two concentric cvlindrical
radiation shields with the precisioa, 0.696-mm (0.0274-in.) diameter aperture
a pert of the inner cylinder; support for the core consisting of three steel
pins near the aperture and a thin-walled (0.15-mm, or 0.006-in.) steel tube
at the opposite end; an off-axis design to avoid specular reflection from the
back wall, achieved by using a symmetric core with a 17.5° tilted base plate
and a countertilted aperture arrangement,
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FOREWORD

This technical report, prepared by the Opcical Sciences Center, University of
Arizona summarizes a study, design, and fabrication effort for an Improved
Blackbody Simulator. The work was performed under U.S. Air Force contruct
F0-4701-72-C-0401 during the period Augnst 1972 through March 1974.

Blackbody simulators are commonly used for standards and test equipment
in infrared measurement programs. However, advances in infrared technology
have required improved accuracy for infrared standards used in h gh-vacuum,
low-temperature environments. For this reason, a contract was sponsoved by
the Advanced Research Projects Agency (ARPA) in cooperation with the Manage-
ment Office, SAMSO/SYJT, and the using agency, Arnold Engineering and Develop-

ment Center (AEDC).

The study covered cavity shape, core material, cavity wall coating, tem-
perature uniformity, emittance uniformity, temperature measurement and control,
attenuation and calibration methods, optical arnclysis and design, NBS trace-
abie calibratiom, and fabrication methods. The results of the study led to
the design and fabrication of the Improved Blackbody Simulator. Over-all per-
formance characteristics include tempeiature stability and control of about 50
mK, temperature uniformity of about 1 K, and spectral radiance accuracy of
about 0.5% or better.

The Improved Blackbody Simulator was delivered to AEDC for use in the 7V
Chamber Infrared Simulator.

The use of trade names in this report does not constitut. official en-
dorsement or approval of the use of such commercial hardware. This report may
not be cited for purposes cf advertisement.

Publication of this report does not constitute Air Force approval of the
report's rindings or conclusions. It is published only for the exchange and
stimulation of ideas.

[ ~ T

W. L. Wolfe
Principal Investigator
Optical Sciences Center

CHB 7.5t

F. 0. Bartell
Project Scientis:
(! Optical Sciences Center
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SECTION 1

CAVITY SHAPE

Our study has shown that the best cavity shape for a blackbody simulator
for the 7V IR Simulator application is a sphere. The superiority of the
sphere has been shown both theoretically and experimentally--with equations,
theoretical curves, and experimental graphs. This result is in contrast to
common practice as indicated on pp. 52-55 of the Handbook of Military Infro-
red Technology, W. Wolfe, editor, 1965, where 27 commercially available
blackbody simulators are listed and 23 of these have conical cavities.

The new theory is derived in Appendix A, where it is shown that nearly all
cavity geometry effects can be expressed in terms of J dQ, the projected
solid angle of the aperture as seen from a point on tQZ cavity wall. Vari-
ations in J Q for different points on the wall of the cavity correspond to
variations ?n infrared signals in a collimated beam for blackbody simulators
used with collimators. This theory is especially important for the 7V IR
Simulator application, where a relatively fast f/4 optical system must be
filled.

Figure 1 (which is identical to Fig. A2 in Appendix A) shows the geo-

metrical arrangement corresponding to the new theory. Equation (A14) of

Appendix A is the result of the theory; it is give here as Eq. (1):
Eg = Agto 20TiMn™le + Aghq~ 20Tt (1-¢)
- Agty= 20T %" (1-¢)n-? J dgy g
a
- Agty~20T¢Yn"1 [ 4e20Tg" Ty~ ry [In(re/ro) Kye ™!

+ ln(rt/rc)l{ct‘l]n‘l] I d0
Q

(equation continued)

|
|
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- Aglq 20Ty n" 1 (1-¢)2e"1n} I dn
a

-1
. [1 - 7l Jdﬂlg][l + %‘;:-Jadﬂ] .
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1)

This enuation has five terms, which can be interpreted one term at a
time:

The first term is the radiation from a surface at temperature T, with
surface cmissivity €. Note that T is the temperature at a point inside the
core some distance away from Ap, where Ap is at temperature Ty. The differ-
ence between T, and Ty will be described under the discussion of the fourth
temn.

The second term is the radiation originating in the cavity at a special
mean temperature Tpm and then reflected from the surface with a reflectivity
of (1-¢).

The third term is iike the second, but it has a negative sign and a
multiplying factor n~! I d15. This term represents the deficiercy in re-
flected radiation due toathe aperture: The larger the projected solid ang'e
of the aper:ure as given by =1 Idh;o, the larger the deficiency of the
reflected radiation. ¢

The fourth term represents the deficiency in emitted radiation due to
a temperature difference T¢ - T3, This term assumes that there is a core
with =z coating. The coie is usually selected for high conductivity and the
coating for high emissivity. Figure 2 (the same as Fig. A3 in Appendix A)
shows the geometrical relationships between Tt and Ty. Here rp locates the

cavity surface, r, locates the interface between core and coating, and ry

locates the position where the temperature is measured. Koo is the conduc-
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tivity of the coating, and K, is the conductivity of the core. Note that
¢ ’ 1
) this term has the same factor =} J dQya as the previous term. This shous

a
the effects of the projected solid angle of the aperture on the temperatuic

difference and also on the signal av the detector.

Finally, the fifth term is a higher order correction in (1-¢)2, €,

[4

7=l I dQp, and a mean value of this integral, J da. For good blackbody
\ simufitor design, € will be about 0.9 or more 3;3 dQ will be 0.1 or less, j
and then this fifth term can be neglected. ¢ ‘
Reviewing our interpretation of Eq. (1), we see that the first two terms
represent simple emission and reflection, the third term shows aperture ef-
fects on the reflected radiation, and the fourth term shows aperture effects
! ' on temperature differences. It is most iamportant to note that all cavity

i Id

geometry effects are manifest in the factor =~! J dfy0, which is common to

] a
the third and fourth terms. Since a primary task of contract F04701-72-C-
0401 is to select the best cavity shape for the 7V IR Simulator application,

a study of this factor is very important.

3
Section A3 of Appeadix A provid>s an evaluation of the aperture effect
factor 7! J ditjg . Egnations (A19). (A20), and (A21) summarize that anal- .
a i
‘ ysis for sphere, cone, and cylinder side wall: :
|
. -1 Jdo = a2/4R* (<phere) (Ai3)
a
’ _ r
L I da = za3(1 + a?/h2)~%[a2 + a2(1 - 2/h)2]2 (cone) {A20) p
a ’
LR j de = 2a3(z2 + a2)"2 (cylincer side wall) (A21) |
3 a
{
'
- < NPT




\.

Equations (A19), (A20), and (A21) have been evaluated graphically in
Fig. 3. The values of the parameters used in Fig. 3 are the ones that cor-
respond to the cavity being supplied to AEDC under tl'e terms of the present
contract: a = 0.1 in. (2.54 mm); R = 0.625 in. (1.5y cm); h = 1.242 in.

(3.15 cm). Note that z is the axial position variable.

Mo .-

1

i I
w I

x

s 5> |
- ZFx
o« -,
o xX >0
a o < wl
< T OO

| ]

.

Fig. 3. Aperture Effects.
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Figure 3 shows that cone and cylinder have very large values of J dQ10
near the cavity mouth and the sphere has a constant value of I day g ¢
everywhere. The appearance of the curves in Fig. 3 is confirméz by an ex-
amination of Eqs. (A19), (A20), and (A21). No posicion variables appear in
Eq. (A19), so it should be expected that the curve ir Fig. 3 for the spnere
would be a constant. Both Eq. (A20) and Eq. (A21) have a factor z(z2+B2)"?
where B2 = a2 or B? = a2(1 - a/h)2, so it should be expected that there
would be zero values at z = 0 and then rather large values near z = 0; and
this is indeed what Fig. 3 shows. Figure 3 and Eqs. (A20) and (A21) lead
us to conclude that a cone or cylinder is a poor choice for our blackbody
simulator cavity; Fig. 3 and Eq. (A19) show that a sphere is an excellent
choice.

The theory that gives Ea. (1) is associated with the experimental ar-
rangement of Fig. 4, which is the same as Fig. Al of Appendix A. This ex-
periment was performed on three cavity types of blackbody simulatcr: a
sphere, a cone, and a cylinder. Each cavity was made from a 4-in. (10.16-cm)
cube of aluminum. The sphere is illustrated in Fig. 5. All three cavities
have four cartridge type heaters located as shown in Fig. 5. All three have
the same cavity aperture diameter and cavity depth. All three were operated

at the same temperature, 400°C. All three have aluminum cores with a cavity
surface coating made of fine granulated quartz (sand) lightly bonded to tuc
core with Aquadag (colloidal graphite in water) and Aerodag (an aerosoi of
micron-sized graphite in isopropyl alcohol). Aquadag and Aerodag are avail-
able from Acheson Colloids Company, Port Huron, Michigan. The coating pro-
vides a diffuse surface and increases the effective wall emissivity. The
quartz is a relatively poor conductor of heat, so the coating allows thermal

gradients to cCavelop and thus prove or disprove the theory of Eq. (1) while

%
H
[}
'
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a simple aluminum cavity with its higher conductivity might mask the phenom-
ena being investigated.

The experiment was designed to monitor the radiation emitted from dif-
ferent parts of the cavity surface as viewed by the detector through the ap-
erture. Radiation from the scurces was detected by a 0.7-mm-square lead
sulfide detectcr. Readout was performed by 2 Princeton Applied Research (PAR)
model HR-8 lock-in amplifier connected to a Hewlett-Packard-Moseley model
7000AM XY recorder. The tests were run by rotating the turntable (see Fig.
4), which was centered at the cavity aperture. The detector signal was con-
nected to the Y axis of the plotter, aud a rotation-sensing transducer was
connected to the X axis. The plotter gains for both vertical and horizontal
axes were adjusted for convenient displays, and the horizontal and vertical
scales were marked from turntable and amplifier readings. Aligmment was per-
formed with a small helium-neon laser and was checked radiometrically through
the final readout system.

Figure 3 gives J da for the geometry of the cavity delivered to AEDC.
Figure 6 gives the saze lzdn for the three cavities used in the experiment of
Fig. 4: a = 0.5 in. (1.27 cm), R = 3 in. (7.62 cm), # = 2.5 4 in. (7.40 cm),
and z is the axial position variable measured from the cavity aperture. The
results of the tests on the three cavities--sphere, cone, and cylinder--are
given in Fig. 7. Several things may be predicted from the theory and veri-
fied by the plots of Fig. 7.

(1) Equations {A19), (A20), and (A21) and Fig. 6 predict that the
radiometric signal from a spherical cavity should be much more uniform
than that from a conical or cylindrical cavity, and this is verified
by the experimental plots of Fig. 7. Total excursions between -50° and

+500 for the three cavity shapes are: cone 8.3%, cylinder 6.3%, and

spnere 1.5%.
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Fig. 7. Performance of Experimental Cavities.
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(2) The Handbook of Military Infrared fechnology has shown that

|
l

conical cavities are preferred by blackbody simulator manufacturers, ¢

but Fig. 6 suggests that, among sphere, ccne, or cylinder shapes, the
cone may well be the worst. The experimental data of Fig. 7 verify
that for uniform output the cone is indeed the worst.
(3) Equations (A2la) and (A22a) and Fig. A8 of Apperndix A and
their associated discussion suggest that tne highest radiometric sig-
nals from a cylindrical cavity prooably come from points on the cylin- '
der side wall near the back. The experimental arrangement for the
data of Fig. 7 involved a cylinder with the side-back interface at an
angle of 9.7°. Thus the theory predicts a maximum signal for the cyl-
inder plot of Fig. 7 at an angle close to but somewhat greater than
9.7%, Figure 7 clearly shows two off-zero maxima nt%a‘ #10°.
(4) Figures 6 and 7 cannot be exactly compared because Fig. 6
plots aperture effects, J;dn, a: a function of cavity depth and Fig. 7
gives radiometric signal as a function of angle as seen from the center |
of the aperture. However, the *50° points of Fig. 7 can be located ap-
proximately on Fig. 6, and this has been done. Then we see the rela-

tive droops of cone, cylinder, and sphere at 500 are similar in the

two figures.

Let us summarize the reasons that we have chosen a spherical-shaped

cavity for the 7V IR Simulator application.

(1) Equation (1) shows that all geometrical effects for blackbody
simulator cavities are manifest in the factor I de, which is the pro-
a
jected solid angle of the aperture as seen from different points

within the cavity. Then Egqs. (A19), 7A20), and (A21) and Fig. 6 show
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that, for the simple shapes of cone, cylinder, and sphere, only the
sphere has a uniform value of J dQ, whereas the cone and cylinder have 1

a
large values of I dQ in the vicinity of the aperture. Thus the sphere

a

will make a far more uniform and far more isothermal cavity for a
blackbody simulator.

(2) Experimental data given in Fig. 7 verify several detailed
points of the theory used here, and in particular Fig. 7 shows the far
greater uniformity of output of the spherical cavity. '

(3) It is shown in Section 2 of this report that radiometric
processes tend to produce lower temperatures near cavity aperture for
cones and cylinders but not for spheres. Furthermore, if temperature
differences arise within spherical cavities, radiometric processes tend
to equalize those temperatures, but for other cavity shapes depen-.ing
on the variables ¢, ¢, and r (see page 14 for definitions of these
variables), there may be a greater or lesser tendency for radiometric
temperature equalization.

{4) In Section 3 of this report it is shown that the spherical con-

figuration is the only one that will have uniform isotropic emittance

across the entire aperture.




SECTION 2

CAVITY TEMPERATURE UNIFORMITY

Our study has shown that a spherical cavity is the best shape for

i

achieving uniform cavity temperature. This section of the report has three
parts to describe temperature uniformity and its effects: (1) radiometric
temperature equalization, (2) measurements of temperature uaiformity, and (3)

! pelythermal cavity effects. !

(1) Radiometric Temperature Equalization

It may be shown that radiometric processes tend to equalize spherical
cavity temperatures but may produce serious temperature differences within
cavities of other shapes. In Section 1 of this report it was statea that

the spherical shape has been selected for the blackbody simulator of the pres-

e

ent contract. Therefore, the temperature equalization phenomenon just men-
tioned becomes an important factor for achieving uniform temperature for our

cavity surface.

$
Radiometric temperature equalization of spherical cavities may be shown
as follows: An analytic expression for erergy or flux ianteraction can be de-
veloped from the flux-exchange equation (7.7) of M. A. Bramson (Infrared
{
Radiation, Plenum Press, 1964, p. 214):
F = o(Tl" - Tz") [ J (cos¢; cos¢2/1rr2) dsydssp
51752
* where
F = the resultant flux from surface S; to surface S
¢ = the Stefan-Boltzmann constant ¢
Ty = the temperature in K of surface 5,
L T, = the teuperature in K of surface S, .
; ¢) = the angle between the normal at ds; and the lire from ds; to de; )
¢2 = the angle between the normal at ds, and the line from ds; to ds, 1
r = the length of the line from ds; to ds,.

14




If S, and S, are very small:

r =~ constant
¥1 - constant over J J ds,ds
s ls 1772
172
¥2 - constant
Then
F = ofT 4 4)costp cos®.S.S /1rr2 (2)
1 2 1 27172

— N - o — -~ — —

Let us now express the last equation in terms of a geometry that is more

useful for this analysis (sce Fig. 8).

cospy = :ifr

1 Sy3tu

COSp; = COsp; COsU — singy sinu, where u is the off-axis tilt of the surface
element ds;,

but
cosp; = yfr
sing; = z/r;
Figure 8 General cavity geometry
therefore
cosg, = (¥ cosu — z sinu)fr
and
4 4 . 4
F = cx('l‘1 - T2 )({y cosu - 2 smu)leszlvrr . 3)
V4

p-__ SN




Figure 9 shows

y = R cosu

R(1 - sinu)

A

L
Figure 9 Spherical cavity
By substituting into Eq. (3) we have
{ F = c(Tl4 - T24)‘(R cosu)cosu - R(l—sinu)sinu] zSISZ/-rrr4
= o(Tl4 - T,4)R(cosza + sinzu - sinu)zslsz/nr4
{ - 4 4 L oed .4
= o(‘l‘1 T2 JR(Q 51nu)25182/nr
_ 4 4, 2 4
= o(T1 - T2 )z SISZ/"r .
i
However, in triangles ABC and ADO in Fig. 9,
2/t = (r/2)/R;
p therefore
22t = 1Rl
and
4

4
F o= off," - T, )slsz/mz2 (sphere). (4)

4
l
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This equation gives the energy of flux exchange between any two small
areas 5) and S; at temperatures T and T, on the inner surface of a spherical .
cavity. The important point in Eq. (4) is that it does not contain any of
the position variables r, y, 2z, ¢;, ¢,, or u. Thus, any two small areas S: '
and S; at different temperatures on the cavity surface will have a net trans-
fer of radiation proportional only to the difference of the fourth power of
the temperatures, no matter where the two areas are located. In cont.ast to
this situation for spherical cavities, other cavity shapes have energy ex- !
change 1elationships that are not constant. When an analysis like that for ‘ {
Eq. (4, is performed for cones or cvlinders, the effects of cos¢y, cosé,, and
r2 in Eq. (2) are such that the radiant exchange between two areas S; and 5
varies considerably as a function of position within the cavity. For exam-
ple, consider S) near the apex of a conical cavity and S, near the aperture

and located so that the line from S, to S; passes through the apex. For this

case cos¢; = ccs¢o = 0 in Eq. (2), so there is no radiant heat exchange even
though one area is near the hottest point and the other is near the coldest
point on the cavity surface.

In Section 1 it was shown, both thecreticzily and experimental.y, that .
as the back walls of different cavities are scanned with narrow search beans,

spherical cavitias tend to give vat® er uniform radiometric signals but coni-

cal and cylindrical cavities tond to give signals that vary with position anc
have reduced values when the scan moves away from the axis down the side wall
toward the aperture. Part of this effect is attributed to the third temm in
Eq. (1)--a varying cavity effect dependent on iadﬂlo’ which is larger near

the aperture for coniczl and cylindrical cavities., Another part of this es- 1
fect (reduced signals from regions near cylinder or cone apertures) is attrib-

uted to the fourth term of Eq. (1)--a varying temperature loss that is also

. —— N L S ‘
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dependent on [adﬂlo. In Section 1 both the third aad fourth terms of Eq. (1)
were considered, but here in Section 2 only the fourth term is studied, and
it is noted that the constant denlo of the sphere tends to result in unifora
cavity temperatures whereas the varying Jadnlo of the cone and cylinder tend
to result in cooler temperatures near the aperture.
This discussion of radiometric temperature eq-alization may be surmar-

ized as follows:

(a) I dQyo is constant over the interior surfaces cf spherical
a

cavities, but varies over the surfaces of conical and cylindrical cavi-
ties with larger values near their apertures.

(b) Because of these properties of [adn;o, the rourth term of
Eq. (1) indicates that there are radiometric nrocesses that tend to
lower tomperatures near cylindrical and conical cavity apertures; but
the radiometric processes do not tend to establish temperature differ-
ences for spherical cavities.

(c) If temperature differences arise within spherical cavities,
radiometric processes tend to equalize those temperatures, but for
other cavity shapes, depending on the variables ¢;, ¢, and r, there

may be greater or less tendency for radiometric temperature

equalization.

{(2) Measurements nof Temperature Uniformity

There are two problems of temperature uniformity that are of con~ern in
blackbody simulator design and fabrication. The first is temperature uni-
formity among points within the cavity. The second concerns the uniformity

of temperature between points within the cavity and the point where the
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temperature is measured for control and recording purposes. A series of mea-

Figure 10 shows the experimental setup. The core design is like that
' f the blackbody simulator delivered to AEDC. The insulation and mounting
g ' ' details are also similar to the delivered unit. A twin-junction thermocouple
circuit was used to measure temperature uniformity. One junction was located
in a temperature-transducer well in the rear of the core simulating the plat-
I inum resistance thermometer used in the simulator delivered to AEDC. The
other junction was inserted into the apexture of the spherical cavity and
moved around to map the temperature distribution in the cavity. This second
| junction was also (1) brought to equilibrium at room temperature and (2)
' placed in liquid nitrogen. These two steps make it possible to establish
thermocouple calibration and to measure blackbody simulator core temperature.
1 Chromel-constantan thermocouples with 0.005-ir. and 0.010-in. diameter
wires were employed. Difficulty was experienced in maintaining good thermal

contact between the thermocouple junction and the cavity wall. This problem

t was solved by applying a small amount of Dow Corning 340 Silicone Heat Sink
N Compound to the junction. This material is available from Dow Corning Cor-
. v poration, Hemlock, Michigan.

PRVER | Readout was performed on a Data Precision Digital Multimeter Model

2540 A1, Excessive fluctuations were initially encountered, but, with
- greater care, variations were reduced to the range of about 0.01 K to C.10 K.
Experimental techniques that reduced the fluctuations included use of the Dow
Corning Heat Sink Compound, waiting longer period for temperature equilibrium
to be established, and support ¢f the cavity-probe thermocouple junction by

a laboratory fixture instead of by hand.

-t

e . ST

suremerts was performed to monitor both these types of temperature uniformity.
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Typical test results are as follows (Table I).

et

Fig. 10.

T

Teaperature Uniformity Test.
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The numbered points

associated with the temperature readings correspond to the numbered points

on Fig. 10.
Table I. Cavity Temperature Data.

533K 522K 522K 523K 607K 608K
1 +0.00 +0.00 +0.02 +0.03 +0.12 +0.01
p3 +0.14 +0.08 +0.42 +0.14 +1.10 +0.62
3 +0.36 +0.36 +0.71 +0.25 +1,19 +1.14
4 -- +0.39 +0.88 +0.54 +1.15 +0.88
S +0.34 -~ -- +0.32 -~ --
6 -- -- -~ +0.23 -~ +0.24
7 -- +0.01 -0.02 -0.48 +0.74 +0.11
8 -1.15 -1.06 -0.68 -1.78 +0.13 -0.64
Mean +C.210 +0.158 +0.402 +0.147 +0.860 +0.500
Ctd.
devia. +0.149 +0.171 +0,360 +0.295 +0.403 +0.414
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For all four data series in Table I from 522 K to 533 K the mean is
0.225 K and the standard deviation is 0.285 K. For both data series at
697 K and 608 K the mean is 0.664 K and the standard deviation is 0.447 K.
These data suggest that temperatu;c measurement erroys are less than
0.5 K at 500 K, and they are less than 1.0 K at 600 K. Note that the
points labeled 8 in Fig. 10 and Table I were not included in the calcula-
tions for the mean and the standard deviation. These points (8) are
anomalously low due to their proximity to the aperture, and the surface

area represented by these points is small,
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(3) Polythermal Cavity Effects

Parts (1) and (2) of this Section have shown that the selected design
achieves temperature uniformities within *1 K at 600 K and within #0.5 K at
500 K and lower temperatures. We now consider the effects on blackbody simu-
lator output of these small but finite temperature differences within the cavity.
The radiance from an ideal blackbody surface at some wavelength A and

some temperature T is Lg()):
Le(A) = epr~Snmllexp(ea/AT) - 1171,

where c; and ¢; are the first and se:ond radiation constants. If the sur-

face is not ideal, but has an emissivity €, then we might write
Lo,(A) = eejd”Sn l[exp(ea/AT) - 1771,

If the surface is the primary radiating surface of a blackbody simulator
cavity, and if we make three assumptions

(1) Aperture effects may be 1eglectad

(2) Only first-order reflections will be considered

(3) The cavity is isothermal

then

Lo,(A) = ecyr™Sn"llexp(en/AT) - 1171 + (1-€)eyr~5n-1{exp(ea/AT) - 1371,

Note that this equation reduces to the first expression of L,(\). However,
if we retain assuaptions (1) and (2) but now consider a polythermal rather

than an isothermal cavity, then
Le(A) = eeyd Snml{exp(ea/AT) - 117 + (1-€)egA~Snllexp(ea/2Tyye) - 1171,

where Taye is some average temperature within the cavity. A more useful

form of this equation can be obtained if we divide the cavity into n zones
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with equal projected solid angles as seen from the primary radiating surface
and assume that each zone (i) can be represented by an average femperature f

T; for that ith zone. Then

) L,(A\) = eeyd3n-1l{exple,/AT) - 177!
n
+ (1-e)e1a 517 1n7l ¥ [explea/ATy) -1171. (5)
1=1
. L
The purpose of the present analysis is to calculate the effects, in !

terms of radiance Ly()), of the small but finite temperature differences

within the cavity. Comparing Eq. (5) with Fig. 10, we see that the equation i

e

would agree witli the experimental arrangement of the figure if the value of
T, the temperature of the primary radiating surface, were known. That tem-

perature is indeed known for the experiment described by Fig. 10, but it is

[aad

not generally known for an operating blackbody simulator; ratier, the temper-
ature that is known in an operating system is the temperature in a tempera-

ture measurement well like that labeled '"ref. junction" in Fig. 10. Suppose 1

: the difference between the measured temperature in the temperature measurerent
well and the temperature of the primary radiating surface is Tgap' where Tgap
is defined by 1
$ ]
T = Tpeasured * Tgap > (6)
. then the actual L,{1) is that given by Eqs. (5) and (6), but the common and
incorrect interpretation of the arrangement of Fig. 10 assumes an isothermal
cavity at temperature Tmcasured and a nearly perfect emissivity (e = 1.00):
| )
LeMincorrect = 13" °n !lexp(ea/\Tpeasyred) - 1171 (7

\
Fd
i
+
P USSR
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The difference between the values of Lo given by Eqs. (5) and (7) is

|
I
i
{

one expression of polytaermal cavity effects. A convenient percentage ex-

pression is PCT, given by

PCT = (100%) (Zg(Mincorrect = Le(A)) /Lo(}).

A computer program has been written for PCT, and the results are tabulated
in Table II. The quantities 7, ¢, Tgap: and . in this table are identified
on the previous two pages; AT is the total temperature range within the
cavity.

Table II should be interpreted in conjunction with several other parts

g of this report. The subsection entitled "Temperature kange" in Section 5
(pp. 43-44) suggests avoidance of T values below 200 K. Appendix C4 gives
€ values of 0.9 or higher except between 3.0 um and 7.0 um, where values may
' be as low as 0.71. Table I on page 21 suggests that Tgap values at 500 K
are below 0.1 K. Table I also suggests that AT values at 500 K are about
0.5 K or less (if we neglect point 8, which may be considered anomalously
' low owing to its proximity to the aperture--this approximation is consistent
with Eq. (5) and with the way Table II was computed). At 300 K and 200 K
we should expect AT values to be even smaller. When all these considerations
! are combined, we see that the data in Table II that apply best to the Im-
proved Blackbody Simulator are those entries enclosed in the boxes. Note
that all such entries are 0.51% or less.
s
' «

NN
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’ Table II {Continued) !

| T € Tgap AT A (um)

| (X) K) (X)) 2 3 4 5 6 7 8 16 32
$ 300 0.9 0.0 0.2 [0.07 0.05 5.24 .03 0.02 [0.02 0.02 0.0! 0.01
0.5 10.18 0.12] 0.09 0.07 0.06 10.05 0.05 0.02 0.01
1.0 0.36 0.24 0.18 0.15 0.12 0.10 0.09 0.05 0.03
0.1 0.2 0.88 0.58 0.44 0.35 0.26 0.25 0.22 0.11 0.07
0.5 0.99 0.66 0.49 0.39 0.33 0.28 0.25 0.13 0.08

i 1.0 1.17 0.78 0.58 0.47 0.39 0.33 0.29 0.15 0.09 |
0.2 0.2 1.68 1.12 0.84 0.67 0.56 0.48 0.42 0.22 0.i3

0.5 1.80 1.19 0.89 0.71 ¢.59 0.51 0.45 0.23 0.14 ‘

1.0 1.98 1.32 0.98 0.79 3.36 0.56 0.49 0.26 0.16 ;
: 0.75 0.0 0.2 0.18 0.12 [0.09 0.07 0.06] 0.05 0.05 0.02 0.01
9.5 0.46 0.30 .0.23 0.18 0.15] 0.13 0.11 0.06 0.04
1.0 .92 0.61 0.45 0.36 0.30 0.26 0.23 0.12 0.07
0.1 0.2 0.98 0.65 0.49 0.39 0.32 0.28 0.25 0.13 0.03
0.5 1.26 0.84 0.63 0.50 0.42 0.36 0.31 0.1€ 0.19
. i.0 1.73 1.15 0.86 0.68 0.57 0.49 0.43 0.2° 0.14
- ¢.2 0.2 i.79 1.19 0.89 0.71 0.59 0.51 6.45 0.23 0.14
0.5 2.07 1.38 .03 0.82 0.69 0.58 0.51 0.27 0.16
1.0 2.54 1.68 1.26 1.01 0.84 0.72 0.63 0.33 0.20
500 0.0 0.0 0.2 [0.03 0.02] 0.01 0.01 0.01 [0.01 0.01 n.00 0.00
t 0.5 {c 07 0.04] 0.03 0.03 9.02 {0.02 0.02 0.21 0.01
1.0 |0.13 0.09| 0.07 0.05 0.04 {0.04 0.03 0.02 0.01
0. 6.2 |0.31 0.21] 0.16 ©0.13 0.11 |0.09 0.08 0.05 0.03
0.5 |0.35 0.24| 0.18 0.14 0.12 |0.10 0.09 0.05 0.04
1.0 {0.42 0.28] 0.21 0.17 0.14 {0.12 0.11 0.06 0.04
{ ¢.2 0.2 0.60 0.40 .30 0.24 0.20 0.17 0.15 0.09 0.06
0.5 0.64 0.43 0.32 0.26 0.22 0.19 0.16 0.10 0.07
1.0 0.71 0.47 0.35 0.28 0.24 0.20 0.18 0.10 0.07
6.75 0.0 0.2 0,06 0.04 |0.03 0.03 0.92] 0.02 0.02 0.01 0.0}
. 0.5 .16 0.11 {0.08 0.07 0.05| 0.05 0.04 0.02 0.02
1.0 0.33 0.22 |0.16 0.13 ©0.11| 0.09 0.08 0.05 0.03
n.. 0.2 0.35 0.24 [0.18 0.14 0.12] 9.10 0.09 0.05 0.04
0.5 .45 0.30 ;0.23 0.8 0.15] 0.13 0.12 ¢.07 0.05
1.0 0.62 0.41 {0.31 0.25 0.21{ 0.18 0.16 0.09 0.06

) ; 0.7 0.2 0.64 0.43 0.32 0.26 0.z2 0.19 0.16 0.10 0.07 |
0.5 0.74 0.49 0.37 0.30 0.25 0.21 0.19 0.11 0.08

1.C  0.90 0.60 0.45 0.36 0.30 0.26 0.23 0.13 0.09 '
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argle subtended at the primary emitting point by the cavity walls).

SECTION 3

CAVITY EMITTANCE UNIFORMITY

Our study has shown that a spherical cavity is the best shape for

achieving uniform cavity emittance. Emittance or radiant emittance is the
radiant flux density leaving a surface. F. E. Nicodemus (Appi. Opt. 7(7):

1359-1362, June 1968) gives, on p. 1361, the following:

Incidentally, the note just after Eq. (5) suggests that the spherical
cavity con{iguration is the only one that can achieve Lambertian ra-
diation from its entire aperture (if the problem of heating the walls
uniformly to achieve 2 truly isothermal condition can be solved).
Even if the walls themselves are ideally Lambertian, as assumed in
this analysis, and, further, if their reflectance is so low that all
but the first two terms in Eq. (3) may be neglected, Ny will still
vary with position, because of variations in Np; if there are varia-
tions in 9’y for the different elements d4 that originate the rays
passing through the apusture. It seems clear that departures from
these ideal conditions can only add to the deviations from that uni-
form M, (for all wall elements) that is necessary for uniform and
isotropic N, at the cavity aperture.

Equation (5) referred to above gives Np; (the reflected radiance con-

tributed by thermal emission from the cavity walls after no intermediate re-

flections from the walls) as being proportional to 9’y (the projected solic

cussion following Eq. (5) includes the statement: "A spherical cavity, how-
ever, has the convenient and probably unique property that u', is the sam~

at every position of d4...; so, for this case, Np; is the same for all d4.'

This last statement is similar to our discussion in Sec. 1 that J ds
a

is a constant for a spherical cavity.

The above discussion shows that the best way to achieve uniform emit-

tance over the cavity aperture is t» employ a spherical cavity. Because of
the importance of the Nicodemus paper (Applied Optics, 1968) to this section

of this report, it is reproduced here as Appendix B.
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SECTION 4

CAVITY WALL EMITTANCE

Our ccudy has shown that the best choices for wall and ccating can be
achieved by using aluminum, type 6061-T6, for the core material and then
using the Hardas treatment, a commercial hard black anod.i. .g process, for
the wall su, fac~ coating.

The study of cavity wall emittance has been a combined study of the
properties of core materials, the properties of coatings, and the proper-

ties of core-coating bonding.

Preliminary Study

A preliminary study was conducted in three phases.

Phase I of the preliminary study concerned selection of a core mate-
rial. A hilackbody simulator for standards use must have a cavity that is
as nearly isothermal as possible. With this in mind, a review of the ther-
mal coaductivity of various materials showed that the search for a core
material should be limited to metals plus graphite. (Gee Appendix Ci.)

Phase If of the preliminary study concerned pessible coatings plus
core-coating bondings. The blackbody simulator is tc¢ operate from 100 K
to 600 K in a 20 K enviromment. This requirement placed extremeliy severe
strains on core-coating bondings in the form of differential thermal >x-

pansion. This argument suggested coatings of metal oxides for meta: cores

or just the graphite itself for graphite cores.

Phase III of the preliminary study was a re-examination of the entire

core, coatirg, and bonding problem for metals and their oxides plus graphit .

Three core candidates arose from this re-examination: aluminum, copper, andi
steel. The candidate coatings were different forms of the oxides of each
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metal. Aluminum was selected as a candidate because of its high thermal
conductivity and its hard oxide coating. (See Appendix C2.) Copper was
selected as a candidate because of its high conductivity and because of
reports that copper could be oxidized to form a hard black cupric oxide
coating. Steel was selected as a candidate because of its high temperature
capabilities and because previous experience indicated that an adherent
coating of oxides could be formed on the surface of steel. Since the ther-
mal conductivity of steel is much smaller than thet of copper or aluminum,
it was the third choice among the three remaining candidate metals.
Graphite was eliminated because of its low tensile strength. (See Appen-

dix C3.)

First Series of Tests

b The first tests involved temperature cycling of aluminum substrates
with black anodired coatings. This material was selected for two reasons:
(1) This combination of core and coating materials was one of the most

| promising candidates because of the good thermal conductivity of aluminum
and the excellent properties of both the coating and the bonding of the coat-

ing to the core. (2) Previous work had been done at the Optical Sciences

4 Center 'inder Air Force contract F44620-69-C-0024 for using interferometric
test techniques for polished A1,03 coatings on aluminum substrates. It
was recognized that this technique required removal of the upper layers of

[ ) the anodized coating by the polishing process, so only the lower layers of
the coating would be teste': but this was done nevertheless because the
technique provided positive, rapid, and very accurate data on important

effects of temperature cycling. This test presented the remarkable oppor-

tunity of making measurements with an accuracy of a fraction of a wavelength
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of visible light for coatings that in their original form have surfuce
irregularities with dimensions from about a wavelength of visible light
to hundre ~f wavelengths of visible light.

These first tests gave very valuable results, as follows:

~--Cooling to 77 K in liquid nitrogen caused only slight deteriora-
tion in the interference fringe pattern. This favorable result occurred
in spite of abrupt thermal shocks when the samples were immersed in the
liquid nitrogen.

--Cooling to about 20 K with liquid helium gave about the same ef-
fects as cooling to 77 K with liquid nitrogen.

--Heating to 670 K caused ccnsiderable changes in the interference
fringe patterns. In some cases 0 fringe patterns could be seen.

--Rapid temperature increases (room temperature to 67C K in 25 min)
caused greater changes in the surface than slower temperature increases
(room temperatur. .o 670 K in 115 min).

--Some samples with rapid temperature increases to 670 K showed
surface effects similar to the well-known "orange reel" phenomenon of glass
polishing. (Orange peel is a surface irregularity that appears to the eye
somewhat like orange peel.) Some samples under these conditions exhibited
a web of fine lines that looked like cracks in the surface layer. The
spacing of these "cracks" was about 0.25 mm apart.

--There v s no indication of any separation of the coating from the

base material in any of the tests.

It was concluded from the first tests that:
--Surface deterioration at high temperature (600 K) would probably be
a more serious problem for our project than surface deterioration at low

temperature (20 K or 100 X).

vid
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--Rapid temperature changes should be avoided for Al;03 coatings on

aluminum.

Second Series of Tests

The second series of tests included (1) a study of different methods of
preparing black oxide coatings on aluminum, copper, and steel, (2) heating
samples to 60U K in both an unscaled laboratory oven and a vacuum bell jar
arrangement, and (3) spectral reflectivity measurements from 3 to 15 um
wavelength with a Perkin-Elmer model 137 spectron~ier. Steel and copper
were eliminated during this series of tests.

Steel was eliminated because its thermal conductivity is from 1/3 to
1/10 that of aluminum (see Appendix C1) and the best oxide coatings prepared
were no better than those of aluminum in both physical and optical properties.

Copper was eliminated hecause none of the copper coatings showed satis-
factory adherence to the base metal after being heated to 600 K for several
hours. Among the surfaces tcsted were (1) coated samples supplied by
vendors, (2) samples prepared from commercial blackening solutions, and
(3) samples prepared by electrolysis. Sr=. of these coatings exhibited good
physical and optical properties, but the, .11 suffered separation from the
base metal at 600 K. For reasons described in Section 5 of this report, it
is recommended that the blackbody simulator be operated only from 200 K
to 500 K even though it has been built for operation over the 100 K to
600 K range. If the upper t-mperature value had been 500 k instead of
600 K, copper and cupric oxide might have been selected for the core and
coating. There should be special interest in copper as a core material for

blackbody simulators because copper has 1.5 times the thermal conductivity

of aluminum. However, the failure at 600 K occurred for every copper
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sample, so no further testing was performed to determine the suijtability
of this material for operations at lower temperature..

At the end of the second series of tests, the choice of core material
was reduced to the various alloys of aluminum z:.. the cheice of coating

was limited to different processes involving Al;03.

Third Series of Tcsts

The third series of tests was like the second except that the materi-

als were limited to aluminum and aluminum coatings.
Among the alloys studied were 6061, 7075, 505G, 3003, and 1100.
Among the coatings studied were the following:
-~Hardas, a harc black anodizing process available from

Anadite, Inc.

P.0. Box 92078

Worldway Postal Center

Los Angeles, California 90009

213-773-4210

--Aluma Black, a commercial solution used to treat aluminum, which is

available from

Birchwood Casey
7900 Fuller Road
Eden Prairie, Minn. 55343

612-941-1240

--Martin Black, a special black anodizing process available from
Martin Marietta Corporation
Atta: Mr. Jack Wade

P.C. Box 179
Denver, Colorado 80201

303-794-5211

--f.’C Black, a special type of black anodizing process, information

on which may be obtained from
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ARO Inc. AEDC
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Attn: Mr. Fred Sherrell

Arnold Air Force Station, Tenn. 37389

615-455-2611
--Kalcolor, a hard black

be obtained from

anodizing process, information on which can

Kaiser Center Building
Attn: Mr. Ferd A. Loebach

300 Lakeside Drive

Oakland, Calif. 94612

415-271-3001

In this third series of tests Kalcolor and AEDC-Black were elirinated.

The Kalcolor process fcrms a hard black anodized coating much like that

of the Hardas process. Preliminary test results for Kalcolor were similar

to and slightly inferior to Hardas results. Furthermore, the Hardas process

by Anadite, Inc., is available in Tucscn whereas Kalcolor is not, so it was

decided to continue the study with Hardas and drop Kalcolor.

The AEDC-Black process was described by the suppliers as being similar

to the Martin-Black process.

When both AEDC-Black samples and Martin-Black

samples vere heated to 60) K in air and in vacuwr, the AEDC-Black samples

bleached to a whitish-gray color about the shade of untreated aluminum

and the Martin-Black samples experienced far less color change; some became

brown and some remained black.

For this reasnn, plus a reluctance to

select an almost (visual) white surface for the blackuody cavity, it was de-

cided to continue testing with the Martin-Black but to stop tests with the

AEDC-Black.

In the previous subsection, Second Series of Tests, it is noted that,

if the temperature range had been 200 K to 500 K instead of 100 K to 600 K,




34
copper and cupric oxide might have been selected. Similarly, if the temper-
ature range had been 200 K to 500 K, AEDC-Black might have been selected.
Arong the desirable features of AEDC-Black (compared to Martin-Black) are
the fact that its surface finish is harder than that of Martin-Black and the
fact that its spectral emissivity (before heating to 600 K) is above 0.9
from 3 um to 15 um whereas Martin-Black dips to 0.82 near 5 um. Still
more information became available following the fourth and last series of
tests that indicated that the AEDC-Black should be considered an important
candidate in any future testing program: Among the three blacks--Hardas,
Martin, and AEDC--the spectral emissivity data of the Martin and Hardas
processes are the two most similar. If this had been knoun earlier, there
might have been a Martin-Hardas comparison, resulting in a halit to Martin

tests instead of a Martin-AEDC comparison resulting in a halt to AEDC tests.

Fourth Series of Tests

This final serius of tests involved Hardas, Aluma-Black, and Martin-
Black.

Hardas blanks were prepared on 6061-T6 and 7075-T6 aluminum; they were
anodized with a dc process and an ac-dc process; they were heated to 600 K
in air and in vacuum; they were tested on the Perkin-Elmer (P-E) Model 137
spectrometer for reflectivity; and finally they were given spectral emis-

sivity measurements at the following facilities.

TRW Systems Group

TRW, Inc.

One space Park

Redondo Beach, California 90278

Attn: E. E. Luedke, Head
Thermophysics Section

l
f
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Naval Electronics Laboratory Center
Electronic Materials Sciences Division
San Diego, California 92152

Attn: Dr. Donald L. Stierwalt
Code 2600

The best Hardas results were obtained with 6061-T6 aluminum using an equal
ac-dc current mode.

Aluma-Black samples were prepared on 6061-T6 and 7075-T6 alumirum;
they were made with a wide variety of processing and washing baths; they
were heated to 600 K in air and in vacuum; they were tested on the P-E
model 137 spectrometer for reflectivity; and finally they were given a
spectral emissivity measurement at the TRW facility. The best Aluma-Black
results were obtained by (1) preparing the surface by sandblasting immedi-
ately before the water and chemical treatment, (2) using three immersions
of 60 sec e2ach in Aluma-Black solution, and (3) using distilled water wash
baths before, between, and after the immersions in the Aluma-Black solution.

Martin-Black samples were prepared on 6061-T6 and 7075-T6 aluminum;
they were heated to 600 K in air and in vacuum; they were tested on the
P-E 137 spectrometer; and finally they were given spectral emmisivity mea-
surcments at the TRW facility.

The spectral emissivity measurements are given in Appendix C4.

Martin-Black was dropped as a candidate early in the fourth series of
tests, and extensive testing continued with Hardas and Aluma-Black. Martin-
Black has remarkably high emissivity values over broad spectral ranges, but
it has a dip to 0.82 near 5 um that is comparable to Hardas. The Martin-
Black surface is soft and cannot be touched whereas hardas has a strong,
hard surface. Furthermore, the Martin-Black samples suffered some dis-

coloration at 600 K whereas Hardas did not, so Martin-Black testing was

stopped.

1
|
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The final comparison was between Hardas and Aluma-Black. Clearly, the
Aluma-Black has a better spectral emissivity curve than Hardas. The Aluma-
Black graph is over 0.88 from 2 um to over 20 um whereas the Hardas dips to
0.71 near 5 uym. However, the harder, stronger Hardas surface was finally
selected on the basis of superior reliability. Hardas surfaces are hard,
and they can be handled without damage whereas Aluma-Black surfaces leave
black dust on cne's fingers when they are handled. Furthermore, Hardas sur-
faces were least affected by heating to 600 K of all the surfaces tested
whereas Aluma-Black surfaces experienced slight color changes.

Two types of calculations were performed to verify that the reduced
wall emissivity values near 5.0 'm would not compromise the performance of
the blackbody simulator: (1) Effective cavity emissivity values were de-
termined (see Appendix C5) and tabulated in Table III. (Z) Special compu-
ter runs were made (Section 2(3)), and the results are tabulated in Table
II. Teble III shows that the effective cavity emissivity is more than .999
except between 3 um and 7 um, and it is more than .997 everywhere. Table
II shows that, in the 3 .m to 7 um region where the Hardas emissivity is

less than 0.9, errors in spectral radiant output are about 0.5% or 1less.

Table III. Wall Effects
on Cavity Emissivity.

Effective
Wall cavity
emissivity emissivity
1.0 1.0
0.95 0.999 663
0.90 0.999 289
0.85 0.998 872
0.80 0.998 402
0.75 0.997 871
0.70 0.997 265

vt
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SECTION S

TEMPERATURE MEASURIMENT AND CONTROL |

Our study has shown that the best method of providing temperature mea-
surement and control for the Improved Blackbody Simulator is with four-
terminal platinue resistance-thermometer temperature indicators and an

Artronix Model 5301-E temperature controller.

Temperature Transducers

Among the temperature transducers considered were resistance “hermom-
2ters, thermocouples, and silicon diodes. ?
Platinum resistance thermometers (PRT's) were selected because they |
have the best absclute accuracy in the 100 K to 600 K region. In fact, the §

International Practical Temperature Scale (IPTS) is defined, in this region,

o~n

in terms of a PRT. These devices come in two-, three- and four-wire config- |
urations. Four-wiie arrangements eliminate lead-resistance effects, so

this design was chosen. A drive current is supplied to two leads and the

i {
‘ voltage drop across the resistive element alone is monitored with the other
| two leads. Calculations of heat losses through the PRT leads showed that ?
|
| they are very small compared to other heat transfer quantities, so the prob-
‘ lem of heat losses through the extra leads is outweighed by the improved
accuracy that a four-wire arrangement provides. Rosemount, Inc., was se-
lected as the supplier for the PRT's:
s
3
Rosemount, Inc.
P. 0. Box 35129
Minneapolis, Minn. 55435
612-941-5560
| : <
J \ |
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PRT's for blackbody simulator use are often small, delicate devices
subjected to severe thermal shocks, and differential thermal expansion can
result in strained or open resistance elements. To minimize the risk of
PRT failure, the Improved Blackbody Simulator delivered to AEDC has been
provided with three sensors.

Thermocouples (TC's) were also considered, but were not used because
of the superior absolute accuracy of PRT's. Among the different types of
TC's available, Type E, chromel-constantan, is recommended as best for the
100 K to 600 K region. Although PRT's are better than TC's for controlling
the improved blackbody simulator, an important type of measurement can be
better done with TC's than PRT's: that is the case where accurate values of
small temperature differences are needed rather than the measurement of a
single temperature with required absolute accuracy. An example of a case
where accurate values of small temperature differences were needed is given
in Section 2(2) of this report, where thermocouples were used to measure
temperature differences in a blackbody simulator cavity.

Further information on PRT's and TC's and their use in the 100 K to
600 K region may be obtained from

National Bureau of Standards

Cryogenic Division
Boulder, Colorado 80302

Attn: Llarry L. Sparks
3C3-499-1000

Silicon diode tempera.ure transducers were also considered. They provide

excellent per{ormance at low temperatures, but they cannot be used above

400 K. Future problems involving tewperatures no higher than 400 Kk might be

handled with these devices. For more information about silicon diode

l
l
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temperature transducers and temperature controllcrs based on them, contact

Lake Shore Cryotronics, Inc.
9631 Sandrock Road
Eden, New York 14057

Attn: Mr, David L. Swartz
716-992-3411

Temperature Controiler

Temperature controllers that operate at low temperatures have special
problems. Among these problems, for PRT type controllers, is the require-
ment that the joule heating in the PRT's be properly handled so that the
control circuits are not upset. One #ay to solve this problem is to use very
small currents in the PRT's.

More than 170 suppliers of temperature controllers were contacted for
equipment to operate with the Improved Blackbody Simulator. Four sources
of such equipment were considered to have special advantages for our use,
and the Artronix 5301-E controller was selected as best for our application,
Features of the Artronix 5301-E as applied to the Improved Blackbody Simu-
lator are as follows:

--Low heat dissipation (maximum is 10" W) in the PRT

--DC operation with the PRT, so the NBS traceable calibration
of the PRT is applicable

--Rate and reset features

--Temperature deviation meter

--Possible operation with PRT's, TC's, and silicon diodes

Artronix also supplies the 5301-U temperature controller. This unit

is somewhat similar to the 5301-E, but it operates in an ac mode. It may
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provide more accurate temperature control than the 5301-E. It was not se-
) lected, however, because it lacks the multimode capability of the 5301-E !
| (resistive sensors and thermocouples), and its ac operation sacrifices the

NBS traceable calibration of the PRT. ‘
) More information on the Artronix 5301-E and 5301-U controllers may be

obtained from

}
/ Artronix, Inc.
‘ 716 Hanley Industrial Court .
’ St. Louis, Missouri 63144 4
314-644-2456 1
Y
i
A second vendor that was considered is Lake Shore Cryotronics, Inc.
[
Their equipment was not purchased because some development effort would
have been required to adapt to our problem. More information about Lake
Shore Cryotronics, Inc., controllers can be obtained from the address given
]
on page 39.
Andonian Cryogenics, Inc., was also considered. They were not se-
lected because of required development effort. More information about
b ¢
Andonian Cryogenics, Inc., control systems may be obtained from
Andonian Cryogenics, Inc.
26 Farwell Street ]
Newtonville, Mass. 02160
: 617-969-8010
The last alternative supplier of the temperature controller is the Uni-
versity of Arizona. Our preliminary designs suggested a control unit that
3
would be tailored to the Improved Blackbody Simulator and might be as good
as or better than one we could buy; but the necessary development effort in
both cost and lead tim~ were such that the Artronix 5301-E unit was selected
.
instead. !
1
{
!
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Temperature Measurement

Measuremcnts of temperature uniformity within the blackbody simulator
cavity have been given in Section 2(2) of this report. Themmocouples were
used in these measurements.

Temperature measurements were made to verify the agreement among the
three PRT's in the Improved Blackbody Simulator, and measurements were alse
made to determine the temperature variation with time when the Improved
Blackbody Simulator was operated with the Artronix 5301-E controller. These
last two measurement series were performed with the four-terminal PRT's
connected to a four-terminal resistance monitor. For future uce this same
technique should be employed. The resistance monitor should deliver 1 mA
maximum test current and should read 25 to 250 Q with an accuracy of 0.01 Q.

Comparison measurements were made among the three PRT's (serial Nos.
6793, 7760, and 7761) at a temperature of 503 K. The rcad-cut differences

were as follows:

AT (7760-7751): 0.048 K
AT (7761-6793): 0.330 K

It is not possible to explain this data with complete certainty because
the PRT's have been bonded into the blackbody simulator core. However, it
seems likely that 7760 and 7761 are reading correctly and a 0.3 K error is
associated with 6792. This explanation is supported by the fact that the
resistance value of 6793 is lower than it would be if it agreed more closely
with 7760 and 7761; and an anomalous low resistance reading can be explained
by an unwanted resistance shunt that might have developed during the bond-

ing of the PRT's in the core. On the basis of this explanation, operating

procedures for the system include use of PRT 6793 with thz Artronix 5301-E

|
i
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temperature controller, and use of either PRT 7760 or 7761 (or both) for
reading out tho temperature.

During our temperature measurement study it was found that the PRT
resistance measurements are polarized. This phenomenon was found to be a
thermocouple effect associated with the PRT leads. This problem was solved
by rever:iag the PRT leads in a certain way and then averaging the two
readings. Suppose the four PRT leads are labeled A, B, C, and D, and sup-

pose that for the tirst reading they are comnect:d thus:

This procedure was applicd to PRT's 7760 and 7761. There are eignt ways
to connect a four-terminal PRT to a four-terminal resistance monitor. PRT's
7760 and 7761 were both connected in these eight ways and readings were re-
corded. The eight values for each PRT were paired according to A,B and ~,D
reversal as described above, and this resulted in four corrected resistance
values for each PRT. The standard deviation for each PkT was calculated from
each set of four values. The standard deviation was also calculated for the
eight readings (for each PRT) with no pairing involved. The results are

as follows:

i
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PRT serial number: 7760 7761
f
1o (for 4 pairs of readings) 0.023 X 0.006 K
lo (for 8 readings with no 0.562 K 0.170 K
pairing)

These data show the importance of reversing the leads and averaging the two
readings. Because the lo values are so small for the four pairs of read-
ings, any pair of readings is satisfactory and only two readings, not eight,
need be taken.

During checkout of the Artronix 5301-E temperature cOntroller, temper-
ature measurements were made to see how uniform the temperature was as a

function of time. The results were as follows:

lg (over 1.25 h) = 0.030 K
1o (over 3.5 h) = 0.040 K
lo (over 5.0 h) = 0.054 K

Temperature Range

A requirement for the Improved Blackbody Simulator is that it operate
from 10C K to 600 K in a 20 K environment. The unit delivered to AEDC wiil ,
meet these requirements. However, in the cou.sse of our study it has become
evident that 200 K to 500 K is a better operating range than 100 X\ to 600 K.

Section 2(3), entitled "Polythermal Cavity Effects,'" discusses radiance

errors for various cavity temperature distributions and various cavity tem-
perature errors. These errors are considered at different cavity operating
temperatures and for different radiation wavelengths. That discussion shows
] that radiance errors are severer at lower blackbody simulator temperatures

and at shorter radiation wavelengths. In order to avoid the larger errors

- — LU R
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at 100 K, it is reccmmended that the min'mum operating temperature of the

) Improved Blackbody Simulator be limited to 200 K instead of 100 K.

Our study of materials has shown that a number of important substances
begin to be affected by high temperature in the range between 500 K and

{ ] 600 K. Among these materials are copper with a cupric oxide couating,
Aluma-Black coating on aluminum, and Teflon, which is used as insulation on
the leads of our platinum resistance thermometers. In order to avoid high

’ temperature strains on the components in the Improved Blackbody Simulator,
it is recommended that the maximum operating temperature be limited to
500 K instead of 600 K,

» The blackbody simulator delivered to AEDC will meet the 100 K to 600 K
requirement,and the more limited 200 K to 500 i range is recommended for
better accuracy and cperating life. These comments should be especially

[ considered for future construction of blackbody simulators. If new speci-
fications are written with 200 K to 500 K limits, a better product may be

obtained.

]




SECTION 6
SIGNAL LEVEL ATTENUATION AND CALIBRATION

Mur study has shown that the best way to provide signal level attenua-
tion and calibration for the 7V Chamber IR Simulator application is to use
demagnifying op*.cal modules. The first module forms a demagnified image of
the blackbody simulator aperture and the other modules form demagnified im-
ages of the first demagnified image. This method can give high accuracy at-
tenuation and calibration over many decades of attemation. Along with the
temperature measurement and control described in Sec. 5, this method of sig-
nal level attenuation and calibration provides the best method for mecasuring
and controlling the tlackbody energy output for the 7V Chamber IR Simulator
application. Advantages of this attenuation-calibration system include:

(1) Attenuation whose uniformity as a function of wavelength over

the range 1 to 100 ym is the best of all the methods considered.

(2) Mcre than six decades of attenuation.

(3) Self- untained and self-checked calibration. This feature will
enabie the method to provide a calibration monitor for compari-
son of signal levels between different laboratories.

(4) Excellent rejection of unwanted radiant znergy.

(S) Magnified focal plane to allow greater flexibility for future
setups with multiple and/or moving sources.

Infrared signal level attenuation and calibration fall within thz gen~
eral category of infrared radiometry. At even moderate signal levels, infra-
red radiometry is one of the most difficult technical areas in which to =make
accurate measurements. At very low signal levels this situation is far more
severe. Appendix D1 gives more information on the difficulty of infrared

attenuation and calibration at very low signal levels.

45
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The first part of this section describes the recommended attenuation-
calibration method. The last part of this section describes some alternate
methods.

The recommended attenuation-calibration system is illustrated in Fig. 11.
Components of this system which nave been studied and are described below include:
(1) the blackbody simulator, (2) the apertures, (3) the radjation monitor,

and (4) the optical attenuators.

The Biockbody Simulator (1)

The calibration source for the recommended attenuation-calibration systen
is a blackbody simulator with a 12.5mm (0.5 inch) diameter cavity opening. Apertures
varying from 0.5 to 7.5mm (0.020 to 0.300 inches) in diameter should be employed
and these apertures will perform like ideal black surfaczs because they will be
backed up by a blackbody simulator cavity with an oversized opening. Sections

1 through 3 have shown that a spherical .avity makes the best blackbody simulator.

The Apertures (2)

Blackbody simulator systems often employ blackbody simulator cavities with
separate aperture plates in front of them, and that plan is recommended here. 1In
such an arrangement the aperture approximates an ideal twc dimensional black
surface. Figure 12 illustrates a typical aperture construction. Not - ihe
following characteristics of the aperture illustrated in Fig. 12.

Aperture heating is a sericus problem that can lead to erroneous system
test results. To minimize radiation falling on the aperture plate, a shicld
shoul " = glaced between the blackbody cavity and the aperture. To minimize
the effect of any possible aperture heating, a second radiation shieid should be

placed between the aperture plate and the infrared similator optical system.

|
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Furthermore, the aperture plate itself should te made of a relatively thick

plece of high conductivity metal with a positive thermal conductive path to
a heat sink, because such & design minimizes aperture heating.

Two-Dimensional Effect

Blackbody theory will be employed to determine the radiation field strength
for various system configurations. This theory assumes the aperture is an ideal
two dimensional black surface. The performance characteristics of ideal blackness
will be due to an oversized blackbody simulator cavity located behind the aperture.
The two dimensional character will be approximated by careful aperture-plate
design. The hole through the plate should have a conical wall as shown in
Figure 12 with the cone opening away from the blackbody simulator cavity. A
very shallow cone should be machined on the side facing the cavity. This latter
feature will assist in providing a sharp-edged circular aperture. The aperture
should be located on the side of the aperture plate nearest the cavity so that
the aperture-cavity distance can be minimized, for minimum cavity opening,
while the cavity-aperture-plate distance is maximized for best radiation
shielding.

Previous experimental work has siicwn that the minimum reliable aperture
diameter that can be employed for precision radiometric calibration work is
about 0,5mm (0.020 inches). There are several reasons for this. Aperture
heating is one reason. As the size of the hole decreases the effect of even a
small rise ir the temperature of the aperture plate will cause increasing errors.
Another problem with small apertures is the effect of edge irregularities. Either
a manufacturing flaw or dust particles on the aperture edge will cause a much
greater prercentage error for small apertures thaa for large apertures when the q
same size flaw is involved. Finally there is a problem associated with measuring

the diameter of very small apertures. When a filar microscope eyepiece is employed,
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there is some question as to where the index hair should be placed relative to
the edge of the aperture. Another problem with the measurement of aperture
diameters is associated with imperfections in the two dimensional character of <
the aperture. If the ape ture has any thickness or if it is not in a plane
perpendicular to the light beam employed in the measurement, then the diameter
measured will not correspond to the effective area when the aperture is used with
an infrared simulator where an optically fast cone (e.g. £/4) is filled by
radiation from the aperture. As an example of aperture measurement errors
suppose a 0.5mm (0.020 inch) diameter aperture has a measurement error of 2.5um
(0.0001 inches). This corresponds to a one half percent diameter error or a one
percent area error. These values are typical and help to explain why apertures
below about 0.5mm (0.020 inches) diameter should not be used for accurate radio-
metric calibration. At the other extreme, the maximum diameter aperture used in
an infrared simulator depends on the opening of the blackbody simulator cavity,
the spacing between the cavity and the aperture plate and finally on the £/¥ of
the infrared simulator optical system. For the recomnended system, a preliminary
calculation gives a maximum aperture size of 7.5mm (0.30 inches) diameter.

The Radiation Monitor (3)

The recommended radiation monitor can be seen by looking at Fig. 11. It
consists of a collecting concave mirror (2), a flat mirror (1), and a detector
assembly. This optical collection assembly will be used in two configurations.
With mirror (3) in place, the radiation monitor will receive energy from the
calibration reference blackbody simulator shown to the right in Fig.1l1.
when mirror (3) is removed the enzrgy received will be from the AEDC 7V Chamber
blackbody simulator assembly. ‘igure 11 shows an f/4 cone of radiation proceeding

from either of these two sources toward the collecting concave mirror (2). ’
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This geometry has been selected so tne radiation will correspond to that
traveling from the 7V Chamber source to the large 27 inch diameter collimating

mirror when the chamber is in normal operation. Normal chamber operation

(see Fig. 13) will occur 2ither when mirrors 2 and 3 of Fig. 11 are
removed or when the entire attenuation-calibration 2ssembly is removed.
3 The ideal shape of the collecting concave mirror as shown in Fig. 11 is
a circular mirror taken fror the equatorial zone of a prolate ellip oid. This
is a difficult design to make, so a study should be made of fabrication and
by testing techniques and also of alternate mirror designs.
The detector assembly may be designed by following any one of three
approaches:

(1) Use a spectrally flat detector.

e

(2) Use a sensitive, broadband detector whose spectral characteristics

are accurately known.

™.

(3) Use a detector package that simulates as closely as possible the
characteristics of the detector assembly in the unit under test.

There are adventages and limitations to all three; all three are recommended for

)

use in different applications; and all three have been studied and are reported
on below:

* This is an obvious choice for a calib:ation detector device, and it should
be empioved in general whenever signal levels are sufficiently high to permit

the use of such a detector. Unfortunately, spectrally flat detectors are

t usually less sensitive than their spectrally non-flat counterpar:s, so test
programs will be encountered where this choice of detector type will not be
satisfactory.

’
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Sensitive, Broadband Detector with Accurately Known Spectral Response

' This type of dctector is recommended for general test and calibration
measurements. One such detector assembly can be selected for high sensitiv-
ity and reasonably broad spectral response, and then it can be carefully
tested and calibrated (especially with respect to spectral response) so that
it can be used for calibration purposes when the infrared simulator is test-
ing any one of a large variety of devices. However, even though this is the
recommended type of detector, serious problems may be involved. In most
cases there will be significant differences in the spectral characteristics
of the calibration detector, the calibration source (a blackbody cimulator),
and the unit under test. These differences in spectral response must be
properly taken into account, and the proper way to do so is called normali-
zation. Normalization is best treated by F. E. Nicodemus (Appl. Opt. 12(12):
2960-2973, Dec. 1973).- Normalization calculations are always hard to make,
and for many situations with infrared simulators they will involve test units
whose spectral information will not be as accurate as desired. Normalization

calculations often place unusual importance on certain overlap spectral areas

vhere some of the input spectral datz are of limited accuracy, and thus nor-
malization calculations often give results with rather large uncertainties

OoT errors.

Custom Detector Assembly

—— wh o G e e e - own e=p wwe -

The above-cited problems for a sensitive, general-purpose detector
give rise to another solution to the detector selection problem. That solu-
tion is to prepare a special detector for each test unit that is brought to |
the infrared simulator for test. This special detector assembly should

duplicate the spectral and spatial image characteristics of the actual unit

- o "
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under test as closely as possible. This approach to the detector selection

0 ! problem will result ian the simplest and most accurate operation, so this ap- '
proach is strongly recommended whenever it can be followed. However, two

serious problem prevent this solution to the detector selectiorn problem from |

Jr .

being followed in every case. These problems are cost and lead time. For
most nits under tost, supplying a semi-duplicate detector package for cali-
bration purposes would prove very costly, and for most units under test such

! - a package would have to be built on short notice.

_ meem

. The radiation monitor has one serious problem that is mentioneu here

' and developed further in Appendix D1, entitled '"Ultra-Low Infrared Signals."
; E This problem has to do with contours of sensitivity on the detector. The

detector will be used to make comparison measurements between two similar

infrared signals that will fall successively on the detect.s. If the de-
tector sensitive surface were exactly uniforr in its response, or if the two

signal images falling on the detector were exactly the same in their spatial

st

irradiance distributions, then the detector could accurately read out the f
ratio of the two signai levels. In general, however, detectors have nonuni-

forn contours of sensitivity, and the two images will be of at least slightly

different spatial character, so the ratio of output electrical signals will {

)

not exactly represent the ratio of input radiometric signal levels but will

1
include an error effect due to detector sensitivity contours. i
|
J

The Optical Attenuators (4)

The Atzenuator Module

The recommended attenuator module consists of three mirrors--one concave

‘ and two flat. The arrangesent and function of the attenuator may be seen by

‘ so the attenuator can be inserted intv or omitted from the system. The concave

{
' . .
“xamining Fig. !1, mirrors 7, 8, and 9. The two flat mirrors are removable
¢
{
{
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mirror forms a reduced-size image of the aperture. The optical components are

so placed that the image of the aperture is located the same optical distance

from the collecting mirror 2 when flats 7 and 9 are in place as the aperture
itself is when flats 7 and 9 are removed.

Operaiion of the attenuator can be understood by comparing the two optical
arrangements: (1) blackbody, aperture, mirrors 3, 2, 1, detector and (2) black-
body, aperture, mirrors 9, 8, 7, 3, 2, 1, detector. In the first case the
aperture is imaged on the detector by the concave mirror 2. In the second case
a reduced size image of the aperture is formed at point A by concave mirror 8, /
and this image is re-imaged on the detector by concave mirror 2. Suppose the
system is operating in configuration 1, and a signal is being recorded by the i
detector; then suppose mirrors 7 and 9 are installed so the system then operates |
in configuration 2. The signal recorded by the detector in the new configuration
will be reduced from its previous value by the ratio of the area of the aperture
to the area of its image at point A. Thus the attenuator function is performed
by the image-size-reduction. The excess energy is lost by overfilling the
next optical component - and this excess energy must be adequately suppressed |
by a system of highly absorbent baffles with appropriate heat sinks.

It is clear from Fig. 11 that attenuator module 4, S, 6 performs in the
same way that module 7, 8, 9 does. Furthermore, since images of the aperture
are formed at points A and B by mirrors 5 and 8 when each attenuator module
acts separately; then when both modules are operating by introduction of mirrors
4,5, 7, and 9, we see tha* an image of the aperture is formed at point A;
an image of that image is formed at point B; and finally an image of the image
at B is formed on the detector. If the attenuation of module 7, 8, 9 is a; and
the attenuation of module 4, 5, 6 is a; then the attenuation of the two modules

cascaded together is a; aj.




¥

s

56

The Concave Mirrors

In the earlier section, "The Radiation Monitor!' it was noted that the preferred
shape for the collecting mirror, 2, is a section of the equatorial zone of a
prolate ellipsoid. By similar consideration, it may be seen that the best shapes
for the concave mirrors 5 and 8 are off-axis ellipsoids. Preliminary optical
analysis has indicated that these ellipsoid shapes can probably Le approximated
by the use of simple spherical mirrors.

Figure 14 illus*rates one possible arrangement for the complete attenuation

system. Four attenuator modules are shown with attenuation values of about 16,

S5, 140, 256. All four acting together provide attenuation of 32,000,000.

Calibration

As mentioned earlier in this section and also in Appendix [1,calibration of
very low infrared signals is one of the most difficult of all measurement
problems. Most calibration procedures currently in use establish or assume the
linearity of some process over a limited attenuation range and then cascade
several attenuators or attenuation steps to achieve calibrated attenuation over
large ranges. One example of present methods is the use of a readout system
consisting of a detector and a preamplifier-amplifier combination that is tested
for linearity over several decades. Another example is neutral density filters
which are calibrated individually and then used in combination. Another example
of present techniques is the calculation of attenuated levels from integrating
spheres. All the present calibration methods yield questionable results when
they are applied to six or more decades of attenuation. Problems involved include
interaction phencmena when attenuators are combined, accounting for rejected energy, {

reliance on theories without adequate experimental verification, and extension
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of attenuation techniques beyond their linear regions. The calibration pro-
cedure recommended and described here minimizes or ciiminates these problems.

This calibration procedure involves the following four items and techniques:

Direct Calibration

The first siep in the calibration procedure is to remove mirrors 1, 3,
4, 6, 7, and 9 shown in Fig. 11. This wil. ..}low direct infrared radiation
from the blackbody simulator and aperture :o £.11 on the detector. In this
way the direct calibration of the detector and readout electronics can be
made in terms of output signal per unit input infrared signal. The infrared

signal level at the detector, in W/cm2, is calculable from blackbody theory

combined with distance, aperture, and temperature measurements.

Apertures

Aperture play a key role in the recommended attenuation-calibration
system. Varying aperture diameters provide a range of signal levels with
accurately known variations. Apertures from about 0.5 to 7.5 ma (0.020 to
0.300 in.) diameter are used. Aperture function, constructioa, and calibra-

tion (measurement of aperture d:ameters) were described on pp. 46-50.

Optical attenuators play a key role in the recommended attenuation-
calibration system--in fact, their use, more than anything else, distinguishes
the present method from other methods of attempting to achieve very low in-
frarec signals with accurate calibration. Design and operation of the opti-
cal at‘enuators were described on pp. 54-56. Attenuatcr modules should have {
attenuations ranging from about 15:1 to about 250:1. Where aperture varia-
tions from about 0.5 to 7.5 mm diameter can provide for small-step variations

in signal levels, the optical attenuators, singly or in groups, can provide <

.‘ R g
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for large-step variations in signal levels up to six decades or more. Cal-
ibration of the attenuators will be based on comparison measurements using
the radiation monitor described on pp. 50-54. A special feature of these
comparison measurements is the fact that they will be performed between two
signals with nearly the same readout values. As an example, consider the
calibration of an attenuator with a figure of merit of about 100:1, An ap-
erture 0.625 mm in diameter can be used before the attenuator is introduced,
and an aperture of 6.25 mm in diameter can be used after the attenuator is
introduced. Then the two readout signals will be nearly the same, and thus
it is not necessary to rely on detector-amplifier linearity over a range of

more than just a few percent

Redundant Calibration

Redundant calibration should be employed to verify calibration accuracy.

Most errors in calibration associated with very low level infrared signals
cause anomalous results for redundant calibrztions. The absence of anoma-
lous readings indicates a properly calibrated system, and the presence of
anomalous readings provides a powerful tool for troubleshooting to remove
errors such as aperture heating, aperture diameter errors, scattered radia-
tion problems, and unwant:d sources. Redundant calibrations may be illus-
trated from the example just given of 0.625 and 6.25 mm diameter apertures
used to calibrate a 100:1 attenuator. For redundant calibration, aperture
pairs of 0.5 and 5.0 mm diameter and also 0.75 and 7.5 mm diameter can be
used. If the system is operating properly, the attenuation value determined

by all three calibrations will be the same within a fraction of a percent.

If errors are present, the three values will not agree that closely.

I
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Alternative Methods of Attenvation

1
|

It is believed that the recommended system based on demagnifying optical .

modules is the best for use in the AECC 7V infrared simulator. A number of
alternate attenuation-calibration techniques have been considered, but all

have been judged inferior to the recommended system. There are three main
problem areas where most alternate schemes perform poorly. The first has to
do with cazlibration; the second is related to non-uniform variations with
respect to wavelengtn; and the third iwvolves stability with respect to time.
These problem areas are especially severe for large amounts of attenuation such
as six decades.

In general, techniques and systems for infrared attenuation involve the
interaction of radiation with matter; and nearly all these interactious have
some wavelength dependence, some changes over long time periods, and some
measurement or calibration problems. There are three attenuation techniques
where these problems are greatly reduced (1) Variations in aperture diameters
(2) Variations in distances between sources and detectors or between con,ugate
image points (3) Mirror reflection. These three techniques are employed in the
attenuation-calibration system just described.

Alternat. methods of attenuation that have been considered are: Neutral
density filters, integrating spheres, scatter plate attenuators, and crossed
polarizers. We now consider each of these methods with special note given to
calibration, time stability, wavelength dependence, and many decades of
attenuation.

eutral Density Filters

e ame W e o o e

These devices perhaps represent the best attenuation-calibration method <

aside from the recommended method, however, they have some serious limitations.
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Three types of neutral density filters have been considered: (&) absorption,

(t) reflectica, and (¢) obscuration,

{a) Absorption Filter Attenuators

Dye absorption filters are commonly used in the visible for the attainment
of simple absorption. They are, however, not the easiest sort of device to
calibrate carefully from first principles. Their application te this problem
requires first a material that has a constant transmittance over the spectral
region of interest. For six decades of attenuation, the material must have a
transmittance of 10'6. Since to a reasonable approximation

T = (l-p)ze-ax

the maximum value of ax must be about 7, This can be accomplisned either by
a large value of a or of x.

The choice of materials seems to be either those that are almost opaque
in the region, or those that are almost completely transparent. There do exist
materials like CsI, KBr, and other alkali halides or heavy metal halides that
show good transpa:zncy over a wide spectral band and a concomitant flat spectrum.
These materials have their shortest resonant wavelength beyond 30um, and there-
fore have no structure whatsoever in the region below 30um. These materials
typically have absorption coefficients of between .01cn”! to 1cm!. This means
that the thickness must be 7 cm to 700 cm for six decades of attenuation and that
thickness is excessive. Further, car must be taken to insure that the tail of
the resonance band does not interfere with the spectral flatness of the absorption.
In a practical case, the reflectance must also be known. Actual measurements of
reflectance and transmittancz are usually in error by about one percent -- not
one percent of the vaiue, but one percent. Measurements of very low trans-

mittances are especially difficult, requiring very special instrumentation.
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Thus, it seems that one camnot depend upon the calculation of thc¢ propertics
of these absorbers. One could only calibrate them wavelength by wevelength,
and this seems too formidable a job to do spectrally over a uynamic range
of 106.

Exrors can arise due to damage or deterioration of filters between the time
of calibration and use. Other errors may be involved if calibration is performed
in one operating eavironment and use is made in another environment e.g.
conditions of temperature, atmospheric pressure, angle of the filter plane to the
direction of radiat.on propagation etc.

The total attenuation should not be obtained by the use of several slabs of
material because of the uncertainty of the effects of incer-reflection. Thus,
separate calibrated slabs should be used for each attenuation value.

One can impediately eliminate the almost opaque samples for they all have
spectral structure -- except the metals. Thin and relatively thin samples
must be used at lower attenuations. Then the structure will show up. The
metals, which are relatively flat, lose much of their transmission by reflection.
A study of blacks (which are meant to be good emitters, but by that fuct must
be good absorbers) by Harris shows that over the spectral range of interest

6 2

91 X 10° of goldblack has a density of about 1 and a variation of about

£ o
20%. Twice as much goldblack provides twice the density and about twice as
much variation. Lenham (JOSA 57, 473) shows that the absorption coefficient
varies about linearly with a slope of about lcm'llum between 1 and 26um for
the following metals: V, Cr, Mo, W, Ni, Pd, Pt, Fe, Hf, Ta, !®.

This is all from the free electron contribution to the absorpticn. Thus,
it should be a consistent property of all metals.

In review there are a number of serious problems for absorption type neutral

density filters. There are strong spectral properties associated with every

attempt to conceive an absorption filter for six decades of attenuation. Calibra-

tion and time stability pose further problems.

|
|
}
i
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(b) Reflection Filter Attenuators
For reflection-type filter attenuators, one can use high or low reflec-
tance arrangements in single and multiple passes. In this discussion, we
consider only schemes that use the property of reflective attemuation and
not the geometrical properties of curved mirror arrangements.

The simplest arrangement is a partially "silvered" plate that is in-
serted into the beam. For wavelengths of 1 um and longer, gold and silver
have very flat reflectivities (to within 1% or so) that are about 97% to 98%
(Hass and Turner). Shulz (J. Opt. Soc. Am. 44, 357) shows that, from 0.4
to 1.0 um, silver has the same absorption relation as the other metals.
Thus, even if 98% of the energy is reflected, the transmissions will be

given (to a firs: order) by
(1 -p)2e~* 4 %1074 gm0%,

The free electron contribution should have a A2 dependence, so silver,
which has an a of 7 cm~! at 1 um, would have an a of 21 at 10 im and 35 at

25 ym. Thus, if we want a transmittance of 107 for this filter,

6% = 1075/(4x10"%) = 1/(4x102)

ax = 6.

Then, to obtain 10°® attenuation at 1 ym, = must be 6/7 cm. At 10 ym, this
is 6/21 cm, and at 25 um it is 6/35 cm. Inversely, this will result in fac-
tors of 20 variation in transmission, and that is completely unsatisfactory
for a neutral density filter. However, when the films are very thin, a dif-

feront phenouenon applies. Then

e-u = l'“’ (03)2/2‘ see o




L

If axr is small, ¢ =« 1, Then
T = (1-p)2¢% = (1-p)2 = constant,

but the exponent ax must bYe no more than about 0.01 to keep the error within
reason, and then reflectivity cannot give the required attemuation.

The 'nly way to attenuate reflectively is with low reflectivity and
multiple passes. uhus, 1 = p*. Since we require a transmittance of 10°6,

p = 10-6/n, Thus, with a reflectance of 0.1, six specular refiections will
do the job. With a refiectance of 0.05, five reflections are necessary
(five gives a 1 of 0.3x10"F;. With this system one needs a good specular
black for control. A diffuse black would give greater attenuation but less
control over the radiation.

The best specular black seems to be Cat-A-List gloss black paint avail-
able from the Finch Paint Company, Los Angeles, California, or Dark Mirror
Coating available from Optical Coating Laboratories, Santa Rosa, California,
but the data on such materials are sparse because of their relatively small
demand.

A truly diffuse black system would have an attenuation governed by the
reflectivity and the ratio of the solid angle of collection to a hemisphere.

Thus, for each reflection the transmission is

(0o 0/2%)"

As an example, assume the collection angle is 30° or #/6; then the so:id
angle is sin?(n/6), or %. Assume that p is 0.05. Then the transmission is

given by the following:

n ot |
1 1500

2 1/250,000

3 1/125,000,000

4 1/62,500,000,000
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Thus, it can be seen that three reflections give the required attenuation--
and more. The diffuse approach gives more than an order of magnitude more
attenuation with only three reflections compared to five reflections with
the specular approach. For this example we assumed an intercept angle of
30°, about an f/1 cone. For sraller intercevt angles, even more attenuation

can be obtained, 2s shown below:

n P ] 1/t (approximace)
1 .05 =x/180 (19) 6.41 x 106

2 .05 x/24 (7.5°) 54 x 108

2 .05 w/12 (159) 3.5 x 108

3 .05 wx/6 (30 125 x 106

All these cwbinations, except the first, provide enough attenuation.
Therefore, consider the simplest in more detail. Very careful consideration
must be given to the baffles and to the teamperature of the two reflecting

elements (which must be low enough to make ar, self-radiation negligible).

Attenuator Box

Baffles
Baffles

o

Ty

.
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A wore thorough design would include moving the source further away from
"l and baffling near the source. Additional improvement could be made by moving
Ml further from the exit baffles to eliminate radiation into the back of the exit
baffles. 7he entire question of reflection off the walls of the box must be
considered. The problem is that attenuation was obtained by using as low a
reflectivitly surface as possible on Ml and Mz, but this must also be used as the
coating for the walls. Then the radiation geometry (configuration factor) was
used as well, but the configuration factor between Ml and M, is smaller than

2

between either Ml and the walls, or M, and the walls. Therefore the stray

2
radiation problem is very severe.

In review, reflection type ncutral density filters for six decades of
attenuation have problems of calibration, wavelength dependence, and suppression
of stray radiation.

{c) Obscuration Filter Attenuators

In a sense, of course, the foregoing example used a form of obscuration.

In this section, though, we specifically mean some arrangement of apertures,
combs, or other completely opaque material that is i:sserted in tiie beam.

The most basic thought here is that the beau must be obscured by a factor
of 106. To a good upproiimation, the diffraction angular spread is given (even
for this unplane wave) as -2—3- This is the diameter of the Airy disc and d is
the diameter of the obscuring aperture. The linear spread will be %—I-'- . If

we assume 20um for the wavelength and a diameter D for the primary mirror of the

simulator, then the hole diameter d is given by

d= 2L

D 2)\F

where F is the F number of the primary. We take this as !. Then {

d = 8\ = 160um = 0.16mm.
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This (circular) aperture size is the one that fills the simulator primary mir-
ror with the Airy disc. Notice, however, that 10-um radiation will have both
{ | its Airy disc and the first sidelobe on the mirror. For 5-um radiation, two
) sidelobes will be there. Now, if the hole is opened to obtain a factor of
105, the diameter must be 160 ma. The beam h.s to be 16 cm n diameter. It
is expensive, cumbersome, and impractical to have such a large beam in the
) source box. If it is made smaller, then additional attenuation will accrue
! in which the primary mirror is acting as a stop. This kind of operation can
only be checked at the test plane and is very critical as you move in from
[} the first zero. The different wavelengths will all be affected differently.
" This looks like real multi-color multi-aperture trouble.
The problem is certainly the same in general for other shaped apertures,
| but usually more complicated in detail. These include squares, triangles,
combs, and shades. The first three represent more complicated diffraction
patterncs and require smaller linear dimensions. The last one involves an
| even smaller dimension because the change in transmittance varies linearly
with the opening instead of quadratically.
Simple o%scuration of the beam for these wavelength and transmission
s ranges does not seem piactical.
In summary, all three types of neutral density filters have serious

flaws even though they are among the best alternatives to the recomrended

’ system Of attenuators.
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Integrating Spheres

The AEDC 7V Infrared Simulator has been equipped with an integrating
sphere-type infrared signal attenuator. This equipment has proved to be of
competent quality and performance under the operating conditions of the 7V
chamber. The serious problem that has been encountered with this equipment
involves not attenuation, but rather calitration. Integrating sphere anal-
ysis gives a performance equation with the verm (1 - pyd/4p) in the denomi-
nator, where c, is the wall reflectivity, 4 is the interior area of the
sphere minus the area of the ports, and 4y is the geometrical area of the
sphere. Typically 4/Ag will be about 0.99 £0.01 and p, will be about 0.96
*+ 0.03. For such values, it is clear that a change of 1% in py--say, from
0.96 to 0,95--would cause a change in system performance from 1/(1 - .96 x .99)
to 1/(1-.95x.99), or a change from 20 to 16.7--and this is a change of
about 3.3 in 18.3, or 18%.

Calibration of integrating sphere attenuator systems i: difficult be-
cause of this problem: the magnified dependence of system performancz on the
wall reflectivity. The problem is made more difficult by the need for wall
reflectivity calibration measurements over a broad wavelength regicn and on

a periodic time basis,

For scatterplate attenuators, energy from a source is directed to a
scattering surface, which then acts as a new source for a following optical
system. Several decades of attenuation can be switched ir and out of the
system by moving mirrors to achieve large dynamic ranges. However, these {
attenuator systems suffer from most of the problems that are invoived with

neutral density filters, and they also have some additional problems.
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A collimated beam can be rendered diffuse by a transmitting plate that
has many scattering centers. A piece of Irtran-6 (CdTe) with sandblasted
faces might accomplish this with no absorption.
The first question is the arrangement by which the attenuation might
be generated. We will assume that the plate is a nonattenuation uniform

(Lambertian) scaccerer. Then the radiation geometry is as follows:

Ay s Ay

" 2t | iy

3

Y

N . /
"0 A L2 ‘.I‘ !.3 .

The blackbody simulator is Lambertian, so the irradiance on £ is MoQ/n
where @ is the area of A divided by £12. The perfect scatterplate then
creates another Lambert radiator. The irradiance on the mirror will then be

MNpfty 822 M Ay Ag
RS Y02 (Ep+£3)2 °

The transmittance (reciprocal of attenuation) can be defined as this value
divided by Modo/ (lzﬂ.g)z because this is what the irradiance on the mirror

wouid be if A; were at S snd there were no scatterplates. Then

A second scatterplate interposed would make the

2
A.

T2 =
w2p322,2
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For n scatterplates

The assumption was made that all £ are the same value, and this is reason-

able. Comsider the following examples:

n a Q T

1 0.1 1072 3.2 x 1073
1 0.01 10°% 3.2 x 10”5
2 0.1 102 1.0 x 10-5
2 0.01 10-% 1.0 x 10-2

Thus, varying the linear angle from 0.1 rad (6°) to .01 rad (0.6°) provides
two decades of attenuation for one scatterplate and four decades for two
scatterplates.

The problem is that the scatter will not be uniform with wavelength or
angle. The degree to which these variations occur is principally a function
of A/d, the wavelength of the light and the diameter of the scattering par-
ticle. Scattering clearly is a wavelength-dependent process. Can one ar-
range the physical parameters so that this vari::ion is negligible?

In the region for which A/d is small, so that the particles or rough-
ness of the plate have characteristic dimensions of about 56 ym (0.0S mm)
or larger, the scattering is proportionai to 1/A%. This means, for instance,
that radiation at 25 um will be scattered out of the beam 625 times less ef-
fectively than S um radiation. This will be true even if scattering is made
saall for 25 um radiation. Of course, if this is true the scatterplate is

not very effective anyway.
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If the scattering particles are of the order of the wavelength, Mie
scattering rather than Rayleigh scattering prevails. In this case, the
depandence is not A", but oscillates with A/d and varies with refractive
index. These variations on the order of S to 10% also rule out this type of
scatterplate. Additional problems are the directionality of Mie scattering
and the difficulty of generating a plate with proper small-particle characteristics.

Scatter plates must be calibrated in an environment that is as near as
possible to the environment of final usage. Like neutral density filters,
scatter plates have serious problems concerning possible damage or deterioration
between calibration and usz.

In addition to these problems which are similar to filter problems there
are additional atteruator system problems. While neutral density filters can
be added or removed from an optical system with little of no adjustment for
the extra component, scatter plates can only be entered or withdrawn by
performing significant changes in the optical systems employed. Thus the
introduction of a scatter plate requires calibration of the scatter plate
itself plus proper accounting for the changes that are made in the optical system.

A final problem is the baffling of unwanted scattered radiation.

Crossed Polarizers
The use of crossed polarizers in concept is a viable attenuation device.
One polarizer produces linear (or another sort of) polarized infrared radiation
and a second polarizer is placed either in the same sense or some degree of
opposite sense, so that varying degrees of attenuation can be obtained. The
least attenuation is the simple transmission of the two polarizers. This q
attenuation for randomly polarized blackbody radiation will be 50%. Then,
hopefully, the attenuation will increase to some very large number like 106

when the polarizers are exactly crossed. (
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The three useful polarizers for the infrared region have been piles of

. plates like salt of AgBr, reflection at Brewster's angle off a piece of
' 3 germanium or equivalent, and wire grids, whether they be real wires or

| |- evaporated metallic lines on some substrate. Brewster's .ngle is determined
by

-1
9i = tan n

The polarization degree is normally determined by

-
' j
[ e k R - Rs
‘ P =
|. Rp + Rs

We take here just the ratio of the two polarization components:

2 2
tan" (0, - © Sin” (8, + ©

Rs tanz(ei + et) Si;ifiei - et)

. tan’s  sin’ . cos?(e; +6t)
i tan®c  Sin2A cos2(0; -0¢)

This, of course, is the Fresnel relationship. We see that when

p & 9i + et = %f2:

Ratio = cos'z(ei - 6,) 0(o) .

Near Brewster's angle the variation of polarization ratio from zero is a cosine

squared dependence. From Snell's law we know

sinei = n sinet .

)
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The index of air is taken as 1. The index of germanium is about 4. Thus,

sinei 4 sinet

tanei a2 n = 4

! o, = tan"l 4 =76
et = 14°
) Note: o, + 0, = %/2, and 0, - 0, = 62°. Thus,
Ratio = cos? 62° 0(c)

The variation goes as

»
. -2
d Ratio ) d cos (ei - et) d(ei - et) 32.
da d (Gi - et) dn dx
% -3 . d . -1 x -1 ., dn
= 2 cos (0i - et)sm(oi - et) ai-ltan n - Qf - tan n)} Ty
-3 e s o d -1 dn
2 cos 62° sin62 in (2 tan 'n - n/2) Ty
4
-3 -
- 2(.47) (.85) 20 + n) ' B2
dn
3 =2 o
Note that the relative change is this value divided by (.47J°2, The expression
) is
1 d Ratio _ ° 2,-1 dn
Ratio dA = 4 tan62® (1 +n7) da

0.44 g-;l
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Valu 's for dn/d\ were obtained from the work of Platt, Wolfe, et al. on
their recent neasuren.ts. Among the infrared materials for which there
are udequate index data, germanium has one of the highest indexes and the
lowest dispersion. It is hard to do better than this. Note that the beam
must be ccllimated, tne incidence angle must be well known, and the system

zust be calibrated. The geometry shoulu be about as shown below:

76° ralyzer

£
Polarizer P Ep >> Eg

The second reflection goes out of th~ plane of the paper. One can repeat

the reflections for the polarizers, in which case
ratio = (Rp/Rg)" = cos¥ 0™(0)

d ratio

A 21 cos™2M-1p sina 2(1 +n2)~}?

=Ky

The relative change is

3 d ratio
ratio ar

-1 dn
2m tant 2(1 +n?)"1 iy

1 d ratio)
ratio di singie reflection

The wavelength variation is larger for a larger number of reflections.
The use of successive plane parallel plates is in a sense very similar

2o that just discussed. 1In this case the transmitted beam is used thus:
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By this technique additional polarization is accomplished. One could do it

Ge

also by additiunal reflections, as above. A repeat analysis c.uld be done,
but it seems clear that the transmission will be just that lost by reflection,
plus the effects of absorption. It just cannot be better; it must be worse
including some rather important cbsorption around 20 um,

Thus, we must conclude that wavelength variations rule out this

technique.

- s e > am - —— . —

A final method of attenuation should be mentioned, and that involves
changing the tempcrature of the vlackbody simulator. This technique repre-
sents a change in the physics of the source itself rather than an operation on
the radiation from the source, and so the discussion of this technique does
not follow the framework of the arguments listed above.
This is s very poor way to perform attenuation. The process and pit-
falls are best described by Nicodemus (F. E. Nicodemus, "Normalization in
Radiometry," Appi. Opt. 12{12):2960-2973, 1973). Part of p. 2964 of that
paper is repeated as Appendix D3, and Fig. 2 on that page shows the way (

that spectrally mismatched sources and detectors can lead to uncerta.n

readings. Enuation (21) on that page gives a trur radiance va'ue 109 times
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the peak normalized value. It is not suggested that errors of a factor of
109 will be made by using a source-temperature-chenge technique for attenu-

ation, but errors of several hundred percent are sometimes experienced.

A 1500:1 Attenuatox

A special 1500:1 attenuator has been delivered to AEDC as part of the
present contract. This attenuatcr is a sirple two-fixed-mirror version of
the complete attenuation systen described in the first part of this section
#nd illustrsted by Fig. 11, The earlier discussion should be referred to
for backrround information concerning this type of attemuator.

The 1500:1 attemuator is shown in Fig. 15, and one¢ arrangement in the
7 V chember is illustrated in Fig. 16. The Improved Blackbody Simulator is
shown with the 1500:1 attenuator in both figures. An image of the apertur~
of the Improved Blackbody Simulator is formed by the first mirror with a
ratio cf distances of 14 in.:2.3 in. An image of that image is formed by
the second mirror, and again the ratio of image distances is 14 in.:2.3 in.
Thus the geometrical magnification is (2.3/14)2 = 1/37, and the correspond-
ing signal level attemuation is 372:1 = 1370:1. The mirrors have gold
reflecting surfaces, and if their reflectivity is 0.95, then the system

attenuation is 1370/0.952 = 1518, or approximately 1500:1.
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SECTION 7

OPTICAL ANALYSIS

Our study of the optical system has been in two parts: (1) an analysis
of the existing 27-in,-diameter tilted sphere arrangement and (2) the de-
sign and analysis of a three-mirror system that will provide improved opti-
cal quality (with special emphasis on an optimum blur circle size at larger
off-axis angles between simulated target sources and chamber optical equip-

ment center line).

Existing 27-In.-Diameter Tilted Sphere

The general arrangement of the existing 27-in.-diameter tilted sphere

is shown in Fig. 17. Specifications are as follows:

Mirror clear aperture 685.8 mm (27 in.)
Distance from mirror to 3251.2 mm (128 in.)
detector or sensor plane

Radius of curvature 5346.7 mm (210.5 in.)

(concave spherical)

The image quality of the existing system is shown in Figs. 18, 19, and
20. Figure 18 gives the radius of the blur image in milliradians, both for
the total blur image and for the rms blur image. Note that the horizontal
scale (mirror tilt) is the half angle. Figure 19 is a spot diagram for the
full aperture at 50 tilt (half angle). Figure 20 is the ray fan aberration
plot, which shows details of the system aberrations and from which th: aber-
rations for smaller aperture devices can be predicted. This figure has been
prepared for operations at a tilt half angle of 59; the solid curve labeled
y' is for the meridional or tangential plane, the dotted curve labeled x' is
for the perpendicular or sagittal plane, and the curve labeled y', is the
sagittal coma measured in the meridional plane. Appendix El1 gives a detailed

.79
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Spot Diagram:
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explanation of these ray fan aberration plots. An additional aberration
problem is an apparent position error; this distortion, which is like "dy-
namic distortion" in biocular (not binocular) viewers, arises from the fact
that an image is located where the energy centroid seems to lie. This can
cause as much as 0.75 mrad error in the present system.

Interpreting these figures, we note that, for larger tilt angles, the
image deteriorates almost quadratically with tilt angle. This effect is
due to astigmatism. At smaller tilt angles the main aberraticn is coma; how-
ever, for most operations the tilt angle is more than 2° and in these cases
astigmatism dominates. At 5° half-angle tilt, the blur image is more than

2 mrad.

A New Three-Mirror System

In the development of the new three-mirror system, considerable study
was given to the existing system and to possible simple variations on that
system. An analysis of that system is given above.

The tirst, simple variation considered was replacement of the 27-in.-
diameter spherical mirror by an off-axis paraboloidal mirror. An off-axis
paraboloid, more correctly called an eccentric pupil paraboloid, gives a
perfectly stigmatic axial image, and for small fields of view it can give
much superior images compared with a tilted sphere. For a field of view of
$0.59, the full field rosolution is remarkably uniform at about 1/3 mrad
and the image is not tilted significantly (less thzn 1°) also, field dis-
tortion is small (about 1%). The image improvement :ith an off-axis parab-
oloid would be dramatic. Yowever, it is difficult to make the large off-axis
paraboloid required here. Furthermore, an off-axis paraboloid mirror can be

used at only one tilt angle, and that is contrary to the variable tilt
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operation of the 7V Chamber Infrared Simulator. For even 1° difference from
the design off-axis angle, coma aberration amounts to 5 mrad and it increases
linearly with larger angles from the design axis.

Our new design of a three-mirror system is in a class called "tilted
component optics." An informative introduction to this type of optics de-
sign is given by R. A. Buchroeder, '"Design Examples of Tilted-Component Tel-
escopes (TCT's) (a Class of Unobscured Reflectors,' Optical Sciences Center
Tech. Rept. 68, May 1971. The introduction to that report is reprinted as
Appendix E2 of this report.

Two design objectives were considered of special importance. First,
the axial image quality had to be substantially improved, with a goal of 30X
reduction in blur size compared to the existing tilted sphere design. Sec-
ond, the off-axis imagery should be as good as possible so that moderately
large targets and/or target motion could be employed. Another consideration
was that optical design problems had to be weighed against practical problems
so that a simple, useful system would be obtained.

To achieve an axially correct image there are several alternative solu-
tions. One is to turn the primary into an off-axis paraboloid--a solution
rejected for reasons already mentioned. Another alternative is to turn the
primary into a toroid, which eliminates its astigmatism, making it particu-
larly useful for smaller aperture apparatus. The problem with this approach
is that making a large toroid is almost as difficult as making a large off-
axis paraboloid. Although it might be a trifle easier to make, the toroid at
full aperture is considerably inferior in optical quality relative to an
off-axis paraboloid. A third alternative is to use a toroidal secondary and

leave the primary symmetric, but turn it into a hyperboloid. Small toroids

are not hard to make, and this solution gives an axial image of 0.02 mrad.
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However, this image is quite tilted and afflicted with serious assymetric
distortions. A similar solution, leaving the primary spherical and adding
an aspheric plate reflector, has the same distortion problem, and so is re-
jected. This survey of possible alternative designs leads to the solution
that was selected as most practical.

It was decided to use concave rather than convex mirrors becaus: the
former are easier to test. Image tilt in the earlier concepts was caused
by the second mirror working at high magnification to extract the image from
the light beam. Thus, image tilt could be eliminated by using auother mir-
ror similar to the other small one, tipped oppositely to correct image tilt.
For convenience of calculation, it was desirable that the light between the:c
two small mirrors be parallel in the tangential plane. For a simplification
in the calculation of coma and tilt, the radii of the two small mirrors were
chosen to be the same. Spacings were chosen for a condition of parallel
light and so that the reimaged pupil would fall on the last concave mirror.
Thas, the first small concave mirror is toroidal to correct over-all astig-
matism, and the second is hyperbolic to correct the over-all spherical aber-
ration. Tilts were chosen to correct the coma of the system and to reduce
image tilt. The image is not perfectly squared on. Some anamorphic compres-
sicn in the meridional plane is compensated for by residual image tilt, with
a net image distortion of about 2.5%. Target shape can be either distorted
by this amount or calibrated by calculation. The distortion is essentially
cartesian or linear, not cubic.

The optical prescription is given in Table IV, Dimensions are in
millimeters. Tilts are with respect to the effective axis or centerline. .

The layout, drawn with reasonable care to convey true proportions, is shown
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in Fig. 21. Note the direction of target tilt. For better fit into the 7V

Chamber, a flat mirror may be added between M2 and M3.

. )
Table IV. Optical Prescription.
Primarv mirror No change from existing mirror specified
(M1 in Fig. 21) at the beginning of this section
]
; Secondary nirror .ype: Flat
P (M2 in Fig. 21) Size: 127 mm by 77 mm
‘ Configuration: Tilted 55° to optical axis
Location: 2570 mm from primary mirror;
696.19 mm from tertiary
]
Tertiary mirror Type: Concave circular toroid
(M3 in Fig. 21) Diameter: 210 mm
Tilt: 10.9°

Vertical or
tangential ra-
b dius of curvature: 1228.4456 mm
Horizontal or
sagittal radius
of curvature: 1109.77 mm

Quaternary mirror

1 (M4 in Fig. 21) Type: Concave hyperboloid

Diameter: 160 mm

Tilt: 10.9°

Radius of curvature: 1228.4456 mm

Aspheric K: -7.5

Location: 575.31 mm from tertiar,
|

Focal or target surface

Type of surface: Flat

Size: 19 or 50 mm

Tilt: 17.60

Location: 604.112 mm from quaternary
[ ] Effective system efl: 2850 mm
®
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The optical performance of the new design is illustrated in Fig. 22,
which is a computer montage of spot diagrams for the field of view. The plot '
scale is not the same for the spot diagrams as it is for the radial image

distances. The image distances are 0.5° off axis for the outer half circle

and 0.25° for the inner half circle. The plot scale for the spot diagrams

is indicated by the 0.l1-mrad-diameter circle. The outermost blur is on the

{ order of 0.2 mrad, which incidentally is superior to what an ocff-axis parab- i
oloid would offer for a comparable field of view. Figure 23 is the same as

{ Fig. 13 but the spot diagram of the new system has bee. added at the right '

side. Comparison of the two spot diagrams shows the image improvement at-

-a
-~

tained by the new system. Even better imagery is possible with a much more
! elaborate set of asphericities including one on the primary mirror. Also,
the image, which is tipped about 17.5°, can be rectified if that should be
required, by a more complicated design.

The 2.5% distorticn may be expressed as a difference between tangential

c and sagittal focal scales. The tangential focal scale is about 49.1 mm/deg

Lot
7

of field, and the sagittal focal scale is about 50.3 mm/deg of field. Ex-
act experimental calibration will be needed to compensate fabrication and

alignment errors. To a certain extent, the calibration will be affected by

-

the type and size of dcovices being tested, for the distortion depends both
on the field and on the aperture size.

Ray fans in Fig. 24 show the nature of the axial correction of this sys-
tem. Figure 24 should be compa~ed with Fig. 20 for the existing system. We
predict less than 0.02 mrad of dynamic distortion, and in axial resolution
on the order of 0.03 mrad.

Tolerances were not studied, but owing to the nature of tilted compeaent

optics, considerable fabrication errors can be corrected by small changes in
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spacings and tilt angles. A subsequent study of tolerances is suggested
before optics and fixtures are fabricated for alignment.

The second small concave mirror is hyperboloidal and can be tested with
an Offner null lens as well as with other standard test methods. We would
consider its fabrication to be routine for any shop capable of designing
test apparatus for astronomical mirrors.

The toroidal mirror will be more difficult to make. Its curvatures dif-
fer by about 10%, requiring a differential removal of about 0.5 mm of glass,
and that is more than one would usually attempt to polish away. There are
several ways in which such a mirror might be made; the most practical way is
to grind a spherical surface in the customary fashion, then employ directional
grinding to wear down one radius to a shorter value.

Testing would be performed by interference tests against test plates with
two sets of test plates required, one for each direction. This testing tech-
nique provides both curvature and figure information. The making of a toroid
is too difficult for an average optical shop, yet it would be a reasonable
task for a skilled specialty shop such as that of the Optical Sciences Center.

In conclusion, the new mirror design provides a tilted-component, all-
reflective, unobscured collimator with axial imagery about 40 times better
than a tilted sphere. The off-axis imagery is 10 times better than the
on-axis quality of the sphere. Distortions caused by moving instrumentation
around the pupil position are less than .02 mrad. For a field angle of about
1° {17.5 mrad) the image resolution is better than 0.2 mrad on a flat, but
inclined, target. The amount of target distortion is cartesian, requiring a
2.5% compression in the meridional (vertical) direction for a true image in
the sensor space. These values are nominal. For an optical design of this

type, experimental calibration should be performed.
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SECTION 8

BLACKBODY SIMULATOR CALIBRATION

Calibration of the Improved Blacktody Simulator is performed in three
stages:

Stage I: Calibration prior to delivery to AEDC
Stage II: Calibration at the National Bureau of Standards

Stage III: Continuing calibration

Stage I: Calibration Prior to Delivery to AEDC
Initial calibration with NBS traceability was performed on the Improved
Blackbody Simulator at the University of Arizona. This operation consisted

of aperture and temperature calibrationms.

Aperture Calibratiuns

Aperture calibration was performed on a Gaertner Scientific Corporation
Toolmakers microscope Mudel 6201-ARS. The smallest division for translation
measurement is 0.0001 in., and readings were estimated to 0.00001 in. (10 uin.
= 0,254 um, or about half the wavelength of visible light). NBS traceable
calibration was performed by using a calibrated standard of length on the
. .croscope before and after measuring the aperture. The standard consists of
a small steel plate with two scribe lines approximately 0.025 in. apart.

This standard was calibrated with NBS traceability by Dial Indicator Labora-
tories, 7844 Lankershim Blvd., North Hoilywcod, Calif. 91605. The calibrated

distance is:
0.02445 * 0.00001 in.

A copy of the NBS traceable certification by Dial Indicator Laboratories ;
is given in Appendix F.

94 (
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Measurement of the aperture itself was performed by a series of readings

taken 45° apart. These data give an average of
0.02737 + 0.00004 in. diameter

where the 0.00004 value is the standard deviation calculated from the data.
It is our experience that aperture diameter readings are not reliable to

better than 0.0001 in., so a better expression of the aperture diameter is

0.0274 * 0.0001 in.

Temperature Calibration

Temperature calibration was pcrformed with Rosemount Engineering Company
platinum resistance thermometers (PRT's) Model 146MA100F. Three of these
units are imbedded in the core of the Improved Blackbody Simulator, and all
three have been calibrated with NBS traceable calibration. Copies of the
calibration data and certificates of NBS traceability are provided in Appendix
F. The studies reported cn in Section 2, Cavity Temperature Uniformity,
verify that the PRT temperature agrees with the effective cavity temperature

to within 1.0 K at 600 K and to wathin 0.5 K at 500 K and lower temperatures.

Stage II: Calibration at the National Bureau of Standards

It is not appropriate that the University of Arizona should instruct NBS
as to how an NBS calibration should be performed. However, it seems appro-
priate that certain points concerning the University of Arizona Improved
Blackbody Simulator should be mentioned at this place in the present report

--For radiometric performan e calibrations of the Improved Blackbody

Simulator, it is recommended that the unit be arranged as nearly as possible

in the same way that it will be used in the AEDC 7V Chamber.
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--When radionetric performance readings are being recorded, it is rec-
ommended that one or both of the PRT's Nos. 7760 and 7761 have their resis-
tauce values recorded using a four-terminal resistance monitor as described
in Section 5. It will be possible later to duplicate the calibrated radio-
metric output by duplicating the PRT resistance values.

--If the outer shield cylinder and the aperture plate are removed for

apertuve calibration, it is important to use new lengths of 0.090-in.-diam-

eter indium wire for thermal contact gaskets when the unit is reassembled.

Stage 111: Continuigg}Caliblation

It is recommended that the calibration of Stage II for the Improved
Blackbody Simulator at NBS be repeated on a periodic basjs with a recalibra-
tion period of two years. During these periodic recalibrations at NBS, and
also during normal use at AEDC, it is important to maintain a calibration-
and-use log of resistance values of PRT's 7760 and 7761. This log will pro-
vide a continuing monitor of the performance of the Improved Blackbody Simu-
lator. When the resistance values of PRT's 7760 and 7761 bear the same
relationship to one another as snown in the log, this will be an indication
that the unit is performing correctly and the calibration is still valid.
If, on the other hand, the relationship between these two resistance val-
ucs shculd change, that would be an irdication of failure of one of the

PRT's so that repair and recalibration would be called for.

[ . [
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SECTION 9

. B8LACKBODY SIMULATOR DESIGN AND FABRICATION

l ) Our study has shown the best design and fabrication methods for the
Improved Blackbody Simulater, and these design and fabricatior methods have

been incorporated into the unit delivered to AEDC.

Cavity Shape

The initial decision that was made in the design of the Improved Black-

o
P

body Simulator concerned the cavity shape. Sections 1, 2, and 3 or this

report show that a spherical shape is best. In order to prevent rays from

o]

the optical system from striking the back wall of the cavity and subsequently
exiting by specular reflection, it i5 necessary to employ the spherical

’ L cavity in an off-axis configuration.

-

Off-Axis Designs

Two types of off-axis designs were considered. The first, which was 1
ultimately selected, has an axially symmetric core. The core has a cylindri-
cal shape with the spherical cavity centered on the axis near one end of the
cylinder and the cavity opening centered on one end of the cylinder cn the
cylinder axis. The off-axis action is achieved by tilting the core so that

the system optical axis enters the cavity opening at an angle to the cylin-

why

cer axis and strikes the back wall of the spherical cavity at a point away 1
from the cylinder axis. The tilt is given to the core by a wedge-shaped o
base plate. Details of this design can be seen from the drawings in |
Appendix G. 1

The second possible type of off-axis design has an off-center cavity

opening. Again the core is cylindrical and again the spaerical cavity is

97
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centered on the cylinder axis near one end of the cylinder. However, for this
alternative design the 1vity opening is not centered on one end of the cyl-
inder axis; instead the cavity opening s on oae ¢nd of the cylinder centered
about halfway between the cylinder axis and edge. For this design the core
is mounted with the cylinder axis parallel to the system optical axis. Then
the system optical axis passes through the center of the cavity opening,
which is displaced from the cylinder axis, and strikes the back wall of the
spherical cavity at a point away from *he cylinder axis.

The tilt design was selected instead of the off-center design because
the cavity opening of the oft-center design extended too far down the side
of the spherical cavity, and because the tilt design allowec the core assem-

bly to be symmetrical and more simple.

Radiation Shields

Two concentric cylinders of aluminum act as radiation shields. The
inner cylinder includes the precision aperture and has three adjusting
screws that feed through to the core. The outer shield contains a clearance
aperture for radiation leaving the cavity. The purpose of the outer shield
is to limit the exposed area of the inner aperture and thus minimize effects
due to aperture heating. These radiation shields (with the precision aper-
ture) must be connected to the base plate by a high conductivity heat path.
This function is performed by using indium gaskets, one between the base
plate and the outer shield, one between the base plate and the inner shield,
2nd one between the inner shield cylinder and the aperture plate. All three
indium gaskets axe made of 0.090-in.-diameter indium wire placed in a slightly

undersiced groove.

L L
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Core

The cor: assembly is an aluminum cylinder with a spherical cavity,
cavity aperture, heating coils, insulation, and temperature transducers.

The core was constructed as a cylindrical slug with the cavity near one end
and the cavity opening centered on the cylinder's axis. The core was made
in two parts with hemisnherical cavities drilled in each part using a ball
end mill. Complementary male and female shoulders were milled on the two
facing surfaces with a few “housandths of an inch interference fit; the

male shoulder was slightly oversize and the fewmile shoulder was slightly
undersize. Then the female part was heated and the male part was cooled
with liquid nitrogen. This allowed the two parts to be fitted together, and
when thermal equilibrium was established the two parts were permanently
bonded togetlier to provide the spherical cavity.

Before assembling the sphere, the inside surface was blackened with a
hard black anodized coating as described in Section 4., The end of the cyl-
inder opposite the cavity was made long enough to properly accommodate tem-
perature transducers. Sufficient length was provided so that the sensitive
elements would accurately represent the temperature of the cavity and not be

cooled by conduction through the temperature sensor leads.

Heater

Two alternative designs were considered for the heater: spiral wrapped
.eater wires and cartridge heaters. The spiral wrapped design was selected
because tests on ca“ity temperature uniformity like thuse described in
Section 2(2) showed much better results for the spiral wrapped arrangement.

Cartridge heaters are better from a maintenance point of view because they

can be replaced much more easily than spiral wrapped heaters, but in addition

<
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to the measured deficiency concerning temperature uniformity there is the
possibility that cartridge heaters operated between 100 K and 200 K might
be deficient in heat conductios through the cartridge insulation from the
heater wire to the cartridge shell.

The heater design selected consists of a spiral wrapping of AWG-25
nichrome wire with the wire spaced 24 turns per inch. An anodized coating
on the core combized with a braideu fiberglass sheath electrically insu-

lates the heatur coil. Several coatings of Rust-Oleum, type 4272 black

3

[

same time providing mechanical stabilization for the heater wires.

Several different insulztion schemes were considered. The two most
promising were (1) alternate layers of fiberglass cloth and alumirum foil
and (2) concentric containers of highly polished metal. The layered irsu-
lation promised easior fabrication and & more rugged product; the concen-
tric containers promised radiometric insulation characteristics that more
closely followed simple theory. Heat loss tests were run in a vacuum bell
i.r ana the layered insulation gave better results. Since the design con-
sisting of alternate layers of aluminuw foil and fiberglass cloth was the
less costly and the more reliable, it was selected. There are 15 layers
of both materials on the sides, four layers on the front, and ecight layers

at the i1:ear of the cylindrical core.

Temperature Transducers

The temperatire transducers are platinum resisiance thermometers (PRT's).

A four-wire design is used to eliminate errors due to lead wire resistance.

(Sce Section 5 of this report for more information about the PRT's.)

1int increases therm2l conduction between the core and hezter while at the
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Core Supports

The core is supported at the top by three adjustment screws that are
threaded through the inner shell and at the bottom by a single thin-walled
s\ inless steel tube. This design prov.des a minimum of thermal conductiv-
ity between tie core and the low-temperature surroundings and it also pro-
vides precision adjustments for the cavity opening relative to the aperture
in the inner shell. The three adjustment screws have been machineu to pro-
vide narrow studs on their ends. These studs fit into cups machined on the

ends of three stainless steel locator pins inserted in the core.

Vertical Core Alignment

Special terchniques have been used to ensure that the spherical cavity
is in proper alignment with the aperture. Vertical positioning of the core
is permitted by a collet on the steel tube supporting tne bottom of the
core. The collet is secured to the base plate, and it can be loosened or
tightened to permit vertical adjustments.

The support pins in the core allow for motion in two dimensions while
still restraining the over-all cavity position. This is accomplished by a
cup-shaped cavity .090 in. in diameter and .080 in. deep. Complementing
this cup-shaped pin design, the end of the screws have been machined to be
studs .040 in. in diameter and .100 in. long. The result is a plzy of .025
in, up and down between the stud and the retaining pin.

Aligrment is accomplished by lonsening the collet that retains the
stainless steel tubing and allowing the core to drop to its farthest posi-
tion from the aperture plate. The collet should be loosened by using the
spanner wrench provided in the tool kit that accompanies the Improved Black-

body Simulator. Note that the tool kit also has a small brass bolt chat
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may be used to position a small cylinder located inside the stainless steel
tube. This small cylinder strengthens the tube inside the collet, and it has
been drilled and tapped to accept the sm21l brass bolt. At this point the
studs on the ends of the adjustment screws are in contact with the upper
surfaces of the cups in the pins. The collet is now tigatened to clamp the
support tube. ‘hen the system is brought from the laboratory tcmperature
(assumed to be 77°F = 25°C = 298 K) to the temperatures they will have in
use, the following temperature expansions and contractions will take place*
The shell will be kept at 20 K, and the temperature of the core will range
from 100 K to 600 K with a median temperature of 350 K. The top of the 1-in.
tube will have the same temperature as the core, and the bottom, in contact
with the outer shell, will be at 20 K. Assuming a lin=ar thermal relation,
the tube will have an average temperature of 185 K. Thus, compared to the
laboratory temperature in the first step, the shell will be cooled 278 K
(from 298 K to 20 K), the core will be heated 52 K (from 298 K to 350 X}, and
the tube will be cooled 113 K (fi'om 298 K to 185 K). The thin-walled stain-
less steel tube (Type 321) has a coefficient of thermal expansion of 9.3 x
1078 in./in.°F, The core and the shell of aluminum have a coefficient of
thermal expansion of 12.7 x 107% in./in.°F. The above-described temperature
changes and coefficients of expansion give the following changes in length:
The shell will decrease by 0.023 in., the core will expand 0.003 in., and
the steel tube will shrink 0.002 in. These changes inr length will also
change the relative position of the adjustment screws with their studs in
the cups of the pins. As the core expands, the pins move up .003 in. rela-
tive t¢ the adjustment screws. However, the steel tube is shrinking at the
same time, tending to lower the core and screws .002 in. Finally, the

shrinkags of the shell to which the adjustment screws are attached lowers
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the screws .023 in. relative to the pins. The net result is that the sepa-

ration between the studs on the adjustment screws and the top of the pins

; increases to .024 in., placing the studs within .001 in. of the desired
center position in the cups in the pins,

Thus, for the proper alignment of the core slug, the only adjustments
necessary are the transverse adjustments and the vertical lowering of the

i core. Thermal expansion will then take care of the desired centering at the

- ety
L )
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median temperature. As the core varies 250 K above and below the median
! temperature (from 100 K to 600 K), the aluminum will expand or comtract .015 -
. in. while the steel changes .002 in., and these variations are accommodated
! by the %0.025-in. spacing between the adjustment screw studs and the cups

of the locator pins.

Horizontal Core Alignment

e

To perform horizontal alignment of the cnre, the outer radiation shield
and the aperture plate must be removed. Two long-handled Allen wrer.:ches have
{ been provided in the tool Xit to aid in the removal (and later reasseMuiy’
of these items. (Note: When these items are reassembled, indium gaskets
should be provided as described in the paragraph on "Radiation Shields"

on page 98.) Then the cavity-eperture-plug provided in the tool kit is placed

Y

into the cavity aperture. This must be done carefully to avoid misalign-
ment of the plug and to prevent damage to the aluminum foil heat insulation.

£ The plug should be placed with the small stud pointing outward. The large
disk in the tool kit is then positioned in place of the aperture plate.

Following these steps, the stud of the cavity-aperture-plug should be visible

inside the hole in this disk.

[y
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The axial Jistance from the 0.0274-in.-diam. aperture in the aperture
plate to the 0.200-in.-diam. aperture in the cavity is 0.431 in. Thus the
core must be centered (.431 in. x tan(17.5°) = 0.13b in. horizontally away
from the 0.0274-in.-diam. aperture; this displacement must be in the direc-
tion of the off-axis tilt of the core. Furthermore, the 0.0274-in.-diam,
aperture is 0.153 in. off center on the aperture plate. Therefore the aper-
ture in the core must be centered (0.153 -0.136) in. = 0.017 in. away from
the axis of the cylindrical radiation shield. This 0.017-in. adjustment of
the core is off centers in the same direction that the aperture is off center
on the aperture plate.

Horizontal core alignment is done with the three support-adjustment
screws that are threaded through the inner radiation shield cylinder and that
have studs on their ends. These studs fit into cups on the ends of pins that
have been driven intc the core. Each adjustment screw is fitted with a lock
nut. A special Allen wrench is provided in the tool kit for turning these
screws. Jue tool kit also provides a pierced socket wrench for the lock
nuts; this wrench is pierced to accept the Allen wrench so that each adjust-
ment screw and its lock nut can be controlled in one operation.

When performing horizcatal aligmment of the core, the three support-
adjustment screws should be worked togethe., maintaining a minimum gap be-
tween the core and the screws. When the 0.017-in. off-cente. alignment is
attained, the three screws should be snug 2gainst the core. Then, to allow
for differential thermal expansion, each screw should be backed off 0.015 in.
Since these are 4-40 threads wi*“ 0.025 in. per turn, this amounts to abcut
210° rotation of the screws. After the 0.015-in. corrections are made, the
support-adjustment screws should be locked into place with the lock nuts

using the wrenches provided.
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Core-PRT Bonding

|
l

A critical problem in the design and fabrication of a blackbody simula- (

tor concerns the physical and thermal bonding of the temperature transducers
% . to the core. The platinum resistance thermometers (PRT's) are 0.600 in.
long by 0.060 to 0.070 in. in diameter. The PRT wells drilled in the core
} . are about 0.010 in. larger in diameter than the PRT,
Several mechanical designs were considered. The first was a simple set

i screw. This idea was not used becauss differential therma! expansion would |
provide inadequate contact pressure at one temperature extreme and excessive
' contact pressure at the other temperature extreme. There was a risk of in-

correct temperature readings vhen the contact pressure was low and a risk os
y PRT damage when the contact pressure was high.

A second mechanical design involved a spring-wall cylindrical insert.
The cylinder was to be made with an ID 0.020 in. larger than the PRT OD, and
the cylinder wall was to be 0.020 in. thick. Slots lengthwise on the cylin-
der would allow strips of the cylinder to be pressed in and out for spring
contact to the PRT inside and the PRT well in the core on the outside of the
cylinder. This design was not used because of problems with the metal cyl-
inder. Aluminum would probably not retain sufficient spring actioun after
numerous temperature cycles, and a better spring metal such as phosphor bron:ze
would have probiems with differential thermal expansion.

Several cements were tested and Sermetel PBX was selected for use with
the Improved Blackbody Simulator. Technical data on Sermetel PBX is given
in Appendix H. More information about Sermetel PBX can be obtained from

Teleflex Inc., Sermetel Division ‘

) P.0. Box 187 [ |
North Wales, Pennsylvania 19454

215-699-4861

-~




Other cements that were tested include the following:

Omega CC Cement and Omega HT Cement, obtained from

Omega Engineering, Inc.
P.0. Box 4047
Stamford, Connecticut 06907

203-359-1660

Eccobond Solder 58C, obtained from

Emerson and Cuming, Inc.
Gardena, California 90247

213-329-1147

Rosemount Tement 531, obtained from

Rosemount Engineering Company
P.0. Box 35129
Minneapolis, Mirnesota 55435

612-941-5560
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APPENDIX A

SHAPE THEORY FOR BLACKBODY SIMULATOR CAVITIES

Al. General Theory

The following theory for blackbody simulator cavities expresses all cavity
geometry effects in terms of Ia dQ, the projected solid angle of the aperture
as seen from points on the wall of the cavity. The analysis continues with
the development of a simple method for finding approximate values for fa da
for different cavity shapes. As a result, this theory provides a valuable
tool for the comparison of various candidate cavity shapes for the -design of
blackbody simulators.

Most previous theories deal with hemispherical cavity emissivity (the
ratio of radiant exitance to that of a blackbody). The present theory consid-
ers the directional cavity emissivity (the ratio of radiance, or radiant
sterance, to that of a blackbody). This is especially important when the black-
body simulator is tc be used to fill a wide-angle optical system like a colli-
mator or an integrating sphere. Most previous theories either assume isother-
mal cavities or make total energy output corrections for temperature gradients;
and these corrections are usually expressed as corrections to a calculated
effective cavity emissivity. The present theory, cn the other hand, shows how
cavity temperature variations develop ard shows how such temperature variations
lead to variations in output energy in different parts of the beam of a wide-
angle optical system (e.g., the f/4 collimator of the AEDC 7V chamber).

The new theory is illustrated by the particular arrangement shown in
Fig. Al.

P
1 x axis drive

Position ‘
transducer ¥ axis drive //\
Chopper

xy recorder

Blackbedy Radration
simulator

Detector O7.inm sq.

Aperture 25 mm PbS

diam

Turatable centered
at canity aperture

Fig. Al. Exzecrimental arrange-ent.
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- In this setup, only a narrow pencil of radiation from a small area on f
the back wall of the cavity is allowed to fall on the detector. As the turn-

{ table is rotated, a large part of the cavity wall is sampled sequentially.

Figure A2 shows the geometrical properties of the experimental arrange-
N ment,

e
—

1
Location of detector;
TN < i e =
™\ \9%3§S§§§> irradiance here = Eg
AN 0N Y N
1 S
Aa
- 1
1
JQ — ‘
RN Y \
SRR e
TN \“A RSN
R N A TR
NN N NN X )
'
; Fig. A2. Geometrical properties of experimental arrangement. 4
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The power at the detector, Py, is . .
{ Py = [ J Locoséycosdy %2 dAgdAg
‘ ) 40 11 I {
I ¢ 20y
where
¢4 = angle between normal to detcctor and line from detector to
) Ag. Here ¢4 = 0, so cos¢g = 1.
1
! Yo Aq4 = arza of detector a
‘ Ap = area of cavity wall viewed by a pciat on the detector
| {
! Ly - “~ocal radiance (radiant sterance} £rum Ap toward detector. i
L
Thus
Ej = dPy/dAg = I Lo cosdy Rg~2 dAg
4g
. = irradiance on detector.
|
Note in Fig. A2 that
J cos$y %72 ddg = 4y 2472
L Ag
where
Ay = area of system aperture
Iy L4 = distance from system aperture to detector
29 = distance from 4p to detector
. ¢1 = angle between normal to surface A~ and line from cdetector
to 4g.
)
At this point we assume thal A, is so small that Ly is approximately
constant over Ag. If this were not true, we would be required to use a new and g
and smaller A,. If a discontinuity in Lp occurred in 4p (such as might occur ﬂ
at a cone apex or a cylinder side-back seam), then it would be necessary to
divide Ap into two or more parts such that Ly would be constant for each part.
Thus
Ej = LoAglq 2. (A1)
| Y
| .- L -
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Lo is the sum of two components,

Lo = Lood * L1od » (A2)

where
Logq = radiance emitted from 4,

= radiance along path from Ay to detector

= radiance at detector due to emission from Ap

radiance at the detector due to reflection at 4, from all
the other parts of the cavity and the aperture.

Lyod

If Ag is an ideal black surface, then

- b - .-l - IS |
Lood = w = :40'" = UToTr
where
My = radiant exitance from 4j
o = Stefan-Boltzmann constant
Ty = temperature of Ag.

If Ap is a perfectly diffuse radiator with hemispherical emissivity e, then

Lyod = eLbb - eaTyn~1,
If Ap is a real radiator with directional charzcteristics, thern

Logg = €o(8,0)LPP < ¢,(0,8)0T  n" L. (A3)
Equations (Al), (A2), (A3) give

Eg = [eg(e,ﬂoTo'"n‘l + Llod]aaza‘Z.

LS
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Recall that "
) Lypg = radiance at the detector due to reflection at 43 from all ‘
i other parts of the cavity and the aperture. {
. Let 1
. fiod = the bidirectional reflectance-distribution function de-
- fined in Nicodemus, F. E., Appl. Opt. 4:767, 1965, Eq.
(5), with current nomenclature per Nicodemus, F. E.,
Appl. Opt. 9:1474, 1970.
! ) ing = radiance along the path from d4; to 4 j
dQ19 = projected solid angle at A; subtended by dA,. :
‘ y
| . Then
t
;o Liod = fied Lig do0.
% 271 ster
AN
in agreement with Eq. (7) of Nicodemus, F. E., Appl. Ont. 4:767, 1965, with
) nomenclature per Nicodemus, F. E., Appl. Upl. ©°1474, 137¢, Note that dQ;g
£ here corresponds to dQ' of the Eq. (7) iust cited. Tn.cefore
Eq = [eo (8,8)0Tp ! + | f1od L1o dﬂlo] Aty ™2
2n stew !
' d
Like Lo, L;p is the sum of two components:
Lig = Liig * L210 ro
J ;
Lijjo = emission from d4; toward 4y
Ly19 = reflection at d4; from other parts of the cavity and aper-
ture toward 4g.
1
We had
Lygd = e0o(8,4)aTp4n"1,
v so here ‘
Lizo = €1(0,8)0T %7 :
1
?
- X !
N J
ed
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and we had
Lyog = Frod Lr1o do
( 21 ster
]
SO now
Lyyg = J Fa10 L21 d21 .
) 21 ster
i
/i B
The preceding aualysis can be extended to an infinite number of terms by
induction. Summarizing all these steps, we have
b
Eq = [eo(a,tb)OTo“"'l + ;[ Frod L1 dQIOJ Agly 2
27 ster
L Lo = [61(9.¢)0T1“1T'1 + J f210 I21 dQZIJ
21 ster
Ly = [52(9,45)01'2"“-1 + J F321 L3p dQ32
27 ster .
p 4
/ . 4. -1 .
1 Lmywm-ny = [E"(“’“"Tn" * J (n+1) (n) (s-1)E (n+1) ()% (n01) (.
2n s er
‘ L . L (A.‘)

)

foy
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A2.

A 3pecial Case

The preceding analysis is very general, and should be applicable for any black-
body simulator cavity problem. However, use of Eq. (A4) requires detailed in-
formation about €(6,¢) and f(0,4;6,4),and the integrals require a considerable

3 amount of computer time. Therefore, for most practical cases it seems likely
that simplifying assumptions will be emplo,ed. Onec special case is of very
great importance. We assume

} €0(8,0) = €1(8,0) = ... = e,(9,6) = ¢ (AS)
/-
4 fied = f210 = ... = fme1) () (n-1) (A5a)
? Tcavity >> Toutside (ASb)

This case has the following properties:

‘ (1) The wall surface is Lambertian.
(2) Equation (A4) reduces to a compact form, and it leads to simple
solutions to many cavity problems.
i (3) The approximations are comparable to those of the best known theories
' followed today.
{4) Conclusions are in surprising contrast to general practice today.
, (5) Results have been verified experimentally.
: Equation (ASa) above and Eq. (22) of Nicodemus (Appl. Opt. 4:767, 1965) lead to
fiod = f210 = felym)m-1) = o7}
‘ where
) p = 1l-€¢ (from Kirchhoff's 1r.)
' p = hemispherical reflectivity
E ’ € = hemispherical emissivity.
! Since direction and hemispherical emissivities are the same for a perfectly
diffuse surface, € is also the constant ¢ of Eq. (AS).
Therefore,
- - - s (1-e)v-l
3 fied = fa10 = oo = Frpymm-i) = - = @)l he,)
e L

i
¢
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Thus .
BEq = Aglq 2eaTg"n™l + 4,8 "2(1-€)n"" J Lyg d '
2n ster ;
but g
[
= + J
21 ster cavit, aperture
From Eq. (AS5b) we have, for the aperture, f
’ L
!
Y
J Lypdig = 0. i
aperture :
' 1
Therefore ;
f Lyp d2o = J Lyo dyo ;
21 ster cavity
]
and therefore
Eq = Aglq 2eaTp*n™! + 42,7 2(1-¢)n"! I Lyg d9¢ .
) cavity
Over the cavity wall surface, Eq. (A4) gives 1
[ o
LlO = EOT]I"IFI +J (l-E)Tf‘l LZl dQZI .
J cavity
Therefore
)
Ej = Aghg %ecTpn™l + 448472 (1-€)n Leon~! j ™Y dayg
cavity
+ Aply~2(1-€)2n2 J J Lyy dfpy dp - *
cavity’cavity
4
- [ W '1‘
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From Eqs. {(A4) and (A6) we have

Lyy = eoTptsl J (1-€)n~! L3, dazs .
cavity

Therefore

Ej = Agta ZeoTo"n™1 + AgRy~2(1-€)n leon™! I T4 dayg
cavity

+ Agly 2(1-€) 21" 2e0n"! J J T4 dyy dyg

cavity ‘cavity

L32dR33d071d0) .

+ Agly~2(1-€) 3773 I I J
cavity ‘cavity ‘cavity

By repeating the previous argument, we obtain an infinite series solution
for E4:

Eg = Aglg 2e0To"n™! +.4,8,"2(1-€)n" leon™] J T,% doyg
cavity

+ Agfy~2(1-€)2r2¢0n"] [ T,% dyy dfyg

cavity Jcavity

T3udﬂ32d921d910

+ AgRo 2 (1-€) 31 3¢on"1 J J j
cavity ‘cavity ‘cavity

+ Agtq 2 (1-€)"n Neon™!

I ) J ) J - Tpdfy (1-1)d2(n-1) (r-2)
cavity ‘cavity cavity

.0 odR21d01 9

* cee o

|
l
i
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According to one mean value theorem of integral calculus (G. A. Korn and A
T. M. Korn, Mathematical Handbook for Scientists and ineers, New York,
McGraw-Hill, 1968, p. 119), there are some T; and some T, such that

J le dyg = ?l» J dQy g
cavity cavity
. and
I f To*dRz1dRyg = J Ty j d21d% ¢ /
cavity cavity cavity cavity

and, acquding to another mean value theorem (Korn and Korn, p. 119), there
is some T; such that

f E'-zj d;1dyg = -le { dz1d 0.

cavity Jcavity ’cavityjcavity

ety = meane o

Therefore, there is some i;(n-l)...(Z)(l) such that

I . I . J Tyt (n-1)0 (n-1) (n-2) --+ 21diic
cavity’cavity cavity

.
A

.
SO VNN

b = Tn(n-l)...(2)(1)J , J , J 3% (n-1)d% (n-1) (n-2) |
cavity’/cavity cavity !
eeeda1dSg. 1

(A7)

Therefore

Eq = #a0y"2e0To*n~1 + 4,0,°2(1-€)7" leoT) “a~ ! J 42y
cavity

dfiy1d o

cavity’cavity

(cont.)

———— . i
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d93 2d5221d§ll 0

+ Aaza‘z(l-e)3ﬂ'3505521“ﬂ°1 J J I
cavity’cavity’cavity

+ Aaza‘z(l-E)”ﬂ'"W?; n-1)...(2) (1)"-1

. J J ...J dﬂn(n_l)dﬂ(n_l) (n-Z)“‘anldQlO

cavity cavity cavity
+ ool .

(A8)

dfy (n-1)49(n-1) (n-2)- - - $321d% 0,

To evaluate I I J ...I
cavity’cavity’cavity cavity

we first consider the inner integral

I 1) = I A%y (n-1) 'J Ay (n-1)*
cavity 2w ster

aperture

Recall that d®,(,.1) is the projected solid angle at the point (n-1) sub-
tended by an element of area d4 at point n. But

/2

27
J A n-1) = J J sin® cos6dedé
27 ster 0’0

in agreement with Eq. (7) and the equations that follow it in Nicodemus (Appl.
Opt. 4:767-773, 1965). (Recall that dQ here corresponds to du' of .icodemus.)
Theref re

)( d%n-1) = .

21 ster

X1
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Let

[ @] a

aperture a

where the integration is performed over the cavity aperture. Then

J A% n-1) = - Jdﬂn(n-l)

cavity a

Let
B = [ . J B -1)P-1) (-2) -
i cavity’cavity
i 4 Then
’ B = ds da
= - b (n-1) (n-1) (n-2
H cavity a
g
= "j Qn-1)(-2) - [ Idnn(n-l)dn(n-l)(n-Z)'
cavity cavity a
’ H
A The inner integral of the second term of B is the projected solid angle of the
4 aperture as seen from a general point n-1. Then this integral becomes a weight-

ing factor for the outer integral, which sums projected solid angles of all
small area elements at points n-1 as seen from a general point n-2. The inner
. integral will have different values depending on where the point n-1 is located.
However, as we perform the outer integration, a mean value theorem of integral
» calculus (Korn and Korn) provides that there is some average value of the in-
ner integral such that

I Jdﬂn(n-l) Qn-1y(n-2) = [d“n(n-n J Rn.1)(n-2) -

cavity a a cavity

- ——

-

L e

Aot g0 ettt daat
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Thus B becomes

3 = = J dﬂ(n-l)(n-Z) - J dﬂn(n—l) J dg(n-l)(n-Z)

cavity a cavity
s [“ - J‘mn(n-l) ] I d“(n-l)(n-z) .
a cavity
The last integral is evaluated like
J 4%, (n-1)-
cavity
Therefore,

B = - Idn.,(n-l) m - Jdn(n_l)(n-z) .
a a

¢ = I J J 4, n-1)3%(n-1) (n-2) % (n-2) (n-3)

cavity cavity cavity

Let

f 8 @ n-2) (n-3)

cavity
) J [“ i J % (n-1) ][" il J d8 (n-1) (n-z)]’*’f*(n—z) (n-3)
cavity a
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by the second mean value theorem used to derive Eq. (A7):

| c = - Jdﬂn(n—l) (n-Z)] I - jdn(n-l) (n-2) ‘m(n-Z) n-3)
a J cavity a
where
. 3 ‘
! , | a1y ]
a

is slightly different from |

’
a
’ ’ to account for the influence of
f“wnwn-
a
’ Then
c = |=- fdﬂn(n-l)(n-n I I d9(y_1) (n-2)3% (n-2) n-3) *
a cavity cavity '
)

The double integral can be solved the same way that B was solved. Then

' r = T - J Qn(n-l)(n—Z) ¥ - Ida(n‘l)(n'z)

a a

o R Jd“(n-z) n-3)] - .
a
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In the same way, .

I [ [ I 9, (n-1) (n-1) (- ) B (n-2) (n-3) 8 (n-3) (n-4) i

cavity cavity cavity cavity

= [” - Ldﬂn(n—l)(n-Z] (n-3) ][” - }adn(n-l)(n-Z) (n-S)]

‘L'L&wnwn]L'L@WQMM] !

’ and in general

J . J _dip(n-1)...do
cavity cavity

= [w - I dﬂn(n-l)(n-z)(n~3)...(2)(1} ]
a

-
. T - Jadﬂ(n_l) n-2)(n-3)...(2) (1) ] toe

: b

* [l T o]

Note that the average integrals are all approximately equal, and there is
8ome average integral

_ i

Jdﬂn
a <
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such that

[" - Jdﬂn(n-n(n-z)..,zl ] [" ) J d"'(n-l)(n-z)..-zl]

a

Therefore

J J ...I dfln(n_l)dﬂ(n_l) (n_z)...dﬂudﬂlo

cavity cavity cavity

where the first integral is an average integral evaluated over the aperture
from some average point within the cavity and the second integral is the pro-

jected solid angle of the aperture as seen from point O in Fig. A2. Thus,
Eq. (A8) becomes

Ej = Aoty 2eoTp*n! + Agty~2(1-€)n"leaTy *n~1 [w - J dQlo]
a

+ Agla2(1-€)2n~2euTy) n~1 [w - J dnz] [w - J dnm]
a a

2
+ Agty2(1-€) 31" 3e0Tap) ! [n - J dsz3J [r .| d:;l—]
a

+

— -1
+ Agtg 2 (1-€)" 1 eoTyly )y, 3™} [n - Ldﬂn] [ﬂ - J doy 0]
a

+

(A9)
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The Tn(n-x ...2] are average temperatures selected so that Eq. (A7)
would be trie. ~Therefore the n different Tp(n-1)...21 of Eq. (A9) will be
about the same value, but slightly different. However, for any set of val-
ues for all the quantities in Eq. (A9) there is some quantity Tm such that
911 the Ty(n-1).,.21 can be replaced by T and Eq. (A9) will still be valid.

Similarly, the different ' d@; can all be replaced by a single new av-
a

erage integral
i da .

‘a

Therefore,

Ed = A;la-ZEO’To“'ﬂ”l

+ Aghg~2(1-€)n"leaTy n! [w -I dﬂw] ) (1-¢)n~?
a i=0
i
. [w - I dﬂ] .
a
But
TJat = lsx+x2e... 4+, = (Q-2)7}
=0

when -1 < 2z < 1, and this is always true in the present case. Therefore,
Eg = Agky 2eoTpn1

+ Acla'z(l-e)n’leafl'm“n'l [n - I an, 0]
a

-

The term within braces is equivalent to

[1 -1+e+ (1-¢)n"1 J

-1 - -1
dn] = e‘1[1+ 1l-¢ Idﬂ] .
TE
a [+

(f
|




Therefore

E, = Agly2e0Tpn"1

a

The second term has the form

a(1-8) (1-¢) (1+y)-!

but

(1+y)~! = = 1 - y(l+y)"L.

Therefore the second term becomes

a(1-8) (1-£) - a(1-3) (1-€)Y(1+y) "}

Jo

1

’

1+ -
fle

= a(l-€) - aB(l-€) - a(1-8) (1-e)y(1+y) 1.

So Eq. (Al0) becomes

Eg = Aglq 2eoTp“n~l 4+ 4424~ 20Tp" n"1(1-¢)

- Aalu'onml’n'l(l-e)ﬂ'l J dQ

a

- Aglq 20Ty "1 (1-¢) [1 -1

[2]

R

a
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]'1.

(A10)
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N But it is difficult to measure different Ty values over the cavity sur- !
' : face. So let us measure the temperature at some points within the cavity core
’ such as T4 points illustrated in Fig. A3.

e

Fig. A3. Tgy,Tt Geometry.
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Then

Tg = Ty + AT,

Note that in most cases AT < 0. Then the first term in Eq. (All) becomes

Agla2€0 (Tg +AT) 4171 = Aglq~2e0Ty v 1 (1 + AT/T4)"

Aglo 2e0T*n™1 (1 + 48T/Ty). (A12)

We proceed to evaluate AT by a radiation-conduction heat balance tech-
nique. First, observe that for good blackbody simulator design the core ma-
terial must have high thermal conductivity to minimize thermal gradients
while the cavity wall surface must have high emissivity. In general, no
single material has both these properties, so in general good cavity design
calls for a metal core with an internal surface coating.

Note that most blackbody simulator cavities are symmetrical about a
cavity axis. We will proceed with our analysis making this assumption, and
tecognize that the argument can be modified later to embrace most nonsymmet-
rical cavity shapes.

Assume that the most significant component oi the thermal gradient is
radial. This will be a fairly valid assumption for most blackbody simulator
cavities. Fcr thermal conductivity,

g% = P = -KA(dT/dx)
= rate of transfer of heat energy
= power
K = coefficient of thermal conductivity
A = a -
T = temperature
x = displacement.

Here, since we assume only radial temperar .re gradients, we may write 4T/dr.

ﬂf
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I
Let L be a small finite axial distance and r be any radius such that 4“
[N
rg < r < g, )
!
Then
A = 2mwrl
P = -K(2nrL)(dT/dr)
Pdr/r = -2uKL(dT) 1
ro ]Tc ]I’t ]rt
Pin(r = 21Ky LT and Pln{» = =21Ka4LT
™) g o), et
Therefore
Pln(rp/rg) = -2uKgeL(Te - Ty)
Pla(ry/re) = -2mKotl'™ -Ta)
and therefore
Ta-To = -(P/21L)1In(ra/ry)¥pe”? . ‘
Ty -Tg = -(P/2nL)1n(re/rp)Kee}
and therefore
AT = Ty -Tp = -[(Fe-T9) + (Tt -Ta)]
= (P/2nL)[In(ra/ro)Kpe™! + In(re/re)Keot] .
P/L is the power per unit length conducted in the direction of incrcasing r.

The zctual heat flow is in the opposite direction, toward the cavity surface,
so P/L is negative. If we redefine P to be a positive quantity, we will have
a new negative expression that we can balance against the radiated power:
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:

AT = -(P/27L) [In(re/ro)Koe™! + ln(rt/rc)Ktc'lj,

Recall that AT = Tg - I't in general is less than zero. The quantity P in the |
above equation must equal the radiated power, which we may determine from Eq.
(7-7) of M. A. Bramson {Infrared Radiation, Plenum Press, 1958, p. 214):

flux = o(TI“-Tg“) J f (cos@;cos¢2/ﬂr2)dsldsz .
5178,

Converting from the terminulogy of Bramson to that of the present report, we
have
{lux becomes radiated power i
' Ty becomes T

T, is neglected due to Eq. (ASb) {

] dsy becomes 2mrgl (as seen in Fig. A3)
5)

f (coséycosd,/r?)ds, becores I dQ, the projected solid angle ‘
S, a |

We must add a factor of € to account for a nonideal radiater. Then the radi- |
S ated power becomes o

P = eoTy“2mrgL J dg/w.
a

This value of F must be equal to that in the last expression for LI, so, sub-
stituting into the AT equation, we have

AT = -eoTy*n~irg[In(re/ro)Koe™) + In(rp/re)Kep™t] j de.,  (Al13)
[#4

Nute that 7 .. (A13) gives & value for the correction AT. Since this is a cor- 4
rection teri", we will leave 1" in the simpler form T instead of converting it
to the more complicated form T. .
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Equations (All), (Al12), and (A13) give
Eq = Aghag 20Ti*n7le + Aglq~20Tm*n"1(1-¢)

- Aglyq~ 20Ty =1 (1-g)ns I dfy
a
- Agly20TEn~1 [4520T0“Tt" Yrolin(za/rp)Koe™?
+ 1In (I’t/rc)Kct'l]ﬂ'l] J dQi0
a

————

- Aaza’onm“'n'l(1-(—:)36"117'1 J dQ
a

(A14)

A3. Evaluation of [,dQ

Equation (A14) shows that the analysis of this report separates all the cavity
geometry effects into the single expression

J daq = { coséjcoséy r-2ds. (A15)
a ‘a

This integral will be solved by assuming that several of the integrand quan-
tities are constant over the aperture:

r = constant
¢1 = constant over I ds. (A15)
¢» = constant a

These assumptions are fairly accurate for small apertures and deep cavity lo-
cations, but they are less reliable for large apertures and for points near
the aperture. However, the resulting equations are so simple and useful that
we will develop this approximate theory in considerab’e detail. We must al-
ways keep in mind the limitations imposed by these assumptions. In particu-
lar, we must remember that the resulting equations become rather poor
approximations along the cavity wall near the aperture.

.

C o e——




130

Asa:esult of these assumptions equation (A15) becomes:

-2 1
I df. = cos¢ cosp A r (A17) ¢
a 1 2 4

General Cavity Shope

Let us now express Eq. (Al7) in terms of a geometry that is very useful for
many cavity studies (see Fig. A4): {

but

Fig. A4 Teneral cavity geometry.

therefore

cosgy; = (¥ cosu — z sinu))r !

and
Iadg = (y cosu - z sinu)zAa/r".

Let us restrict ourselves to circular apertures of radius a. Then

A = xma?
a

and

n-1 Ldn = (¥ cosu — z siu) za?/r*, (general design cquation) (A18) ﬂ
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Equation (A18) is a general design equation for blackbody simulators.

We will see that this equation can be applied rather easily to the standard

cavity shapes to reveal a number of interesting properties of these cavities.

Spherical Cavity

Figure A5 shows

y = R cosu
z = R(1 - sinuj.

Fig. AS  Spherical cavity.

By substituting into Eq. (A18) we have

Ldn (R cosu) cosu — R(1 - sinu) sinu}za?/r*

R(cos*u + sin*u — sinu)za® /r*

R(1 — sinu)za?/r*

L]

a3/t
However, in triangles ABC and ADQO in Fig. AS.

z/r = Y[R,

—— e A
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thercfore
22/r* = 1/4R?
and
-1 dan 2 4}?2.
n ,[a = a</ (sphere) (A19)

Note that the position variablesr, y, z, ¢, , ¥, , and u do not appear in Eq. {A19)
a constant for all positions within the cavity.

Conical Cavity

r
Figure A6 shows
TR (L

y = a—az/h a > -
cosu = hi(h* +a*)% . —
sinu = —a/(h? +a*)%. 1 ' l

Fig. A6 - Conical cavity.

By svbstituting into Eq. (A18) we have

n-1 I adQ {(a — az/m)hjn? +22)%) + za/(h? +a* )4} za? Ir*

L}

‘lak/(h? +a®)*)za? /r®

= 133/r'(1 +a%/h?)%.
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therefore
.
: ' 7=l fadn= zaS(' +a2/h2)-—%(22 +a’(l —2/’!)2 1-2. (cone) (AZO) '
f Note the difference between Eqs. (A19) & (A20). For Eq. (a20j, Jadn varies ‘

sharply with position, and it is very learge near the aperture. This corresponds ‘
{
to the observed temperature drop near the mouth of a conical cavity blackbody

simulator.
Cylindrical Cavity

r
For the side wall, Fig A7 shows ‘ Y/
2

y=a
u

0
c'osu=l z .
sinu = 0. ‘ h ‘ !

Fig. A7 Cylindrical cavity. !

By substitutinginto Eq. (A18) we have

n-1 Iadﬂ = (a — 0)za?/r*;
therefore
n-1 L‘dg = za3(z2 +a®y2.  (cylinder side wall) (A21)

For the back wall, Fig. A7 shows

[

u= -x/2

sinu = --}

cosu = 0 l
z = h. !

By substituting into Eq. (A18) we have

n~1 Iadﬂ =(0+ h)za?/r*; '

| thercfore ﬂ
/

{

{

1
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n-l Ldﬂ s Ii2a?(h? +b2F?  (cylinder back wall) (A22)

where b is the distance off axis of the area element dsl.

Compare Eqs. (Al9) through (A22). Only Eq. (Al19) for the spheres has Jadu
independent of position. Both the cone and the cylinder side walis have large
values of Jadn near the aperture. Thus both Eqs. (A20) and (A2l) predict large
heat losses near the mouth of conical and cylindrical cavity blackbody simulators.
These large Leat losses correspond to experimentally observed temperature drops.

At the junction of the cylinder back and side z=h and b=a. Eqs. (A21) and
(A22) then become

n! L““ = a’h(h? +a*p? (cylinder side wall at back) (Ala)

n-1 Iadn = ah3(h? +a%y2. (cylinder back wall at side) (A22a)

These equations show that the side wall has less heat loss by a ratio of a:h
compared to the back wall at the junction where they meet. Conduction heat
balancing then slightly lowers the temperature of the side wall at this junction
and slightly raises the temperature of the back wall. These results predicted by
Eqs. (A2la) & (A22a) agree with the experimentally observed phenomenon that black-
body simulators with cylindrical cavities have their highest temperatures along
the side wall near the back but not at the back. Figure A8 shows the temperature

distribution.

Temperatures

somewhat below

the highest
Lowest
femperatures

Highest teinperature

Fig. A8 Cylindrical cavity temperature distribution.

jo %
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Cylinder Plus Cone

The cylindrical side wall can be trcated by the analysis ¢t the previous section. For the
cone, Fig. A9 shows

y=a-(z-Dalh

cosu = hf(a? +h?)*%
sinu = —af(a® +h?)%.

N
i

T—

Ik

1,

z L

T ¥

Fig. A9  Cylinder plus cune.

By substituting into Eq. (A18) we have
7= len = ({ta - - Dasr)aj(a® + i Y4} +za/(a® + h2)%)za? r*
=[(ah +al)/(a® + h?)%)za?/r*;
therefore
-l Jadﬂ = (h+ Dza®@ +h?) %{2? +a - (z - Da/n)?} 2

(cone at rear of cylinder plus cone) (A23)

——




Comparison of Several Shapes

The equations for the sphere, cone, cylinder side wall, cylinder back wall, and cone at
rear of cylinder plus cone are

n-1 Iadﬂ = a?/4R? (sphere) (Ai9)

-l Iadﬂ = 2a3(1 +a?/h?)" % (z? +a2(l - z/h)?}? (cone) (A20)

w1 L‘dn = (22 +a?)? (cylinder side wall) (A21)

n! Ldﬂ = h2a*(h? + b2)? (cylinder back wall) (A22)

n=1 Iadﬂ = (h+Dza*@® +h? )““{z2 +[a - (z - Du/h)?}? (cone at rear (A23)
of cylinder

a~1 [adﬂ = (1 +1/h)za®(1 +a2/h?)~% iz’ +a*[l - (z -~ I)/h]’}", plus cone) (A23a)

These equations may be used to compare the different cavity designs. Note
that, for the cylinder plus cone, when h is very small the design resembles a
simple cylinder and z =1 in Eq. (A23), so [a- (2-1)a/h) = b. Thus, Eq. (A23)

becomes

=1 fdn = 12a3(a?)75[12 +b2]°2 = 12q2(12+12)"2,
a

vut I in Eq. (A23) is the same as h in Eq. (A22), so Eq. (A23) reduces to
Eq. (A22). For the cylinder plus cone, when I is very small, the design re-
sembies a simple cone, and Eq. (A23a) reduces to Eq. (A20).

In the next section of this paper, Eqs. (A21) and (A23a) are compared to

the reentrant cone equations.
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Reentrant Cone

The reentrant cone is shown in Fig Al0Blackbody simulators of this design are given
special mention by two of the leading buoks in the infrared ficld: R. D. Hudson, Jr.,
Infrared System Engineering, Wiley, 1969, p. 73, and M. R. Holter, S. Nudelman, G. H.
Suits, W. L. Wolfe, and G. J. Zissis, Fundamentals of Infrared Technology, Macmillan,
1962, p. 44.

Fig. A10 Reentrant cone.

Eq. (A18) may be used to compare variations of this design with each other and
with the other configurations of this proposal.
For the rear cone in Fig A10

y=d—(z-Ddfh
cosu = hj(d? + h?)%:
sini: = ~d/(d? + h?)%,
By substituting into Eq. (A18) we have
n-1 L‘dn = 2a*[r*|{(d — (dz/h) + (dI/h)} [h/(@? + h?)%)

+ [dz/(d? + h2)%));

¢ h LN

[




therefore

vt [0 = @ irtian s ania + )
= (a®dz/r*)[(h + D)/(d® + h*)%]. (tear cone of recntiant cone) (A24)
%or the front truncated cone in Fig. A10

y =a+(/I{d-a)
cosu = %/(d? +h?)%
sinu = dj(@? + h?)%,
By substituting into Eq. (#18) we have
L Iadﬂ = (2a%/r*){la + (z/IXd - @) {h/(d? +h2)%)
- l2d/(d* + h*)%}};
therefore
-1 Ldn = (2¢2/r*)[ah + (zdh[l) — (zahfl) - zd] [(d® + h?)%.

(front truncated cone of reentrant cone) (A25)

Let us rearrange Eqs.(A24) § (A25)First note that d >a, so we can let d = ka for some
k> 1.Then Eq. rA24) tecomes

-1 Iadgg =wa3z(1 +1lfh)X1 + k’a’/h’)"'/‘{z2 +/1:2¢%[1 -z - I)/h]’}”, (A24a)
By comparing Eq.(A24a)with (A23a) we sec that the reentrant cone has
K +a? M)A+ k2a? ) %22 +a? (1 - (z - DIP}2 {22 + k2a? (1 - (2 - D/} 2

times as large an aperture effect as the cylinder plus cone, and this is ap-
proximately equal to k when ¢ <<h and aq <<2. This suggests that the cylin-
der plus cone may have a more uniform [;d? than the reentrant cone. Further
study of this comparison is warranted.

when we modify Eq. (A25) by letting d = ka, we obtain

a1 Jadn = ga[ha + (zahk[l) — (zah[l) - zka]{zi +[a + (z/IXka — )] 2}_2 02 + K2a?) -1:.

(A25a)
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If the cone angles of the rear conc and the front truncated conc are the same, then by
similar triangles shown in Fig.Al1l

(h - Dfa = h/d = hka; (A26)
| therefore
‘ ' hk -1k = h

2”1 2a 2d

‘ . : and
| |‘vl—4——h

hk —h—1k = 0. h —p
{ ]
Fig. All. Eq. (A26) geometry.
’
Multiplying by za/l we obtain
(zahk/l) — (zah/l) — zak = O,
]
therefore Eq.(A25a) becomes
a1 Iadsz = za%ha(h? + k*a?)~%{z2 + a2 (1 + (k - D)2/} 2
®
or
¢ -1 2,2/p2y-Y%1,2 2 2)-2
-l | e = za3(1 + k2a?/h?) % 22 + a1+ (k- 2/}
7 (front truncated cone of reentrant cone) (A25Db)
- Comparing Eq. (A25b) with Eq. (A21), we see that they are quite similar; the
reentrant cone has a smaller variation in directional emissivity by the
: factor
(2% +a®)*{2? +a®[1 +(k — D)2/IP} 21 +k2a? [n2) %,
This is consistent with Hudson's statement on page 73 of his book that the
reentrant cone should be less susceptible to excessive cooling at its open
end compared to a conventional cone. However, when k is much larger than ka
and (k -1)2/7 is small, this effect is not very great. As noted above, fur-
ther comparison of the reentrant cone and the cone plus cylinder is warranted.
4

.
—— * S
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Reentrant Cone Variations

There are several interesting variations on the reentrant cone, We are
not sure whether these designs have any merii, but they are examples of how
Eq. (A18) can be used to study blackbody simulator designs. Consider Fig. Al0
and Eq. (A24) when fadn at the apex of the rear cone is equal to fadQ at the
junction of the front and rear cones. This condition is an approach toward

improving the uniformity of the directional emissivity of conical cavities,

3 = r = h+l at apex
2 = 1 ' } at junction
r = (d% + 12)?

therefore Eq. (A24) becomes

() o), e L@+ D+ UG+ /(@ 5 B
a

[} J ), evion™ LA @ + ID2ILG +D/ (@ + W)
a

and
~r .t
(h+1)3 (d? + 12)2

Let us solve this for 7 and A as a function of h/i for the normalized case

where d = 1:
1 = [+ Y2 - 175, (A27)

Equaticn (A27) leads to the following table:

h/1 100 10 5 3 1.0 0.333 0.2 0.1 0.01
l 0.0314 0.168 0..70 0,378 0.740 1.36 1.78 2.55 8.15
h 3.14 1,68 1,35 1,13 0.740 0.454 0.357 0.255 0.0815

Sketching several cf these cases, we obtain the variations of the reentrant
cone shown in Fig. A12., Note how large the cone angles are. For 1 > h
the cone angle is >90°. Even the extreme case of h/l = 100 has a cone angle
of 2 arc cot[3.14] = 35°. This is in marked contrast to most analyses of
conical cavities where small cone angles are suggested for best design.

We doubt that these designs are more practical than a sphere, although there
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may be situations where this is the case. Note that these designs all have
more uniform directional emissivity than that of Fig. Al0, and Fig. Al0
is similar to illustrataons by Hudson (p. 73) and Holter et al. (p. 44).

—
d

l;?;

1=0.168 = 0.378
h=1.68 =1.13
0.740
0./40
[/ h [—“—'ﬂ 1 h
L
1=1.36 1 =255
h = 0.454 h = 0.255

Fig. Al12 Reentrant con2 variaticns, normalized
tod=1.0 and a = 0.5.

{
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APPENDIX B

EMISSIVITY OF ISOTHERMAL SPHERICAL CAVITY WITH GRAY LAMBERTIAN WALLS*

An exact expression for the emissivity of an idealls diffuse, gray, isotherma: sphericul cavity is derived
directly, making no geometrical approximations, and i shown to agree with the results of 1JeVos, Gouffé,
and Sparrow and Junsson, as compared by Fecteau. It appears that, even under ideal conditions, the
spherical configuration is the only one that will have uniform isotropic emis‘vity over a wide angie, ap-
F-taching a full hemisphere, acrass the entire aperture.

In a recent paper,! Fecteau shows that, for the ideal-
ized case of a spherical cavity with perfectly winform,
gray, opaque, diffuse (Lambertian), isothermal in-
ternal wall surfaces. the emissivity is exactly given,
with perfect agreement and no geometrical approxima-
tions, for any size of aperture, by the theories of De-
Vos,? Gouffé.? and Sparrow and Jonsson.* 1t is inter-
esting, as a further check, to derive ¢,, the emissivity
of the aperture of such a spherical cavity radiator,
directly. The present derivation parallels to some ex-
tent that of Gouffé.? but, instcad of deriving the
effective reflectznce of the cavity fer radiation incident
through its aperture, .nd then transforming to emis-
sivity by Kirchhoff's law, this law is invoked only for
the relationship between reflectance and emissivity for
individual opaque surface elements, as in the DeVos?
approach.

For an isvlated opaque, Lambertian, surface ele-
ment dA, the emissivity ¢, the directional reflectance®
pe, and the bidirectional reflectance-distribution func-
tiont p’ are each constant and are interrelated as fol-
lows*-7:

em ] — g, =1 — »p’ [dimensionless]. (1)

In order to evaluate the cavity emissivity ¢, we first
determine the radiance N,(T) of the radiating aperture

The author is with Sylvania Electronic Systems, Western
Division, Mountain View, California 94040

Received 12 January 1968,

* This denotes beth the directional-hemispherical refectance
#(0y; 2v) and the hemispherical-directional radiance factor
R(2s; 0, ¢) [(D. B. Judd, J. Opt. Soc. Amer. 57, 443 (1067)].

tIn Ref. 5, I called this the partiul reflectance or refleclance
"istribution function and thien, in n note added it proof, indicated a
later preference for Yidirectional refiectance fur p’.  However, gub-
sequent experie - <1’ confusion and misuuderstanding has led
*& now W fava, gy bilditectional reflectance-distridution
sunction,

of the isothermal cavity at temperature T°K, attrib-
utable to thermal emission alone. Reflections due to
incident radiation reaching the internal walls threugh
the aperture from outside are neglected. Then the
emissivity of the cavity 1s

€t = N.(T)/N.(T) [djmenz.mnlewl. fZ)

where Ng(T') i~ the radiance of a blackbudy at the zame
temperature, T°K (Planck’s law). Since radiance in a
lossless isotropic medium is invariant® along any ray,
N.(T) is also the same 2. the radiance of the remote por-
tiot of the interior cavity wall No(T') seen through the
emitting aperture, e.g., that of the element d4 in the
direction of the ray shown in Fig. 1. Under the postu-
lated Lambertian conditious, the radiance of any such
element d.1 of the interior wall in any direction may
be expressed as

Ne=Ng= XN, +Na+ N+ ...

+ N+ . [W-em2seY, (3)
whert N, = Np(T) = (1 — xp')N(T) is the sclf-
emitted thermal radiance of d4 (the radiance it would
have if it were isilated and emitting st T°K), and
Nia(n =123, . )isthereflected rudsance contrib-
uted by such thermal emission from “he cavity walls
after (n — 1) intermediate reflection~ huve tuken place
at different puints on the internal wall surface.

The reflected radiance upon first reflection is Ny,
with no intermediate reflections. Hence. the incident
radiance producing it is N,. and is incident on dA
through the solid ungle Q. subtended by the cavity walls
at dA, so that the incident irradiance is given by

H, =N, [W.em™?, )

where @', is the projected solid angle subtended at d4
by the cavity walls (see Appendix for di~cussion of the

*F. E. Nicodemus, Appl. Opt. 7(7):1359-1362, July 1968.
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Fig. 1. Spherical cavity configuration. .\ plane section through
the center O of a spharical cavity APWPB with an aperture ADB
(perpendicular to this plane section); ACB is the spherical cap
that would just cover the aperture to complets the sphere.
A ray of radiance N’y is shown emitted by an element dA of the
internal watl at . If N, denotes its radiance as it passes through
the aperture awml there is no attenuation in the empty cavity,
N. - N..

concer-. of projected solid engle). From this, we can
write

A’,l = D'”l - p"\'ﬂf. l‘v.cnl-!,sr-gl (5)

Note that, although o’ and N, are constants, ', may
be differextt at different pusitions P of d4 in the general
case Jf an unsypecified cavity configuration. A spheri-
cal cavity, however, has the convenien{ and probably
unique property that Q’, is the same at every position
of dA (see Appendix); so, for this case, N, is thesame
foralid4.

The reflected radiance upon second refiection is N,
with one intermediate reflecticn; so the incident radi-
ance producing N, in this case is N, and we have,
similarly,

Na = p'NouQ'y = N(p'0')* [W-cm™-2r~1]. )
In general, then,
New = p'Nota-1/l'% = N(p''0)* [W-em~t-sr-8).  (7)
Fquation (3) now becomes

lvo - No" + (ﬁ' '-) + (P'u"). +...+ (P'n'-)‘ + .. l
(8)
= NJ( — p') =
Na(T)/11 = (1 — /7] [W-em™t-8r-3
It is shown in the Appendix that the projected solid

angle subtended at a point P of the surface of a sphere
by any portion of the sphericai surface, regardless of
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shape or location, is dircetly proporticnal to its area.
Accordingly, if s is the area of the spherical eap ACH
(Fig. 1), which just covers the cireul:r aperture ABD,
and if § is the total surface aren of the entire sphere
including the cap, then*

Q,/x = 5'S [duntisionlew), 9)

since the complete spherieal surface subtends a full
hemisphere above d.A with a projected =olid angle of = sr,
sothat @', + 9. = r.

Hence,

Q./r = (x — )2 = (1 — &’8S) [dimensionless].  (10)

By combining Eqgs. (2), (8), and (10), we can now
write,

= NJ/Ng = e {1 = (1 = Ot = @3}
= ¢/{(s/8) + e{t = (s’S)} [dimen-ionles).  (11)

This last expression is the same as Eq. (3) of Gouffé?
for the isothermal spherical cavity. The equivalence
to DeVos? and to Sparrow and Jonsson® has been
demonstrated by Fecteau.!

It must be emphasized that this is an ideal case. A
perfectly diffuse (Lambertian) surface has the same
radinnee in all direetions, regardless of the way in which
it is irradiated and/or heated.  Since raal surfaces,
even rough natural ones, tend to become specular re-
flectors at grazing angles, it is pussible that real cavities
may depart substantially from the ideal situation
treated here.

It should also be emphasized that Eq. (11) upplies
only to gray surfaces (or within speetral regic.as where
the wall emissivity eisa constant with respee. to wave-
length). In the general case, the relation 1 olds only
between the spectral quantities at any given wave-
length:

() = A)/{(3/8) + «)t ~ (/S)}} Idimensionless] (ila)

It is clear that, when the walls are not gray , the spectral
cavity emissivity ¢(A) will also vary with wavelength.
Then, in general, the total emissivity is

«(T) = {1/Na(T)] f (AN (0 TN
°

® NNy a(\THMA
o (/8) + «M)[ — (s/8)]
[dimensionless]. (11b)

= [1/Na(T)]

This is not the same expression that re-ults if one
substitutez, int» the right -n.e of Eq. (11), the following
expression for ¢, the total emissivit, of the wall sur-
faces:

oT) = [1/N(T)) f NNLBOT) [dimensivnless].
[/}

[Nas(A,T) is the spectral radiance of a blackbudy at
temperature T°K.]

*The sul':script.q a, ¢, aud w are wed throughaut 1o refer, ro-
spectively, to the aperture (4 DB), the spherical eap (ACH), and
the internal sphesical wall (4 2/*H—See Fig, 1).
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Incidentally, the note just aiter Eeg. (5) suggests that
the spherieal cavity configuration is the only one that
ean achieve Lambertian radiation from its entire
aperture (if the problem of heating the walls uniformly
to achieve a truly isothermal condition ean be solved).
Even if the walls themselves are ideally Lambertian,
as assumed in this analysis, and, further, if their re-
flectance is so low that all but the first two terms in
Eq. (3) may be neglected, N, will otill vary with posi-
tion, because of variations in N, if there are variutions
in Q' for the different clements dA4 that originate
the rays pussing through the aperture. It seems clear
that departures from these ideal conditions can only
add to the deviatioi.s from that uniform N¢ (for all
wall clements) that is necessary for uniform and iso-
tropic N at the cavity aperture.

Appendix. Geometry of Radiometry—Projected
Solid Angles

This appendix includes brief tutorial discussions of
(a) some basic radiometrie relations involving the con-
cepts of radiance, projected solid angle, and throughput
[Egs. {" ') to (A-8), inclusive] and (b) a theorem,
used in -he derivation in the body of this paper, con-
cerning ti.c projected solid angle subtended at a point
on a spherical surface by any portion of that sur-
face.

In general, thc radiant power flowing in a beam of
radiation passing through some convenient reference
surface (emitting surface of source; stop. aperture,
pupil, or window of opticai system; csecciving surface
of detector; etc.) is given by?

P = f f N(z,y8,¢) cosodddA [WV], (A-1)
AJR

where r.y are position coordinates on the reference
surface; d4 = drdy is an element of the surface area
(for simplicity, a plane surface is assumed); 8,0 are
direction angles in spherical coordinates at dA (@ is the
angle from the normal to d4, ¢ is the azimuth angle
in the plane of dA); d2 = sin8d8d¢ is an element of
solid angle containing the ray of radiance N(z,y.6,¢)
which intersects d4 at (z,y) in the direction (0,¢);
Q2 is the complete solid angle containing all rays of the
beam passing through d4; and A is the full area of
the reference surface that is intersected by rays of the
beam.

Equation (A-1) follows from the definition of radiance
(N) as the radiant power (P) per unit solid angle (2)
in the direction of a ray per unit projected aren (4
cos8) perpendicular to the ray,’

N = 3*//cuos®0A00 [W-ecm~2.5r7)), (A-2)

if we confine ~ur attention to geometry (position and
direction) and disregard any dependence on the other
radintion parameters (wavelength or frequency »,
time or fluctuation frequency £, and polari .ation).

J
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When the vidue of radianee N is the scone evers where
(uniform for il r,y) and in all direetions G<otropie for
all 8,¢) throughout the beam, Eq. (A-1) simplifies 1o

P=N f f oot = N3 (W), (A-3)
AJ1

szfn»&hbl.i fem?-sr] (A4)
AJG

is the throughput, étendue, or area-solid-angle product
of the beam® I a lossless medium. where P remains
constant all along the beam, it is easy to ~ce that, ~ince
N is invariant along every ray, the throughput 3 must
also remain constant all wlong the beam.  And sinee 3
is determined entirely by the geametry, it follows that
when losses (absorption and scattering) do occur, but
do not modify the geometry of the main beam. the
throughput 3 will still be the same all aloig the beam.
This holds true as long as there is no chauge in the index
of refraction. Otherwise, in passing into another me-
dium with a different index n, it is N #* +hat is in-
variant aleng a ray.? Henee, n23 will be invaviant in
the mure general case.
Equation (A-f) can also be written:

where

= f W'dA [em?-sr], (A-5)
A

where

0'=fdn'=fcosﬂﬂ=ffm-0~inalal¢ [sr] (A-6)
o Q [

is the projected solid angle containing the rays that
intersect d4. Furthermore, if there ix no vignetting,
so that © and 2’ do not change @s the clement 44
passes to different points over the entite ~urfiace .,
Eq. (A-5) can be further ~eparated a~

J=1q fd.-l = AQ femd.orl, (AT,
A

Obviously, mputation can be greathy <implhfied by
choosing, if | Jssible, a reference surface an which there
is no vignetting or the vignetting i negligibile

In the roverse situation, in which the total power
has been measured and the geometry of the beam i-
known so that the throughput 3 can be evaluated, the
radiance, from Ex. (A-3), is

® N =P/3IW.em-t.r-t], (A%

Even when the beam i~ not uniform and isotropic, with
constant N, Eq. (A-S) is often u~ed to obtain an average
or cffective value of N, the cquivalent uniform i~o-
tropic N.

An interesting property of a spherical surface, first
presented by Sumpmer,? is that the projected solid
angle subtendd at any surface clement d., by any
portion of the same spherical surface, i~ determined
completely by its area, irrespective of the eonfiguracion
(its shape and its position, with re<peet to .1, on the

S |
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Fig. 2. Solid augle -ubtended by surface element al of a
spherical surface at P, a point on the same spherical surface.

spherical surface). It follows that the throughput
between aay two portions of the spherical surface is
dircctly proportional to the product of their areas.

To prove these ~tatements, consider any surface
eleriunt d4 at .1 on the surface of a sphere (Fig. 2).
The element of <olid angle d2 subtended by dA at any
other point P on the ~ame spherical surface is

At = d.t cod (P} = dA cosd (2R cush)t [st]
(A-9)
= di/3R? cosh) [sr],

where AP denote~ the length of the line ! 2, and R is
tne radius of the sphere.
Hence, the projected solid angle subtended by dA
atPis
42’ = cosed = dA/4R? [s1). (A-10)

For a larger portion of the surface area, A = fdA, the
projected solid angle subtended at P is then

Q = fd2' = fARY)"'dA = A/4R? [s1), (A-11)

145

which, for any given sphere of radius R, is proportional
only to the area .1 and is independent of its shape or
configuration,

The surface ares of a complete sphere is, of course,
4xR?, and, at any point I* on that surface, it sublends
a complete hemisphere.  Aceordingly, by substituting
4xR? for A in Eq. (A-11), we obtain the projected solid
angle for 2 hemisohere,

¥y = 4xRYARY = # [s1]. (A-12)

This is casily verified by direet integration of Eq. (A-6)
over a full hemisphere.
Accordingly, the ratio of the projected solid angle

., subtended at any po:.:t I” on the sphere (Fig. 1) by a

circmar aperture .1DB, or its equivalent spherical cap
ACD, to the projected solid angle of a hemisphere, or
= 81, is equal to 8/S, where s is the area of the spherical
cap and § = 4xR?is the surface area of the complete
sphere, including the cap.

W,/x = 8/S [dimensionless]. (A-13)

Incidentally, this ratio Q'/x is variousiv called the
angle factor, configuration factor, form factor, or hape
factor in the literature on radiant heat transfer. It is
just the projected <olid angle in hemispheres rather than
steradians.
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APPENDIX C

MATERIALS

Cl1. Thermal Conductivity

The table of thermal conductivity of various materials that is reproduced

on the foilowing page was taken from Materials Engineering, 78(4):16, Mid-

o ) September 1973,

! C2. Hardness

The following excerpt is from S. Wernick and R. Pinner, The Surface Treat-

’ ment and Finishing of Aluminuw and Its Alloys, ed. 3, Robert Draper, Ltd.,
! Teddington, England, 1964, pp. 34 and 35.

While coatings formed by chemical treatment may be relatively soft and
sometimes even powdery, films formed anodically are usually extremely hard
3 and adhere tenaciously. Table 7 gives some comparative hardness values for
various materials. On the other hand, the coatings are not as brirtle as might
be expected and do not usually crack until the material has been stretched
beyond its elastic limit, and brittleness may be further reduced by sealing the
film in boiling water, or dict.romate solution, etc.

s Toble 7. Hardness of materials (Bierbaum test)
Razor stee 1,50
Glass 2,000
Chromium 3,100
Aluminium %0
3 Aluminium anodic oxide film
soft finish :
face of film 180
centre of film 1,200
) base of film 1,550
hard finish :
face of fi 140
centre of film 3,000
’ bese of film 5,000

C3. Tensile Strengsﬂ

’ The table of tensile strength of various materials that is reproduced on pages
148 through 149 was taken from Materials Engineering 78(4):6-7, Mid-September
1973.
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Thermal Conductivity® 147
Btu hr sqft °F ft
. - - i
Mzterial 3 High | Low Mat-ial & High | Lox ‘,
o Seer® ., P 282 - Austemtic Stainfess Steeis® . . .. 1 94 8 "
¥ - Copper ...t > 196 Columbium Carbede . ........... 82 - ‘
. Chromium Copper.................... 187 - Carbon® ... ... 5 3 j
N GodY. . .reiiieeie e 172 -~ Calaad. .. ... 4 -
Beryllia®. ............ .............. 150 145 reon Ll e, 36 29
| Alyminum & Its Alloys ............... 135 674 Cordicrite & Forsterte ... .......... 24 09
\ Plain Brasses........................ 135 67 Polycrystatbine Glass . ... ...... ... 21 11
y ' Graphite® ... .............o...... 120 1) Steatte ... . . .. ................. 194 145 :
Phosphor Bronzes. ............. .... 120 29 Electrical Ceramies . ........... .... H 09
Bery'um Copper .................. 10 100 Magnesiad . ......... ..... ... . 15 -
Leaded Brasses. ..................... 104 67 Wood Comp Board .. .... .......... 15 0.08
Tungsten> .. ..................... 96.6 - Wool Feits (1 in.), Sheet ... .. .. ... 091 0.30
Aluminum & Its All~ys (cast)........ 4 925 51.0 Stlicon Nitrided ., ... ............. 09 -
Benyflium*. ... ... ... 87 - Epoxies (cast) . ... ......... ...... 0.8 0]
3 Molybdenum & Its Aliogs.. ............ 8.5 67. Silica Glasses®. ......... ......... 0.8 - ‘
. ) Magnesiom Alloys. . ................ ) 2 Siica, Vitreous. .. . ... .| o8 - {
! Tin & Aluminum Brasses ............. 67 L Borosthicate Glasses‘ ................. 0.7 - l
Inc&itsAlioys .................. €5.3 €@.5 Alkyds . e ieereiieeen. 0.0 0.26 ;
Tungsten Cartude Cermet......... .. 50.1 25.7 Wood Comp deard, Softboard  ....... 06 0.3 ‘
| Rhodium® 50 Lead Sikcate & Soda-Lime Glasses®.. .J] 05 - 1
Columbium LY. 31.5 lrcoma® ... L. ...l 05 - l
i Platinum® 2 - Polyvinyl Aleshol ... ....... ..... 0.46 - ‘
Palladium® 4 - Melamines . .. ... ........ 941 0.17
) Alloy Steeis® B | 27 {Mes . .. T 04 62
Tin & its Alloys 37 '} Phenohics (m v!ded) .......... . 039 020
Nichel & its Alloys® 36 87 Wool Felts (1 m.), Roll . ... ... 0.39 0.24
Wrought Irons® U5 - Plastics Laminates, High Pressute. . ... 0.29 017
Indwm®._.......................... k') - Ureas ...... ............ . ... 0.24 0.17
Aluminum Cronzes (cast) .. .......... k<] 2 Celiulose Acetate & Propmate .. 0.19 0.10
Tungsten-Titanium Carbide Cermet... .§ 329 165 Polyethylenes PO T 3 -
[} Tootalum . . . .................... 315 - Ethyl Cetlulose . ..... ..... ...... 407 noe
Silicon Bronzes....... .... ... .1 3 2 CFE Fluorocarbuns .. . . .... .| O0.145 -
Gray lrons (cast;®....... .. ...... x 28 Nylons 6, 11,66 & 610.. ... eeaens 0.14 0.10
Nitnding Steels® . ............. .4 2 - Styrene-Butadiene & Nitrile Rubber....|  0.14 -
Malieabledrons. . ..... .... ... .... 295 - TFE Fluorocarens. .................... 0.14 -
Alumina Cermetse ... ........ . .. 2 — Acetal .. ... e 0.13 -
Silicon Cartndes ... ... ... ] 9 Cellulose Nitrate................... c.I2 -
TmBronzes(ast).uoded i ) 28 - ABSResins .................... 012 0.0¢
) Carbon & Free-Cutting Steels*. . .. .. 27 - RorykeS . ..o 0.12 .10
Alfoy Steels (cast)>. R 1 - Nylon, Glass-Filled....... ...... . 012 ; -
Tin Bronzes {cast). High Luded . 27 - Polyesters (cast)......... ... . . . 0.12 0.10
Cupio-Nickels & Nickel Silvers ... | 26 13 Siicone Rubber ... N R V] 0.11
Thorum C e e e s 214 - Polypropylene .. 0.1 0.:0
Martensitic Stainless Steels' e 212 nr7 Neoprens Rubber ..... . . ....... 01l -
Noduiar or Ductife lions® ... _........ 20 18 Polycarbonate .. . . ... . 0.1l 0.0%
"y Lead & its Alloys®. . ............... 196 160 Polyvinyl Chloride............... . ¢.10 u9?
| ’ » Cobalt-case Superalloyse . .......... 180 113 | Silicones (molded) . .. . 0.097 .689
Yigh Temperature Steefse. ... ... ... 173 158 | Polyester, Thermoglastic. GP ~ 00% ' —
Boron Nitndee . . .. ... 166 — | Phunylene Oxde SE-100 00% . —
Ultra High Strength Steelse ... .. . 166 - Polyvinyl Formal . . . . . ... 0% . —
Boron Carbeded . . ... 16 — [ MNatwratRubber . . ... .| oc8 | -
. Heat Eesistant Alloys (casl)' oo 152 1.7 Polystyrenes, GP ] . 002 | O
Ferntic Stainless Steels® ... .. 151 122 Modified Polystyrenes 007 ' 292
Cr-Ni-Fe Superatioyse........ ... .. 15 122 Butyl Rutbes. .. ..., . 005 i —
) Nickel-Base Superalloyse. ... ... 15 85 | vinyhdene Chiorige .. gos | —
Stanless Steels (cast)*........ ... 145 82 | Urethane Foarred-n-P'azs, Riped £az £y
Uamum. .. .. .. ... ... 145 — | Neoprene Foams .. .. poame | asm
Tin-Lead-Antimony Atloys>... .| 14 — | Prefoamed Celiuluse Acetate. Rigid PR L B B
. Tantalum Cattide. . . o] 128 - Butadiene-Acrylominie Fozms Ces + Ouls
Age Hardenable Stainless Steelss. . 121 887 | Natural Rubber Foam ._..... . 6525 1 002
Lsconium Cartede ... ... ... 19 - Stheons Foams, Ripd . . 9025+ -~
Alunona Ceramucs®. ....... ..., .. 107 6.2 Phenolkc Foamed-in-Place Rip:d .. 03¢z - ‘
Low Ezpansion Nicket Alloys' ..... 103 13 Polystyrene Foamed.ir-Place. R:nid 6le + -
Titanium Carbide . e e 99 - Prefoamed Epoxy, Polystyrene Rigic.. W . -
| Ttanium & its Ahoys‘ 4 9 43 Butadiene Stytene foums . .. 0018 . ~ |
Qircontum & Hs Alloyst, .. .. .. 96 8.1 Thonat . Coe. . ] v -
‘ ® Values represent Ligl aud low mdes of & rauge of typiral values at reomm tetnperature ezrept v ov re nuted
\ % At tempotstures between 20 and 212 F. ¢ AL roon temper turs M., purity) ¢ At temperatures suove 1000 F ‘
‘ / CONVERSION FAC? OR: To obtain cal/ae/sq can/*C/em, multiply by 0.004. {
|
y
7
4
- ‘. - -




-

(N
}
4
{
¥
>

i
{
l

‘"‘\m

Tensile Strength®
1000 pol

Material & High Low Material § iigh Low

Asbestos, Chrysotile 510 200 Aluminum Bronzes (cast).............. 9% 15
Alloy Steels, H&T................... u5 9% Alioy Irons, Cast. . ........ccoveeenn.. 90 13
Uttra High Strength Steels, HE T. ... 319 5 Beryllium, Ann, .. .................. 990 60
Asbestos, Crocidolite 300 100 Ferritic Stanless Steels, CW........... 90 7
Rhodium, CW.......... ............ 200 - Polyethylene Fibers . . . ............ 90 1
Martensitic Stainless Steels, H& T. ... 75 % Siticcn Bronzes. Ann. ................ 0 &0
Age Hardenabla Stainless Steels, Soi'n Aluminum 2 Its Altoys, Soi'a Tr & Aged 88 k]
TraAged ....... ..ot 240 86 Fersitic Stainiass Steels, Ann. .. -] 65
Titanium & 3t Alloys, B¢ Tr ... ..... 240 145 Plastics Larinates, Low Prescure . ....| 85 3
Carbon Steeis, H& Y. .............. Fx1) 75 Tin & Aluminum Brasses, Half Hard....{ 84 75
High Tempesature Steels, H & T....... 235 139 Animal Fibers ..................... s %
Aluminnm Silicate Fibers.. ........... 230 50 Carbon Steels, V-Bearing.......... ... ) 65
GlassFibers. ... ... ....ooiiiaanen. 0 200 Beryllium-Copper, Ann .. ..... ..... 0 ]
Stainfess Steels (cast), H&T . ... ..] 220 110 Cupro-Nickels, Hard & Light Drawn. ... 0 60
Tungsten, Str Rel .. ceeeeee ) 220 - Leaded Brasses, Hard .. ......... .. o0 55
Aloy Steels, Catb Gudes ............. 218 102 Zircomum Copper, Hard .............. ] 56
Nitriding Stee!s, H&T. ............. 206 121 Hafnium, Ann.. . ...... ..........eee. n -
Nickel-Base Supe:alioys, Sol's Tr & Low Expansion Nickel Alloys, Amnn.. . ... n -]
Aged ... oo 205 162 Cartridge Brass, 70%, Hard. ........... 76 -
Alloy Steels (cast) . ..oot el 200 n Uramium, Depleted . 15 -
Ce-Ni-Fe Superalioys, Sol'n Tr & Aged. | 196 114 Carbon Steels, Cb-Beanng. ............ 15 60
Mickel & its Allovs, Ann & Age Hard...] 190 130 Low Allioy, High Str Steels............. 7 1)
Austenilic Stainless Steels, CW ........ 185 110 Gray brons ......ccovvveeiennnaennnen 75 15
Beryllium-Copper, Hard............... 18 165 Low Brass, 8093, Hard. ............... 74 -
Titanivm & its Mioys, Aan.. .......... 10 60 Yellow Brass. Hard.. ................ ] -
Cobait-Base Superalioys, Soi'n Tr & Ingotlrom, CD.....ccovvnviiinnnnnnn. n -
Aged......oonevniiiiiiiiiainn 165 101 Rhodiom, ARR. . ... .....ooennnnt B -
Cellulosic Fibers .................. .. 155 20 Vanadium, Ann.................... . Y/ -
C1-Ni-Co-FeSuperalloys,Sol'nTr& Aged .§ 154 18 Red Brass, 85%. Hard. ............... 70 -
MNodutarfrons............coeeneenees 150 60 Austenitic Nodular irons . ............. (1] 58
Nickel & lis Alloys (cast), Aan. & Aged. 145 30 Free-Cutting Brass, Half Hard........... 68 -
Tungsten-Titanium Carbide Cermet.. 5 1ns Zirconium & its Alloys, Amn........... . 62 48
Low Expansion Nickel Alioys, CW. ... 190 90 Phosphor Bronzes, Annt................ 6 ]
Titanium Carbide Cermet.............. 14 2% Nickel Brasses & Bronzes(cast), Leaded.| 65 k ]
BastFibers...............0ccoceeeee 132 ) Tin & Aluminum Brasses, Ann.......... (=) LX)
Nickel-Base Superalioys . .. ...... J 13l 14 Vanadium, Anf.............cenieianen 64 -
Phosphor Bronzes, Hard ................ 13 65 Nickel Sulvers, Ann.. . .......cueenees 6 49
Tungsten Carbide Cermet. ............ 130 - Chromium Copper, Hard............... 62 -
Nylon Fiber. ... cooeiieriiennnnennes 128 59 Commercial Bronze, 90°%, Hard. ...... sl -
Polyester FIDETS. .o eeeeeeeeeennreien 126 67 Aluminum & Its Ailoys, Hard. . .. ...... 60 2
Molybdenum & its Allcys, StrRel. ..... 125 95 Architectural Bronze (extrj. . ..... . 60 -
Mard Fibers. .......oeinnnennannn 125 100 Cupro-Nickels, Arn. . .......... el 60 "
Martensitic Stainless Steels, Ann... ... .. 135 65 Leaded Brasses. Ann... . ........ .. 60 49
Columbium & It Allovs, StrRel .. ... 120 40 Standard Malleable lvons  ......... 60 82
Mickel & its Asloys, Ann............... i 50 Tantalum, StrRel. . ..........c....... & -
Peatlitic Mallcable lrans. . ............ 120 65 Acrybic Fibers .....oo. ciiiienienn LY &6
Yellow Brasses (cast), High Strength....| 120 60 Gilding, 9595, Hard. .. ........... 5 -
Austenitic Stainless Steels, Ann. . . .. ... 115 o Copper, Hard. . ..........cccocaen 55 L]
Heat Resistant Afloys (cast), Ht Tr. ... 115 n Leaded Commercial Bronze, daif Haid . 55 -
Vanadium & Hafnium, CVe............. 13 112 Micas, Naturat & Syntnetic .......... 55 &
Carbon Stecls, Card Grades. ...... .. 13 n Magnesium Alloys. ................. 55 U
Free-Cutting Steels, CD................ 110 0 Muntz Metal, Ann, ................... 4 -
Heat Resistant Steels (cas” .......... 110 65 Silver, CW. ... ceeeeeiiiien e “ -
C e 105 “ Forging Brass (extr)................. §2 -

anadi 19 - Sulfur Cooper, Half Hard.............. 50 -

Zirconium & Its Alioys, CW.. ........ 108 4 Aluminum & It5 Alloys (cast) Sol'a Tr

Nicke! Silvers, Hard. .............. 1105 83 CAd....... ieieeianes 49 36
Stainless Stee!scast). ........ ...... 105 63 Free-Cutting Brass, Ann.... .......... 19 -
Carbon Steels (cast). . ............ 100 60 Thorium, CW ................... .. L] -
ugu Res:stant Nodular frons_. .. ...... 100 60 Tellurium Coppes, Half Herd........... 48 -
Silicon Browrs, Mard. .. ............. 100 10 Tin Bronzes (cast), Leaced. .... ..... 48 3

¢ Values reprosent high and low sides of & tange of tyricel values ot room tempersture.

144



¢a

-

Polyvinyl Chloride

Materiat § High Low Material & High Low
Wrought lrons, KR.  ................. 48 39 Tin&ltsAlioys .. .............. e 28
Zinc & Its Alloys (cash) ............... a6 2 ABSResing ........................ 85 3
Flvorocarbon Fiber................... 4 — | Cettulose Acetate .................... 35 L9
Palladivm. CW... ................... 8 — | PolyvinyiButyral............. ....... &5 4
Red Brasses (cast), Leaded. ............ 4 2 Polyvinyl Chloride Film, Rigid........... 85 65
Yellow Brass, Ann .................. 6 —  { Acrylies (castj, GP.................... 8 6
Tinc & 1ts Alloys, CR............ ..... 4% 2 Ceflulose Nitrate..................... 8 7
Alominum & Its Alloys, Ann.. .. ... o T 12 Polyethylene Film. ................... 3 15
Vinyl Fibers.................eeunnnn. 45 12 Polystyrenes, GP_ ... ............... L 5
Yelow Brasses (cast), Leaded...... ... 45 2 Wood Comp Board (par. to sur), Hard- .
Cartridge Brass, 0%, An............. “u - T 18 -
Aluminum & Its Alloys (cast). ..... ... a 19 Cellulose Propionate. .. ............. 15 15
Ingot fron, Ann...................... Q — ] lead &lits Alloys (cast)........ ...... 74 2
Low Brass, 80%, Anm................. Q — | Acryics, High impact..... ........... 13 55
Tinc & ltsAtloys, F.............. .| % 195 § Dialtyl Phthalate. . ... ....... ....... 7 4
Magnesium Alloys (cast).............. ) 3 Electncal Ceramics. . ........... ..... 7 25
Vinyidene Chioride.... ...............] )] 4 Ethyl Celtulose ...................... 1 3
Alumina Ceramics ................... 39 2 Mica, Glass-Bonded ... .. ....... 7 5
Red Brass, 8597, Ann. .._.... ....... 39 - Cellulose Acetate Butyrate .......... 63 19
Tin Bronze (cast), High Leaged. . . ... 38 e CFEFilm... ....coooiiinninan., 66 63
Ch.romium Carbide Cormet. ........... 37 36 Chiotinated Polyether ....... ....... 6 -
Commercial Bronze, %097, Annn... . ...... 37 - Rubber Hydrochloride Film . .......... 6 S
Plastic Laminates, High Pressure. ... .. 3 7 Urethane Rubber (gum)............... >5 -
Copper, ABR.............eovvnnnnnnnn 35 ks CFE fluorocarbons  ................. 57 43
Cobalt (cast) ...............eneeen us - Polypropylene. ... ... ............. S -
Gilding 95%. AM...........enenenns k!} - Polyviny Alcohol . 5 1
Thorum, ARR.............ocueenanen K} - Polyviny! Chlorige Film, Honngnd 5 1
Gold, CW. ...t R - Sificones {molded). .............. ... S 4
Nylon, Glass-Filled..................] ki | 19 Wood Comp Board (par. to sur),
Platinum, CW.._........ ............ 20 28 Particke . ........................ 5 65
Palladiem, Ann..... . ... ......| y: ] 20 Lead & its Alays (rolled). . s 7 24
Polyester Film....................... 28 1 Natural Rubbes {black)................ 45 35
Silicon Carbice........... ........... 5 3 Nitrile Rubber (black). .. .............. .S 3
Boron Carbide. . .................5... 25 - Polythylene, High Densny ............ 44 29
Silver, AR, .........oeneennnn.d 2 P Poliyalion.er e eeiaeas 42 35
Platinum, Ana.... .. .............. 21 18 Alkyds GP & Elec.................... 4 3
Alumina Cermets..................... 2t - Neopr2ne Rubber (black) ... A | 3
Ceflophare. .................... .../ 19 7 PVC-llitris Rubber Blend Film ....... 4 LS
Sold, Ann.............. ceeiiiiennes 19 -_ Styrene-8Butadiene Rubber (bleck) ..... 33 25
Polyester, Thermoplastic, renf .. .] 12.3 8 TFE Fluorocarbons. .................. 35 25
Nylon6Film ....................... 17 138 Lead & its Alloys (extr) ............. 33 2
Polystyrenes, Glass-Filled. .. .......... 7 1 Buty! Rubber (black)...... .......... 3 25
Epoxies (molded)....................... 16 -] Cocdierite.............ccovnnnnnn. d1 3 -
Polyvirylidens Chloside Film............ 15 7 TREERIM. ... e 3 2
Steatite. ...............cevnneenn.. 15 43 Polyethylene, Medium Density. ........ 24 2
Nylon€6&610...................... 126 11 Viton Rubber (gum).................. > -
Epoxies (cast)...........ccoennennnn. 12 01 Craphite ... ....civieeennnn. 2 04
Nylon6&11. ... ... ..., 12 85 Wood Comp Board (par. to sur), Soft-
Polystyrene Film. .................... 12 ? board. . . .... . 2 22
........................... 12 45 Fluornated Acrylie Rubbtr ’nm, iz -
Tin-Lead- -Aatimony Alleys (cast). ...... 13 68 Urethane Foamed-in-Plaze, n.m 1 S I
Modified Po'ystyrenes ............... i1 3 Carbon .. e o, 6
Polyvinyl Formal. ..._................ u 9 Polysulfide Rubber /gum >! -
Acrylics (inolded, extr)._.......... .. 105 55 ] Sihcone Rubber «gum) 1 0£
Aetad 19 - Polyethylene, Low Den.ry 09 | 2%
Alkyds, Impaet........... ........... 10 6 Wool Felts, Sheet ... . . .2 I 04
Ethyl Celivfose Film. ... .._.......... 10 6 Polyethylene Foam. Fleub'e . 267 —
Fmsle{ne. ....................... 10 - Prefoamed Epoxv, Rigid  ........ .... 065 0.0%
Meiamines, Phenches (molded). .. ..... 10 35 Wool Felts, Roll.. .................. 0.6 0.08
Polyesters (cast)....................] 10 09 | Vinyl Foams, Flexble. . . .......... 02 0.1
Polypropylene Film. .................. 10 S~ | Prefoamed Polystyrene, figd ... 019 | oo
Polyvmyl Alcohol Film. . ....... ...... 10 6 Prefoamed Cellulose Acetate, Rigid . 0.18 2.1
............................... 10 5 Polystyrene Foamed-in-Mace, RigiG . . ol | 0.53%
Poiycarbonate .............. 05 9 | Neoptene Foams.. ............. ... or | oem
Hard Subber ... ......... ....... 9.3 2 Butadiene-Styrene Foams_. .. . 08 | -
Methyistyrenes. .............. ...... 93 6.6 Phenolic Foamed-in-Plaze, Rigid. .. . Gors ¢ 0004
Phecoxy . . .. ... 95 90 | Butadiene-Acryloritrile Foams. ... ... 004 | —
Phenolics {cast). ........... . 9 f.s Hatural Rubber Foam . ... .........0 €00 | 0610

OVdn.ttmlbicr:adh'ddnd.runo“ypicdnlmﬂmmlmun.
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C4. Spectral Emissivity Measurement< i
|

. Measuremencs by TRW ¢
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C5. Effective Cavity Emissivity

v _ ell+(1-€)(8/5 - 8/S4)]
e(l-8/8) + 8/S

w2 = 7(0.1)° = /100

m
1]

t
§

47R? = 4n(0.¢25)2 = 1.56257

8/S = 1/156.25 = 0.0064

Sy = S
1 - € _ 1
€ % 10.9936¢ + 0.0068 ~  0.9936 + 0.0064/¢
)
The first eguation is from Gouffé (André Gouffe, 1945, Rev. d'Optique
’ 24:1-10). Fecteau {M. L. Fecteau, 1968, Appl. Opt. 7(7):1363-1364) showed
that, for a diffuse, isothermal, spherical cavity, Gouffé, De Vos, and
Sparrow and Johnson give the same closed-form expression for cavity emis-
) sivity. The last equation i: used to calculate Table III on page 36 of

this rcport.

1

¢




ot APPENDIX D

PROBLEMS WITH LGW SIGNALS

\
D1, Measurement Difficulties
]
The difficulties in making accurate measurements of low-level infrared sig-
: nals have been described by two authorities as follows:
e s § (1) The following is by f.=d E. Nicodemus in Applied Optics and Optical En- !

gineering, ed. by Rudolf Kingslake, Vol. IV, Acadewic Press, New York, 1967,
pp. 263-264:

The term “radiometry” is applied in thic chapter to the measurement
of the cnergy or power of electromagnetic radiation. The treatment will
be limited primarily to incoherent optical radiation (infrared, visible, and
ultraviolet), which obeys the laws of geometrical optics. {

. = maminast

’ Radiometry enjoys the dubious distinction of relatively poor attainable
precision and accuracy, especially when contrasted with the measurement
of frequency or time,' wherc one part ir. 10'° or even 1! is achicved. In
radiometry, accuracies of a fe - percent or more are often acceptable as
being results of careful work, and extreme precautions are required to i
achicve a fraction of onc percent, or even one petcent. 1
Many factors contributc to this state of affairs including, ultimately,
the following basic assumptions of gecometrical optics: time intervals (cven 1
differential elements) are large with respect toasingic per' d of the radiation
frequency and, correspondingly, distances arc large  .th respect to a .
wavcleng h.? Radiant power is distributed, and may vary simultancously, )
with wavelength, with position, with direction, with time, and with
polarization. 'urtherivore, every particle of matter in a measurement
situation is cmitting and/os absorbing and,. - scattering radiation. Included
- are the gas molecules in the dire~t radiation path and c.cry portion of the
measuring instrumcent itsclf. These effects, too, may vary greatly with
wavelength, position, direction, time, and polarization,

Y A. G. McNaush, Electro-Tecmol. (New York) 71, 113-128 (1963) (No. 53 in Electro- ‘
Technology Science and Engincering Scrivs), !

¥ M. Planck, “Theory of Heat” (transh, by H. 1.. Brosy) (Vol. V of “Inteaduzuiion
10 Thenretical Physics™). Macnnllan New Yark, 1957,

- a™N . a
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(2) The following is from an editorial on "Opportunities in Astrophysics,' by
Nobel laureate Charles H. Townes, in Physics Today, March 1973, p. 116:

‘I
\
]

One can foresce many interesting problems
for optical physicists in the area of astrophysics that

exploitation fur astrephysics of techniques for electro-

magnetic waves ranging from a few centimeterstoa

few microns. Recently at a symposium of the Optical

Society of America on the future of science and

i tecl.nology I had the opportunity to point out that this

3 broad region of the spectrum represents one of the

) more neglected areas of physics, and one that hasbeen

. particularly underdeveloped for astrophysical uses.
One should not undercstimate the importance of x-

; ray astronomy., ultraviolet astronomy, or even further

i developments in the more extensively exploited visi-
ble region. But between 1.cm and 1-micron wave-

) lengths there are four decades of the spectrum that
are promising for astronomy and where fascinating
discoveries bave recently been made, but which are
as yet remarkably undeveloped.

Consider sensitivity, for example. In the optical
and is: the microwave region, techniques are avail-

’ able that can detect a signal borne on only a few pho-

~ tons. In much of the infrared region, 10 to 10° pho-
tons are presently needed, so that one can hope to
gain several orders of magnitude in sensitivity. Why
does the infrared region appear so poor in sensitivity?
In part, it is because infrared heat radiation is so per-
vasive that it interferes with infrared signal detection.
On the other ha, d. with madern cryogenics, as well
as the possibility of working *: space beyond the at.
mosphere, there is no reason why instruments cannot
be in a very cool environment and thus realize several
orders of magnitude gain in sensitivity even in the
regions of most abundant heat radiation.

A general rule of thumb for calibration h-lis that calibration errors should

be limited to about 0.1 measurement errors.

\
|
. engages our group at erkeley —the development and
\
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The previous discussion can be summarized in the following - -art of

measuremenc accuracy and difficulty:

)
General Mecasurem: nts'with
General Measurement Difficulty
and Accuracy
]
More Difficulty * Less Accuracy
' Infrared Radiometric Mecasurements
with Decades Less Accuracy and
Consic .-ably More Difficulty
' More Difficulty * Less Accuracy
Very Low Signal Level Infiared
Radiomctric Measurements with
1 Decades Less Accuracy and
Considerably More Difficulty
2
Note: Calibration measurcments associated with
the bottom box should have ten times the
: accuracy of the measurcments themselves,
so they are even more difficult to make,
s {




iy
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D2, Ultralow R:udiometric Signals

Definition: Ultralow radiometric signals are defined as propagations of
electromagnetic radiation that are so low that they can be satisfactorily mea-
sured only by the use of a cdllecting optical system that forms a concentrated
imzge ov a detector.

Because radiometric signals are propagations of electrcmagnetic energy,
they can be thought of in terms of electric field vectors §, magnetic field
vectors ﬁ, and Poynting vectors § = Exil. Measurement of these signal levels
might consist of evaluation cf the E and §i vectors or the 3 vectors as func-
tions of time and position in space. Thitc representation of radiometric sig-
nal propagation and measurement is valid as long as the signals are strong
enough that a small detector can be placed in the path (or field or beam} and
readings of satisfactory accuracy can be observed. However, if the signal
levels are decreased, the readout becomes less well defined, and if the signal
levels are reduced more and more, then for any given detector there is a level
below which measurement c-rnot be made with the detector operating alone. How-
ever, in the upper levels . this region of signal strength, reasonably accu-
rate measurements can be made by introducing a collecting optical systeu that
concentrates the energy falling on a large area so that it falls onto a small
area detector,

The concepts associated with uitralow radiometric signals are best consid-
ered in terms of wave optics. Imperfections in the optical quality of ultra-
low radiometric signals are then imperfections in wavefronts. Wavefront
imperfections can be described in tems of the aberration function or wave
aberration function (see R. S. Longhurst, Geometrical and Physical Optics,
Longman, London, ed. 2, 1967, pp. 343-346).

In general, ultralow radiometric signals have imperfections in their wave

configurations, so imperfect images are fcrmed on the detector, and these im-

perfect images give rise to measvrement errors. 'Satisfactorily measured,”

as used in the definition of ultralow radiometric signals, means that signal-

te-noise problems when the detector is used alone are greater than measurement

problems due *to the imperfect image when a collecting optics system is used.
The above discussion p.ovides an introduction to the properties of ultralow

radiometric signals.
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Properties:

(1) The simplest, or ideal, case of ultralow radiometric signal is a sec-
tion of a spherical wave from a point source at a very great distance with no
disturbing medium or other influence betweer the source and the point of de-
tection. If the section of the sphere is small compared to the distance from
the point so'rce, then the wave is approximately a plane wave.

(2) Real--ain cuatrast to ideal--radiometric signals have imperfections from
true spherical wave or plane wave configurations, and these wave imperfections
cause image imperfections when the ultralow signals are collected to form a
concentrated image on a detector.

(3) The upper limit of thcsc signals is dependent on the detector involved.
For a very sensitive detector, the upper limit is at a lower level than for a
less sensitive detector.

(4) The readout from ultralow radiometric signals depends on several quan-
tities in an approximately proportional way: signal level, area of the entrance
pupil of the collecting optical system, responsivity of the detector.

(5) The readout signals depend on the spatial properties of the image and
the detector in a more cumplicated way. Most detectors have contours of vary-
ing sensitivity, and all concentrated energy images have contours of higher
and lower intensity, so readout signals for ultralow radiometric signals depend
in general on how the contours of intensity in the image fall on the contours
of sensitivity *n the detector.

(6) Readout signals depend on the quality of the collecting system optics.
This is an obvious corollary of property (5), where the contours of intensity
of the image were described.

(7) Readout signals depend on the quality of the optics of the optical sim-
ulator for the case where ultralow radiometric signals have been formed by an
optical simulator consisting of a radiation source and an optical system. This

property is similar to the last two mentioned above.

Ultralow radiometric signals are customarily treated like ordinary radio-
metric signals, and this is not correct. Consider for example the paper by
Ralph Stair, William B. Fussell, and William E. Schneider, "A Standard for
Extremely Low Values of Spectral Irradiance,'" Appl. Opt. 4(1):85-89, Jan. 1965,

|
|
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That paper gives a déscription of the production and evaluation of extremcly
low irradiance values but fails to consider how poor optical quality can lead
to erroneous readings if collecting optics are employed. This is an especially
serious deficiency because very low signals are involved and because the opti-
cal system employed has very severe astigmatism. If the radiation fields de-
livered by the equipment described in that puper are used to irradizte bare
detectors, then the work of that paper is correct. But if the fields are

used with collecting optics, then the severe astigmatism must be taken into
account. In general, ultralow radiometric signals with less optical imperfec- /
tio~ are more useful than ones with greater optical imperiection: More accu-
rate and more repeatable measurements can be made for signals with better
optical quality. If Stair, Fussell, and Schneider had considered this point,
they might have redesigned their optical system to have nearly normal inci-
dence of their radiation on their spherical mirrors instead of the approxi-

mately 45° angles of incidence actually employed.

In summary, ultralow radiometric signals are signals to¢c low to be sat-
isfactorily measured by a detector alone, and *tliey must be detected by a col-
Jecting optic system that forms a concenirated image on a detector. The
optical quality of these ultralow radiometric signals influences any readout
measurements made on them, so it is not sufficient to specify such signals in
terms of watts per square centimeter or in terms of the electric *...d vec-
tor, magnetic field vector, er Poynting vector but it is necessary to include

an expression of optical quality.

i




D3, Normalization*

It may be helpful to look at an example tor
which numbers are given. A somewhat extreme
though not unrealistic situation is examined to gain
a better impression of the order of magnitade of the
discrepancies that mayv be encountered. In Fig. 2,
the upper curve is the spectrai radiance Li(A)
{W-em-2.sr-2.pm-1] of a black thermal radiator
at about 100°C (boiling water); the middle curve is
an arbitrarily selected spectral radiance responsivity
Ri(A) [V-W-l.cm2sr] for a radiometer placed
close to the black vessel of boiling water, so the
throughput of the radiometer is completely filled by
radiation from that source only; and the bottom
curve, as before, is the resulting spectral output
Va(A} = La(A)-RpiA) [V-um~:], the observed out-
put V [V] beiny the area under that spectral curve.
This illustrates a pcorer match between the spec-
tral intervals of the incicent radiation and of the in-
s‘rument responsivity than that in Fig. 1. The re-
sulting effects of uncertainties in the limits A, and Az
are, thus, greater than before.

Furthermore, because of the very poor match of
spectral intervals, the peak-normalized radiance,

L., = V/REAYW-cm™-sr7Y) (18)

is a very poor approximation to the actual total ra-
diar.ce

L= [LOV-aAW-em™ s, (9)
(]

or even tn the total radiance in the interval A\ =
7\2 - Alv

A
L = [LOV-dA[W-cm™ or™),  (190)
A
The peak of the (Planck law) curve of L,{A) actually
occurs at about 7.7 {um] (not shown in Fig. 2), and
only about 2% of the total radiation (all wave-
lengths) lies in the spectral rego below 4,25 {um]
(shown in Fig. 2 as A2}, the upper limit for R (A
By graphical integration of the area under the spec-
tral output curve Vi(A) the cutput is found to be
approximately V = 0.95 [V]. The peak spectral ra-
diance responsivity at A, = 3.5 {um}is R (r.,) = 3000
{V-W-Lem=sr].  Heace, the peak-normalized ra-
dianceis
L., = V/R/\) = 0.95/3000
= 32 X 10~{W -cm™?-sr'}. (20)
te, a source of radian~e 32 x 10-4
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{W.em-2.sr-1}, concentrated in a narrow wave-
length band about 3.5 [um], would produce the same
output of 0.95 {V], so it is called the peak-normalized
equivalent at that wavelength with respect to the
given spectral responsivity R;(A). On the other
hand, the total incident radianze (Stefan-Boltzmann
law) is given by Eq. (19), or by

L=o-T'x = 567 X (3732)*/31416
= 35 X 10~2{W-cm™?" sr]
- 109-L,, @)

vhich is certainly not a very close approximation.
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Fig. 2. Selective (peak responre at 3.5 um), radiance radiome-
ter response to 100°C black susiate. (Adspted from Fig. 3-2, p.
3-12, Ref 18).

*from F. E. Nicodemus, "MNormalization in Radiometry," Appl. Opt. 12(12):
2960-2973, Dec. 1973; rart of p. 2964 is reproduced here.
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APPENDIX E

TILTED-COMPONENT TELESCOPE REFERENCE MATERIAL

El. Ray Fan Diagrams

There are a number of useful graphical presentztions that are helpful in the
evaluation of lers designs. Examples are spot diagrams, MIF cur.es, and
transverse ray intercept plots or ray fan diagrams. The most valuable for
designing and appraising the progress of a lens is the ray fan diagram. This
method has several advantages: We can see where the rays are coming from; pu-
pil aberrations are noted by slope errors; and the shape and slope of the plot
tell the nature of the aberration as well as its magnitude. The efiect of
vignetting is easily understood in terms of these plots.

The drawing below shows what a transverse ray intercept aberration plot
is. We would actually be interested in rays passing through cvery point of
the entrance pupil, but, generally, sufficient information is gained by tracing
fans of rays in two mutually perpendicular planes. The one shown is the
"meridional" (or tangential) plane, and the one perpendicular to it is known as
the "sagittal" plane. Generally, rays in the sagittal plane are well behaved.
The rays in the tangeatial plane need show no symmetry and can be very complex
in an aspheric lens. We can assume that the rays in some intermediate plane
will be no worse than those in the two planes traced. (Occasionally, this is

a poor assumption.)

Meridional Plane

Pupil  Aberration Plots Ray Intercept

*The material in this section was taken lzrgely from R. A. Buchrueder,
"Appiication of Aspherics for Weight Reduction in Selected Catadioptric
Lenses," Optical Sciences Center Tech. Rept. 69, July 1971,
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Note: The optical design just shown actually has mirror, not lens, el-
ements, but a lens is shown because it is casier to understand.

The ray passing through the center of the pupil, if it reaches the ex-
treme field of view, is known as the "principal" (or chief) ray. Any other
central ray can be considered a fractiona principal ray. Tts intercept height
is on the image plane, which we take as the paraxial focal plane. The inter-
cepts of the other rays, with respect to this intercept, are then plotted
versus the height of the ray on the entrance pupil. The abscissae are pupil
heights, v, and the ordinates are Ah' or h'’., We can also plot the slopes of
the emerging rays versus 4h', which, strictly speaking, is the best way. If
we plot pupil height versus Ah', the pupil information is concealed.

Similarly, sagittal fans can be traced and their intercepts plotted.

With the slope plotted against the intercept, these are termed (2' - tanv')
curves. It is only necessary to trace half a fan because it shows an inverted

mirror symmetry.

E2. Design Exanvles of Tilted-Component Telescopes (TCT's)*

A telescope witl. reflecting rather than refracting surfaces has considerable appeal since
it is perfectly aciromatic. In any sufficiently complex reflector, cf course, the limiting
defect is the problem of one mirror obscuring another. The only way to avoid this ob-
scuration is to have the center of view run abliquely *).rough the collection of mirrors.
The same applies to catadioptrics. The purpose of th s report is to describe one class of

*Sections E2 and E3 are reprinted fror R. A. Buchroeder, "Design Examples
of Tilted-Component Telescopes (TCT's) (a Class of Unobscured Reflectors)," Op-
tical Sciences Center Tech. Rept. 68, 1971, an abstract of which is as follows:

A tilted compunent telcscope (TCT) is onc that features no otstructions in the light

path yet is appreciably simpler to build than conventional off-axis instruments. The

piinciples of TCT design are appiicable to scanning and image-stabiized optics and

should allow improveraents in that field. {
The author has coliected and computer-evaluated designs representative of existing

art: Schicfspicgler, Yolo, catadioptric Herschelian, and Schupmana. It is expected that

these evaluations will enable optical sciertists to appraise the merits of the TCT ap-

proach and will stimulate the development of second-generation designs.

-
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unobscured reflectors—the “TCT's” (tilted-component telescopes)- and to describe and
evaluate some examples of TCT designs.

For pwposes of discussica, most existing unobscnred reflectors may be classed into
one of three types (Figs. 1a—c).

First is the eccentric pupil class, an ordinary coaxial design used with an cccentiic
stop. Its center of view coincides with the parent axis. Common examples are the “off-
axis” paraboloid and “off-axis” Schmidt.

Fig. la \ECCENTRIC

In the off-axis class, the center of view coincides not with the parent axis but with a
principal (chief) ray of a nominally coaxial design. The Herschelian telescope is of this
form. We have excluded the “off-axis™ paraboloid from this class. Although the distinc-
tion is perhaps only semantic, a designer approaches the problem differently than he
approaches the problem of an eccentric.

G—.

Fig. 1

Third is the tiltcd-component class, the subject of this report. In the TCT, cach com-
ponent is treated as being rotationally symmetric in its own coordinate system, and it
is centered on its vertex, which will define the optical axis ol the telescope Each com-
poncnt may be assigned, in its own coordinate system, a murginal and a principal ray,
with the principal ray passing through the vertex. The components are then assembled
so that their principal rays define the optical axis of the completed telescope The axial
aberration is desciibed by the summation of the axial and ficld aberration of cach com-
ponent. Since each component is centercd on its vertex, the system may be sssembled
by conventional methods such as boresighting and autocollimation.

Fig. le o




E3.

For a siagle element this is identical to the off-axis class. Some desigtiers suspect that
it is possible to relate all TCT's to a sufficiently complex off-u~ s design. We have not
yet resolved the question. However, if any of our three-mirror TCT's are reduced to an
cquivalent coaxial off-axis design, the asphericities are extraordinarily large. Indecd,
none are of common form in regard to pupil position and principal ray path. None are
similar to the usual coaxial three-mirror reflectors; our formulas show that these can-
not give a comected “axis” on the assumption that the local vertex is spherical or even
coaxially aspheric. On the other hand, our formulas show that the TCT configuration
gives perfect third order correction.!

1. R. A. Buchroeder, “‘Some possibilities in large unobscured optics,” Optical Sciences Cr.1ter News-
Jetter 3(1):14-16, Jan-Mar 1969.

Fundamentals of the TCT

The idea behind the TCT is simplicity itself. Each component is assumed to be cen-
tered on the effective optical axis, and each element is assumed to be spherical. Fig. 2
gives the geometry. In the designing process, the *‘axial” ray is the principal ray for
each clement in terms >f its local coordinate system, and the Scidel aberration for each
component is easily computed. The idea is to have the field atesrations of each com-
ponent offset thosc of the other components, giving a corrected axis to the telescope.
It is usually convenient to do this iteratively on a calculator rather than to attempt to
solve the pertinent formulas,2 which are helpful but awkward. One quickly gets a feel
for successful configurations, and it can be shown witkout much difficulty that only
certain ones are successiul. Similarly, it can be shown that others are unsuccesstul and
are to be avoided.

-}1"

Sy SPHERICAL ABERRATION
S; = KS; COMA
Sy = K3s;  ASTIGMATISM

Fig. 2. Local coo~dinate system.

2. R. A. Buchroeder, “Tiltedcomponent telescopes. Part 1. Theory,” Applied Optics %(9) 2169-
2171, Sept. 1970.
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Design Classes

For purposes of discussion the writer has divided into four broad groups the TCT de-
signs that are to be described here.

Schiefspiegler. The Schiefspiegler is any TCT that has a convergent mirror objective
followed by a convex secondary mirror. Like most of the examples of this type, the
name Schicfspiegler was created by a German, Anton Kutter. It has no exact transla-
tion but means approximately *‘leaning mirror telescope.”

Yolo. The "Volo is any TCT with a convergent mirror objective icllowed by a con-
cave secondary mirror. It has the general form of two mirrors, one of which is usually
toroidal, but at least two all-spherical forms are possible as well. Its theoretical advan-
tage over the Schiefspiegler is that its mirrors are cooperative in power, allowing lower
sensitivity to misalignment, or, if this is sacrificed, greater relative aperture for a given
sensitivity. Compared with the Schiefspiegler, it seems capable of reduced image tilt.
The name Yole is that of a county in California dear to its inventor, Arthur S.
Leonard, retired professor of mechanical engineering (University of California), who is
responsible for all the Yolo designs described in this report.

CHT. A CHT (catadioptric Herschelian telescope) is any TCT that has a convergent
mirror objective follow>d by one or more tilted, nonwedged spherical lenses. Prof.
Leonard has proposed the use of full-aperture lenses to seal off the tube, but we do not
deal with this in the present report. A catadioptric Herschelian is not a new idea, but in
the past this type has utilized wedged or noncentered elements.

Schupmann. In 1899, the German mathematician Ludwig Schupmann was granted
U.S. Patent 620,978 for a uniqu: family of catadioptric telescopes. In a preferred
embodiment, the Schupmann applies the tilted-component concept to climinate ob-
struction, but the concept is equally applicable to coaxial designs of higher speed.

The Schupmann consists of a convergent refractive objective (usually a singlet), a
field element near its focus, and a reimaging catadiyptric relay known as a Mangin mir-
ror (which in its simplest form is a singlet). The field element images the objective onto
the relay, while the oercorrect color of the Mangin corrects the undercorrect color of
the simple objective. A proper disposition of the three groups, with all elements made
from the same glass, allows complete climination of secondary spectrum. The relay
usually has a coma-free form, as does the objective. Either may or may not be aspheric,
according to the design. In the coma-free case, the Mangin may be tilted to eliminate
the conflict of the image with the light, and its resulting astigmatism may be corrected
by tipping the objective. More sophisticated fonns employing peculiar aspherics have
been reported by Baker,? but experience in the fabrication of these has been discourag-
ing. The writer recommends the tilted-component approach despite the fact that these
have a slight amount of chromatic astigmausm.

The Schupmann is similar to its predecessor, the Hamiltonian telescope, in using a
simple objective corrected with a Mangin mirror. It differs, however, in that a field lens
is used, whertas the Hamiltonian Mangin reimages a virtual rather than a real image.
Consequently, the Hamiltonian has lateral color and cannot be perfectly corrected for
secondary spectrum.

3. J G.Baker, Astron. J. 59(2):74-83, Mar. 1954,
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The Schupmann design evaluated in this report was described in a bulletin of the
Schupmann Club, a group that is doing a great deal 1o dispel the pessimism previously
associated with the difficulty of making a Schupmann telescope. Actually, although
| : considerable skill and patience are required to extract the full capability of .nis form of

. telescope, a satisfactory (though perhaps not perfect) Schupmann telescope need be no
) harder to build than an ordinary refracting doublet.

General Behavior

In a high-acuity telescope it is important that the axial image be free of spherical aber-
ration, coma, and astigmatism. ldeally, di-tortion and image tilt also would be ‘ero,
- ] but designs that offer this advantage are usually too difficult to interest the average |
: customer, who is an amateur astronomer. Consequently, many of the designs disregard
these latter two defects since they do not harm contrast or resolution.

. Astigmatism, Coma, Distortion. Figure 3 compares the astigmatism in a TCT with
tnat of two ordinary coaxial designs. Note that the astigmatism in a TCT resembles the
anastigmatic node of a complex lens, which is obtained by balancing higher order aber-

3 ration against the Seidel terms. In the TCT this crossing is obtained entirely by third
order calculation. It is found that in the simple three-mirror Schiefspiegler this astigma-
tism is linear with field (in the meridional plane) rather than increasing with the square
of the image height, as is usual in a normal lens. This simple variation of astigmatism
suggests that it can be cured by appropriate aspheric figuring. What is needed is a para-
bolically varying deformation on one of the components—in this case the tertiary

[ mirror for best results. One side should be turned up, the other turned down. This is
well approximated by an off-axis section of an asphenc mirror, which itself could be
further approximated by a toroid. The implications are controversial and will not be
dwelt upon here.

. |
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i '-.
1 S, [}
' H \
- > —
: A
’ . .‘
: -.
R '
Surple Mid Complex Simple 3¢
» Order Centered Centered Order Tilted
Design Design Component Desigr
) Fig. 3. Comparison of astigmatism. ‘




Three axially symmetric clements allow the simultancous chimmation of astigina-
tism, coma, and distortion. The successful configurations are the three-mirror Schief-
spiegler and three-mirror Yolo. These :lways require that the third mirror reflect the
light back toward the incoming :ixis. Tilting of the third mirror in the opposite direc-
tion gives an unsuccessful configuration.

With only two axially symmetric clements, astigmtism and coma cannot be simul-
tancously climinated. However, it is possible to use onc less mirror if one of the two
mirrors is toroidal. Some of the best designs described here use toroidal mirrers. Be-
cause a toroid is hard to cbtain by usual optical fabrication techuiques, A. S. Leonard
has spent 2 number of years developing a simple means of mechanically warping and
holding a nominally spherical mirror. He has built a number of such devices, and they
scem to work satisfactorily. Figure 4 shows how a successful version works. Prof.
Leonard has a more complex version in use for a 12%-in. telescope of the same form.

Clearly, one could temporarily distort the misror, figure it as a sphere, then release
the distortion when finished and use the mirror in the ordinary fashion. The point is,
toroidal mirrors have been made and are succes ful, so thcre is no great objection to
using them, at least in professional instrumenis.

Al pivot younts of
smdar construchon

PLAN VIEW ISOMETRIC

Fig. 4. "/arpung harness for 8-in. Yolo.

Image Tilt and Anamorphic Distortion. Figure 5 shows how image tilt, which is a
faurly natural occurrence in any “off-axis™ telescope, can be corrected by an additional
element, either a lens or a mirror. Qur experience suggests that if only axially sym-
metric components are used, four elements will be required for a perfectly corrected
axis in a TCT. Hov'ever, we have not proved that three elements cannot do the same
job. Using toroids, it is possibic to achieve a fully correct axis with three elements;
with only two elements, one achieves a sufficient approximation to perfection.

When we change our reference system ¢a an off-axis telescope and use some field
point as the “axis,” distortion must be reevaluated. It is proper to speak of tangential
and sagittal distortion, the two being mutually perpendicular. Points above and below
the center (as well as left to right in a three-dimensional TCT) are not symmetric about

169
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Neguhive Relay

Fig. 5. Two simple methods of image rectification.

the center of the field. If the field of view is small compared with that chosen as the
aais for the off-axis system, the rate of change over the new ficld of view is small and
the distortion changes only slowly.

To a first approxiznation, a circular object will be reimaged as an ellipse with its axes
proportional to the tangential and sagittal focal lengths at the center of the image. This
behavior is characteristic in the TCT.

Rather than deal with paraxial quantities, we can use the centroid data for the spot
diagrams at the smalle.t field anglc, +3.75 arc min. Here the centroids are n~: greatly
disturbed by aberration, which can confuse one’s definition of distortion.

It is difficult to defin. the image tilt siuce the image r:ay be some complicated tor-
oidal sheet. Since these designs are slow and have small ficlds of view, however, we will
assume the image is flat and compute a value for it from the centrcid data. The follow-
ing scmewhat arbitrary definitions will be used to specify anamorphic distortion (due
to the difference in tangential (t) and sagittal (s) focal length) and image tilt.

Given: x, y, and z coordinates of the spot centroids for the upper, ', left, and
right image points for a fie!d diameter of 7.5 a:¢c min. The reference axis of the design
has been adjusted so that it nearly (or exactly) follows the path of the central ray of
light.

[3{upper) - y(lower)] - {x(left) ~ x(nght)}

Distortion D =
x(left) ~ x(right)
Tie (1) () = 2(upper) - z(lower)
ylupper) - y(lower)
Te't 4s) Ts) = 2(left) — 2(right)

x(1:0t) - x(ight)
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Symmetry staiplifies these for the two-dimensional dewigns The obseiver’s perspee-
tive is that of looking m with an eyepicce, and x is posttive to the left. The incoming
ravs approach from the left and tocus to the right. In situations where this doesn’t
oceur naturally . 1t is accomphshed with a dummy plane reflector at the front. Con-
sequently, all the designs give inverted and reverted images except for the Schupmann,
where a dummy retlector after the Mangin gives an ercct image.

Up and down, right and left, are with regard to the untilted system (i.c., when the
tilts are sct to zero). When these are set to their proper values, the apparent observing
angles for th. designs may Liave different signs. A positive tangential image tilt means
that the top of the ficld of view (not necessarily the apparent top), as seen by the ob-
server with his eyepicce, will protrude toward his ¢ye. Similarly, in the skewed desigps,
a positive sagittal tilt means that the left side orotrudes.

The distortion is with respect to a plane normal to the TCT’s axis. Distortion on the
mclined focal surfac. would bLe calculated by considering the cosine elongation. A
negative distoition is partially corvected by a tilt of either sign, while positive distor-
tion is always aggravated by an inclined image plane. Data for the normal (perpendicu-
lar} distortion and image inclination arc preseated below.

ANAMORPHIC DISTORTION AND FIELD TILT

D, Tilt (1), Tilt(s),

Design % degrees degrees
Schiefspieg) .

25-cm /20, Kutter lens -0 + 7.7112 -

4%-in. £/26.6, anastigmatic + .310 + 4373 —_

12%n. {/20.2, 3-muror O'Neill - .889 + 9.019 -

104n. £/19.2, 3-mirror equiradius asphesic  -5.609 +16.658 -
Yolo

124n. {/15, 2-muror anamorphic + .213 - 1.129 -

10-in. /15.2, 3-murror (2D) +3 34! - 7.000 --

104n. §/12.3, 3-myvor (3D) + 253 - 833 - 442

104n. £/13.9. 3-torod 000 + 1.043 -—
CHT

104n. 1/10.2 + .381 + 7.013 -~

4%n. i/10 12 + .251 + 5.528 -

4%-in. {/10 S, single lens + .349 + 4084 -—

48-in. /6.4, monochromat ~ - -

10-in. {/15.1, hybnd (Schief/CHT) + 944 +16.50% -—
Cchupmann

4in. {/12 .000 - 2751 2018

In gereral, imag. tilt is morc objectionable than distortion since the eye loses its
range of acccinmodation a; it grows older. With the equiradius Schiefspiegler, it is es-
sential to tiit ti.> eyepiece for even a young eye, whereas with the other Scliefspieglers
experiments show i tilt to be acceptable. The reaction to the inclined field of the
CHT’s has been mixed, so apparently it depends on the observet.
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DETAIL DRAWING SHOWING TEMPERING
OF HEATER WIRE LEADS AND PRT WIRE

LEADS
/
—_—
P
i

3 each PRT's
with 4 wire
assemblies ver

12 in,———| " PRT

7 strands of 0.003-in. diam
copper wire with teflon insulation

0.0125-in. diam platinum
wire with fiberglass sheath insulation

POOOOOOIAX KAXX XA XXX

Two each
heate=r wires

Fiberglass

ANG-25 nichrome wire sheath
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APPENDIX H
CEMENT DATA*

General Description

SermeTel P-1 and SermeTel PBX Ceramic Cements consist of two separate
components - a dry mix and an activating solvent. Packaging in dry and liquid
components eliminates waste as only enough for thre job at hand need be
prepared. These cements are easily applied and form strongly adherent honds
with aluminum, Inconel, Stainless, low carbon steel and titanium, as well as
with a mmber of alloys. The bond is air-setting, and curing is accomplished
at relatively low temperatures. The cements are completely inorganic and

have no flash point. The toxicity factor is low. After curing at 600°F,
these cements become water insoluble and are insoluble in crganic solvents.

Cement Applications

Used in high temperature instrumentation such as strain gages, thermocouples
and transducers, PBX and P-1 ceramic bondings and coatings maintain their
electrical insulating properties and mechanical strength at elevated
temperatures. P-1 has better bond strength, PBX has better electrical
resistance at temperatures above 1000°F. Hence, in same applications, both
cements are used - a precoat of P-1 and PBX as the insulating cement. In
equipment which must function under severa environmental conditions - in
Steam Turbines, Jet Engines, Nuclear Reactors and Missile Systems, PBX
Ceramic Cement has proved thoroughly dependable.

Surface Preparation

In order to form a strong bond, the surface of the metal to be coated must
be absolutely clean. It should be free of scale, film, grease, o0il and
fingerprints. Stronger adhesion will be obtained if the surface is slightly
roughened. (Grit blasting or grit paper is excellent.) Rinse the area clean
of metal particles and grit using distilled water. Test the surface with a
clean cotton swab for cleanliness.

Mixing Procedure

The recommended method for mixing SermeTel Ceramic Cements is as follows:
PBX: Add the mix to the liquid vehicle in the proportions of 2-1/u grams c<f
dry material to lcc of liquid, mixing thoroughly. Set the mixture asiZe for
30 minutes to an hour to allow the chemical acticn to take place. If the
mixture seems to thin or to thick, the ratio of solids to liquid may Le
varied to some degree, depending on the application.

*From Surface Engineering Bulletin #200, SermeTel Division of Teleflex,
Inc., P.0. Box 187, North Wales, Pa. 19454, Tel. (215) 699-4861.
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P-1: TFollow the same procedure as previously stated, but start with a ratio v
of 2 grams of dry material to 1 cc of liquid. Allow a 1i -le more time for

the chemical reaction to take place than with the PBX; no bubbles should be
visible at the time of application.

Ry

e aa—

Application and Cw ing Procedure

The mixed cements may be applied by means of a brush, spatula, spraying

or dipping. Allow the coated metal to air-dry in a clean, dry atmosphere for

30 minutes to one hour. Drying at room temperature is preferable but when

high humidity conditions prevail, it may be necessary to use infra-red lamps

or even a 100-watt electric light bulb to counteract humid conditions. If infra-
red lamps are used, it is suggested whenever possible to apply heat under the
coated surface in order to prevent rapid hardening of the skin while the interior
still retains some moisture. If a comparatively thick application is required
(on the urder of 5 mils), several thin coats are preferable to one thick coat,
allowing time to air-dry and cure briefly between applications of cement.

.»‘ e
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> SermeTel PBY and SermeTel P-1 will bond to ceramic surfaces as well as metals.
The procedure is the same.

L

VTIPSR L O T

After completion of air-set:

«+s..1) Set oven to 200°F and bake for 1 hour.
[ eee.+2) Set oven to 600°F and bake for 1 nhour minimun.
«es+.3) Allow oven to cool at normal rate before removing coated part.

Coating Electronic Components

Spraying or dipping may be accomplished in most cases with a single coating.
] Dip coating is more rapid and economical and eliminates spray equipment.

Beyond thicknesses of .004" - .005", multiple coating with slow and complete
air-set and brief cure between coats is desirable.

v N Sayr b ST N,

If complete moisture-proofing is desired from ambient to 800°F, we suggest
a top coat of our SermeTel Sealant SD, which provides an hermetic seal. If

’ moisture resistance only is required from ambient to 500°F - 6G0°F, we suggest
the following procedure:

«+es.1) Heat the completely cured area to 150°F.

eseee2) While stil? warm, sprav or brush a thin film of Silicone Lacquer over
the coated area and allow to cool.

e

Both SermeTel PBX and SermeTel P-1 have hygroscopic tendencies until cured.
Potting Elements

Painstaking cleanliness is a major factor in successful potting of elements.
» Parts should be cleaned by procedures best suited. PBX is the preferred
cement for potting applications although P-1 is also used.

«s...1) Remove all foreign matter from object tc te filled.
«s+.+.2) Fill tube or cavity with cement; gentle agi<a<ior. will aid in
eliminating air bubbles.
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«+s003) Air dry slowly under infra-red lamps; volume of cement used will
govern drying time. o

..... 4) Cure slowly at 200°F; set oven at 600°F and allow oven to reach ¢
this temperature at a normal rate. ;
..... 5) Cure for 1 hour at 600°F, longer if possible. Cements will become ;

water insoluble at this temperature. Allow oven to cool normmally.

Tentative Resistivity Values !

Iec P-1 PBX
625 3.6 x 107
650 2.4 x 10?,
700 1.2 x 10 f
750 5.8 x 10° , .
800 2.4 x 10 5x10
825 1.8 x 106 6 \
850 .59x 105 9.2 x 10 i
875 4.6 x 105
900 3.9 x 10%
925 2.8 x 102
950 1.6 x 108
975 .92x 10

Method

Samples approximately 4 cm. by 5 mm. by 1 mm. were prepared with two platinum
wires embedded in the cement. Wet strength was provided by pressing lightly
between two sheets of paper which subsequently burned off. Samples were
dried at 110°C, then placed in furnace and heated slowly to 400°C for uring.
The furnace power was then increased and measurements of resistance made as
the temperature increased. A Chromel-alumel thermocouple in clcse proximity
to the samples was used to indicate temperature.

Results

Some cracking parallel to the direction of current flow occurred in the P-1.
/& The PBX appeared still in good condition after heating to 975°C. The resistances
as functions of temperature are shown graphically on the attached sheet an?
tabulated above. These values should be considered as qualitive only, as
» variations in preparation of samples may be expected to lead to variatinns in
the exact resistivity.
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