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surveyed and four designs were fully evaluated . Three of these designs employed
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ANNEX !

i:x PERI M ENT AL DIR ECTIONAL-HEM !SPH ElUCAL REFLECTANCE
FROM 0.28 to 2.5 ~m AND CALCULATION OF

SOLAR ABSORPTANCE

The directional-hemispherical reflectance, P5 (X) ,  in the ultraviolet, visible, and near-
infrared is required in this work for two purposes: (1) to determine the solar absorp—
tance (a5 [xl + p5 [A] ~

— 1), and (2) to provide the total value of the reflected energy to
put the bidi rectional reflectances in absolute terms, as noted in Annex III.

The Cary Model 14 spectrophotometer with specially designed transfer optics and a
Conwiir-designed and built integrating sphere was used for the di rectional reflectance
measu rements from 0.28 to 2 .5j ~m. A schematic representation appears in Figure I-i.
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I SAMPLE BEAM

CHOPPER MgO DIFFUSER INTEGRATING
SPHERE \~

TUNGSTEN PLUS
UV SOURCE

Figu re I-i. Optical Schematic of Cary Mod& 14 and Integrating Sphere Attachment

The spectrometer is a double-beam instrument with automatic scan and readout that
is !inear in wavelength. The double monochromator contains a grating in series with
a fused silica prism and the errors due to stray light are negligible. With the sphere
attachment, scans between 0. 28 to 2. 5~~m are possible.
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‘L~he integrating sphere consists of a 9-in. -diameter sphere coated on the inside with
a thick layer  t~f MgO. The sample, located at the center , is uniformly irradiated by
the MgO surface. 1 his uniform i rradiation is obtained by focusing the light from a
I • 000- watt (3 , LOOK) s\m Gun lamp, and a 250-watt Xenon lamp onto a curved MgO dif-
fuser  on the back of the sample. The diffuser scatters the tight to the part of the
sphere lj~hind the sample which , in turn , scatters the light to the hemisphere seen by
the sample. Thus , a unifo rmly Irradiated hemisphere of 2,~ sr is created over the
sample. One spectrometer beam o iginates from the sample (1), the other from the

~l !~() wal l  Ii,). Tht - ratio of these two beams is the directional-hemispherical refiec—
taller ot the sample and is displayed on the recorder as a fu~iction of wavelength. *
The sali lp ic holder rotates to provide variations in angLe 6.

Data are recorded on a stripchart recorder. This chart is read at closely spaced
wavelength i ntervals (reflectance versus wavelength) and the digital data t ransferred
to punched cards for computer p rocessing. A computer routine processes the data to
I)ro~~de the solar reflectance based on t.~e Air Mass Zero Solar Spectral Irradiance,
as per A~4TM E-IJO -73 . An example of a printout sheet is shown in Figure 1-2.

This figure also includes emittance u~~~, ~thich is processed by computer, as describ-
ed below. Reflectance data arc also presented in graphical form .

f iie measurements of hemispherical-directional reflectance described below were
used to compute the solar absorptance in the wavelength interval from 0. 28 to 2.5 ~m,
u - a t l g  the Air ~1ass Zero Spc~tral Irradiance , as per ASTM E 490—7 3

The data will be digitized ~or computation of solar absorptance, using the following
formula:

2.5 
(i - P x ) E

~ 
dx

0. 28
2.5f  E~~dx

0. 28 -

where ~ = the measured directional reflectance

= the Air Mass Zero Solar Spectral Irradi ance

h i t  he m ispherical-directional reflectance is actually measured. The numerical Va!-

~.tlut ’ ui this reflectance is identical to the desired di rectional —hemi spherical emittance.
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LENGTH ANrE LENGT H A NtE LENGTH ANCE LENGTH ANCF/~
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1.1001+0 0 1.t~~~e_~,t  ‘.flO OE ,OO 6.3901—01 2.5001+00 3.8301—01 3 .0001+00 1 .3001—01
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2 . 6 f l 0 1~~0t 1.3~~C~~— 1l 2.7 001+01 1.3 901— 01 2 .8001+01 1 .3901—01 2 .9001+01 1 .3901—01
3.0001 .01 0 .3901—01 3 .1001+01 1 .3901—0 1 3 .2001+01 1.3901—01 —0. —0.

I I -  ‘. ( . JI~~’~ 100 1 ~f l0 X 500  X i~O! A l — ‘R S ORPT ANCE I OTHER
200 1 400 1 1AP~ OPI Pot A I - ~~)RI’TANLE

i t  ‘
~~~~ I ( 100 K s 8 . 7 0 9 0 3 6 1 — o 1  SUM MAT ION PAT IO~ 2 .937 648 E—0t

I - H .1 \ ‘  I 1100 ~I ’ 9.5337181—01 SUMMATION RATIO=8 .6839731— 0t

I . 1[~~j  ( 5 0 0  ~) :° .5 8 9 1 5 4 C -  .1 SUMMAT ION RAT IO=9 .166468E—0i

\~ \~~~ ‘ 1I~I ’ f . \ N  I = 2 . 6 7 3 2 5 7 1 — 0 1  S U M M A T I O N  R A T T O = 2 . 6 ? 3 2 5 7 1 — 0 1

II I  I - \ ’ .( . ( 2 0 0  ~ ) : l . 2 0 l t i. 1 E — I I t SUMMATION R A T I O = 6 . 9 8 3 6 2 2 E — 0 t

( I I I  \ ‘ -~~ 1 1.0 0  ~ ) = 9 . 5 8 8 1 7 0 E — 1 1  SUM M AT I ON R P T I O : 8. t s 7 7 5 7 9 1 01

Figuie 1-2. Samle Computer Printout Sheet
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ANNEX IL

ExPl:HI.\IENIAi. DIRECTIONAL—LI EMISPIJERICAI. REFLECTANCE
FRO M ~.O to 30 ~iM ANI ) CALCULA T I ON OF T H E R M A L  EM IT TANCE

W-fleetances of candidate samples W ere determined from 2.0 to 30 iii using the Con-
vai r Di ’~’is iun ellipsoidal rethctomcter .  Thus , solar reflectance data are provided be-
tween 0. 2~ and 30~ttu . Directional thermal emittance as a lunction of wavelength €~~
was derived from the di rcct ional—hemispher ical~ reflectance as a function of wave-
length p~ using the relationship:

l x 
- 1

Data was processed by computer subroutine to provide thermal emittance at 300K (and
othe r temperatures), see Figure 1—2. Data presentation was both graphical and tabular.

The essential fe atures of the optical system may be understood by referring to Figure
II- 1. The Pyrex ellispoid has a highly po~~ hed inner surface upon which a film of alum-
inum has been evaporated. It has a - emi-maj .~ c axis of 6 inches and a semi—minor axis
of 5.916 inches , with foci 2 inches apart . The source is placed on the semi-major axis
with its center at one focus; the sample is ~entered at the other focus , as shown in Fig-
ure 11-1. The focusing characteristics of the ellipsoid are such that a point source of
light emanating from one focus is imaged at the other. Using a properly sized radi a-
tion source , the sample is uniformly irradiated over a hemisphere of 2or ir.

The source system — including the source, ellipsoid, sample holder , and chopper —

form an i ntegral unit that is designated to rotate about an axis through the center of the
sample, as shown in Figures 11-1 and 11— 2 . The light—gathering and transfer optics , con-
5isting of a small overhead mirror (Ml) and subsequent mirrors (M2, M3 and M4), are
fiX O (I and do not rotate. Mirrors Ml and M2 are held in position by a bracket that anch-
ors into the central tee, to which the vacuum pump is attached. For making routine
near-normal measurements, as requi red in this work, the ellipse rotation is set as
shown in Figure 11-1. The overh ead mirror (Ml) views the sample from 10 degrees off
norma ’ . To obtain the 100% datum (see Figure 1. - t), the sample is removed from its
position at one of the foci and the ellipse is rotated so that the small overhead mirror
(iI~I 1) receives the full radiation incident on the sample position (but with the sam ple re-
moved), thus providing a system for true absolute measurements.

Measu rements of directional-hemispherical reflectance~ were made on two samples of
each of the four selected designs, and repeated on two samples each of the best two de-
signs. The measurements were made over the wavelength interval 2.0 to 30.0 pm. These

‘l’h e hemispherical directional reflectance is actually measured. The numerical val—
ui of this reflectance is identical to the directional—hemispherical reflectance used to
compute the directional thermal emittance.

Il— i 
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Figure 11-1. Source , Sample , and Hemi- Ellipsoid Arrangement
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Figure 11-2 . ~~ tical Schematic of Ellipsoidal Reflectometer

data ~ ‘-re digitized and combined with 0.28 to 2. 5 micron data for computation of
thermal emittance , using the formula:

- 

f  (1 - p
~) 

C
1~~ (300) dX

~300 
- 

)30

J e~~ (300) dx
0. 28

where = the measured directional-hemispherical reflectance

e
bA 

the Planch blackhody radiation function

11-3
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ANNEX 111

BIDIRECTIONAL REFLECTANCE

Bidirectional reflectance measu rements were made on two samples of each of the four
selected designs. The measurements were made at 0. 5 micron. Reflectance mea-
surements were made at eigh t elevation angles for each of 12 azimuth angles, repeat-
ed for  each of three incident elevation angles. The measurements were repeated for
at least one other incident azimuth angle , when dictated by the nature of the sample
surface; i.e. , if the surface was nonisotropic. The bidirectional reflectance p(9, ~~
~~
‘, ~ ‘) of the selected candidate samples (Figure Ill—i ) were determined on an abs-~lute

basis. Data is provided in tabular form ( ERAS format) and in a pictorial representa-
tion for easy visualization of performance.

Z REFLECTED BEAM

INCIDENT BEAM 

dl., I
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Figure 111-i. Definition of Bidirectional Reflectance Angles

For the work of this project, a 100-watt Xenon arc lamp was used with the photomulti-
plier detector. As shown in Figure 111-2, a chopper interrupts the incident radiation
to provide an a-c signal for the detector system to detect and record. The chopping
frequency Is 1, 000 Hz and a Princeton Applied Research amplifier is used. The data,
recorded on a Hewlett Packard Dymec recorder , is taken in such a sequence that the
paper tape from the Dymec recorder may be processed on the computer to give a com-
putation of the data in the ERAS format. Light dispersion is provided with thin-film
interference filters. Angular divergence of the rays within the beam is controlled by
an aperture in front of the source and in front of the photomultiplier tube, as shown in
Figure Il- i (Annex II). The source unit can be adjusted continuously over the polar
angle 9 = 0 to 88 degrees and the azimuthal angle of the source can be varied from 0
to 360 degrees by rotating the sample. The detector position is similarly variable
over similar angles; i.e., polar 0 to 88 degrees , and azimuth 0 to 360 degrees.

- 
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Figure 111-2. Bidirectional Reflectance Apparatus

Bidirectional reflectanc e in this program is required in absolute terms; 1. e., as the
fraction of the incident energy scattered into a given solid angle. To meet this require-
ment, measurements were made of the total reflectance (directional reflectance) of the
sample as a function of incident angle. Bidirectional reflectance measurements were
made at set Intervals in the 2n sr hemisphere over the sample. These measurements,
taken on a relative basis (I.e., for a given Incidence angle, the reflected energy at
any particular angle Is compared to the energy reflected at the specular angle), are
then equated to the total reflectance as determined by measurement of the directional
reflectance. This method eliminates the difficulties and uncertainties associated with
the measurement of the solid angle of the detector system.

Data are provided in computer printout form in the ERAS format and also in a “pictor-
ial’t form for easy visualization, as illustrated in Figure 111-3. This latter “pict~ire ”
is obtained directly from the computer-generated tabulation, using the Stromberg
Carison SC-4020 printer and the Convair Division Computer Laboratory.

Bidi rectional data reduction was accomplished in the following manner:

1. Punched paper tape from the digital data acquisition system (HP Dymec) was pro-
cessed to magnetic tape by a SDC 930 computer.

2. Magnetic tape processed to raw data cards for CDC 6400.
- 

111—2
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Figure 111-3. Representction of Bidi rectional Reflectance

Data (Angles Defined in Figure rn-i)

3. Raw data cards listed and edited by di ree~.3nal data block.

t.  Bidi rectional data reduction Program 5062 used to integrate actual values of bi-
di rectional reflectance.

~~~. Formatting programs (CDC 6400) used to produce data blocks for use by other
codes and plotted output (SC 4020, Charactron).
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ANNEX Pv

T EST PLAN — SECOND SURFACE MIRRORS

SAM PLE FABRICATION

Consistent with the contral.~tual requirements eight samples of each of four designs
selected b% SAMSO were fabricated.

OPTICAL MEASUREMENTS

Two samples of each of the four designs were tested for optical performance. The
measurements consisted of spectral measurements of directional reflectance from
0. 28 to 30. 0 mIcrons and bidirectional reflectance at 0.5 micron. The directional
data was digitized and integrated for solar absorptance from 0.28 to 2. 5 microns,
using the Air Mass Zero Solar ~~ectral Irra -liance as per ASTM E 490-73. Thermal
emittance was derived from the dire~~i~na1 reflectance data recorded from 2 0  to
30. 0g m.

Bidirectional data was digitized and normali zed to the directional data. The normal-
i zed bidirectional data was plotted in units of sr~~- as a function of Incidence angle
rn omina lly elevation angle; also the azimuth angle, if required by the nature of the
shaped surface) and reflected angle (elevation and azimuth).

All data was reduced to the ERAS format to facilitate use by the Air Force and quali-
fied contractors.

Detai led descriptions of apparatu s and procedures for the determination of directional
reflectance from 0. 28 to 2. 5gm, directional reflectance from 2.0 to 3OMm , and bi-
di rectional reflectance at 0 .5 ~m are discussed in detail in Annexes I, II and Ill.

MIL Si ’ECIFICATIONS TESTS

Testing to MIL specifications for appearance, coating adherence, humidity resistance,
hardeners , and thermal cycling were performed on two samples of each of the four
selected designs. The tests performed were as follows.

~ppearance. The coatings were observed by the unaided eye. The coated surface
gave the appearance of uniform coverage. The uncoated surface was free of all metal
deposition and other contaminations. The overcoated back surface had a distinct color
when viewed in white light.
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Coating Adherence. The specimens were immersed in boiling distilled water for five
minutes . The adherence test of MLL-M- 13508B , Paragraph 4.4.6 , was then performed
by firmly pressing tape confo rming to LT-90-C against the coated surface and pulling

it down over the edges of the specimen. The tape was then removed slowly .

Upon recommendation of the Program RL~iew Board , on 3 May 1974, thIs adherence
test was performed before and alter the samples had been subjected to the tests that
follow , to ensure the adherence of the coatings after these had been subjected to the
extreme conditions implied by the hardness, and humidity resistance tests, as well as
the thermal cycling.

Humidity Resistance. The specimens were subjected to humidity greater than 95% at
a temperature of 120 44F for 24 hours in a thermostatically controlled chamber approxi-
mately 3 3 3 feet , in accordance with MIL-C-675A , Paragraph 4.6. 9.

Coating Hardness. The specimens were rubbed with a piece of clean1 dry-laundered
cheese cloth , confo rming to CCC-C-27 1, and approximately 3/8-in. in diameter and
1- 2 -in, thick , a number of strokes while on the platform of a triple beam balance set
for one pound. Keeping the platform lep resse& during rubbing ensured one-pound
minimum force as specified in MIL-M--13508B, Paragraph 4.4.5. As this test was
originally designed for a smooth mirror surface, rather than a rough reflecting one,
a note was made as to how may strokes, if less than 50, were required to damage the
surface.

Thermal Cycling. The specimens were subjected to three cycles consisting of (1) low-
ering the temperature from ambient to -130 ~5C (-202 ±9F), (2) a dwell of 30 minutes,
(3) raising the temperature to +85 +5C (185 ±91), (4) a dwell of 30 minutes, and (5) re-
turn to ambient. The rate of temperature change was not less than 2C (3. 6F) per min-
ute. The control of the temperature at this rate was achieved by means of specifically
built plastic or cardboard cams that controlled the switching on and off of the heating/
cooling equipment . Cams were readily available for a cooling rate of 5°F/mm and
-1 F/m m for heating.

Coolln~, was accomplished by liquid nitrogen entering the approximately 3 x 3 x 3 foot - 

-

chamber and provided a nitrogen atmosphere inside the chamber. During heating, a
dry nitrogen purge was app lied until the chamber was above the dew point; thus, con-
densa tion did not form on the specimens.

PROO I OF REPRODUCIBILIT Y OF TESTIN G

Upon completion of the test phase of the program, a reproducibility check was made
on the two best designs. Following the procedure documented during the fabrication
phase , two samples of each type were fabricated and tested for optical performance.
This check served both to demonstrate the reproducibility of the mirror designs and
to verify the adequacy and reproducibility of the different tests.
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DOCUMENTATI ON OF THE TESTS

Documentation of ~equirements testing was provided. The documentation included ob-
j ectives, the approved test plans, a description of test equipment, and detailed test
results.
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ANNEX V

HEMISP }IERICAL .DIRECTI0NAL REFLECTANCE
0.3 TO 7.0 pm

This annex presents the h~.mispherical-direCtiOflal (near normal)
reflectance of the samples in digital form. Wavelength in micro-
meters is listed against reflectance from 0.3 g~m to 7.0 pm.
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ANNEX VI

DIR,ECTIONAL-HEMISPHERICAL REFLECTANC E -

ERAS FORMAT

This annex presents the threctlonal—hemi~~hericaI reflectanc e
for the samples in the ER/~S format. Wavelength in micro-
meters is listed against reliectance from 0.3 pm to 29 pm. I
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ANNEX vii

DIRECTiONAL-HEMISPHER I CAL REFLECTANCE , AND DIRECTIONAL
EMI ’rTANCE 2.5 TO 30 pm AND 200 TO 700°K

This tnh le presents the di rectional (near normal ) hemispherical
rcflectanc~ as a fun ction of wav’~length (column headed RHO) and
the directional (near nor~ :sI) emiti~t.~~e as a function of wave-
length (column headed E), ~~d the near-normal emittance as a
function of temperature from 20C to 700° K.
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ANNEX VIII

DIRECTIONAL-HEMISPHERICAL REFLECTANCE
(U.V . , VIS, NEA R la R .)

This annex provides a graphical presentation of the directional-
hemispherical reflectance from Oa 28 to 29 g~m. 
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FIGURE VIII-1. DIRECTIONAL-HEMISPHERICAL REFLEC TANC E
(U.V. , VIS. , NEAR I.R.)

FUSED SILICA GROUND FRONT 3 MICRON GRIT , BACK 9 MICRON
GRIT , 1.5 HOURS HF ETCH , NON-ENHANCED SILVER
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FIGURE VIII-2. DmECTIONAL-HEM~~PHERICAL REFLECTANC E ( 1.R .)

FUSED SILICA GROUND FRONT 3 MIC RON GRIT , B A C K  9 M I C R O N
GRIT , 1. 5 HOURS HF ETCH , NON-ENHANCED SILVER
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FIGUR E VIfl—4. DIRECTIONAL -HEMISPHERICAL REFLECTANCE ( 1.Ft,)

FUSED SILICA GROUND FRONT 3 MICRON GRIT , BACK 9 MICRON
GRIT , 2.5 HOURS HF ETCH , NON-ENHANCED SILV ER
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FIGURE VIII-6. DIRECTIONAL -HEMISPHERICAL REFLECTANCE (I. R.)

FUSED SILICA GROUND FRONT 30 MICRON GRIT ,
BACK POLISHED, 0.5 HOURS HF ETCH , NONENHANCED SILVER
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F IGURE VIII-7 . DIRECTIONAL-HEMISPHERICAL REFLECTANC E
(U.Va , VIS. , NEAR I .R. )

FUSED SILICA GROUND FRONT 3 MICRON GRiT , BACK
9 MICRON GRIT , 15 5 HOURS HF ETCH , E NHA NCED SILV U~
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FUSED SILICA GROUND FRONT 3 MICRON GRIT , BACK
9 MICRON GRIT , 1,5  HOURS HF ETCH , ENHA NCED SILVER
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FIGURE VIII-9. DIRECTIONAL-HEMISPHERICAL REFLECTANCE
(U. V., VLSI , NEAR I. R .)

FUSED SILICA GROUND FRONT 3 MICRON GRIT , BACK 9 MICRON
GRIT , 2.5 HOU RS HF ETCH, ENHANCFD SILVER
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FIGURE VIII- 10. DIRECT IONAI .-HEM ISPHER ICAL REFLECTANC E (I, R . )

FUSED SILICA GROUND FRONT 3 MICRON GRIT , BALK 9 ~‘.1JC RON
GRIT , 2. 5 HOURS HF ETCH , ENHANCED SILVER 
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BACK POLISHED, 0. 5 HOURS 1fF ETCH, ENHAN CED SILVER
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FIGURE VIII- 12. DIRECTIONAL -HEMISPHERICAL REFLECTANC E (I. R ,)

FUSED SILICA GROUN D FRONT 30 MICRON GRIT ,
BACK POLISHED , 0. 5 HOURS HF ETCH , ENHA NCED SILVER
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FIGURE VIII- 13. DIRECTIONAL-HEMISPHERICAL REFLECTANC E
(U. V. ,  VIS ., NEAR I. IL )
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FIGURF. VIII- 14. DIRECTIONAL-HEMISPHERICAL REFLECTANCE (I. IL)

FEP TEFLO N PRESSED B E T W E EN  ROUGH ENED FUSED ~TLICA PLATES.
FRONT SU R F A CE  3 MICRON RO~~G I I E N E D  SECOND SURI ’A CE 9 M~CRO i’~
RoUc~ N ;N E D . I~OTH !~LAr ~~~ 0 83 ~!OLRS HF ETCH SE COND S~~~ }’ACE
SILV~-~~~J) BY SIiELDAHL
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F IGU RE VIII- 15. DIRECTIONAL-HEMISPHERICA 14 REFLECTANCE
(U. V.,  V!S. , NEAR I. H . )

FEP TEFLON PRESSED B E T W E E N  ROUGHENED FUSED SILICA PLATES.
FRONT S U R F A C E  3 MICRON R OIJGI IENE D SECOND SURFACE 9 M I CRON
ROUGHENED.  BOTH PLATES 0.83 I J O I R S  HF ETCH SECOND SURFACE
SILVERED BY SHELDAHL
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FIGURE VIII- 16. DIRECTIONAL -HEMISPHERICAL REFLECTANCE (I .R.)

FE? TEFLON PRESSED BETWEEN ROUGHENED FUSED SILICA PLATES.
FRONT SURFACE 3 MICRON ROUGHENED SECOND SURFACE 9 MICRO N
ROUGHENED.  BOTH i~LATES 0. 83 HOURS HF ETCH SECOND SURFACE
SILVERED BY SHELDAHL
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ANN EX IX

BIDIRECTIONA L REFLECTANCE

This annex provides graphs of the bidirectional refl ectance in both
two and three dimensional form at 0.5 g~m . Angles are defined in
Figure 111— i of Annex HI.
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FIGURE IX-7 BIDIRECTIONAL REFLECTANCE

FUSED SILICA G R O U N D  F R O N T  3 M I C R O N  GRIT , I~A C K  9 M I C R O N
GRIT , 1. 5 HOURS HF ETCH , N O N - E N H A N C E D  S I L V E R



- -—_  - — -~~~- .—- 
~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ _ — - - -~~ ~~~~~~— -

.5 MIC~ON5 THETFI-75 DEGREES

1!
1 1 .

1

i I~
•

MC

~O3353OO1

FIGURE IY-8 BIDIRECTIO NA L REFLECTANCE

FUSED SILICA GROUND FRONT 3 MICRON GRIT , BACK 9 MICRON
GRIT , 1.5  HOURS HF ETCH , NON-ENHANCED SILVER
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FIGURE ix- -~ BIDTRECTIONAL REFLECTANCE

FUSED SILICA GROUND FRONT 3 MICRON GRIT , BACK 9 MICRON
GRIT , 2 . 5 HOURS HF ETCH , NON-ENI -LANCED SILV ER
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FIGURE v;’- - ~ BIDIRECTIONA L REFLECTANCE

FUSEI) SILICA GROUND FRONT 3 MICRON GRIT , BACK 9 MICRON
GRIT , 2 .5 HOURS HF ETCH , NON-ENHANCED SILV ER
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FIGURE DC-12 BIDIRECTIO NAL REFLECTANCE

FUSED SILICA GROUND FRONT 3 MI CRON GRIT , BACK 9 MICRON
GRIT , 2 .5 HOURS HF ETCH , NON -ENHAN( :ED SILVER
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FIGURE IX-13 BIDIRECTIONAL REFLECTANCE

FUSED SILICA GRO U ND FRONT 3 MICRON GRIT , BACK 9 MICRON
GRIT , 2 .5 HOURS HF ETCH, NON- ENHANCED SILV ER
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FIGURE IX-114 BIDIRECTIO NA L REFLECTANCE

FUSED SILICA GROUND FRONT ~ MICRON GRIT , BACK 9 MICRON
GRIT , 2.5 HOURS HF ETCH , NON- ENHANCED SILV ER

DC -il’

~~~~~~~—------- - -- - -5-  — --5--— 
_ _ _ _ _



____________________________ - — — — -— 
-_‘-.-~ - - - -

~~~~~~~

THETA=75 ,0  PHI= 0 .0  LAMBOA= .500

T~~HJii~~III ~~ i~T IJIII II:::I::::I

J~~i*iIIli I I I I l
I:1:IIIII :I IIiIL i

F03352001

Ø

~

18o-

~

—I

z — — - — — - - -  ~~~~~~~~~ — — — — — — —

F°

!‘ 

____ 

___________________________________________________

T HETAP , SENSOR A N G L E  FROM ZENITH COEG. )

FIGURE IX-15 BIDIRECTIO NA L REFLECTANCE

FUSED SILICA GROUND FRONT 3 MICRON GRIT , BACK 9 MIC RO N
GRIT , 2 .5 HOURS HF ETCH , NON-EN: -LANCED SILVER
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FIGURE IX-16 BIDIRECTIO NAL REFLECTANCE 
-

FUSED SILICA GROUND FRONT 3 MICRON GRIT , BACK 9 MiCRON
GRIT , 2. 5 HOURS HF ETCH , NON-ENHANCED SILV ER
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FIGURE DC-17 BIDIRECTIONA L REFLECTANCE

FUSED SILICA GROUN D FRONT 30 MICRON GRIT , BACK
PO LiSHED, 0.5 HOURS LIE ETCH , NON-ENHA NCED SILVER
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FIGURE IX-18 BIDIRECTIO NAL REFLECTANCE

QU A R T Z  GROUND FRONT 30 MICRON GRIT , BACK
POLISHED , 0.5 HOURS HF ETCH , NON-ENHA NCED SILVER
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FIGURE Ix-19 BIDIRECTIONAL REFLECTANCE

Q U A RT Z  GROUND FRONT 30 MICRON GRIT , BAC I
PO LISHED , 0.5 HOURS I-I F ETCH , NON-ENHA NC ED SILVER
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— FIGURE IX -20 BIDIRECTIO NAL REFLECTANCE

QUARTZ GROUND FRONT 30 MICRON GRIT , BACK
PO LISHED , 0. 5 HOURS HF ETCH , NON-ENHA NCED SILVER
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FIGURE IX-~ i BIDIRECTIO NAL REFLECTANCE

i-TSFD SILICA GROUND FRONT 30 MICRON GRIT , BACK
POLISHED , 0 5 HOURS h F  ETCH, NON-FNHA NCCD SILVER
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FIGURE 1X-?:- BIDIRECTIO NA L REFLECTANCE

FUSED SILICA GROUND FRONT 30 MICRON GRIT , BACK
POLISHEI), 0.5 HOURS I - IF ETCH , NON-ENHA NCED SILVER
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FIGURE DC-23 BIDIRECTIO NAL REFLECTANCE

FUSED SILICA GROUN D FRONT 30 MICRON GRIT , BACK
PO LISHED , 0.5 HOURS HF ETCH, NON-ENHANCED SILVER
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FIGURE IX-214 BIDIRECTIONA L REFLECTANCE

FUSED SILICA GROUN D FRONT 30 MICRON GRIT , BACK
POLISHED, 0.5  HOURS HF ETCH , NON- ENHA NCED S I L V E R
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FIGURE IX-25 BIDIRECTIONAL REFLECTANCE

FUSED SILICA GROUND FRONT 30 MICRON GRIT , BACK
PO LISHED , 0.5 HOURS HF ETCH, NON-ENHANCED SILVER 
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FIGUR E IX-26 BIDIRECTIO NA L REFLECTANCE

FU SED SILICA GROUND FRONT 30 MICRON GRIT , BACK
POLISHEI) , 0.5  HOURS HF ETCH , NON-ENHANCED SILVER

~~~~ -2E 

—~~~~~~~~ -- - - - -——



r 
-

~~~~~

- ---

~~~~~

- - — ---- — -—- - — - -  
~~~~~~~~~~ ~~~~ ~~ - - - - -

THETA=20.O PHI 0.0 LAMBOA= .500 31’~I .

K ~ ~ ~~ J ~ ~ 
i I

~~
IIIT

~~FF~TriFI:\~N~ ~ ~ ~ ~ 

-‘ 

~ j : : :i~~I~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~

1 4 0
Et~~t~ 

I ~: ~
~ _ \

~~~~~

H

~

~~ 

t z o

\

~~~~~~~~~

\

~~~~~~~~~~~~~~~~~~~~~~~ i 
_

100 ILE J�~\b I :LELI :~~::L::L~:z 
-- F03353002 -

~~~~ 
I

\ I  \ I~~ I-\-- - --- - - F \ ‘-‘~~~~~~~~~~~~
-
~

- - -
~~~~~~i8o -n -__ - -

U - \ ,  
\ \  L_.— r~~~ ----- ].62 

_ _ _w - - 
\— - - - - - — — — ___ —

-J ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~ 6 — 

~::1H 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ __

< .60 

-
~~~~ - . - -  - - a - 1 - - f f - -  L

~~~~~~~~~
-

‘
- —  —

~~
- -

~ 
- i - —  

~~~~~~~

- - - -- - T ~~ 
I~T~~I~~~~i~~

40 N H ‘

~~ = 
:~~~~~ ~~~~~~~~ ~~~~~~~~~~~

- L
2 

_ _  

~~~~~~~~~~~~ff~1I±~~

~ 

.zo
~~~~~~H 

4 _ _ _

- 
- -  _ _

0 il-I - -

~ 3~i . Fl I 
____________ ____________

THE T A P . SENS OR A N G L E  F R O M  Z E N I T H  C O E G .  ) 
—

FIGURE IX-27 BIDIRECTIO NA L REFLECTANCE

FUSED SILICA GROUND FRONT 3 MIC RON GRi I , BACK
9 MICRON GRIT, 1.5 HOURS HF ETCH , ENHA NCED SI LV EB
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FIGURE DC-28 BIDIRECTIO NA L REFLECTANCE

FUSED SILICA GROUND FRONT 3 MICRON GRIT, BACK
9 MICRON GRIT , 1.5 HOURS HF ETCH , E NHA NCED SILV~~~
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FUSED SILICA GROUND FRON T 30 MICRON
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FE~ TEFLON PRESSED BETWEEN ROUGHENED FUSED SILICA PLATES.
FRONT SURFACE 3 MICRON ROUGHENED SECOND SURFACE 9 MICRON
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FIGURE IX- V BIDIRECTIONAL REFLECTANCE

FEP TEFLON PRE SSED B E T W E E N  ROUGHENED FUSED SILICA PLAT ES.
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F:’? TEFLO N PRESSED BETWEEN ROUGHENE D FUSED SILICA PLATES.
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FEP TEFLON PRESSED BETWEEN ROUGHENED FUSED SILICA PLATES.
FRONT SURFA CE 3 MICRON ROUGHENED SECOND SURFACE 9 MICRON
ROUGHENED.  BOTH PLATES 0.83 HOURS HF ETCH SECOND SURFACE
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FEP T E F L ON PRESSED BETWEEN ROUGHENED FUSED ~IL1CA PLATES.
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THEORY AND COMPUTER PROGRAMS FOR SUBSTRATE DESIGN
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Tnl-:OR Y AN D (‘O \IP UTE R P R I S , R A M S  FOR SUBSTRATE DESIGN

1’ )r ourposes of theoretical prediction of performance, it was assumed that the pattern
would h av e an average or characteristic linear dimension, referred to as a “patterm
wave length” (X p) and an associated amplitude ~~~~ Leaving aside for the moment
consideration of the actual shap e of the contour , some simple considerations constrain

and .~t . ‘i he pattern must be coarse enough to scatter the light. A ~ at least
twenty greater than 5000 was assumed satisfactory. Accepta 1e~~mplj ttides
arc limited by consideration of wafer thickness; pattern waves should not significantly
weaken the wafer. It was assumed that an amplitude of up to 5% of the wafer thickness
on each side of the wafer (total 10% or 0.00 1 in. ) would be acceptable. Within these
constraints, a quite satisfactory contouring was found to be possible.

i’he two ray-tracing computer programs described below were used to assist in pre-
dicting the performance of conceived contours. Program I was relatively simple. It
treated only a two-dimensional example of simple regular curves. It was useful to
(le te rnune the relative performance of surface contours rather than absolute perform-
ance- . Program II, an extension of Program I, was completely general , capable of
treating three-dimensional confi gurations and thus theoretically suitable to predict ab-
solute performance.

PROG R~A M  I. This program was app lied to second surface mirror designs with a flat
hack surface and a top surface shaped in two ways: (1)  as a sinusoidally varying sur-
face , and (2) as a conchoidal surface. l’h(’ two-dimensional profiles are shown in
Figur e X- 1. Several computer runs were made to elucidat e which of the two profiles
w ;i~ more effective in producing a high- i-t- fleetanct diffuse surface.

The program traced a set of parallel ray s at a given incident angle. The angle of the
eflVCIO~

( i~~~ see insert , Figure X-3) of the emergent rays was a measure of the dif.-
fus en ~~~~ . By changing the ratio of the amplitude of the surface variation to its wave-
length , the effec t of the shape on the diffuseness was determined. The angle of m ci-
( I , , f l C ( V  ~ a’~ varied to p rovide data on scattering performance as a fun ction of angle.
l’h e ratio of the pattern wavelength to the pattern amplitude Q~ /~ t~) is an important

1, :trameter of the surface. A moderate value of this parameter is needed: too large a
value  would not produce enough scattering of the reflected rays; too small a value will
introduce tot) m any internal reflections which lower the reflectance.

The results may be plotted in different ways. Figure X—2 shows the maximum fraction
of rays reflected into a fan of one degree, as a function of the ratio ~~~~~~ It is seen
that the conchoidal shape gives the better performance: a low percentage of rays con-
tai ned in one degree at moderately high ~~~~ The numbers O , 22° , 45° refer to
the angle of incidenc e , a , of che incident rays.

x- I

~ 

. .. ,.... 
~~~~~~~~~~~~~~~~~~~~~~ 



l- ig ure X-3 shows the total scattering angl e ..~ j  of the reflected rays as a function of
Again the conchoidal surface give~ the bette r results , i. c. , larger ,~ at

moderate Ap/~ 1J) values.

Figure X--1 shows the frac tion of ray s that get internally reflected as a function of
Once again at moderate x~ /~ t~ values , the conchoidal surface is the less

detrimental in reduc ing the reflectance.

This computer program was extended to deal with the profile shown In Figure X-5,
i. e., a conchoidal shape with the cusps pointing down. This is important because the
surfaces resulting from the process of grinding and subsequent HF etching will have a
cross-section , as shown in Figure X-6: the conchoidal profile will have the cusps
poin ting up in the surface rec eiving the incident light , and the cusps will be pointing
down on the surface which act s as reflector (bottom surface).

As before, the profile used on the computer program is periodic because it is simpler
to analyze and prescribe In the computer and it corresponds to the worst case as far
as diffuseness is concerned. Any deviation from this periodicity and regularity will
improve the diffuseness of the surface.

Surprisingly , the results were practically Identical to those obtained with the same
profile upside down and described above. Apparently, it is the form of the profile and
not its orientation as a whole that is important.

PROGRAM 11. Program II is a very general three-dimensional program. It accepts
as inputs:

• The mathematical descriptions of the front and back surfaces

• Wafer thickness

• Material properties: ind ex of refraction , reflectanc e, etc.

• Angle of incidence of the light

The program traces 101 parallel rays incident at the input angle. The first encounter
is with the f ront surf ace of the wafer where the rays are refracted and enter the mir-
ror material (see Figure X-7 for two-dimensional representation). After refraction
at the front su rface, the rays travel in a straight line to the back surface, At the back
surface they are reflected from the silver second surface and travel to the front sur-
face where they are either refracted and pass out of the wafer, or internally reflected
and ‘~~ecycled ” and ultimately emerge or are absorbed in the wafer and do not emerge.

The program output gives:

• Angle of exitance

• Minimum angle of refraction
X-2
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Figure X-6. Profile , Typical Surface Resulting from Etching

• Maximum angle of refraction

• Cone angle of emerging rays

• Number of rays suffering multiple reflection

• Number of rays failing to emerge

This computer program was developed late in this project and it was not fully exploited
since the support level was fixed and the priority requirement was a developed mirror,
a requirement which was met by concentration on the experimental tasks. It was con-
cluded that this computer program would , however, be a powerful tool for use on simil-
ar prc ’Aems , as for example, the development of a di ffuse solar cell. The entire cell
could be mathematically modeled.

I-’ ive variations of cone hoidal surface profiles w ere arbitrarily draw n, based on the
priotomicrograp hs that had been obtained . T hen were arbitrarily labeled B , D , E ,
F , a’i I G and encoded as input data for t..c program. T he r~ su1ts of the runs w hich
were  pe rf~rnied are show n in T able X— 1 .

X - 6
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Figure X-7.  Ray-Tracing of a Bundle Through a Typical Surface Profile
Handled by This Program (Ii)
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Table X-1. Fate of 101 Hay s Incident on a Conchoidal Surface

Columr, heading explanations are as follows:

cr = ang le of incidence of 101 rays
P = angle of exitance of middle (#50) ray

Pmin minim um angle of exitance

~max maximum angle of exitance
m no. of rays suffering multiple refractions
I = no. of rays which never exit.

A 13  = angula r amplitude of fan of rays
t o = thickness in mils

“DI ’* Front Surface e ’E~l$* Back Surface

a 
_ _ _ _  ~min Pmax 

— 
to — 

m 
- 

I

— 
0 -0.27 -10.39 14.67 25.7 9~5 0 

— 
0 

-

30 35.68 18.61 145.51 26.90 9.5 0 0

_ _ _ _ _  

50.59 32.80 63.16 
- 

30.36 9.5 U C

79. 08 21.56 83.07 61.51 9.5 4 2

30 39.614 17. 140 116 .149 29.09 18.6 0 
- 

0

6c 73.12 40.31 86.38 46.07 18.6 2 6

30’ 25.86 15.20 42.80 27.60 145.8 0 0

6o 67.59 22.90 85.y i 62.81 45.8 i 6

30 28.96 15.46 147.37 31.92 91.0 0 0

60 - 71.97 19.68 71.97 52.29 91.0 0 148+

‘Variations of surfaces shown in Figure X—7.

X-8
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V IV UI)1c X~ 1. Fate of 101 Rays Incident on a Conchoidal Surface (Continued)

“E”*Front Surface “G”* Back Surface

— 
[1 

— — 
Pmin umax A 13 to m I

0’ I 3.37 -13.86 10.95 214 .81 9.5 0 C

- 
3C 29. 2 114 .26 143.92 29.66 

— 
9.5 () (

48.26 26.15 65.57 39.142 9.5 0 C

143.20 38.214 80.13 141.89 9.5 3 14

214.32 12.~ 4 45.20 32.41 18.6 0 0

63.75 141.38 84.1 142.71 18.6 5 14

30 33.7( 12. ~C 143.514 30.65 145.8 0 0

60 59.24 42.63 78.49 35.86 45.8 0 2

37.50 17.00 141.93 214.93 91.0 0 0

4c 145.63 141.714 66.714 25.00 91.0 0 38+

~‘B”* Front Surface ~F”* Back Surface

a p I3min ~rnax - 
to 

______- 
I

0 -6.20 -21.149 16.93 38.142 9.5 0 0

30 14i.io 9.69 53.05 143.36 9.5 0 0

55.06 22.77 714.82 52.014 9.5 0 0

6o 77.88 35.1414 87.86 52.41 9.5 B 1

30 39.41 8.86 11.8.21 39.35 ].8.6 0 0

6o 62°.35 140.69 87.44 146.74 i8.6 14 2

30 37.09 6.55 51.54 44.99 45.8 0 o
6o 147.36 - 31.06 8o.8’~ 149.84 Ii~ .8 0

30 27.714 7.01 46.59 39.59 91.0 0’ 0

60 54.29 311.08 75.014 14o.96 91.0 C 33+
‘Variations of surfaces shown in Figure X-7 .
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