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for: Infrared Astronumical Satellite (IRAS)
Analysis of the Transmittance

of Off-axis Energy Due to
Scattering and Diffruction

10, Section 2.1.1 First paragraph: change date to data.
59, Equation 14. Ad”: for n<m
60, Equation 16, first part: Add for n<m.

Equation 16, change to:

63, Fourth line: Change to read as follows:
as a ficticious unit area surface normal to the incoming or out-

67, Paragraph 6.4.1 line 8, change to read as follows:

too cumbersome in the analysis cf the fine-scale diffraction

from the struts
90, rirst line. Change 6=C, to read oi#O
92, Equation 74. Change to:

¢ = cos ! 1tanw-tun(:i/2)} (74)

100, 5% Diffuse at 88°: change from 3.5E-11 to 1.5B-11

Corresponding percentages now are: % Diffraction 99.
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Page 102, Second line. Change % Diffuse to 5% Liffuse

5% diffuse at 24°, clhange from 9.5E-4 to 9.5EgS.
Corresponding Percentages now are % diffraction 1.

% scatter 99,
5% diffuse at 30°, change from 9.8E-% to 9.8E-6
The total now becomes 1.0E-5 instead of 9.8E-5
Corresponding percentages now are: % ciffraction 4,

% scatter 96.
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Corresponding percentages now are: % d ffraction 9.
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% scatter 91.

Page 102, Sccond summation with Martin Black at 88°
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Page B-10 Change line 15 to:

(x,y) = (0 £ R).
Page B-11 Change asymptotcc to asymptotic.
Page B-13 First equation (the one before B-46). The third exponential
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1.0 INTROGUCTION

This report contains the results of stray-light transmittance analysls
on Perkin-Elmer's design of the Infrared Astronomical Satellite (IRAS),
design numbce 693-10000, Revision €, dated May 9, 1978. The system was
evaluated for scattered radiation propagation with the use of the APART
(Arizona's Paraxial Analysis of Radiation Transfer, version 6), and the
propagation of diffracted energy with both PADE (Paraxial Analysis of
Diffracted Ene:gy) and Perkin-Elmer's GUERAP || programs. The results of
scatter and diffraction are first presented separately, with the combined
transmittance values being prezented later.

The scattered radiation analysis was performed by using both a 5%
diffuse black on all the baftis and vane surfaces and by using a math~
ematical model of the Martin Black scattering characteristics. The resultslr
of the IR scattered-radiation analysis show that the majority of radiation
comes from the inner-sccondary baffle and the object side of the aperture
stop. In the visible wavelengths, the primary and secondary mirrors are
the dominant sources of unwanted radiation at all off-axis angles.

For all wavelengths, diffraction effects are dominant only at the
large off-axis angles, except for a few specific caszs at smaller angles.
This is somewhat contrary to popular opinion which holds that at the
long wavelengths diffraction effects will predominate. This report
clearly shows that at the longer wavelengths the diffraction contributions
go up significantly; however, surface-scattering characteristics are also
larger, resulting in more unwanted energy reaching the image plane due to
scattered radiation. It is the comparative increase which determines
which propagation process predominates.

!
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The following tasks were outlined in the Statement of work:‘

1. Perform an Independent analysis of the off-axis rejection of
the IRAS Telescope System (including sunshade, optical sub-
system, and fleld optics) considering the effects of both

scattering and diffraction over the operating wavelength range

of the telescope. The telescope design analyzed shall represent

the flight design to the maximum extent possible. The optical

subsystenuls defined to Include the telescope optics, struc-

ture, and baffles. The requirements for off-axis rejection
shall be as defined in Specification 2-26412 ''Performance

Requirements for an Infrared Telescope System for the Infrared

Astronomical Satellite (IRAS)" Revision 5, dated September 15,

1977 or the latest modification thereto. The analysis shall

include but not be limited to the following elements:

(a) Computation of the off-axis rejection of the optical
subsystem by itself for direct comparison with the
Perkin-Elmer an2lysis.

(b) Computation of the azimuthal variation of diffraction of
the telescope for comparison as in (a) above.

(c) Computation of the effects of the field optics Including
both the cavity behind the field lens and the aperture
that preceeds the detector cavity.

(d) Computation of the system off-axis performance at

632.8 nm and 10.4 nm.



3

The analysis in each task shows, In most cases, good agreerment with
Perkin-Elmer's original analysis, even though the systems analyzed were
slightly different.

The specular sunshield effectively blocks off the solar radiation
for off-axis angles greater than 6n°, However, because of its specular
coating, it may collect and reflect unwanted radiation from near off-
axis sources into the system, The field masks and lcnses in the final
flight system'will alter the propagation piths to the individual detectors,
in all cases this will result «n better off-axis rejection., For a few
of f-axis positions, the masks will provide the cructal reduction required
to meet the specifications,

The stray light requirements used in this analysis are those defined
in Specification 2-26412, which are repeated here:

3.2.2.3 Stray Light Rejection

The Telescope System stray light rejection require-
ments are defined as follows:

a. Let P(8) be the power (watts) from an
unwanted point source detected when the
Telescope System's line of siaht is
displaced an angle 0 from the point source.
P(o = 0) = P(0) is then the power that
could be detected if the point source
were imaged directly on the detector,

b. The normalized off-axis attenuation A(8)
Is defined as ‘e

A(e) = -:5- -::—%%%sr"

where ? is the solid angle (sr) subtended

by the detector. The Telescope System shall
have a normalized off-axis attenuation eaqual
to or less than the values of A(8) tabulated
below in Table 3.2.2.3.



Table 3.2.2.3
REQUIRED A(0) sr-!}

Spectrat Band (um)

0 0.4 - 0.9 P - 15 15 - 30 48 - 8) 87 - 118
5° I x 10 7 x 100 3 x 10-! 4 x 10-2 2 x 10-2
24° 3 x 10-!} 1 x 10-5 8 x 10-6 L x 10-6 5 x 10-6
60° 3 x 10-7 5 x 10-8 1 x 10-7 2 x 10-7 1 x 10-7
88° 1 x 10-7 2 x 10-8 9 x 10-9 4 x 10-9 4 x 10-9

In any computerized stray-1light analysis, the model of the system is
very Important, including the scattering characteristics of the surfaces.
The surface elements that were used in this analysis are shown in Figs.
| to 3. Figure | shows those elements that were modeled as existing in
object space (space one). Table )| describes each surface accordirg to
the numbers that appear in the three figures. Because of the nature of
the APART program, the appropriate clements must be entered into each
spacc of the system. As can be seen in the three figures, the elements
in each space ncot not be the same,

Elements numbered 5 and 6 are the sections of the primary baffle
which have vanes. In APART, the locus of vane tips is entered as the
"surface' of the element. This accounts for the odd shape of sections §
and 6 relative to section 8.

Section 8 has some localized vane structure to shield rivets along
the barrel baffle seam that is not accounted for in the analysis. These
structures arc comparatively small and should not adversely affect the

results,
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Table ), Description of Objects Usaod in APART,

Object # Description Sect lons
| Elliptical tilted diffracting edge 1 x5
2 Sliced at 31° conica! reflecting shield 5
3 Disk as radiators A
4 Entrance port diffracting edge |
5 Front section of matn tube where first § 5

vanes are 88.5 mm separation
6 Second front section of main tube where 8 4
vanes are spaced 44,2 mm apart
7 Right side of the last vane of object 6 2
8 Vaneless side wall of the main baffle 5
9 Vane at right side of object 8 ]
10 Small right side of object 9 |
1 Baffle extending from aperture stop backward |
12 Left side of aperture stop vane |
13 Diffracting aperture stop tip |
14 Right side of aperture stop 1
L) Small cylinder extending from aperture |
stop to primary mirror
16 Cylindrical outside of secondary structure |
17 Conical outside of the secondary baffle |
18 Secondary baffle tip |
19 Inside of secondary baffle 5
20 Small extension from secondary baffle |
towvard secondary mirvor
F) Back side of spider support 10 x 3
22 OQutside of inner conical baffle 5x5
23 Inner obscuration vane at the primary mirror |
24 Diffracting edge at tip of inner conical baffle |
25 Diffracting edge at tip of inner conical baffle |
26 Cylindrical end of inner conical 1
27 Middle part of the inner conical baffle b
28 Cylindrical right end of inner conical baffle 2



Table 1. Description of Objects Used in APART, Cont.

£ WK TS SR A WTEMON TR TS WS L AT T B R B4 R @ RN IR R T N R R IO R N L TR T T TR e

Object # Description Sections
29 Steep cone at right ond of inner conical baffle 2
30 Image baffle 2
31 Image 5
32 Secondary mirror 4
33 Primary mirror 6
34 Not used

35 Primary mirror as used in space three 6
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2.0 ANALYSIS OF THE OPTICAL SUBSYSTEM (0SS)
2.1 COMPARISON WITH PERKIN-ELMER'S ANALYSIS

2.1.1. The Visible Band. The analysis of the optical subsystem

(0SS) was performed to permit a comparison with the Perkin-Elmer analysis
as reported In PE Report No. 13616. Initial evaluation of this report
and a listing of the input data decks revealed some conflicting informa-
tion. Fiqures 1! and 2 from the report are reproduced here as Figs. &4

and 5. By observatdon, one can sce that the size of the Inner-primary
baffle near the primary Is much too large and the aperture stop appears

3 Fig. 6, shows that

to be too small. A check of the data input listing,
neither is the case. As was explained in the Introduction, object 2 in

the PE report should have the locus of the vane tips used as the ‘'surface'’.
The drawing is inconsister* with the actual (and correct) date input. The
only error in PE's input data is the reference values of the marginal and
chief rays for each of the spaces. The detailed effect of this error on
the calculations is quite complicated; briefly, it will shift the loca-
tion of the image of the objects.

Table 2 shows the percent of power contributed to the full detector
area (r = 5,04 cm) from each of the individual objects. The black coat-
ings were assumed to be 5% Lambertian diffuse. Ths mirror coating had
a BRDF of 1,75E-1 sr~} at 8 - By = -0l with a g=! falloff., This value
Is 100 times higher than the BRDF specified by PE for 10 u. However,

PE later“ did specify a (A/Ao)‘z scaling at A, = 10 u. The mirror BRDF
used is thus about 2.3 times lower than the appropriately scaled data.

Subsequent analysis reported here will include the BRDF scaled according
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Input Data Listing from Perkin-Elmer's Analysis.



2 Power Contributions to Image for Visible Wavelengths and 5% Diffuse.

Table 2.
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to the PE formula. In either case, the significant contributors are the
inner-secondary baffle, the primary, and the aperture stop.

A detailed critique of the design or an analysis for each off-axis
position will be avoided here as this analysis Is to compare results with
those obtained by PE. Significant differences in the principal propaga-
tion paths will be highlighted. When ihe /)ight version (0SS plus sun-
shicld, field optics, and masks) Is evaluated, there will be greater
detail so that the effects of suggested design changes will be readily
recognized. :

The above analysis, with a 5% diffuse black coating, was repcated
using a mod:l of Martin Black as the surface scatterer. A brief descrip-
tion of the model is given in Appendix A, This model accounts for the
higher forward scatter and lower back scaiier that Is characteristic of
Martin Black. The results with the Martin Black model (Table 3) show
some significant changes in the prepagation paths due to the above char-
acteristics. The A(0) values are plotted in Fig, 7 f>r both runs along
with the specification for the 0.4 to 0.9 u band,

A comparison of PE results (Fig. B8) with our analysis shows excellent
agreemeut except for one data point at 10°. PE reports that the major
contributor at this angle should be the inside of the secondary baffle.

7 APART calcuiated

However, this was added as a separate hand calculation,
the power focused onto the inner-secondary baffle; it then computed the
radiation scattered forward toward the image of the detector as imaged

by the secondary and also the encrgy backscattered to the primary and

through the secondary before reaching the image. The area directly



% Power to Image for Visible Wavelengths and Martin Black Coating.

Table 3.

Percent of Power Contributed by Each Object as a Function of Off-axis Source Position
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seen from the image did not receive direct §llumination, thus, the hand
calculation appears to be In error,

Figure 9 Is a very simplified drawing of the rays that can reach
the secondary baffle. The main baffle tube blocks out all the radiation

to the sections on the secondary baffle that can be seen directly.

Formation of prime iméjj/;:;r

-‘/’
'/’
'/
—

!'/
— - éf;;ys hit only front of baffle

L d

Illuminated
arca of
mirror

w

—

Fig. 9. The Left Sections of the Secondary Baffle do not
Receive Direct Illumination.

There is one last point to discuss in the comparative analysis of
the visible band results. This APART analysis predicts the contributions
from the front side and back side of the aperture stop is the reverse of
that presented by PE. The magnitude of the power contributed also appears
to be reversed. Only a small portion of the back surface can receive
radiation compared to the entire front surface, which is seen directly,
With Lambertian coatings, then, the front side must contribute more.

2.1.2. The 8-15u IR Band. The 0SS was evaluated for its off-axis

rejection using a 5% Lambertian diffuse coating. The mirror coating had
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a BROF of 1.75 -3 at #-R_ = .01 with =} falloff. B  Is the sinc of
the angle of Incidence, while 8 is the sine of the angle from the surface
normal to the observation point. Table 4 shows the contributions from
cach object. One can readlly see that the mirror scatter plays a second-
ary rold in the IR. In this analysis, It Is by definition (and generally
accepted as a true statement) that mirror scatter goes down with increas-
ing wavelength. Therefore, unless the 8RDF of the black surfaces also
decrease with wayglength. one should not expect significantly better off-
axis rejection at the longer wavelengths,

The major contributors are the Inner-secondary baffle, the aperture
stop, and the inner-primary conical baffle. Note that the back side of
the strut contributes only 5.6% of the total energy and that Is only at
one angle. The orientation of the struts Is shown in Figs. 10 and 1!,

In particular, one of the struts is aligned with the peak of the sun-
shield tip. The values calculated in this analysis have the strut and
the off-axis point source In the same plane. For small off-axis angles
the unwanted radiation is (nearly) focused onto the strut, making this
azimuth the worst case.

Table 5 shows the same analysis but with Martin Black on the baffle
surfaces. As was the case with the analysis in the visible band, the
percentage numbers vary but the same objects are crltlcalwto the system's
pertformance. This Is due to the variation in the forward and backward
scatter characteristics. In most cases this shifts the percent contri-
buted from a back scatter path to the forward scatter path. Figure 12
shows the relative A(8) values for the two runs along with the specifica-
tion. The Martin Black A(8) values are more often below the IRAS 8-15u

spec line.
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Power Contribution Table (10.6 Microns 5% Coating).
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Martin Black).

Power Contribution Table (10.6 Microns

Table 5,

e

Percent of Power Contributed by Each Object as a Function of Off-axis Source Positi
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Figure 13 compares the PE results with the 5% results. The contri-
bution calculated by PE, as indicated by the dashed line at 10 degrees,
is much higher. The contribution from the front side of the aperture
is atout 10% higher than predicted by PE for the back side. These are
the same values as calculated in the visible, because the 5% black
hasn't changed with wavelength.

2.1.3. Black Coatings at Long Wavelengths. When the Martin Black

coating was used to evaluate the 0SS in the 8-15u band, the predicted
values were, In several cases, above the B-15u spec line. At the longer
wavelengths the spec line moves down to lower rejection values. However,

exlsting Jata iIndicates that the hemjspherlcal diffuse reflectivity In-

creases with wavelength (Fig. 14). This implles that at some off-axis
angles A(0) will be above the spec lines for all the IR bands.
The above statement must be tempered with the following additional

9

statements: Other measured data” exists which indicates that the increase
is not as pronounced (Fig. 15). At the longer wavelengths the surface
roughness relative to the wavelength, Is much less. As with the mirrors
one might suspect that the diffuse BRDF should drop significantly w%tle
the specular component will Increase. It is not known whether the data
in Fig. 14 includes both the specular and diffuse component.

In any case, it is Imperative to have measured BRDF data as a func-
tion of the input and output angles. Such data is not presently avail-

able for the wavelengths above 10.6u. Without it, the validity of the

evaluations at the longer wavelengths is questionable,
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in the analysis of the flight system, discussed later In this report,
it will be assumed that the BRDF profiles at all wavelengths remain the
same, only the magnitude varies with wavelength as indicated in Fig., 14,

If, as discussed above, the coating exhibits a marked specular
reflection at the longer wavelengths, this could significantly alter the
predicted attenuation factors. Most likely the specular component will
not be a delta function but exhibit a relatively high BROF over a falrly
large solid angle (= .02 sr™!). Under such clircumstances, the forward
scatter from the secondary baffle towards the secondary mirror would be
significantly higher and specular reflections from the inner conical
baffle towards the fleld mask would cause additional problems for large
off-axis angles. It would then be desirable to eliminate all possibile

L~
near-specular paths.

3.0 SUNSHIELD ANALYSIS

This portion of the analysis was performed In two stages. In this
section the characteristics of the sunshield itself will be explored,
The overall effect of the sunshield will be discussed later as part of
the evaluation of the overall flight system design.

The sunshield design can be seen In Fig. 10. Figure 16 shows a
profile of the shield. The design of the shield has been detailed else-
where;‘o basically it blocks sunlight for off-axis angles greater than
60° when the sun is in the plane of the tip of the cone. Earth light
Is rejected at 88° for off-axis angles in the opposite direction.

The underside of the sunshield has a specular surface to reduce the

thermal loading on the telescope. When the unwanted source {s more than
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64° off axis only diffuse scatter and self-emitted radiation will enter
the maln tube. For specular surfaces, the emissivity is low and the
diffuse scatter is low, hence the heat load will be low and the attenua-
tion high.

However, at small off-axis angles unwanted light Is specularly
reflected into the main tube, Increasing the heat load and the A(0)
values, The problem Is three-dimensional, but Fig. 16 will help to
clarify the Qfoblem. Ray | from a source 5,7° off-axis will just reach
the entrance part of the main tube. So the increase to the specular
reflected energy should start at quite small off axis angles. Ray 2 is
from a source 23.48° off-axis. Beyond this angle, specular paths do not
enter the entrance port and the input energy will fall off,

The three dimensional nature of the problem also causes skew rays
to be focused into the system. To analyze the problem quickly, several
scale models of the sunshield were made using specularly coated Mylar.
Transmittance measurements ware made as a function of the off-axis posi-
tion of the source (Fig. 17). The peak input power is for a source point
25° off axis as shown In Table 6. This Is very unfortunate because the
A(0) for the 0SS is Just slightly above the specification for off
axis angles of 24-60° when the system was evaluated using Martin Black.
The sunshield will cause the values to go even higher.

8y changing the angle of the sunshield, the peak value due to spec-
ular reflection may be moved to a less obnoxious off-axis angle. Depen-
ding on how this Is done, it will usually affect moments of inertia and/

or the radiators that presently exist.
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Tabtle 6. Data from Measurements on a Sample Sunshade.

Off-axis
Angle F
0 1.00
5 1.03
10 1.10
15 1.29
25 1.69
30 1.64
35 1.51
bo . 1.40
hs 1.18
50 .99 )
°IN " ¢o “F

¢IN is the power into the main baffle sections

) is the power into the system without the sunshiecld

o

L,O FIELD MASK AND LENSES

To analyze the effects of the flield stop and the field optics, a
single detector was selected and located on axis. The field of view
from the detector was calculated using ACCOS by running rays from the
edge of the detector surface backwards through the lens, and using the
field stop as the limiting aperture for the rays, determining the direc-
tion they leave the fileld-optics set. This was done for the band )
field-lens assembly with the data as supplied by Ball Brothers Research
Corporation in a 16 May 1978 letter number 86563.78.0.0038. A picture
of this process is shown in Fig. 18. From this data, it was determined
that the transfers from the objects along tke inside of the inner primary-
mirror baffle could not reach the detector (Objects 26, 27, 28, and 30).

These transfers were eliminated from the analysis for the (R single detector.
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The field stop Is oversized allowing all the stray radiation from the
secondary mirror (object 32) and objects Imaged through it to reach the
detector. These transfers were changed to account for the smaller size
detector rather than the whole image surface. The limiting field of
view from the detector casts an elliptical-shaped hole onto the inner-
secondary baffle. To model this transfer, the size of the elliptical
aperture projected out to the secondary baffle was determined and entered
as an obscuration in APART, with the detector being modeled as a rectangu-
lar disk. ) '
b.) DIFFRACTION EFFECTS

The size of the fleld stops must be oversized because they are in
the far-field diffraction region of the system aperture stop. The field
stops are, however, not in the far-field reglon for power transfers comingp
directly from the inner-secondary baffle, where here we nust consider near-
field diffraction from a linear edge. In this case, the light rays dif-
fracted around the edge will be of secondary importance compared to the -
direct rays near the edge which will pass undiffracted to the detector.
The inner-secondary baffle is the only object in which edge diffraction

would produce any measurable contribution.

5.0 ANALYSIS OF THE FLIGHT DESIGN "

The preliminaries of the scattered-light analysis on the flight
design have been considered. What remalns is the scatter and diffraction
analysis on the flight-design system as a whole. This section contains
the stray-1light analysfs of the flight system including the 0SS, sunshield,
field mask and lenses:' The diffraction analysis will be presented in the

next section.
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5.1 SYSTEM MODEL

The physical size and shape of the objects are shown in Figs. 1, 2,
and 3, except for the detector area which is shown in Fig. 18,

The BRDF values of the mirrors are according to PE's formula as
described in Appendix A. By definition, there Is no wavelength scaling
with the 5% diffuse surface. When Martin Black is used the values and
profiles remain constant except for the 100 micron band. In this band
the BRDF profile ig ASSUMED to remain the same while the magnitude is
increased by a factor of 10. This results in an inc-ease in the A() of
ION where N Is the number of Martin Black-surface scatters encountered.

The scattered light from the sunshield becomes a factor only for
very large off-axis angles (288°). The gpecular component is of no
consequence at these angles. No measured BRDF values were available for
this surface, therefore it was assigned a Lambertian diffuse component of
.001 for all wavelengths. At these angles the sunshield is the only sur-
face that Is directly illuminated so the A(8) values will scale directly
with the sunshields surface scatter. The .00! BRDF yields A(9) values
well below the spec line and, as will be seen, diffraction effects pre-
dominate at these large off-axis angles.

5.2 SCATTERED LIGHT ANALYSIS 0.4-0.9 BAND

The contribution of power from each object to the Image plane is
shown in Tables 7 and 8, for the 5% and Martin Black coatings respec-
tively.

At 5° the direct scatter from the directly illuminated primary and

secondary mirrors are the major sources of scattered light.
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At 10°, the secondary is no longer directly illuminated. The primary
mirror and inner-secondary baffle are now the major contributors of
scattered light. The mirror scatter remains fixed for both the 5% diffuse
and Martin Black calculation, so the relative Importance shown in the
percent table is due to the change in the black-scattering characteristics.
There are three paths of scatter from the secondary to the detectors
(Fig. 19):
1. Directly from the left most sections (20%) of the baffle
to tg; detector.

2. To the Image of the detector as reflected in secondary (right
most sectlons - 20%)

3. To the image of the detector as reflected by the primary
and secondary (right most sections - 20%).

The projected solid angle of the detector, as seen from the source
sections, Is 100 times less from the last two positions when compared
to the directly seen area. However, the left most sections are not.- di-
rectly (1luminated at, or beyond, 10 degrees.

With the 5% black the forward and backscatter contributions a;e
approximately equal. This is unrealistic. With the Martin Black.mddei
the black-scatter path (Path 3) drops by a factor of about '0 while the
forward scatter BRDF goes up by about 100. The forward-scatter path is
the dominant propagation path because of the near specular forward scat-
tering ciaracteristics.

For angles between 17° and 24° the primary mirror and aperture stop
are both illuminated. The primary receives considerably more power and

is thus the major contributor; its relative contribution decreasing as

the entrance &perture shades it at larger angles.




b2




A R R L T

W3

For angles larger than 24° no objects are illuminated that are
seen from the image. Up to 88° the main tube (objects 5, 6, 8) are
i1tuminated and these in turn scatter to all of the objects seen by the
visible detector. At the 30° angle object B can transfer power directly
to the Inner-secondary baffle which causes its contribution to be higher
than for larger angles. For all angles larger than 30; the contributions
remain falrly constant with only the magnitude dropping with higher angle.
At angles gretfer than 88° the specular heat shield is il1luminated
(assumed reflectivity p = 0.001) and this drops the scatter another U
orders of magnitude.

In summary, the inner-secondary baffle, inner conical baffle, and the
mirrors are the dominant sources of scatter. The BROF at B-Bo = 0.0) of
the mirror is 0.414 sr™! which is high even for average quality mirrors. N
Somewhat better performance can be expected.

Figure 20a shows the plot of A(8) for the 5% diffuse, Martin Black
mode!, and the spec line. The only problem in meeting the specification is
at the 60° angle; diffraction is always below the scatter.

5.3 SCATTERED LIGHT ANALYSIS (11u BAND)

For all the IR bands, the Importance of mirror scatter drops signifi-
cantly. In ideally baffled systems, the A(8) values should be determined
solely by the optical surfaces (mirror scatter) or by diffraction. However,

in this system the limiting factor is efther the black surfaces or diffrac-

tion. Based upon the available information, the hemispherical-diffuse
scatter for Martin Black remains relatively constant unti) the 100u IR band.

The A(0) value will not drop significantly if the principle contributor is

a black surface.
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5.3.1. Aﬁf and 10° Off-axis Source Positions. The principle path

of propagation is from the source to the inner-secondary baffle (after
refiecting off the primary) to the detector as seen in reflection. This
is the same path which was discussed in detail in the discussion of the
visible band.

5.3.2. 17°, 24° and 30° Off-axis Source Positions. The dominant

path of scatter is from the front side of the aparture to the detector.
This is a bacRscatter direction for near-normal angle of Incidence; &
near optimum condition for Martin Black. The path is the result of the
stop location. Because the stop is not at the secondary, the physical
size of the secondary mirror must be oversized to accomodate a field of
view, allowing out-of-field elements to be seen from the detector. e
At 24° and 30° off-axis angles, power is directly loaded onto the
rear sections of the main tube (elements 6 and 8). From there energy
scatters directly to the Inner-secondary baffle. Half of the radiation on
the secondary baffle comes from the last section of vanes on object 6,
while the other half comes from object 8. The radiatios on the inner-
secondary baffle then scatters towards the secondary mirror and reflects
to the detectors. This second-order path is significant enough to almost
equal the first-order path from the aperture stop to the detectors.
The specular reflections off the sunshield have their greatest
impact at these angles and continuing up to about 50° off-axis. The
amount of increase is relative to the values shown in Fig. 19.

5.3.3. 60° to 10 Off-axis Source Positions. At 60° off-axis the

propagation path is from the source to the front section of the outer-
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primary baffle, to the inner-secondary baffle (via a reflection off the
primary) and then forward scattering to the detector. The specular reflec-
tions of the sunshield are no longer significant because they do not enter
the main tube.

For off-axis angles greater than 88°, the first collecting element
must be the specular sunshield. This radiation is scattered t¢c the vanes
on the main baffle, then to the Inner-secondary baffle, and finally to

the detector. .

5.4 SUMMARY OF THE SCATTERED-LIGHT ANALYSES AND RECOMMENDATIONS.

Figures 20b to 20e show the predicted performance of the IRAS system
in each of the wavebands. From the previous discussion and the percent
table (Table 9) for the 11 micron band, one sees that the mirror scatter

Is not significant. To reduce the scattered light, one or more of the
following steps must be made:
1. Find a better black coating.
2. Change the projected solid angle between the inner-secondary
baffle and detectors and also between the aperture stop and
the detectors.
3. Reduce the power that reaches the two critical objects: the
aperture stop and the secondary baffle.
The first solution is probably not possible in the near future.
The second solution can be realized by shifting the stop to the secondary,
sacrificing some light-gathering power. An analysis of the APART output
indicates that the A(8) values should drop by a factor of 90 for all but

the 5° off-axis position. At this angle the effect of stop shift is too




% Power Contribution to Image for Flight System, Martin Black 11.0u BROF Data.

Table 9.

Percent of Power Contributed by Each Object as a Function of Off Axis Source Positi
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Fig. 20b. A(8) for 0SS in the 11y Band.
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difficult to predict because low mirror scatter will be replaced by
higher diffuse scatter. But, without the additional scatter, the forward
scattering path would be eliminated, dropping the A(6) value by a factor
of 10,

The above changes require no change In the secondary baffle design.
By making the baffle more cylindrical and adding cylindrical vanes at
the base of the secondary baffle, even lower A(6) values can be achieved.
It is strongly regommended that these changes be seriously considered.

The ahove changes would block the most serious near specular path
(of f the Inner-secondary baffle's black surface), which would be very
high if the surfaces are becoming mcre specular with wavelength.

A specular black coating on the existing aperture stop would have
a lower diffuse scatter than Martin Black. However, this would be effec-
tive (lower A(6)) only for a small range of angies about 17°. The specula -
reflection would also have to be considered and controlled.

The third solution is a redesign such that the aperture stop and
secondary baffle would receive less power requiring a redesign of the
sunshield, main-baffle tube, and the use of angled vanes. How effective
this could be would depend highly upon the size and shapes that would be

allowed.
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6.0 DIFFRACTION

Since there is no previous publication on our diffraction algorithm,
a detailed explanation of its methods and limitations will be presented
here.

6.1 INTRODUCTION

In the analysis of stray radlation In an optical system due to an
out-of-fleld source, it Is usually necessary to calculate the near-field,
wide-angle diffraction from apertures that are orders of magnitude larger
than the mean wavelength of the radiation. Since the well-known Fresnel
or Fraunhofer approximations do not apply, this would require doing a
two-dimensional complex numerical integration over the area of the aper-
ture with a sampling interval! on the order of a wavelength. Even with «
today's computer systems, the storage and calculation requirements would
be excessive.

However, we will show how this cumbersome numer{cal problem can be
reduced by suitable approximations to the summation of only a few numbers.
The procedure involves a rigorous transformation of the two-dimensional
integral over the aperture to a one-dimensional Integral along the edge
of the aperture. This one-dimensional Integral can then be accurately
approximated by the sum of the contributions from a few points on the
aperture edge. The final simplificationinvolves neglecting the phases
of the individual contributions so that complex numbers do not have to

be used.
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6.2 THEORY

-

6.2.1 Scalar Diffraction Theory. The varlous components of elec~-

tric and magnetic field vectors are coupled together by Maxwell's equa-
tions. A self-consistent solution of these equations for complex
arbitrary geometries and materials would be difficult. Few such solu-
tions exist even for simple Idealized systems. However, the problem can
be simplified by assuming that the transverse components are independent
of each other so that we will only have to deal with a single scalar
quantity, u, that';eprgsenés one of the transverse components. This
assumption turns out to yield accurate results as léng as the size of
the apertures and observation distances are many wavelengths.

Since this complex scalar field amplitude u(x,y,z,t) obeys the wave
equation, for harmonic time signals, u becomes ineependent of time and
must be a solution of the Helmholtz equation.

VZy+Kus=o (K-%’-’- ' (1)
The solution in the case of diffraction can be represented as a two-

dimensional integral over the diffracting aperture."

E

al
n
‘—:\ r :
] ‘e
. APERTURE) “~___--~‘.-. OBSERVATION
SOURCE AREA A : P POINT
[]
Fig. 21. Typical Geometry for Diffraction Integral
ap) = 0 el 26 g (2)
Tl on 3n

where G is a Green's function which will be specified later.
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it Is necessary to know the value of the field and its normal deri-
vative everywhere on the aperture. In general, éals would be a function
of the material properties of the diffracting aperture. |f we assume
that the aperture is perfectly absorbing or 'black'’, then Kirchhoff's

approximate boundary conditions may be used In the plane of the aperture:

ou |
u e . 0 outside aperture opening (3)
u § g% are the same as the incident (4)
- , fleld inside opening

Although these conditions seem quite reasonable, they lead to a mathe-
matical Inconsistency In that they are not reproduced by our formula for
the diffracted field when the observation point is In the aperture plane.

Nevertheless, experimental measurements'z

have found that they produce
surprisingly accurate predictions, again as long as we are not too near
the aperture.

It Is now left to specify the function G; G must also be a solution

of the Helmoltz equation. The simplest cholice turns out to be a sphcrl-‘

cal wave that emanates from the point of interest In the aperture.

6 = = (5)

This choice of Green's function corresponds to the Fresnel-Kirchhoff
formulation of diffraction. Other Green's functions are possible which
can lead In some cases to substantially different results. We will

return to this point in a later section.
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6.2.2 Boundary Wave Diffraction. The edge of a diffracting aper-

ture appears bright when viewed from within the shadow. This observation
was given theoretical footing by Sommerfelid's rigorous solution of the
diffraction from the semi-infinite pllm.'3 His result could be manipu-
lated to yleld a wave component that emanates from the edge.

Then Rubinowizz was able to rigorously decompose the Kirchhoff scalar
diffraction formula into a geometric wave and a diffracted boundary wave

for arbitrary apertures by properly modifying the region of lntcgratlon.'b

Aperture
Edge T

Observation
Point

Fig. 22. Regions of Integration In Boundary-wave Formulatlion.

Then
u = ug*u (6)

where the geometrical field is:

elkd
in light reglon
e " d
(7)
0 in shadow region

and the diffracted fleld is glven by:'>
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On the boundary of the geometric shadow where Fep = <1, both the
geometrica) and diffracted fleld are discontinuous. These discontin-
ulties compensate one another such that the total field is continuous
across the shadow edge.

6.2.3. The Method of Stationary Phase. We have reduced the calcula-

tion of diffractlo? from integrating over an area to integrating along a
line. For the large apertures encountered in real optical systems, this
one-dimensional integral would still require excessive calculational [
effort, either analytically or numerically. However, because the aper-
tures are orders of magnitude larger than the wavelength, the stationary
phase approximation can be applied.
For convenience, we can write the equation for the diffracted fleld
in the form:
b Thu(2)
o = [ fl Mg, (9)
a
The interval of integration [a,b] does not necessarily enclose the entire
edge since the edge could be only partially Il1luminated by the source or
seen from the observation point due to Interveningobjects.
This integral can be suitably approximated by the method of

stationary phase:‘6
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N
ik (2,) I 2 I w/beSIGN(1*(L,))
u * 'Zif(li)e i -K-r“-;.-}i-;Tr e |
tku(b) tku(a)
o L :ue bu - f_i'(.Lk;’T‘a:)— * 0(32'5) (10)

Tar.

*® Observation
point

Source NeR A

Local center of curvature
of edge

Fig. 23. Vector Definitions for Stationary Phase Approximation
to the Boundary Wave Integral.

where
u(e) = rep
U'(‘-) s - (F"a)-l = .d.‘dd%l
() - RS, BB ()R

L =ale) (x) -
Uy ey O

= j|ncident amplitude a %

The points on the edge of stationary phase (minimum or maximum
optical path difference from source to edge to observation point) are

determined by:

“'(ll) =0 a<i <b i =1,N ()
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in the case of a closed smooth path of integration, there will bn iIn
general at least two points of stationary phase and the contribution
from the end points of the Integration will be zero. In most cases, the
contribution from the endpoints will be negligible If a point of station-
ary phase exists within the Interval because it scales as A2 as opposed
to only A for the stationary phase contribution.

6.2.4. Addition of the Flelds from the Diffraction Points. The

diffracted field at the observation point now has the form of a simple
summation of complex numbers, {.e.,

N1
-« fae" An » 4q REAL (12)

n=|
Aﬂ 20

where N is the number of stationary phase points on the diffracting
element of the edge plus two. The irradiance is just the modulus

squared of up?
Ep = IuDI2 = upupt (13)

Upon substitution:

N ) N N
- "gl A2 + znzl le AL AL cos(¢n-¢m) (14)

Since the a's and ¢'s are smooth functlions of the system varfables, the
first term represents the D.C. component while the second term contains
the osclillitory behavior. If we want the envelope of the diffraction

pattern in the vicinity of the observation point, let
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cos(on-om) - 1 (15)

then:

N N N
MAX [Ep] = n§' Anz +2 m};' ')':M Ay A,

- A (16)

i.e., the different terms are exactly Iin phase.
Suppose, that one is more interested in an average value or, in a

statistical sense, the most 1ikely value of the irradiance. The phase

is related to the system parameters by:

¢ = %"— « [OPT{CAL PATH LENGTH) (7

It Is therefore a function of the source location, obsarvation point
location, locatinn of the edge and wavelength of the radiation. If the
incoherent source and/or detector are of a finite size then it Is neces-
sary to integrate over them. Likewise, iIf this incident radiation Is
polychromatic, then one must integrate over the wavelength band. In
general, the phase difference will vary rapidly, so that the integration
will be over a function that oscillates many times around a mean value
of zero. Therefore, I cos(¢n-¢m) * 0 and

N

[eo = | I a2 (18)
n=|

The average value of the irradiance is:

N
<E°>= o (19)
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One could arrive at the same result using an_equivalent statistical
argument. If the location of the source, aperture, and observation point
and vavelength have a certain uncertainty assoclated with them, then the
phase is a random number. If Its distritution function extends over many
radians (0.P.D. of several wavelengths), then the expectation value of
the cosine of the phase dlfferenccs will be ze;o. Therefore, the expected

|

salue of the irradiance is just an incoherent superposition of the indi-

vidual contrlgutions:

’

(ED) Z A2 (20)

n=)

Finally, suppose all the contributions are approximately equal then:

A =a n=1,2...N (21)

n <

and :
max [ = N (Ep) . (22)

However, |f one contribution dominates over the others

Ay = A & Ay = A3...A =0 ' (23)

then

Max [gy] = (Ep) ' (24)
Therefore, it depends on the particular problem as to which number ‘Ps
more meaningful. In either case, It is not necessary to keep track of

the phases of the individual diffraction contributions, and the calcula-

tion of diffracted energy is reduced to the summation of a few real

numbers.
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6.3 THE PADE COMPUTER PROGRAM

A computer program, based on the theory develo i 'n the preceding
section, has been written to calculate the diffracted energy in a complex
optical system. Called PADE (Paraxial Analysis of Diffracted Energy), the
program Is structured after the APART program so that the two can be used
in conjunction to calculate mixed mode, i.e., diffraction and scattering,
!

stray radiation paths.

As In APART, objects are divided Into sections.

Diffracting edge segment

~-~

Collector
point

Source /¢
point

Fig. 24. Sectioned Diffracting Edge.

Imaging and obscurations are handled just as they are in APART,
To calculate the diffracted energy from a particular section on the

edge, a modification of the basic APART equation (see Appendix C) is used:

¢. = E, - BDDF - GCF' (25)

c
]
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where o is the power on the collector area and El Is the power Incident
on a unit area surface normal to the Incoming beam at the edge point.

The GCF' factor Is the same as In APART except that the edge is treated
as a ficticlious unit area surface normal to both the incoming and out-
coming beam depending on whether it is a collector or source, respectively.
The BRDF of a scattering surface has been replaced by a newly defined
function the BDDF (Bi-directional Diffraction Distribution Function) which
contains the digectional characteristics of the diffraction process at
the edge.

A spherical coordinate-system is used In speclifying the incoming and

outgoing directions from the center of each edge segment.,

Fig. 25. Local Spherical Coordinate System for Edge Segment.

For an arbitrary unit vector v:

Vex = sind sind (26)
Vey = cos¢ (27)
VeZz = sind cosod (28)

We adopt the convention that the subscript "' refers to the incoming
direction and "o'" to the outgoing. Also we must define the BDDF accord-

ing to the power egquation
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Ec
BODF = ':',‘ . r02 (?9)

where E. Is the irradiance at the collector, which is a distance o
away, and E‘ Is the Irradiance Incident onto the edge.

The BOOF will have three separate forms. (Since we assume incoherent
addition, each contribution can be treated separately.) The first Is the
simplest and occurs when the optical path difference is constant across
the edge segment. The last two correspond to the two terms of the sta-
tionary phase approximation. In all cases there is one factor that Is
common to all of them:

(r xr. )et
B' = m—“’-ﬁ_-;—;-'-)- (30)
The vector operations can be written in terms of the incoming and out-

going angle pairs (@i.e') and (¢°.eo).

(Foxfi)oz = cos¢, sing, cosd, - sing  cosd  cosé, (31)

;o.?‘ = cos¢; cosp + slnoi sin¢° cos (e'-eo) (32)

When the 0.P.D. across the edge segment of length L is less than

a wavelength A, then
BDOF = B'L (33)

which is independent of A,

Otherwise, the method of stationary phase is employed, and one
must know whether a point of stationary phase is located within the
segment. This point is located where

W) = w0 + w04 ... = O (34)
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Lt Is the arclength distance from the center of the segment. The

two derivative terms can be written as:

r'u'(o) - - (F°+F')-! - - (sln¢| slne' + sln¢° slneo) (35)
(f x2)2 (r,x2)2  (F +F,)en
< uu(g) - :o + :_' - oﬁ'
! - (s!n¢°slne°)2 |- (sln¢|sln6')2 cos¢, +coss,
= r + r - TR

\~ o l

(36)
where g is the distance to the source, and R is the radius of curvature
of the segment. The approximate arclength distance to the stationary

phase point Is therefore:

' (0
T ) (37
If £5>L. then there is definitely no stationary phase point within
the segment. The BDDF now depends on whether this segment is at the
endpoint of the integration. In other words, If the adjacent segments
on each side of the present one are both illuminated by the source, and

seen from the collector, the BDDF is zero for the segment even though

radiation falls on it. |If only one adjacent path is not possible then:

BODF = [z—nﬁm] i (38)

I1f both adjacent paths are impossible, the BDDF Is twice this. In either
case, the diffraction is proportional to the square of the wavelength.
The formula for ls is only approximate and It is important to know

precisely whether the stationary phase point is In the interval |2]| s %—.
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If we knew p' (L) at the ends of the segment then we would be able to
tell by the relative signs of u'(L) at these points, i.e.,
V(L (L L
IF u'(-3) u'(3) s0 then |2 ] s 7
L L L
IF w(-3) () >0 then |2 >3
It turns out that p'(2) can be expressed exactly in terms of the midpoint
H

information for a curved or stralight segment. First, define:

(3" cose) sin(x) - sing sino cos (7). CURVED

J1+2 gjl(g-- cos@)(l-cos(ﬁ)) - sing sind sin(éﬁ] EDGE

h() = % - sind sind
VAR % [% - 2 sing sine] STRAIGHT EDGE (39)
then !
w'(e) = h(2) +h (2) (ko)

If the stationary phase point is definitely in the segment, then

by the method of statjonary stationary phase:

BOOF = B' WT?ETT (41)

which varies proportionately with the wavelength. .The subdivision of
the edge is selected so that there is only one point of stationary phase*

in any one segment.
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6.4 COMPUTER ANALYSIS OF IRAS

6.4.1. Introduction. The analysis of stray radiation due to dif-

fraction In the IRAS system was performed using the PADE computer program,
Arizona's version of the GUERAP || program and analytical methods. The
combination of the three not only served to provide a cross check but to
make up for the limitations of each. The GUERAP 1| program cannot handle
struts or diffracting edges after an optical element. The PADE program
was developed to overcome these deficiencies. However, it proved to be
too cumbersom;.!n pnalésls the fine-scale dlffrgctlon from the struts

and therefore more elegant analytical methods were employed.

6.4.2. PADE Analysis. The figure of merit used in this analysis

is the customer's attenuation factor A(8). It is defined as the ratio
of the detector power for an off-axis source So an on-axis one divided

by the solid angle of the detector

Aoy = HOL- | (12)
If the irradiance on the image plane is fairly uniform, then A(8) is |
insensitive to the size of the detector since both @ and P(8) are pro-
portional to the area of the detector. For this diffraction analysis,
the image plane was divided into 18 equal areas.
The irradiance at the center points of each sehtion due to diffrac-
tion is calculated by the PADE program and then multiplied by the area

of the section in order to get the total power on the section. (This
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Fig. 26, Sectioned Image Plane.

assumes the irradiafice Is uniform across the section which Is not the
case for the sharp peaked diffraction spikes). The pbwer from each
section Is summed up to get the total power in the image plane. It is

this power combined with the solid angle of the entire image plane,

Q= El%g%;li = 2,6°10"% which is used to ca;culati the A(08). Essentially
we consider the image plane to be a big detector whose output is the
average of 18 point detectors. This should be kept in mind when inter-
preting the results of this analysis.

The diffracting edges used in the analysis of IRAS are shown In
Figs. 27, 28, and 29. Figure 29 also defines the azimuthal angle ¢.
Edges with two digit numbers can be seen by the detectors in the image
plane. Therefore, as long as they are illuminated by the source the
system will be dominated by first-order diffraction. Below V14° the "
first order diffraction scales by X since it is due primarily to con-
tributions from stationary phase points on the circular apertures.

Up to about 24° the diffraction will scale as A2 since it is the result

of the endpoint term of the stationary phase method. The one exception
«!

occurs at the peak of a diffraction spike (¢ = 90°) from the struts.
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Duc to the point=like nature of our image plane array, the diffraction
will be independent of the wavelength in this case.

For source angles greater than 24°, none of the critical edges are
i1luminated and second-order diffraction dominates. This involves dif-
fracting off the entrance aperture (edge f4) and then proceeding to
diffract from the critical two-digit edges. The angle at which the
sntrance aperture stops receiving energy from the source depends upon the
azimuth of the source be:ause of asymmetrical nature of the front of the
sunshield. When th; source ;ngle is larger than this angle, the dominant
diffraction path Is from the source to the tilted elliptical shield aper-
ture to the entrance aperture to the critical edges to the detector, l.e.,
third-order diffraction. No fourth order diffraction paths wecre considered
in this analysis. \

The primary analysis was carried out at a wavelength of 102,5u and
for three azimuth angles; 20°, 90° and 180°, The off-axis angles for
each azimuth were picked in order to bracket key angles, i.e., where the
diffraction goes from one order to the next. The resulting attenuation
factors along with the specification are plotted In Fig. 30. All points
lie below the spec. except for the 85° off-axis, 180° azimuthal point
which is approximatelv an order of magnitude higher. The three azimuth
results are approximately the same up to 45° off-axis after which the .
asymmetrical shield causes a drop from second to third-order diffraction,

Tables 10,11, and 12 are compilations of the percentage contribu-

tion to the energy in the image plane from the critical edges for each

azimuth, At 5° off-axis, the distribution for the 20° and 180° azimuths
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Fig. 30. Attenuation Factor vs. Off-axis Angle for A = 102,5u.
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Diffraction Contributions for 180° Azimuth.

Table 12.

Percent of Power Contributed by Each Object as a Function of Off Axis Source Position

OFF AXIS POSITION

08JeCT5/

000000 COONNIMNOOOOMOOOOOM~MOOOO000
D 08 0 0 00900000 090000000 VPEOS 0Bt

130:"35&"300’-&#8:"50"'OCNDOCI 000000

v.’

GDOCNDGGMDOCMnOCN?QCNDOJTNDOCNDJFKNDOCKMDO

100 4 900000 0 00 0 0000 00 S0 00000 O 0o

CHDOCNDCNDQC’ -“dgCNDOC> QOO0 OO000Q

000000000V OTOOOONIOODON~OOOOOOO

000000000 gCNDOC’ QOO00 (=]~ 1-1-1-1-)

000LOOROCODVCOOOONOOOOON~HOOSOOO0
UN 00 0 0 000 000 ¢ 0000 0060606000600 008900 00

000000000 ;CNDGC’GDOCN:O 000000

000000000 OOCOONOOOOON~OOO00QO0

90 0 0 00006060 0 000600060 00009000 908060 0 00

(~]-1>1=1-1-1-To -] gCN:OC’ 02000 000000

000000000 ONILIICONDOOOOON~OOO0O000O

M 0060 0 ¢ 000 0% 0 00 00 000000000 900 60 0 50

000000000 gCKNDO 00000 O00000

CO0O00ACOOVOOMOOOC~HNOOIDO0O0O00ONO00
Nl 006 & 0 0 0 00 0 & 00 060 ¢ 9 06 900 % ¢ 0600 00 0 0 0 ¢ 0

QOOOOCO0000 :CNDQC%:OCNDOCS 000000

D200000VODO UL IDDIAMOOOOONMCOOODO0DIO
™ 0 00 0 0 0 00 0% 0 00 ° 0 000 00" GO0 e S0 e 0o

(] ]=]eloleolele ] OIC 00000 CUVOVOO

L L] o~
W

w (L 1¥%]

(%] V] ov

o Wad wo . a.

w O wdbhe W - oc

W el W (&1 ok O

QX muwd Qor o Olwe WO

- L-4.-] waeda (] Pl | S TL . 4 w

W= (O - - qx 10w W

- o Z ol dlad o < VEXUWE o

Twa I Z e D nn 2 u e St T bt . 2

NO. g et -4 - ZEOZ> > (=]

Apoy g E b = v < 0 nCxox w

ol (€} = nOUd. D2 m [} X . JEX-§-4

Voo W D) (] ®D an (S

L E P - 4. g [« 4 4TT b o ° ot xxZT2Z2 W

XA WX WO w x (%) W= Lt

e Pt 0t o P () TOOW [ VY] (SIS {TIETE] a

LWL Z D [ LXT,NT, & W DEWDUIL = a.

DA MNDE wd vt -t <3 [T T QI I -l

AN TN DD PO ~AIMN SN OV DA NN L OO DOt
ol ol ol et ol 0t 4 = o~ OISO OSSN AN N VYOV

e 104E-0% ,195E-006 0669£°07 0693['13 01625"2

«l9¢E-04 .18B0E-03 ,327E-05

; TAL POWER

T3

95.0 115.0

9%5.0

35.0 60.0

25.0

15.0

5.0
CaL SATELLITE (IRAS)

A CE ANG

5t

S

JUN 23+ 1978
MBER ©93-10000
BRJ

ER _MNASA

=2

L4 1V T8YT. 4
QU a
AL Z W
U O q st
F e =
LAY Y )
~UZD
*OuwA D

XXX X"

¥



77

are nearly ldentical. The only difference being the expected asymmetric
contributicn from strut edges 11 and 12 for 20° azimuth. However, these
results differ greatly from the 90° azimuth distribution. Now the lower-
strut edge #10 Is the major contributor instead of the aperture stop.

At first glance, this seemed correct since this Is the azimuthal angle
at which one would expect a long diffraction spike to cross the image
plane. However, the diffracted energy s about two orders of magnitude
smaller than fnalytical expressions predicted. This discrepancy Is
covered in detail In Section 6.5.

At the higher source angles, nearly all the diffracted energy comes
from the aperture stop. This is because the source for the critical edges
at these angles is the entrance aperture. The diffracted energy from a
circular edge is approximately proportional to 6=3 where § is the dlffrac-q
tion angle, f.e., the angle between the incoming and outgoing direction.
Since the angle subtended by the Image of detectcr array is small, the
outgoing direction is essentially parallel to the optical axis. There-
ture, § Is much smaller for the aperture stop than any other critical
edge, and the diffraction from it will dominate.

The 102.5u results can be scaled to produce the other bands. In
particular, cach data point is scaled by A" according to which diffrac-
tion order n dominates. The attenuation factors for the mean wavelengths
of the other bands are plotted in Figs. 31, 32, 33 and 34. In all cases,

the results are near or below the specifications.
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6.4.3. GUERAP Il Analvsis, A diffraction analysis of IRAS was

also done using Arizona's version of the GUERAP 1 diffraction program.
The program is based upon the same theory as PADE except that it cal-
culates only the contributions from points of stationary phase and not
from the Integration end points or edges with constant phase difference
across them.'7 For this reason, GUERAP 1| cannot handle straight edges
in general and therefore cannot calculate the diffraction from the struts.
Even for points of gtatlonary phase, the actual Implementation of the
same equation is considerably different in the two codes. GUERAP 11i
considers the diffraction to occur along an astigmatic differential ray
while PADE treats the ditiracting edge as a psuedo-scattering surface
with a specular BRDF. The calculations of the two programs were compared
against the analytical solution for first-order diffraction off a cir-
cular aperture (see Appendix 3) and all three results differed by less
than 1% from each other.

Because of program limitations, GUERAP Il also cannot do diffrac-
tion off of edges that follow an optical element. (The secondary mirror
edge Is an example.) None of these edges were the major sources of
diffracted energy in the PADE analysis.

Figure 35 is a comparison of the PADE,‘GUERAP t1, and Perkin-Elmer
calculations for two different wavelengths. PADE and GUERAP Il agree
quite well at 5° off-axis where the first-order diffraction off the
aperture stop dominates. However, the Perkin-Elmer hand calculation
seems to be somewhat low. For the larger source angles, second-order
diffraction dominates and the computer calculations differ by nearly

an order of magnitude. This is probably a combination of two things.
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First, the Arizona version ot GUERAP || was found to produce inconsistent
results for multiple diffraction, although singlc diffraction tests out
fine. Second, due to the quantum nature of Lhe PADE algorithm, its
cale lation will tend to be low for multiple diffraction. A future

version of the program will minimize this effect.

6.5 ANALYT!ICAL RESULTS FOR STRUTS

6.5.1. Introduction. The diffraction from the struts will produce

a sharply pesked pattern In the image plane. It would be economically
infeasible to use the computer program to reproduce the fine scale struc-
ture of this pattern due to the very small sampling Interval that would
be required for the azimuthal angle. However, the geometry of the struts
permits the use of a modified Fraunhofer approximation to the diffraction
integral. Therefore, an accurate analytical expression for the diffrac-
tion from an equivalent tilted slit can be found.

6.5.2. Angular Spectrum Approach to Diffraction. The standard

Fraunhofer formula expresses the diffraction field in the focal plane
perpendicular to the optical axis in terms of a scaled Fourier transform

of the aperture function a(x.y).‘8

- - - (xi’yi)
- - u(x,y) |Observation
plane
Focal length f -

Fig. 36. Usual Fraunhofer Diffraction Geometry.
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where
X=X; ¥"Yy ,
u(x,y) & A\=—p—, —— (43)
A(E,n) = ” alx,y) o Tk(Extny) 4 4 (44)

.o

and (x'.y') are the coordinates of the Intersection of the incident ray
through the center of the aperture with the observation plane. Note that
the diffracted field Is shift-invariant, l.e., the pattern shifts along
with the incidenpt point but does not charge shipe around (t.

We could easily calculate the diffraction from a rectangular slit
using the above formulation. Except that the approximations used In its
derivation would restrict us to small regions around the optical axis,
l.e., small angies of incidence and diffraction. Tilting the slit by a
large angle (=68°) is equivalent to large incident and diffraction angles,
a violation of the usual Fraunhofer assumptions. However, it is possible
to find a similar expression for the diffracted field on a hemisphere
of radius f centered on the aperture, that s accurate for large angles.'9
This approach Is based on the angular spectrum of plane waves and expresses

the field In terms of direc.ion cosines instead of spatial coordinates.

Y 8
) |
X N, B0 Y )
’OYilzi) a - .;, N a‘ = -F‘- . \i‘ 1
X,¥2) Y QY
—0s-%.8~70 ot
- z ‘o z'
A LS e &
Fig. 37. Real Space Fig. 38. Direction

Cosine Space
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The field on the hemisphere Is now proportional to:
A(n-c' , B-B')

and therefore shift-invariant in direction cosine space.

The full expression for the field is gliven by:

.lkf
u = Q7 Alasa; , 8-8;) (45)

where Q Is an obliquity factor that depends on the Green's function used

in the basic scalar-diffraction integral. For the Fresnel-Kirchhoff

theory
elkr y+y'
n - -—r—- ’ Q = -T- (h6)

where vy is the z-direction cosine of the observation point and Y of the
incident point. In the diffraction theory of Rayleigh and Sommerfeld,
the Green's function is selected .. order to remove the mathematical
inconsistency of the Fresnel-Kirchhoff theory by requiring that only the
field and not its normal derivative need to be known at the aperture.
The Green's function that accomplishes this vanishes everywhere in the

aperture plane:

Tkr tkr
6 = S-S (47)
r

where ¥ Is the distance from the point in this aperture to the Iimage
formed by the aperture plane of the observation point. This leads to

an obliquity factor given simply by:
Q = v (48)

The diffei..ce between the two forms of the obliquity factor can

best be shown in a polar diagram for Y, = 1.
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Fresnol-Kirchoff \ Rayleigh-Sommerfeld

Q.L+cosé

Fig. 39. The fwo Different Obliquity Factors.

. '

Substantially different predictions would occur at large diffraction
angles. Experimental data In this region is needed to decide between the
two. In the absence of such data, we have chosen to use the Fresnel-
Kirchhoff obliquity factor since it Is based on the same theory as the
computer algorithm and therefore will permit dhecking of the analytical
and numerical results.

6.5.3. The Rectangular Slit., The diffraction from one strut can

be equivalently represented by its complement, a rectangular slit, The
field due to the three struts will be the sum of three properly oriented
slits., It will be sufficient for our purposes to consider just the
field due to one strut.

The transmission function for a rectangular slit can be writtet

in the form

a(x,y) = RECT (-A’-;-) . RECT (Ely-) (49)
1 x| < ¢
RECT(x) = ¥ x| = ¢
h 0 |x| >4
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The spectrum of thfs furction Is:

A(E,u) = [Bxesinc(Eax/A)]+[ay sinc(nay/))] (50)
where
sinc(x) = 312é251 (s1)

Upon substitution, the diffracted field is found to be:

(v+v,)AxAv

u = = ‘[sinc Ax(a-uI)IA]-slnc[Ay(a-a')/;‘].e"‘f

(52)
and the irradiance is given ly:

(v+v,) axay
E = =57 slnc[Ay(u-u')/A]-stnc[Ay(B-B,)lklz2 (53)

1f Ay >> Ax, then the diffraction pattern has the form of straight
short and long diffraction spikes in direction cosine space. However,
the spikes will appear curved when projected on the hemisphere depending
on how the observer Is oriented with respect to the plane of the aper-
ture.

The direction cosines can be expressed in terms of the off-axis

C -

and azimuthal angles, 6 and ¢ respectively.
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i

3

Flg. 41. Diffraction Spikes in Direction Cosine Space.

y
|

Fig. 42. Definition of System Off-axis and Azimuth Angles.

a = ?—-slneslno (54)
g = -}'-- sinfcosd (55)

Yy = -:-- coso

The equation of the long spike Is:
B = B8 (57)
For an on-axls detector 0=0, therefore this condition becomes

B' = stnoicow‘ -0 (58)
Y



0
If the source s off-axis, l.e., 0=0, then the detector will pick up
the spike when
cos¢, = 0 (59)

or for source azumuthal angles 0| = £90°, The two halves of the spike
are diametrically opposed since 0: - 0; = 180°.

The peak of tha long spike can be expressed in terms of the attenua-
tion factor A{6) for & small Infinitesimal on-axls detector of area Ay
Let Ao be the area of the collecting aperture, then

A

. _Pe) _ lfeu]? Nz
A(e) F;:é-wy 'LA-:L‘ 2

P(6) o Aolulz (60)

P(0) a A,
with
s-a,.a-o. n'-sln6|.y'-cosﬁt (61)
| (V+coso | )AxAy 2
MG') " A {-—-ﬁ————- slnc[Ax-sln(ei)/A] (62)
o

The envelope of this is:

I [(l+cose')A

2 ]
Y 1 Ay
K; 2nesing, ] - Z: [;n-tanior’ﬂ] (63)

substituting In the following values:

o
lt\y = 20cm A(Ol) = 2,2) (64)

- 2
A, 24L00cm

It Is important to point out that the envelope of the spike is rigorously

independent of wavelength only for a point detector.

e
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6.5.h. The Tilted Strut. The value of A(6,) calculated from the
analytical expression is about three orders of magnitude larger than that
calculated by the PADE program under the same conditions. At first, it
was thought that one of the calculations must be In error. Howsvsr, it
turns out the discrepancy is due to the fact that the tilt of the strut
was not taken into account in the analytical solution.

Tilting the strut or aperture plane Is equivalent to a rotation of
the incident and observation points. Let w be the angle of rotation

of the strut.
y' v

-2

Flg. 43. Coordinate System Rotation.

Then the new coordinate system is related to the old by:

x' = x (65)
y' = ycosw =2z sinw (66)
2' = ysinw+ 2z cosw (67)

The new direction cosines in terms of the or'ginal off-axis and azimuthal
angles become:
a = sind sind (68)
B = sind cosd cosw = cosh sinw (69)

Yy = sind coséd sinw + cosd cosw (70)
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and the condition for an on-axis detector being at the peak of the long

spike is again

= B' with 6= 0 (7)
this becomas J
“slow = slne, coul cosw = cos¢, sinw (72)
or
slnw(!-cosQ') i
cos¢, cow SThY, = - tanw tan(s;/2) (73)

Therefore, the source azimuthal angle at which this would occur is a

function of both the tilt of the strut and the off-axis angle:
4 = cos"[tanw-tan¢‘/2] (74)

for 6 = 5° and w = 68°

¢ = +96,2° , (75)

The spike has shifted about 6° in azimuth due to the tilt of the strut
and no longer forms a straight line since ¢: - o; ¥ 180 .°

The PADF calculation was redone using the azimuthal angle determined
precisely from the above formula and the value of A(el) agreed closely

with the analytical result,

6.6 CONCLUSIONS AND RECOMMENDATIONS

The diffraction due to the clrcular aperture Is in most instances
helow the specification. However, the diffraction spikes from the struts
are well above the spec's. Also thelr spatial characteristics will make
them hard to differentiate from astronomical point sources. A possible

solution to the strut problem is to serrate their edgas in order to break
“f
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up the phase addition across them. This Is, In effect, an apodization
technique which will not reduce tne total energy diffracted by the strut,

but will redistribute it in a smooth:r manner,
y N
//'}// ’

/ 7 Latx,y)dy

]
/ :
~» x | ;
. -
Wemtae\ x & X
y /7
Fig. 44. Apodization with Serrated Edges. ~

The transmission function is effectively tapered such that A(9) falls as
(sin6)~" Instead of (sint)~2 along the spike. A more detailed calcula-

tlonz°

could be carried out to precisely determine what will be gained
by serrating the struts.

If the stop of the system Is shifted to the secondary mirror, the
strut diffraction Is unaffected. However, this should result in lowering
the circular diffraction by making second order diffraction takeover at
a smaller off-axis angle. The exact effect is hard to estimate since
there Is a possibility that more diffracting edges, |.e., the main baffle

vanetips, might start to contribute. A more detailed calculation Is

needed.
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7.0 COMBINED SCATTER AND D!FFRACTION RESULTS

The combined effects of scatter and diffraction are shown in
Figs. 4S5 to 49. Tables 13 to 17 show the A(0) values and percentages
due to each method of propigation. Only at very large nff-axis angles
are the diffraction effects dominate, although they are significant at
some other angles in some of the bands, These resu!ts do include the
diffraction from the struts. However, these cff-arla angles are iIn
the meridional plane (azimuth = 180°), on the earth's side of the sun-
shield, . ] |

For certain azimuthal positions the diffraction from the struts
will cause locally high peaks in the A(é) values, which are not accounted

for In these figures,

7.1 DIFFRACTED, THEN SCATTERED RADIATION \

The effect of radiation which is first diffracted to and then scat-
tered from the critical objacts (secondary baffle and aperture stop) was
not directly evaluated. However, an analysis of the APART and PADE out-
puts Indicate the following:

1. Diffraction, then scatter, effects at 25° off-axis is not a

significant propagation path (less than 1%).
2. Diffraction-scatter effects at 60° are comparable to or )
higher (10x) than the multiple scatter effects. .

These results are preliminary and are based on the average incident
irradiance, at the apertures or critical objects, which can vary con-
siderably due to obscurations., It |s possible that this typ: of pro-

pagation will be of some significance at angles greater than 40° where

three consecutive black scattering surfaces are involved.
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® 5% diffuse model

© Martin Black model

90

L
G Ib 20 30 40 S0 60 170 80
OFF-AX1S ANGLE
Fig. 48. 48 - 81y Band, Scatter and Diffraction Combined.



102

"0 € *S6 _ ool “4S "001 ‘28 1933038 %
*001 *16 =g ‘0 Ty "0 gl osny310 %
€£1-38°1 8-39°¢ 9-3¢°L S-3n°1 §-31°9 z-36°1 z-35°¢ 1
€1-32°€ 0132°g 9-36°9 S-3y°1 s-3¢°2 z-36°1 z-36°¢ ®deg vilsed
"0 S ‘001 g1 ‘06 ‘99 g1 aa13e3s g
"001 “Sy ‘0 ‘L ‘ol ‘nE ‘1 uoL3IdeI3310 T
8-t g-3L°L $-38°6 5-39°6 %-36°2 £-3€€°1 z-3€°y 1 .
1-35°1 8-32°4 5-38°6 4-35°6 %-39°2 4-38°8 z-3L°¢ esnj310 3
g-3v°1 8-35°¢€ L-30"% {-30° 2 $-38°2 4-35"y £-3€°9 CTRELISFLT.
] 09 (3 2z I ot S T~
———

8

-uo139e3331G pue J931eds pueg fig-gy 91 digeL



OSSR AN

o

-10

-11

103

® 5% diffuse model

© Martin Black model
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8.0 SUMMARY AND CONCLUSIONS
The stray=1lght analysis comparison with PE shows very strong
agreement, even though the resolution and number of surface slements
ware more elaborate in the present analysis to account for many fine
structures In the system. There Is a considerable difference Iin the
A(0) when a 5% diffuse is compared to Martin's black coating. The A(6)
values are usually lower with Martin Black; the exception being at 10°,
The forward scatter off the secondary baffle, the backscatter off
the aperture ;top and diffraction from the aperture stop, secondary
baffle, and the struts are the major contributors of unwanted energy.
The primary scattering object, which causes the A(0) values to be
higher then the spac line, is the forward scatter off the secondary
baffle. This requires a redesign, There are two cholces possible:
|. Shift the stop location to the secondary mirror. The forward
scatter path would be eliminated. In addition, the scatter
path from the original stop and structures would also be
eliminated along with the diffraction effects from the present
aperture stop. The diffraction contribution from the secondary
mirror (the new stop) would increase some, but it will not be
as much as the present values from the stop near the primary.
This is the recommended solution. The expected result [s an
estimated decrease in the A(98) value by a factor of 100.
2. Redesign the secondary baffle. PE originally recommended a

more cylindrical design for the secondary baffle. This recom-

[ &
13

mendation Is on sound principles and should have been implemented.
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8y making the baffle more cylindrical, one or two vanes can be used to
block out almost all of the forward near-specular scatter from the

secondary--the major path at almost 4!l angles.

,ﬂ - VANES BLOCK SPECULAR PATH
Tt Y ey, o2 ™ 6r LOCUS OF FORMER BAFFLE

.
meT— ".,..

- C e
"'/'g;rmu OF THE BAFFLE ‘e
THAT COULD BE SEEN DIRECTLY
BY THE DETECTOR BEFORE REDESIGN
SECONDARY
MIRROR

Fig. 50. The More Cylindrical Secondary Baffle.

The direct back scatter to the detectors can also be reduced by having
the incldent cnergy fall on the cylindrical wall which Is out of the
field of view of tae detectors.

This change will not alter the backscatter from the aperture stop
nor its diffraction effects. However, diffraction is a major problem
only at large off-axis angles, and aperture backscatter is a problem
only in the 17° to 24° range.

it should be obvious that both Improvements are desirable. The
result of making both changes would leave tge diffraction from the second-
ary baffle and the spikes from the struts as problem areas. As discussed
in the section on diffraction, these are localized effects. Also, it
may be possible to dissipate the energy in the spike over a broader
collector area. It would probably keep the diffracted energy at least

closer to the spec line if not below it.
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The overall design Is not an optimum one for stray-light suppression;
Cassegrain designs seldom are. In an ideal baffled system, the detectors
sec only the imaging surfaces and the cavity in its Immediate location,
which does not recelve significant amohnts of unwanted energy. This
usuz2lly involves some type of reimaging system, with field stops and
Lyot stops. Then the A(0) values are determined by 3rd order diffraction
(and higher) or by scatter from the imaging elements.

The following has been reserved for last with hopes that it would
carry the gredtest lasting Impact. The BROF values used were taken at
10.6 u and extrapolated to 120 y. Over this range the "hemispherical
diffuse"” has increased by more than a factor of 20, 1t is highly unlikely
that the BROF profiles remain anywhere near constant over this range.

It is STRONGLY recormended that high priority be placed on having BRDF
measurements made at long wavelengths; both on Martin Black and on the
mirrors! Then the values used and calculated in this report can be

rclated to the measured data to determine the actual performance of the

system at the long wavelengths.
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APPENDIX A

A.O SURFACE SCATTER MODELS
A.1 MIRROR SCATTER

The mirror scatter mode! used by Perkin-Elmer Is

BROF = 1&15-3-19:3 (A-1)

where 0 Is expressed In radians. This model has a 6”1 dependence on the
scattering angle. This model ylelds satisfactory results at the 10.6u
wavelength as It tends to parallel other measured data we have seen. The .
0 dependence, however, changes with samples and wavelength. The shape of
a typical scattering function also changes with the 0 as can be seen in
Fig. Al. Here, we notice that the scattering function becomes asymmetri-
cal with Incidence angle. The asymmetry can be removed when the data is *
replotted in & new coordinate set a, 8, as shown below. The a,B8 coordi-
nates and the measurement hemisphere Is {1lustrated In Fig., A2, It has
been shown by Harvey (1976) that scatter data from smooth samples Is
linear-shift invariant and can be plotted as a single profile of the
BRDF in e-ao space. We have taken the PE mirror scatter model and re-
plotted it in B-Bo with thelir A"2 scaling to use as the visible wave-
lengths BROF (Fig. A3). '

In our analysis, we have used PE's BRDF only scaled to the Harvey
type B-Bo plot, however, we feel that It has several shortcomings. First,
the wavelength scaling does not fit with the 5 dependence they have chosen.
Harvey has derived a scaling law which accounts for the magnitude and

the grating effect (i.e., narrow-angle scatter at short wavelengths is a

A=
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Fig. Al. Illustration of the Importance of the Coordinate

System within which the Scattering Process is Discussed.

(2a) Relative intensity plotted vs. scattering angle.
(b) Scattering function plotted vs. 8=8,-
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predictor of wide-angle scattering at longer wavelengths). The scaling
law is

. - L @ 8. .
S(a,8;8)) = s(: 3 3A) (A=2)

where "a' is ths wavelength change of the scaling. From this form, one
can derive a A scaling law that is a function of the slope of the BROF

as expressed In B-Bo space;

S 3 (n-eo)m m is the slope of the BROF curve (A-3)

from the scallﬁg 1aw,

=8 \"
S(aB) = ;!,.-( ‘°)

S(a8) = —= (88"

S(ag) = T S(8) (A-4)
a

Thus, for the Perkin-Elmer slope of 07!, the scaling law should have been
1723, We feel, however, that the slope of the BROF curve should have

been more 1ike 8 !*8 to 672 which yields a scaling law of 1/A2. This

slcpe Is more in line with those that we have seen for visible scattering
data. The effect of using PE's scaling law is that the visible BROF's
seem to be pessimistic for near and large-angle scattering (Fig. Al4).
With the analysis of the IRAS system based upon these scattering BRDF's,
any tests on a real model will be subject to the BRDF's of the mirrors
actually used and may vary considerably with the analysis presented

here.
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Fig. A4, BROF at Visible Wavelengths as Arrived at by

PE Scaling Law and A\~2 Scaling Law.
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When scaling to longer wavelengths, another effect of the scaling
may occur; the roll-off or ''shoulder" to the BROF curve may be shifted
to larger angles for much longer wavelengths. The roll-off is usually
not seen for visible and near IR wavelengths, because It occurs at very
small angles (Fig. A5), but could be shifted far enough over to be plcked
up at the much longer IR bands. The only effect of this would be to
lower the mirror scattering even more than the A2 wavelength scaling law
suggests. At longer wavelengths the mirror-scatter contribution is neg-
ligible at mo;} soprce'angles. so this effect w9u|d mak: the mirror's
contribution even less. Filgure A6 Illustrates the shoulder that is

observed on some mirror samples.

A.2 BLACK SURFACE SCATTER

Perkin-Elmer used a 5% Lambertian refiecyivity for their analysis.
We have repeated the analysis with that reflectivity as well as using a
mathematical model of Martin Black for comparison. The Martin Black
mode! is based upon measured data on several samples. The key differ-
ence between a Lambertian model and the Martin Black model Is that the
real surfaces have higher BRDF's for non-normal incldence angles than do
Lambertian surfaces.

This difference can have profound effect; on the resultant scagtered
light in a system, depending on the scattering angles and vanes used on
the baffles. Differences of up to two orders-of-magnitude have been
noted on previous analyses where the two scattering models have been
used. The use of the 5% diffuse model Is an attempt to account for this

large forward scattering, but ylelds pessimistic results when used for
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scattering from near-normal surfaces. At near-normal angles of incidence
Martin Black has an equivalent reflectivity of 0.5% instead of the 5%

that the PE data would suggest.

Details of the Martin Black Scattering Model

The scattering model is based on measured data from two Martin Black
samples (Figs. A7 and AB). The backscatter is modeled as linear In 8-80
space with an ordinate value predicted by the following equation for

88, = 0.0!

BROF = m[;,(,:l&;.’%ﬁl?.’i-.,)]

(A-5)

The slope of the backscatter curve is determined by a minimum BRDF {nput
for the 8-80 = 1.0. This same slope Is also used for the linear fall-off
in a of a,8 space.

The magnitude of increase In the BROF for forward-scattering angles
as a function of the incldent angle 6' is:

0 L
Log(ABRDF) = 0.2 + 0.6 (;}-2-) (A-6)

an increasing function with 6'. The functional form of the forward
scatter from the B-Bo = 0,01 to the maximum forward scatter angle Is a

quadradric function fit to the two end points;

8; \u B"Bo 2
eaor(s-eo) - BRDF(B-BO-O.OI) + [o.z + 0.6 (573.') ]* [1-_3;—] ; for a~a_ = 0,

(A-7)
An artist's conception of the surface contours of this rather compli-
cated scattering function Is shown in Fig. A9 for a e, of about 30°.

A new three-dimensional scattering function is formed for each incident

©
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Martin Anodized Black--new sample A-12
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BROF
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Note: The back scattering
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APART Martin Black model

1

. i i A bt i A 1l A 3 1 1 dhndednd J
.0l n.03 0.1 0.2 0.3 1.
: 2-8¢ 7-28-74
Fig. AB. University of, Arizona 10.6u Measurements of Martin Black.
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Fig. A9. Three-dimensional BRDF Model for Martin Black.
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angle on a surface. Whan the Martin Black mode) is used In APART, this
function Is calculated for ocach previcus source:source:collector

combinat ion. The BROF as calculated by the APART mode! Is plotted for
several 0. in Fig. AlO.
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APPENDIX B

8.0 COMPARISON OF BOUNDARY WAVE AND STATIONARY PHASE RESULTS WITH

CLASSICAL DIFFRACTION SOLUTIONS.

The following analytical results were derived during the develop-
ment of the PADE program for the purpose of comparing the results of the
theory on which It Is based with more established methods. Some of the
solutions were also used as test cases for debugging the computer code.
B.1 THE SEMI-INFINITE PLANE (STRAIGHT EDGE)

There are very few closed form rigorous solutions of Maxwell's .
equations. One such Is Sommerfeld's solution of the perfectiy conducting,

infinitely thin, semi-infinite sheet. The geometry and angle definitlions

are shcwn In Fig, Bl
[
Unit amplitude
plane wave
Observation
point
0 -
r a
x
Screen

Fig. Bl. Polar Coordinate System for Semi-infinite
Plane.

The 2-component of the electric fleld at the observation point Is
given by:
u(r,¢,0) = U(r,¢-a) + U(r,é+a) (8-1)
where
- P 2
ulr,y) = '—TL Ie'—"{—d and p = 2@-:05%’-

(8-2)



P Tl T D BRPTeSTR RS W AR T T

. S

g tinsstndt oA L A

8-2
The first term represents the diffraction of the incident wave whils the
second term is due to the reflected wave. The minus sign is taken when
the Incident electric fleld vector Is parallcl to the plane of the screen.
The plus sign corresponds to a polarization perpendicuiar to the screen.
For r >> A, the Fresne! integral U can be accurately represented by
the first term of its asymptotic expansion. This Is equivalent to apply-
ing the method of stationary phase to U. As a result, the total fleld u

can be split Into a geometrical and diffracted component, |.e.,

u * ug+up (8-3)
where
o Vkr cosle=a)__-lkr cos(¢+a) o ¢ < m=a
ug " c-lkr cos(6-a) =g < ¢ < néa
0 n4a < § < 2n (B-4) «
and

"n - [SEC(%E) + sgc(%’l)] . 1‘;% g' (kl’ + w/'b) (5'5’

It was this result that led Rubinowlcz to seek a rigorous splitting
into geometrical and diffracted components of the general scalar Kirchhoff
fleld. How does his boundary wave result compare with the Sommerfeld
solution? To make this comparison, one must realize that Kirchhoff theory
deals with "black' or perfectly absorbing and not perfectly conducting or
reflecting screens. By neglecting the effects of the reflected wave,

the Sommerfeld solution can be modified for a '"black'' screen to yleld:

e-lkr cos(¢-a) D<op<n+a
s * (o m+a<o<2n (B-6)
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w = sty §JL ol (8-7)

Note that the field Is now independent of Incident polarization.
The corresponding boundary wave solution contains the same geometri-
cal fleld. However, the diffracted flald Is given by:
Ikr ;2 ay &
. e~ (rxp)e 2
I O A (e-8)

which can be approximated by applying the method of statlionary phase:

. Sin(¢-a) . [2nr _1(kr + n/b)
Yo bnr cos{o-a) ‘P: e

- - TAN(L}G_). "E J’ﬂ% e'(kf + ﬂ/'l) (8"9)

The two solutions differ by only an obllguity factor which Is a

function of the angle from the incident direction:
6§ = $-a (B-10)

Figure B2 is the plot of the two obliquity factors as a function of the

Sommerfel

diffraction angle §. i !
af !
|
l
3} {
: Geometric shadow
2 | boundary
|
|

Fig. B2. Comparison of Sommerfeld and Boundary-wave
Obliquity Factors.
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Both solutions go to infinity at the boundary of the geometrical field.
The bliggest difference between the magnitudes of the two solutions occurs

In the "back' diffraction direction, l.e., § = 0.

8.2 NEAR-FIELD ON-AXIS DIFFRACTION FROM A CI'tCULAR APERTURE
(OR OBSTACLE).

Even when one proceeds to a scalar theory, exact closed form solu-
tions of diffraction problems are far and few between. In most cases
the Fresnel! or Fraunhofer a;;roxlmatlons must be employed. One geomotry
that permits ome to carry out the integration Is when a circular aperture

Is i1luminated by plane wave inclident normal to the aperture and the

observation point lles on a Vine normal to the aperturec that passes

Circular aperture
of radius a «

Observation point

through its center.

ikz

|
dealn o o«
N/

Flg. B3. Rotationally Symmetric Geometry for the
Circular Aperture.

The total diffraction fleld is found by Integrating Kirchhoff's formula

over the area of the aperture.

Ikr Iker
U = ,‘l“.” e %%'"%er do (8-11)

AL



B-5

For this particular geometry this reduces to:

)
a _lkr J2(ik = =)
u = %o"‘zI 'r [ - .. HJ pdp (8=12)
After some work and Integrating by parts:
u . .!kz - %-(l + %) olkd d = /a% + 2°¢ (B=13)

The Interesting thing to note here Is tgat this rigorous scalar result
ends up to be.the sum ?f the incident wave and a wave that appears to ori-
ginate from the edge of the aperture. .

This result can be ottained with a lot less work by using the boundary

wave formulation. The fleld is now gliven by

u = uG + uo - e'kz + uD ' (B‘”‘)l
where 2w ke
-odd e (rxp)
2n
et c"‘d a/d » do
w —d (I-a/d)
) a? ikd
Z dZ(1-2/d) ¢ (8-15)
Therefore
lkz | a2 ikd -
u e T T1-274) e (8-16)

This does indeed agree with the previous result since it can be shown
that

a? - z .
d2(|-g4d) (1 + d) (8-17)
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It Is worth noting at this point, that a different result would be
obtained If the Raylelgh-Sommerfeld theory was employed. In this case:

U = e'kz - %G'kd (""8)

Again the only difference is In the obliquity factor of the edge dif-

fracted wave.

| S

Fresnel-Kirchof

ayleigh-Sommerfeld

. e 2/8
1 2

Flg. B4. Comparison of Fresnel-Kirchhoff and Rayleigh-
Sommerfeld Obliquity Factors,

However, experimental measurements on relatively large apertures Indicate v
that the Kirchhoff result is more accurate than the Rayleigh-Sommerfeld,
even though the Kirchhoff theory Is mathematically inconsistent.

It is now a trivial matter to obtain the field from a circular
obstacle using the boundary wave formulation. With ug " 0, it follows

that
] 2y _Ikd
u = -z +e (8-19)
The relative irradiance is equal to the squared modulus,
-l 22 ‘-
E F“"'-d-) ,820)

Therefore, the on-axls point behind a circular obstacle is always bright,
as Is well-known from observation. However, for the circular éperture.
the irradiance at the on-axis point will go to zero at certain locations

due to the interference of the incident field with the edge diffracted wave.




B.3 FAR-FIELD ON-AY1S DIFFRACTION FROM OBLIQUELY ILLUMINATED

APERTURES

Wide-angle, far-fleld diffraction can be accurately described using

the angular spectrum approach.

at z=0, then

If a(x,y) is the aperture transmittance

y+y' eIkr
u o= A(G'G' ’ B'B') (8-21)
and -
A(E,n) = Ia(x.v) o~ Tk(Ex+ny) gygy (8-22)

and (a,B,y) are
(al. B'. Y') of

of the aperture

B.3.1 The

the direction cosines of the observation point and
the Intersection of the incident ray through the center

with the observation hemlisphere of radius r.

Rectanqular Aperture.

For

therefore

where

The field Is:

u L]

sinc(x)

a rectangular aperture, the transmission function is:

alx,y) = Rscr(fio . RECT(&%J (8-23)

A(g,n) = [Axe=inc(axE/A)] * [Ay+sinc(Ayn/))] (8-24)

sin(nx)
™

(Y+Y,)AxAv
2 kr

e'kr . slnc[Ax(u-al)/A] . slnc(Ay(B-B')/x]

(8-25)
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Consider the simplified geometry of Fig. BS.
y
s YV
| / ) //
' / //
{
' - .
" 2 Z gy <4::x

8 : / e AX 7/
, AT
' ///
‘ /] t 17

- R 7V
Fig. B5. Obliquely Illuminated Rectangular Aperture.
a = a, = B =0
r = 2
where y = 1 (8-26)
B‘ - slnel
\Y' - cosei
Then, the expression for the field becomes
(“'Y') Ax i
kz

u = —'—Z-TE-B_‘—- . sln[kB‘Ay/2] e . (8-27)

Again, one can arrive at the same result without any complicated
integration by applying the boundary wave formulation. Flrst, note that
the (ixp)+% factor 'is zero for the two vertical edges, therefore they

do not contribute to the diffracted field for this particular geometry.

e
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For the top horlzontal edge (#1)
(Fp)el = slna‘ - 8 (8-28)
fop = = cosd, = -y, (8-29)
re =z 4B, Ay/2 (8-30)
its contribution to the diffracted field is: .
| ax/2 elk(z+B'Av/2) sina'
LI T z V-coso, dx
-Ax/2
B, Ax lktz+8,Av/2)
- - e (8-31)
uﬂzti'yis
Similarly for the bottom edge (#2)
B, ax ik(2+8,4y/2)
uy Wy ¢ (8-32)

t-
The total diffracted fleld Is the sum of the contributions from the two

edges.
e sin(k, ay/2)e 2 (8-33)
Uu = up +tuys= - * sin(kB,Ay/2)e B-33
12nz () Y‘j i .
2 2 8 l+v'
Using the fact that B‘ + Y, = |, one can show that T - 3 and
i i

therefore the results of the two different methods are in exact agreement.

B.3.2 Circular Aperture

Consider now a clrc;:ar aperture, .
Ll
g >\//
R
/ v
O 2 /

Fig. B6. Obliquely Illuminated Circular Aperture.
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The transmission function Is:
f,.T:T) {t (x2+y2) < R?
a(x,y) = CVYL (—“-Y— -
' 0 (x24y2 > R2 (8-34)
its transform
R Jy (kRVE24n2
Algan) = —-‘-,‘-T-—-ll (8-35)
vEZ4n

The diffracted field In the case of the geometry of the preceding section

is therefore gliven by:

UL ke

u = TE;;E;— g (kRB') e (8-36)
In order tc do the boundary wave calculation, it wil) be necessary

to apply the principle of stationary phase to the !ntegral around the -

edge of the aperture. For a circular apertune. the points of stationary “

phase correspond to the intersection of the aperture edge with a plane

normal to it that passes through the source point, the center of the

aperture, and the observation point. In this case, the points of Intersect

lie in the y-z plane., The two points of stationary phase are

(x,y) = 0 + R),

We can now proceed as in the previous section by noting that:

8
() = L () - L  (837)

The contribution from the maximum o.p.d. point (#1) is:

8 ik[z+R8, ]
. i RA i -tn/l )
uj Wa=yT =3 —Bl e e (8-38)
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Similarly for the minimum o.p.d. point:
8 ~ ik[2-R8,]
- - i RA 4 _tn/b
ug WJVB' e e (8-39)

The tota! field is:
ml 1k2
U s y +uym= m s[n(kRB‘ - n/b) e (8-40)
The two results are not In exact agreement but It can be shown that
the second solution is a very good .opproximation to the first when
kRB' > 1, T.he Bgssel' function can be approxlmated quite well by the

first term of its asymptotoc expansion under this condition, |.e.,

Ji (x) ,EZ: sin(x-n/4) x > 1 (B-;‘ol)

J, (x)

ﬁ-;sin (x-n/4)

?

vt

Fig. B7. Approximation to the First-order Bessel Function.

This combined with the fact that:

!

/8

B,

transforms the first expression Into the second.
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8.3.3 Rotated Square Aperture

We will now treat the problem of a rotated square aperture.

In particular, an aperture rotated 45° to yield a diamond.

aN

/

- X

‘
Flg.”88. Obliquely Illuminated Diamond Aperture.

In this case,
A(O,n) = II a(x,y) e~ tkny dxdy

L

- Ia a (y) elkny dy (8-42)
aly) = Ia(x.v) dx = § /2 « TRI(y/2/S) (B-43)
Therefore
A(O,n) = $2 .+ sinc2[sn/A/2] (8-44)
and ( )
T+y,) X .
u = ;rfzé- sin? (kB, $/2/2) e'kz (B-45)
i

Again, we must use the method of stationary phase in order to solve
th~ problem by the boundary wave technique. However, there are no points
on the edge of this aperture for which the optical path Is a maximum or

minimum. Therefore the dominant contribution to the integral comes from
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the endpoints. Since the Integration is broken up into four parts (one
for each edge), there will be eight (8) different contributions to the
Integral (two endpoints per Integral). Referring to Fig. B8, we find

that for each endpoint:

Endpoint (rxp) i (rep) -1 (r+p)

] 5,//2' . B'/v"i 2+ a,sNz‘
2 e,/li - B,//E 2
R - 8,//2 z
4 - s,/li - B,//f 2 - a,S//i
5 - a,/li s,lli 2 - 3,5//5
6 - e,/JE a,/lf 2
7 By /V2 8,//2 2 e
8 s,//f a'//i 2+ slS//E
Therefore
relk2 xke,sNz‘ -tks,sﬂz‘ lke,sNz‘ lks,S//z‘]
U &8 e | @ =]=]%e +e e]=lde
anz(l-yt)

Combining terms, yields

-—2—-2‘——— slnz(kB S/Zﬁ) e"‘z (8’46)
n%z(1-y,) i
Since
T4y
R .
512 Ty, (8-47)

This agrees exactly with the angular spectrum calculation even though we

have used the stationary phase approximation. It turns out that stationary
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phase approximation as applied to the end points of the integration is
the same as the )inear phase approximation used In the angular spectrum

approach.

ot
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i e APARY code (Arizona’s Paraxial Analysis of Radiation Trannfer) is o determinkstic xtray radiation

b amadysan progran cpable of yielding quantitative deseriptions of systens nlony with Insight tnto the soat.
e ang sechaniam present,  APARL uses yey peosetrical optivs to imape primarily rotationally symsetrical sys-
tems,  AVARD provides o seetional powes wap of the sntermal swetiees af o system and ideatifies “eritical®
objeet s een from the imape.  Vane steactares are sadeded by configueation factors, Once the prometrical
contapir itaon Gtor between the internnl obgects has been calenbated and stored, nonstructurat chinges to
the nystem van be amalyed withont re-rumming the complete piogrim,

g

Introduction

e probiem of analyzing scatteved radiation in o scnsor system is difficult because of the multiphivity
of object configurations among which scattered energy can bhe transferred and because of the variation of the
scattering characteristics of the surfuces., Any quantitative analysis of scattercd onergy within a system
will involve an overwheining number of calculations., Ono solution to this problom is to minimize the pusber
of valeulations in a monucr that develops user insight into the scatterinyg mechanisms involved in the system,
One Jdoes not want just o masher ot the end of thi analysis but also the hnowledgoe of the significant factors
invelved that make up the number ond how system changes affect the number. APART was developed to separate
the problem into o logical seyuence of procedures and calculations that dovelops user insight for improve.
ment of the syswem and to minimize the computational cffort.

Overview

APARYL i composed of throe s programs called;  Program ne, Program wo, and Projram Three, which to.
gether perfomm fonr Dmctions.  Cihese progeams (Flaure 1) commmicate with cach other by disk files contain-
g vy etem anfinmation amt the resulbts of catoolations,  The progroms can be run separately o0 in one joh 4.
segrence,  Progran ne contaans the code for two soparate ealenfations: o scan from the image and the e
ing of a)) objects an cagh space. Che remaining prosrams mest be excouted sequent bally, although one progeam
ay be caecuted many tiwes before the next is exeoated,

Sum from Image

e §oeat step iooan APART analysis s to have the progrom "look ;mt® from the image to determine which
objes te e seen vither directly or an refleetion,  This caleulntion scrves two functions:  First, it will
cheek tor any desapn flaws that might be in the system,  For cxample, one flaw might he an improperly Jo-
sipned batfle that allows energy from a stray radiation source to directly reach the detector.  Progrom One
scans from o selected amape point outsard to determine all objects thay are scen from that imape point,  dhe
program divides the fenpth of the objects scen from the image into (ive sections and determines the position
and ampte at which each seetion s seen.  APART also outputs a two-dimensional printer plot of the objects
as they appear when projected onto the exit pupild of the system. With the combination of these outputs, one
can quickly determine the status of the design. Redesign can tahe place at this point in the malysis at
practically no cost to the user.

e wecond function scrved by Program Onc is to find the "critical” objects. These are the objects that
seattcr dircetly to the image and will he the sources at the final level of scatter. Thus, they have a
Yeritivnl" offect on the system performance,  The sccond to the last lovel of scatter is also partially
determined scattered radiation will he traced only to these “eritical® objects. ‘Ihe final determination of
the scattering paths i the Linking of the ohjucts that receive the initiul unwanted energy to the critical
objects, or to surfaces that scatter to the critical ohjects. A “level of scatter” is a scatter, or sct of
scatters, wherehy radiation is tronsferred to another ohject. ‘The other object muy be the same one seen in
reflection or cven another part of the same obj~ct,  Vane structurc on on objoct will altor the number of
scatters that will mahe up une level of scatter.  The concept of levels of scatter ix very important to the
understandang of Progran Three - cention and will be explained further under "Program Three Calculations,”

i the scan from the mage cale  tion s independent from the remuinder of APART and con be rerun as many
¥ times a8 pecessafy to climinate vne design fluws or reduce the nunber of eritical objects. Once the user is
‘ satisficd with the design as onalyzed so far, he may continue the APART analysis.

Ymaging A1)l Ohjects in fach Space

The purpose of this step an the APART analysis 1s to identify the power transfers to be calenlated later
i A the analysis,  lor very simple systems without any optical clements, one can write these transfoers without
& any conputer analysis, However, when one §s considering i system with several imaging cloments, 1t is not
cluear whethery an objuct can transfer power to u‘nu(lwr through several optical clements,  Program One helps in
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Fig. 1. Flow diagram of the APART program,

this determiantion by caleulating the magnification and position of cach object as it appears from cach space
within o uystem,  The propram plots this information from cach space and, with the aid of a straight edge,
cin tedd of power could transfer from one object to another. It is also casy to determine which objects
mipht obseire any of the power to he transferred between the two obhjects.  Several obscurations can biock

any o st ol the bean, and these st be determined for input into the next propram,

1 i much more officiens to have the user select the objects that can he irradiated by the stray radia-
tion wource and nelect the paths that radiation can foliow to reach the critical objects rather thin have
the camputer blindly calculate every possible power trunsfer. By manually selecting the power triansfers,
one is doing o tash quite simple for o human, and avoiding a very difficult, lengthy calculation for the
compter.  The other advantages in this interaction are that much computer time is saved by limiting the
nunber of power transfers to he cadculated, and the user gains insight into which power transfers arc pos-
sibie within a system and which surfaces can most influence the encrgy rcaching the image.

Y-Y Imaping Technique

Throughout Program One and Two imaging calculations arc nceded. To do this imaging, APART uses the first-
order peomctrical optics tool--the y-y diagram.(1:?) 1he y-y technique is much faster than other geometri-
enl opticval techniques. 1t aliows the imaging of objects with a minimun of calculations regardiess of the
minher of interveming imiging clements.  APART must caleulate the imaged. location and the magnification of
surfaces and obscurations to do the power transfer calculations, With the y-y technique, this is as simple
as finding the interscction of two tines and calculating an arca. Consider the y-y diagram for a simple
mirror or luns with the object at minus infinity and the stop at the optical clement (Figure 25. The dis-
tances between planes in the system, or points in the diagram, arc given by the formula

tiz * n(yiy2 - Y1y2) /K (1

where M is the Lagrange invariant of the system and n is the index of refraction for the space in the
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system or the line in the dlapram,
Imaged heights are alewlatod by con tracting o ®conjugate” line from the origin throuph the point to e

pmagedd ta the bine nmnwwnnwlh(spwuinu'detNW1Mwaisloheimmml(ﬁmwc&). e interses
ton of the comgegate bine and the amage bine gives the v and y* poiats of the imaged plauc. The tweged
distance van he caleulated asing Cguation (1), and the magnification is given by the ratie of the y or y
values:

no= y'lyory'/y. (¢)
Mis technique s valld for any objeets in any space within the system,  Thus, the imaging invelves guick

cileulations that avoid trigonomctric and square root functions that arc significantly more time consuming
to calculare when compared to multiplication und Jdivision,

Y ¥

MA( IN ‘ot

MIRROR IMAGE_UINE — ')

CONJUGATE
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*

Fig. 2. Y-V diagram of a one-mirror system. Fig. 3. Imaging of point (y,y) inte spuce one,

Power Transfer Calculations

€«

Program Two calculates some of the factars leading up to the power transfor calculation in Program ‘Three,
Program ‘Two divides all of the objects in the system into sections and 3 f requested, into further subsec-
tions., APART caleulates the power transfor from these scctions to sections through the system to arrive at
the total) transforred energy.

Power Transfer Lguations

The cquation that relates power transfer from one scction to another §s

2
ch . [Ls(o.o) dA, cos (0') dA, cos(ec)l/R sc (3)
where dP . is the incremental amount of power transferred, L_(0,4) is the bidirectional radiance of the source
section, dA‘ and dA_ are the elemental arcas of the source iind collector, 8¢ and 6, iare the angles that the
line of sight from Ythe source to the collector makes with the respective surface nSrmals, and 0 and ¢ are
tha projected and azimuthal angles.

he total power I on the collector section is found by the integration in claind form of a double inte-
gral over the areas of the sowrce and collector and then by the cvaluation of the resultant algebriaie expres.
sion:

e ‘N ?
l'c . HHI.S(O.Q) um(os) co.&(ﬂcnlu sc) dA, dAc‘ )

APART does o numcrical integration by subdividing the objects into clomental sections that are wmall when
cosvared to the distance between them,  he integrals are cvaluated aus sums over the source amd colledtoy
sect ions:

P - ZAC A'A'm,s(o.o) cos(0,) cos(9) Msucl/n’u). (s

The bidivectional reflectance distribution function (BROF) is defined as

L(O . 8,)

) ©

BRI(O,,9,:0,,¢.)



where (0 ,4‘) is the bidireetionnd frradiance onto the somrce srtace, and "1 and "o refer to the invident
() or seattered (o) divection of the ray,  APART considers the vadiange over the clemental aren of the
souree s o vomstant il uses the BRDE to calenlate the power incident on the collector as a function of the
power incident o the source.

Multaplytng and dividing Bquation (3) by n(oi.o‘) and dropping the angutor depomdence for convenicnee
yichds

L con0, cosoc dAc
ar, = - (U dA) — e, 1))
3 R?

Equation (7) has been scparated into three terms that can be rowritton as

ch = BROF dP - GCF. (s)

One can recognize the BRUF [as defined in Equation (6)] and di_ as the power on the incremental source area

“amld o new term ealled the geometrical configuration factor ((tﬁ):

cos0_ cos0_ dA '
@ = - “",--‘ <, )

When the power transfer cquation has been weitten in the three-part form of Equution (8), the foltowing
qualitative statewents can he made:

1) When only the coatings (BRDF) arc variced to cvaluate their cffects on o system, the
GUE dovs not chapge ond it can be calculated once and stored for subscquent analysis.

2) When the system is not changed and only the source off-axis angle is altered in the
analysis, the GCF vemains fixed.

3) If on object in a system is altered in its size or shape, only transfers to or from

this object, or trunsfers whore it was used as sn abscuration will nced to be recal-
culated.

Program Two calculates the GCF between all previously determined source-collector comhinations. Program
Two also calculates und stores the angle information necessary for the calculation of the BRDF in Program
Mree.  Thus, by storing this information, the computer time to do a number of analyses of a system is re-
duced tremcndously.

Progiam Tvo divides objeets into pi scctions and axial, or 2z, scctions. The rcasons for this type of -
divivion will become apparent when symmetry rules are used.  The program could divide the ohjects into hun-
dreds of sections, hut the storage problems in core become insurmountable, so APART limits the number of
thviniens, of an obgect to 06,  If move accuracy is desired, cach section of cach ohject may he further sub-
divided anto an sy sabsections as one desires,  Figoee 4 D lustrates how a cone can be divided, The ce-
sttt of the anple and GUF cadvabation between the sobsections is sveraged over one section-to-section
e ey sl stored for Progeam Theee's use,  Thus, problems such as accurately determining the shadow of a

cone ante o cone con be hamdbed with as o much accuracy as desired, .

Fig. 4. Scctions and subscctions on a cone.
Symmetry Considerations

When objects within o system arc rotationally symmetrical about the optical axix, APART can use the sym-
metry to furthe~ reduce the necessary GCF and angle caleulations, One can sce in Figure 5a that the trans-
fer from pi sevi on three to pi scction one involves only an angle sign change from the pi section three to
pi scetion Cive trmsfer,  Mis use of symmetry climinates 2/5 of the calculations. Furthermore, the above

c-4
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use of symmetey con be rotated, os in Figure Sh,  The above transfers are the same as the teansfer from pi
section two to pi seetions tour or five.  Thos, to completely specify a power trinster botween objects witn
one 2z rection and Five prosections, only three calenbations are necessary,  Twenty five calewlations wonld
be necessary for similavly sectioned objects that were asymmetrical,

GE Iy
Fig. 5a Fig. Sb

APART also uxes this same type of symmetry when calculating the subscction-to-subscction transfors. Synm-
metry oeeurs here when the nusber of pi subsections on the source section cquals the number of pi subsections
on the collector section,  This wie of symmetry reduced the computer time tur a three-by-three subscction .
transfer 1o about half of what it wonld have been with no symuetey,

(u{upruyiygnv:

Program two considers obstructions when calculating the GCF. The obstructions, imaped or not, are homdiced
B cssentindly the same manner as imaged objects, ‘The vecetor from the source point to the collector point is
used to determine the (x,y) intercept in the planc of an aperture or disk, where the intercept must be
respectively inside or outside for power to pass., All obscurptions are handled in a binary monner for the
transfer between subsections to subscctions, lowever, the average over a scction-to-section transfer will ®”
roesult in o more realistiv determination of the shadow, Obstructing conical scctions pose additional prob-
Jems hecause of their three-dimensional character. A ray now has the possibility of being blocked, passing
arvound the cone, or pussing through the cone. If the ruy passes through both conds of the conc, the ray is
not ohstructed. Obviously, if the ray passes through one end and not the other, it fails. For the last case
of a ray passing outsidc both cone ends, a further check must be made: from the source point, two planes can
be drawn tangent to the obstructing conc, establishing a trapozoidal plane in space when intersccted with the
two cone ends. e ray is now checked for its position inside or outside of the trapezoid and, in conjunce
tion with the other two tests, will determine the power transfer,

Now that the power transfers have been identificd aund the GCF and angle information for them calculated
and stored, the APART analysis nceds to caleulate the remaining terms in Equation (8) and determine the re-
sultant scatter throughout the system.

Program ‘three Calentations

Propram Three has two main functions: to calvulate the BRBE for cach scction within the system for the
angles needed amd to caleulate the power increments throughout the system, The resuit js the amount of power
on all of the objects and insight into how this power got there.

Surface Scatter Calculations

APART can accept BRUE values for a surface in a nuwber of ways. First, actual data can bc input in a
tabled form.  The data will be lincarly interpolated for the angles actually encountered in Program Three.
Sccond, the program can usc any onc of scveral models for the BRDE of the surfacc. The accuracy and speed
of the models over the table loohup approach depend upon the coating, the cost, and the time to muke suffi-
cient measurcements to i1l the table.

The simplest model for surface scatter is a Lambertian model, Here, one inputs the total hemispherical
reflectivity of the surface as a coating type for the surfaces on which it is to he used. ‘The BRLE term in
Lquation (8) is a copstant, and the calculation is finished. Bccause Lambertian scattering necds no angular
information in Program Three, one can have Program Two ignorc the lcngthy surface angle calculations for :
these transfers, saviang coven wmore computer time.

Laboratory measurcments of mirror surfuces have tended to indicatc that g "smooth' mirror surface has a
well-behaved linear shift-iovariant BROE Function. (3) 1his function is lincar when plotted on log-log paper
with the ordinate being the BRDE and the abscissa being (B-Rp) where 8 is the sine of the anple of scattering
ind Ry is the sinc of the specular angle. A typical example js shown in Figure 6. The program models this
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fonction by reading in the ordinnte intorcept ot 8-8 » 0,00 and the slope as plotted on the log-log paper,
Averapge observed alata can e faput, or the reselts of o measnrement program on the actnial mirvovs in o sensoy
v be wsed B0 the @ty are plotied amd ioput as describnd, .

[
0° ke :\.“
‘K.\
0! A

BRDF

STR~!

o7 ¢ @ 0° incidence %
& 15° incidence KO f
& )0° incidence ‘\.
0 §5° incidence ()
o= e o 60°,incidence “o
%
&g°
®
to=* ] ] [ A 1 1 -
0.01 0.10 1.00
(8-8¢)

¥ig. 6. BRDF of an average mirrbr,

For rougher surfaces that do not follow the lincar shift-invariant propertics observed on mirrvors, there
in o omoded called "blocks. This routine also utilizes data plotted in the Harvey-Shach manner described for
the mirror surfaces above.  These types of coatings are more similar to diffusce black surfaces Like Martin
Black or 3 Black Velvet than they are to mirrors.  Measured data {rom these types of surfaces indicate that
the slopes and starting poants Toe small angle seattering change with the incident angle,  Thus, the input
for the progeam mwdet i tudes o factor for the change in slope as a function of the ncident angle and a
factor for the chanpe i BROE ot R-fg = 0,01, The calculations for this type of model are much longer than
for the Lambertion mode), and this model is intended to be used as a final analysis tool for a very accurate
deseription of o sensor,

‘the addition of vanes to a surface Is handled in a unique fashion., UHp to this point in the analysis, all
surfaces were treated as cylinders or disks. Conces that have vanes designed onto the baffle cones are con.
sidered to be conicul scctions with the cone being locatad at the locus of vane tips. Vanes could bhe handled
by inputting cach side of a vane as a disk, with a cylinder to separate the vanes. This would inclwle a
large nunber of objects in the system and a tremencous number of angle and GCF calculations in Program wo,
Vanes, as handlicd by APART, nced only onc anglce and GCF calculations per section, Program Three hnows, for
a piven transfer, what the angle into ¢he surface and the anple out of . surface will be. For the vaned
surface, os well as any other model, the program calculates the apparent reflectivity of the surfyge for
those angles. ‘lo handle vaned surfaces, Program lhree utilizes configuration factor geometry to calculate
the power transfors within the vanes resulting in the BRDE of the vaned section. Thus, APART rceplaces a
vaned object with an equuvalent nonvaned surtface that has an associated highly unsymmetrical RRDE, the input
parameteors necessary to describe a vaned surface include: the angle at which the vanes are tilted, their
dupth beluw the tocus of vane tips, their spacing, their diffuse reflectivity, and their distance from the
optical axis,

ALl vaned surfiaces will have edges on the vanes, and these cdges are also handled in a unique manner. As
was previously meationcd, APART hnows the angle rvadiation is hitting a surface, and the angle radiation will
Jeave the sccetion on its way to the collector. 7Thus, for a toreidal odge, the illuminated and "scen” part of
the cdpe can be vasily caleatated,  The are length of the overlap can also he caleulated.  The are leagth,
along with a correction fuctor for the anple at which the ifluminated portion of the cdge is scen, 1% assumed
to he g eylinder just as an the vaned surtace caleutation.  An apparent reflectivity is caleutated far the
Saabl oeylinder representing the e length and is added to the vane reflectivity as caleulated ahove. 1,
bl cdges within a system are caleulated in o doterministic mamer.  The input paramcters for this surface
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sodel are the diffuse refloctivity of the cdpes and the radius of curvature of the edge tip,  APART can
handie difterent veflectivitios and edge radai for vane tips located in ditforent sections of the same oh.
Jeot

Ths, APARL can utidize a variety of measured data to caleulate the BRHE of the surfaces,  Now two of the
varlablea an byuation (B) have been caleulated for a given section-tossection transfer, Al that renaans
the analysis is to have the progrom cycle through all of the object's sections and avcumpiate the result from
lguation (8).

Fouer Increments

The remaining torm in Lquation (8) to be caleulated is dP*. To start the calculations in Program ihyee,
ONC munt Asxipn xome starting amount of power onto some source{s) seetion, ‘this initialized source may be
a point lacated some distance from the entrinse port of the systom, if one is seching to find a paint source
tronsmittance (PSF).  APARYT contnins a ~itmpl  loader voutine that can load wny or all section of three ob-
Jocts with power, More sophisticated loauer routines con be written that will include unusual obscurations

~ or other situations not included in the gencral program,

~ The uxer must now enter the source-collector combinations as a function of the levels of scatter into
Program Three. For oxample, at level one scatter the sources will be the objects that were loaded with the
initinl power. The collicctors at level onc scatter are all of the objects to which the sources can transfer
power. The GCF's and angles for these transfers, as calculated in Program Two, must be recalled for this
transfer calenlition.  The program will caleulate dP, for cach source and collector section of the input com-
binations. Lach increment of power reaching a colleftor scction is ‘stored separately and also s added after
al) power from all sources has been calculated. Thus, at the end of a level of scatter caleulations, the
program will have stored all increments of power to all the collectors and the total amount of power on cach
scction of the collectors.

At the next Jevel of scajter calculations, the above collectors will become sources,  The sum of the in-
crements of power on the collectors [fquation (8)j will become the dP_ of Fquation (8). This sequence of
calvulations will continue until the image is a collector, The calcuiuzionq can be carricd out to a higher
Teved of seatter if one wishes, but usually the encrgy reaching the image at the higher level is considerably
Yuwer than thot reccived at a lower lovel of scatter,

e source section may contribute increments of power to the same collector section by several optical
pathe (i.eo, directly or by reflection).  When this power is then scattered from the colloector “nto a sinple
direction tonard o seeond Jevel collector, cach increment of power incident on the first collector will con.
tribute o dafferent proportion of the scattered energy because of the (ifferent input angles. Thas s be-
cause the RRDE 18 pencrally angle dependent,  Although the separate storage of these increments of power 1w
a necessary amd Jaburious tash, it is responsible for the user's insight into the system scattoring mecha-
0sies, 'y

The progrom con output a map of the increments of power reaching any ohject the user wishes. Of particu
Yar anterent is a map of objects contributing power to the image.  1f a particular critical ohjeet a5 o0 migor
contributor of power, one can teld at o glance which sections on that critical object contributed the wost
poser,  Tables 1 oand 2 allustrate some of the output frow I'rogram Three for two objects transferring puwer to
the image,

__Tahle 1. TPower on One Section of the Tmoge Coming from the Main Tubo
Tis obyect in considercd to the image

This is the power on pi section 3, 2 section |

0 0 0 0 0.18E-006 Total = 1,83E-07

0 0 0 0 0 Total = 0

0 0 0 0 0 Total « 0

0 0 0 0 0 Total = 0

] [ [ 0 0.18E-06 Total =« },83E-07
Total 0 0 0 0 .67E-07

Total power to this section is 3,67€-07

‘e
Table 2.  Power on One Scetion of the Image Coming from the Primary Mirror
his objoct is constdercd to the imige
This is the power on pi section 3, 2 section |
0.38L-08 0.371-08 0.376-08 0.36L-08 0.350-08 Total = 1.841-08
0 (1] 0 0 0 Total = 0
0 (1] 0 0 0 Total = 0
0 0 1] 0 0 Total = 0
0. 381.-08 0.37r-08 0.370-08 0.36r-08 0. 350.-08 Total = 1.84F-08
Total  7,621.-00 7. 4L 08 7ys0L-00 T 509 kA ReinY

datal puwey to this cction is 368108
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There wil) be onc array of this type for each section of the image and one group of arrays from all objects
transforring power to it. The numbers in the arrays contaln the incroments of power incident on the jmage
from cach ¢ «ction of the source listed. In the examples shown, the source. objects have five pioand 2 sec-
tions each,  For example, the power incldent on the bmage from the primry mirvor's pi section one and 2 sec-
thon four is 0, 30L-08,  The user conld mow vealize that only two sections of the nain tabe trapster power to
the image compared to 10 nections From the primiey mivvor,  Furthermore, the power coming from the mon tube
ix about 10 times higher than from the primary mieror.  Thus, for the data presented, the significant path s
from the Fifth ¢ scction of the main tube to the image. One ¢an also roquest that the increaments of power to
the eritical objeets be printed. In this manner, the user can trace all of the scattered radiatios through-
out the system ond ddentify the radiation from the significant paths followed to reiach the image.

The user, having identificd tho important scattering paths, now has available the possibic alternatives to
fmprove the system performance. First, one cun rerun only the significant paths and vary the surface coat-
inps on the critical objects to determine their offects. It is important to rcalize that the addition of
coatings or.vancs on a surface docs not mean that all of APART must be rerun with new input throughout, All
that must be done is to change one card of the Program Three input deck and rerun Program Three.  This step
can also be done in the same job sequence by stacking runs., [If the result of this step docs not result an
sufficicnt system improvement, onc can consider the possibic redesign of the system to eliminate the sections
of the criticul objects from the view of the image. Rerunping the Program Onc scan from the image wall be
helpful in this procedurc. A third possibility is to alter the radiation incident on the most importunt scc-
tions of the critical objects, 1 the power reaching tho critical scctions can Y~ lowered by system rede-
sign or surface coatings, the power on the image likewise will be reduced. Thus, with the use of APART the
user knows just which steps arc possiblo to alter the system performance.

!

Program Ontput

There arc numerous output options availablc to the user of Program Three. The printing of the map of the
power increments mentioncd above is an cxample of a very detailed output. At the termination of cach level
of scatter, o running totaf of the power distribution on cach object and the power incident at this level can
he printed.  PFollowing all of the levels of scatter, a table of ohjects contributing power to the image can
he output. This table lists the percent of the totul encrgy reaching the image at cach level of scatter
from cach object and the total power reaching the image at each level (Table 3). This percent tuble gives
the user immediate insight into which objects are prime contributors nnd at what lcvel they arc; however, the
knowledge of which scctions of these objects are the most significant is lost in this output.

Table 3. A Percent Table for 3 Levels of Scatter

Percent of Power Contributed
by Each Objcct as a Function .
Each Scattering lLevel :

!

Ohjocts Level of Scatter
1 Source

2 Main Tube

3 Outer Sceondary Raf
4 Inncr Sccondary

$ Outer Conical

6 Inuer Conical

7

8 Secondary Backing
9 Sccondary Mirror
10 Primary Mirror
1] Entrance lort
12 Image Plane
13 Dummy

-
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Total l'ower 0.4776-04  0.879L-07

*Represcntative Casscprain Stroy Radiation Analysis

Following the culculation of all levels of scatter for an off-axis source angle, the program can storc in-
formation for comparison with other source angles. An accumuliated percent table can be stored for up to 10
source angles. This table includes the total enerpy reaching the image and the percent of cncrgy coming from
cach of the vhjects in the system making up that total. Thus, the user can sce how the energy rcaching the
image changes with different off-axis source anglces,

A figure of merit for the stray vadiation rejcction performance of the system called point source transe
mittance (PS1) can be defined for coch off-axis point as cither

PST Power/unit arca on image 10
Power/unit arca at cntrance port perpendicular to source (10

l

or,

URIGINAL PAGE IS
OF POOR QUALITY
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Trene PST's can he stored for each sourco anple and plotted against the off-axis angle at the cud of a cycle
of source anglex, The plot can he cither o printer plot or a Cal Comp plot.

Cycles of source angles can also he stacked in 2 single job eaccution. For example, onc could run 10
source angies on n systom with 90° haffle vanes on the main ., alter the vano angles to 60°, and have the
program plot both scts of rosults together. Up to eight cycles of source angles can he overplotted in one
Job cxccution, Paramotric studics of the surfucc coatings as well as the effoct of the BRUF on a systom's
performance can be made with very littie setup time,

Earth Inteogration

With the generated PST data, the contribution from a broad source can be integrated by subdividing the
source and determining the off-axis angle for cach section. The PST curve can he interpolated and a ve-
sulting irradiance on the image calculated. Such a rouuine, written by Cary Hunt, Sperry Support Scrvices,
Huntsville, Alabama, has beon incorporated into APART. It is designed ¢ integrate the radiation from an
carch-shaped ohject for a sct of carth limb angles designated in the input. The PST values are spline inter-
polated for the off-uxis subsections of the carth, The irradiance on the carth, albedo, carth's radius,
orhital altitude, and Jook angles to the hard carth are input variables. Output is the irradiance on the
image and the total power roaching the image as a function of a sct of carth limb angles,

Comparison with Mcasured Datn

e true value of an analysis program is mcasurcd by how accurately it predicts the rcal result. APART
predictions have hoen comparcd to systems tested for their stray radiation rejection, and the results have
usually hecn within a factor of two. The complex HOST sensor has heen analyzed with APART(Y) and the re-
sults have given us insight into how simple the scattering mechanisms can be, cven in a complicated system.
e system, 4 0.5-m-diameter model of the Large Space Telescope (LST) has boen designed, analyzed, fabri-
cated, amd tosted to help determine APART's worth, Before testing started, an analysis of the sys.om in jts
torting chamber revealed that the testing chanber was going to have a major influence on the amount of power
reaching the image. * As a result, the testing prnccdurc had to he redesigned., The measurcd values gave very
good agreement with the computer predictions. () Tho APART analysis was also helpful in directing the do-
bugging of the test procedures.

Conclusion

The APART program has heen written to analyze the stray radintion in optical systems. It was designed to
be straightforwvard in structurc with a versatile output and a simple nonredundant input. It gives the uscr
an cxcellent insight into the scattering mechanisms present within a system and also a clear understanding of
how to improvc the system for better stray radiation performance, APART uses a minimum of computer core and
contral processor time because it stores the results of calculations to eliminate unnecessary rccalculation,
Its ability to accurately predict the system performance as well as its ability to develop user insight have
dispelled some preconceived notions about scattering principles.

References

). belumo, ., "First-Order Design and the y,y Diagram," Appl. Opt., Vol. 2, No., 12, pp. 1251-1250.
1903,

2. Shack, . V., "Analytic System Design with a Pencil and Ruler--The Advantages of the y-F Diagram,"
Proc. SI'IE, Vol. 39, Aug. 1973, Applications of Geometrical Optics.

3. MNarvey, J. E., "Light-Scattering Characteristics of Optical Survaces,” Ph.D. Dissertation, University
of Arizona, 1976,

4. A Study leading to Improvements in Radiation Focusing and Control in Infrared Sensors, Final report
for /A project BN3035010215, Report No. AMMRC CIW 76-42, Army Matcrials § Mechanics Roscarch Conter, Water-
town, Mass,, 02172,

S. lunt, G. . and Shelton, G. B., "Experimental Mcasurcmeont and Computer Anualysis of Stray Radiation in
a Telescope," in Proc. SPIE, Vol, 107, April 1977,

s 8 P R 4



	1981021426.pdf
	0012A01.jpg
	0012A01.tif
	0012A02.tif
	0012A03.tif
	0012A04.tif
	0012A05.tif
	0012A06.tif
	0012A07.tif
	0012A08.tif
	0012A09.tif
	0012A11.tif
	0012A12.tif
	0012A13.tif
	0012B01.tif
	0012B02.tif
	0012B03.tif
	0012B04.tif
	0012B05.tif
	0012B06.tif
	0012B07.tif
	0012B08.tif
	0012B09.tif
	0012B10.tif
	0012B11.jpg
	0012B11.tif
	0012B12.tif
	0012B13.tif
	0012B14.tif
	0012C01.tif
	0012C02.tif
	0012C03.tif
	0012C04.tif
	0012C05.tif
	0012C06.tif
	0012C07.tif
	0012C08.tif
	0012C09.tif
	0012C10.tif
	0012C11.tif
	0012C12.tif
	0012C13.tif
	0012C14.tif
	0012D01.tif
	0012D02.tif
	0012D03.tif
	0012D04.tif
	0012D05.tif
	0012D06.tif
	0012D07.tif
	0012D08.tif
	0012D09.tif
	0012D10.tif
	0012D11.tif
	0012D12.tif
	0012D13.tif
	0012D14.tif
	0012E01.tif
	0012E02.tif
	0012E03.tif
	0012E04.tif
	0012E05.tif
	0012E06.tif
	0012E07.tif
	0012E08.tif
	0012E09.tif
	0012E10.tif
	0012E11.tif
	0012E12.tif
	0012E13.tif
	0012E14.tif
	0012F01.tif
	0012F02.tif
	0012F03.tif
	0012F04.tif
	0012F05.tif
	0012F06.tif
	0012F07.tif
	0012F08.tif
	0012F09.tif
	0012F10.tif
	0012F11.tif
	0012F12.tif
	0012F13.tif
	0012F14.tif
	0012G01.tif
	0012G02.tif
	0012G03.tif
	0012G04.tif
	0012G05.tif
	0012G06.tif
	0012G07.tif
	0012G08.tif
	0012G09.tif
	0012G10.tif
	0012G11.tif
	0012G12.tif
	0012G13.tif
	0012G14.tif
	0013A02.tif
	0013A03.tif
	0013A04.tif
	0013A05.tif
	0013A06.tif
	0013A07.tif
	0013A08.tif
	0013A09.tif
	0013A10.tif
	0013A11.tif
	0013A12.tif
	0013A13.tif
	0013A14.tif
	0013B01.tif
	0013B02.tif
	0013B03.tif
	0013B04.tif
	0013B05.tif
	0013B06.tif
	0013B07.tif
	0013B08.tif
	0013B09.tif
	0013B11.tif
	0013B12.tif
	0013B13.tif
	0013B14.tif
	0013C01.tif
	0013C02.tif
	0013C03.tif
	0013C04.tif
	0013C05.tif
	0013C06.tif
	0013C07.tif
	0013C08.tif
	0013C09.tif
	0013C10.tif
	0013C11.tif
	0013C13.tif
	0013C14.tif
	0013D01.tif
	0013D02.tif
	0013D03.tif
	0013D04.tif
	0013D05.tif
	0013D06.tif
	0013D07.tif
	0013D08.tif
	0013D09.tif
	0013D10.tif
	0013D11.tif
	0013D12.tif
	0013D14.tif
	0013E01.tif
	0013E02.tif
	0013E03.tif
	0013E04.tif
	0013E05.tif
	0013E06.tif
	0013E07.tif
	0013E08.tif




