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1.0 INTRODUCTION

This document constitutes the final report for the Wide Field Planetary Camera
Optics Study, sponsored by California Institute of Technclogy Jet Propulsion
Laboratory and conducted by Eastman Kodak Company.

1.1 BACKGROUND

The Wide Field/Planetary Camera (WF/PC) will be used with the Space Telescope
(ST) to obtain high angular resolution astronomical information over a wide
field. The Jet Propulsion Laboratory design concept employs internal optics
to relay the ST image to a CCD detector system.

1.2 PROGRAM
The purpose of the Wide Field/Planetary Camera Optics Study was to:

1. Establish design feasibility of the baseline optical
design concept.

2. Optimize the baseline optical design, if necessary.

3, Calculate design performance data for the optimized
design.

4, Perform optical sensitivity and tolerance analysis.

5. Establish feasibility of a pyramid mirror as a focus
mechanism.

6. Establish manufacturability of the unmounted optical
components.

7. Establish detailed techniques for acceptance testing
of the two mirror Cassegrain relays.

8. Provide detailed optical component drawings.

1.3 PROGRAM SCHEDULES

The start of contract was 11 August 1978. Two technical briefings were held
at the Jet Propulsion Laboratory. The first briefing was on 12 October 1978

1
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and covered the analyses and optimization of the baseline design concept. The
second briefing was on 9 January 1979 and covered optical design performance
predictions, sensitivity and tolerance analyses, manufacturability of the
optical components, and acceptance testing of the two mirror Cassegrain relays.

1.4 ACKNOWLEDGEMENTS

The following people contributed to this study:

Study Manager - Peter A. Jones
Optical Design - Richard A. Stark
Optical Fabrication -~ John E. Schlauch
Optical Testing - John J. Hannon

Alexander Zanolli
System Engineering ~  Peter A. Jones
Stanley E. Ekiert

1.5 STUDY RESULTS

' The primary and secondary mirror surfaces in the wide field camera have been
changed in the optical design from conic aspheres to general aspheres. This

. design change increases the off-axis performance with a minor reduction in
on-axis performance. The planetary camera is optimized with no changes in the
design necessary.

The unmounted optical components are within the state-of-the-art; however, a
development program will be needed to manufacture the aspherical surfaces.

Stringent performance requirements of the combined Optical Telescope Assembly
(OTA)-Wide Field/Planetary Camera (WF/PC) demand quantitative interferemetric
testing throughout the buildup of the WF/PC.

2
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2.0 OTA OPTICAL CONFIGURATION

The OTA optical configuration is a catoptric Ritchey-Chretien version of the
Cassegrain telescope (figure 2.0-1). The configuration consists of hyperbolic
primary and secondary mirrors. The conic shapes have been chosen to
simultaneously correct spherical aberration and coma. The aberrations of
astigmatism, field curvature, and distortion are present off-axis in predictable
amounts. Field curvature and astigmatism appear as two well-defined curved
focal surfaces (two concave prolate spheroids), shown in figure 2.0-2. At a
semi-field angle of 15.6 arcminutes (edge of tracking field of fine guidance
sensor), the primary astigmatism is 0.73 A rms (A = 0.6328 Angstroms) with a
residual coma of 0.2 A rms. At a semi-field angle of 7.8 arcminutes (inside
data field of axial scientific instrument) the primary astigmatism is 0.18 X rms
with a residual coma on the order of 0.002 A rms.

An optical control subsystem is provided on the OTA. Its purpose is to-

(1) sense the condition of primary mirror position, (2) sense the condition of
secondary mirror optical axis to primary mirror optical axis alignment,

(3) sense the condition of focus, (4) define the relative positions of the OTA
focal surfaces mounted onfﬁhe focal plane structure, (5) provide the means for
primary mirror position adjustment and, (6) provide means by which alignment
and focus can be adjusted.

Under orbital operational conditions for up to ten hours of observation, the
optical control subsystem will be used to maintain the on-axis static wavefront
error to be less than 0.075 A rms. However, it is anticipated that the on-axis
static wavefront error should be less than 0.05 A rms. Coupled with a worst
case image stability requirement of 0.007 arcseconds (overall Space Telescope),
70- percent of the encircled energy in the star image will occur in a radius of
0.1 arcseconds.

3
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In figure 2.0-3 is shown the designed, static, on-axis geometric mean MTF

for the OTA. The geometric mean is an average of the sagittal and tangential
MTF's which are independently calculated. In an operational (dynamic)
condition, ‘the designed MTF will be reduced by manufacturing, alignment, and
focus errors as well as pointing stability error. As noted, the OTA is
designed to have an on-axis, static wavefront error of no more than 0.05 A rms
(» = 6328 Angstroms) with an autocorrelation length of 0.125. The predicted
"manufactured” on-axis, static MTF is shown in figure 2.0-3. Therogera11
system is designed to have a pointing stability error of no greater than 0.007
arcseconds. Also shown in figure 2.0-3 is the predicted on-axis, operational

MTF performance.
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=
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Figure 2.0-3
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The Space Telescope is expected .to make exposures on the day side of the~
orbit when stray 1ight from the sun or the earth could Timit the sensitivity
of its instruments. Therefore, an extensive system of 1ight shields and
baffles to protect the focal surface from stray 1ight has been specified for
the 0TA.

One of the principal advantages of a space telescope is that ultraviolet
measurements can be made without detriment due to absorption or turbulent
effects from an intervening atmosphere. (OF special astronomical interest

is the Lyman Alpha 1ine at 1215 ﬂ.) To meet the overall wavelength requirements,
a coating of aluminum with a protective overcoating of magnesium fluoride

has been specified for the mirror surfaces.

2.1 PARAXIAL EVALUATION OF OTA OPTICS
The Tocations of optical images are calculated by paraxial ray trace

equations. These equations are:

'y'i = 'y'i“]. + (nu)i-l (t/n)']'l

(nu),i = (nu)i_1 Ty, (n1._1 -ni)ri
Where:
y. = ray height on i-th surface
u. = ray slope following i-th surface
n. = refractive index following i-th surface

t. = thickness between i-th surface and next surface

r. = vertex radius of curvature of i-th surface

Thickness and index are positive (+) in the region where the ray travels
from Teft to right and the vertex radius of curvature is positive (+) if

its center-of-curvature lies to the right of the vertex.
6
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http:expected.to

2.1.1 OTA Focal Surface Location, Focal Length and f-number

For the OTA, the following surface subscripts will be used:

1

object surface

entrance pupil/primary mirror
secondary mirror

exit pupil

image surface

oW N e O
1

I

The OTA lens prescription is:

r

1 -1104.0 cm t1 = -490.6071 cm n, = =1.0

1

~-135.8 cm (tz + t3) = 640.61992 cm n = +1.0

) 2 - M3

Let an axial reference ray, parallel to the optical axis (u, = 0) be incident
upon the primary mirror. The height of this incoming ray, traveling left to

right, is 100 units (y0 =Y F 100). After reflection from the primary mirror,
the ray slope is:

(nu)1 =0+ (200)(1 + 1)/(-1104.0) = -0.18115942

At the secondary mirror, the ray height is:

Yo = 100 + (-0.18115942)(-490.6071/-1) = 11.121902 units

And after reflection from the secondary mirror, the ray slope is:

(nu)2 = (~0.18115942) + (11.121902)(-1 ~-1){-135.8) = -0.017361156

At this point in the analysis, the location of the exit pupil is unknown; how-
ever, because it is a dummy surface causing no reflection or refraction of the
ray, it can be neglected and the ray can be traced directiy to the image
surface. At thes image surface, the ray height is:

Yy = (11.121902) + (~0.017361156)(640.61992/1.C) = 0.000000 units

7
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A ray height of zero at the OTA image surface shows that incoming on-axis rays
are brought to a focus at the prescribed image surface. The focal length (f)
of the OTA can also be easily checked by the formula:

f= -yl /uR

Where:

Surface 1 is the entrance pupil

Surface R is the exit pupil

Then, the calculated OTA focal length is:

= -100/(-0.017361156) = 5760 cm
The OTA system f-number is the ratio of system fTocal Tength divided by entrance
pupil diameter. This diameter, 240 cm, is also the clear aperture diameter of

the primary mirror. Thus 5760/240 = 24 and the system f-number is f/24.

2.1.2 O7A Exit Pupil

The exit pupil of the OTA is the image of its entrance pupil. The location of
the exit pupil is found by tracing a chief ray through the optical system. Chief
rays, by definition, pass through the centers of both the entrance and exit
pupils. Thus, the height of a chief ray in the entrance pupil is zero (§i=0).
Let the siope for an incoming reference chief ray be unity (G}3= 1.0).

Then, the slope for the chief ray after reflection from the primary mirror is:
+(nu)y = 1.0 + (0) (1 + 1)/(-1104.0) = 1.0
The ray height of the chief ray at the secondary mirror is:

}é = 0 + (1.0)(-490.6071/-1) = 490.6071 units

8
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After reflection from the secondary mirror, the slope of the chief ray is:
(nni)2 = 1.0 + (490.6071)(-1 ~1)/(-135.8) = 8.225436

The height of the chief ray on the next surface is then calculated. This next
surface is the exit pupil and the chief ray height is, by definition, zero at
that surface (}é = 0). Thus, equation (1) is written:

0 = 490.6071 + (8.225436)(t2/1)

Solving for the unknown distance t,:

t2 = -(490.6071)/(8.225436) = -59.645118 cm
The exit pupil, therefore, is Tocated 59.645118 cm from the secondary mirror
vertex, The minus sign means that this exit pupil is a virtual image of the

entrance pupil and is located to the Teft of the secondary mirror.

Finally, the spacing t3 between the exit pupil and the image surface is solved:

ty = (t2 + t3) - tz = (640.61992) ~ (-59.64512) = 700.26504 cm

Now that t2 and t3 are known, the height (y3) of the axial ray on the exit

pupil can be calculated. Using equation (1):

Y3 = 11.121902 + (~0.017361156)(-59.645118/1) = 12.15741 units

The actual diametar (Dep') of the OTA exit pupil in centimeters is found by
scaling Y3 by the ratio of actual entrance pupil diameter (240 cm) divided
by axial ray height (100 units) used at the entrance pupil:

Dep' = (12.15741)(240/100) = 29.17778 cm

9
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In summary, the above paraxial evaluation of the OTA verified the location of
the OTA focal surface and the values of OTA focal length and f-number with
respect to the OTA Tens prescription which was provided. Also, the above eval~
uation determined the location and diameterof the OTA exit pupil.

2.1.3 OTA Conic Constants

The OTA is a two-mirror Ritchey-ChreEien (RC) optical system. An RC system is
corrected for third-order spherical aberration and coma by adjustment of the
conic constants for the two mirrors. The following sets of equations are used
to calculate these conic constants (K). Subscript 1 refers to the first mirror
(primary) and subscript 2 refers to the second mirror (secondary).

B, = (nu)0 + yllrl

w0
1

o = (nu)y *+ yo/ry

=
1

1 (nu)q + ¥/t
2 = (M * ¥p/Ty

Bll = (nu)1 - (nu)0
32' = (nu), - (nu);

i 3
C, = +2 (yl/rly
C, = =2 (y,/r,)°>
2 2/
- 2, ! 2 !
E=By "By ¥y *By " By yp*R

F = Al B1 B1 yl + Az 82 82 y2 + Rc

-~ .
n

-~
|
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The application of these equations will be illustrated by calculating the
conic constants for the OTA. The paraxial ray trace data generated in the

preceding sections will be used. For those data, the subscripts coincide
with those used in the above equation set.

o=
1

1 0 + 100/(-1104) = -0.0905797101

ws)
fl

5 (-0.017361156 + 11.121902/(-135.8) = ~0.0992602871

=
L]

1+0/(-1104) = 1

1
A, = (8.225436) + 490.6071/(~135.8) = 4.612718032
BI' = (-0.18115942) - 0 = -0.18115942

(=)
fl

o (-0.017361156) - (-0.18115942) = 0.163798264

(2]
It

1 ? [iOO/(-1104}]3 = -0,0014863558

(]
I

, = -2 [11.121902/(»135.85] 3 . 0.0010986715

The quantities R; and RC are residual spherical aberration and residual coma,
respectively. For the OTA, these two aberrations are corrected exactly.
Hence, Rs = 0 and RC = 0. Then:

E =-0.1306866124

F = 0.8068316434

11
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And:

~
I

= -1.0022985

= ~1.4968601

-~
1

These conic constants agree exactly with those specified in the OTA lens
prescription.
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3.0 WF/PC OPTICAL CONFIGURATION

In order to meet the scientific objectives of the Space Telescope, the
scientific instruments must introduce the least possible degradation to the
image provided by the OTA. Ideally, all of the scientific instruments would
be designed with their detector surfaces at the OTA focal surface (figure 3.0-i);
however, there are two basic reasons for optics in the scientific instruments.
The first is to correct the astigmatism in the OTA data field (figure 3.0-2).
The Space Telescope optical system’(OTA + scientific instrument) can then be
considered field curvature Timited (one well-defined image surface). In this
case, the field curvature could be "accommodated" by a similarly curved
detector surface. The second reason is to change the OTA system focal ratio
§f724). This will change the angular resolution and the field of view.

The scientific objectives of the WF/PC involve obtaining high angular resolution
over the widest field of view possible (: 3 arcminutes). UV requirements
prohibit system refractive elements. Reflective surfaces must be held to a
minimum to meet the photometric requirements. The optical design concept is
based on optimizing the image spot size to the CCD pixel size by changing the
OTA focal ratio (f/24 — £/12.9). To meet the field of view requirement

(3 arcminutes x 3 arcminutes) with state-of-~the-art CCD technology (800x800
array), the total field (1600x1600 array) is split into four fields via a

four faceted reflective pyramid. The OTA focal ratio is changed and re-imaged
at a second focal surface via a finite conjugate Cassegrain relay. One of the
four optical paths is shown in Figure 3.0-3. To meet the angular resoiution
and field of view requirements of the planetary camera, a separate optical
system (f/30) is used.

In the baseline design, the Cassegrain relays have been corrected for third
order spherical aberration and coma. Astigmatism and field curvature are not
controlled in the design. In the optimized design (see Section 6.1} for the
wide field camera, these aberrations are balanced by changing the asphericity
of the Cassegrain relay primary and_secondary mirrors. It should be noted,
however, that the WF/PC focal surface for the wide field camera is not flat
{sée Section 7.2).
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The Planetary Camera also has residual astigmatism and field curvature. How-
ever, the effect of these aberrations on image quality is negligible because
this system operates at a higher f-number and has a smaller angular field.

1/12.9 WIDE FIELD CAMERA
/30 PLANETARY CAMERA

ORIGINAL PAS
OF POOR QUALITY

CASSEGRAIN
RELAY

FOUR FACET
REFLECTIVE

FILIERS
£OLD MIRAOA PYRAMID CCD DETECTOR

WF/PC OPTICAL CONFIGURATION

Figure 3.0-3

3.1 PARAXIAL EVALUATION OF WF/PC OPTICS

The following surface subscripts will be used for the WF/PC optics and OTA
exit pupil:

- OTA exit pupil

- OTA image surface/field mirror (pyramid face)
primary mirror

- secondary mirror

~ G O AW
|

- primary mirror hole
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8 -~ window (first surface)
9 - window {second surface)
10 - image surface (detector)

3.1.1 7£/12.88 Focal Surface Location, Focal Length, and f-number

The lens prescription for this relay system is:

ry = 306.84 cm ty = 113.0610 cm ng = 1.0

rg = -40.5662 cm t; = ~16.2590 cm ng = ;1.0
re = ~28.5460 cm te =‘16.2590 cm ng = 1.0

ry = infinity t7 = 4,2227 cm n, = 1.0

rg = infinity tg = 0.2500 cm ng = 1.387
rq = infinity tg = 0.1011 cm ng = 1.0

In the preceding section, an on-axis ray was made incident upon the OTA primary
mirror at a height of 100 units. This same ray came to a focus (y4 = 0) at the
OTA focal surface and was incident upon that surface at a slope of (nu)3 = (nu)2
= -0.017361156. We will now continue this paraxial ray trace through the
wide~-field relay system where the relay is assumed to be in-line with the OTA.

After reflection from the field mirror, which is coincident with the OTA image
surface, the reflected ray slope from equation (2) is:

(nu)4 = (-0.017361156) + (0)(-1 -1)/306.84 = -0.017361156
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At the primary mirror of the relay lens, the ray height is:
yg =0+ (-0.017361156)(113.0610/1.0) = 1.962870 units

After reflection from the primary mirror, the ray slope is:

-0.017361156 + (-1.962870)(1 + 1)/(-40.5662)
+ 0.079412496

(nug)

The ray height at the secondary mirror is:

Ye = -1.962870" + (0.079412496)(-16.2590)/(-1.0)
= =0.671702 units

The ray slope, after reflection from the secondary mirror, is:

(0.079412496) + (-0.671702()-1 -1)/(-28.5460)
+ 0.032351479

(nu)g

At the primary mirror hole, the ray height is:

0.671702 + (0.032351479)(16.2590/1.0)
-0.145699 units

Y7

There is no refraction or refiection at the primary mirror hole, so the ray
slope is unchanged:

(nu)7 = (nu)6 = +0.032351479

The ray height at the first surface of the window is:

-0.145699 + (0.032351479)(4.2227/1.0)
-0,009089 units

Y
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Refraction at this surface changes the ray slope to the following value:

)

0.032351479 + (-0.009089)(1.0 - 1.387)/ =
+ 0.032351479

(nu)g

It

The "optical slopes" (nu)7 and (nu)8 are equal. However, the geometric slopes
Uy and Ug differ:

uy = (nu)7/n7 = 0.032351479/1.0 = 0.032351479
(nu)8/n8 = (.032351497/17387 = 0.23324787

ug
At the second surface of the window, the ray height is:

0.009089 + {0.032351479)(0.2500/1.387)
-0.003257 units

Yg

I

The ray slope following this refractive surface is:

n

0.032351479 + (~0.003257)(1.387 - 1.0)/ =
0.032351479

(nu)g

H)

Finally, at the image (detector) surface, the ray height is:

Yi0 = -0.003257 + (0.032351479)(0.1011/1.0)
0.000013 units

fl

This value of ray height is significant, which means that the location of the
detector in the lens prescription is not exactly at the paraxial focus. The
exact spacing (tg') between the window and the paraxial image surface is:

tg' ~yg/(nu)g = -(-0.003257)/0.032351479 = 0.1007 cm

The focal length, calculated from equation (3), for the OTA and relay lens
system is:

f = -100/(0.032351479) = (-) 3091.0 cm
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In this instance, the minus sign for the focal length means that the relay

Tens inverted the image which was formed by the OTA. The focal length value
itself is positive.

The f-number for the 0TA and relay lens system js the ratio of system focal

length divided by the 240 c¢m entrance pupil diameter. Thus, 30917240 = 12.88
and the system f-number is 12.88.

3.1.2 7£/12.88 Exit Pupil

The chief ray was traced through the OTA in section 2.0 of this report. This
ray entered the system entrance pupil (OTA primary mirror aperture) at a unit
sTope (nﬁi:= 1.0) and emerged from“the OTA exit pupil at a slope of 8.225436.
The paraxial trace of this chief ray through the wide-field relay system is
performed in exactly the same manner as that for the axial ray. Thus, ray
height and slope data will be listed below without additional comments.

¥3 =0 (nu); = 8.22543
Yy = 5759.99 (nd), = -29.3185
Y5 = 2445.21 (nu); = -149.873
Yg = 8.4327 (nu) = -149.282
y; = -2418.74 (n), = -149.282
Vg = -3049.11 (nu)g = -149.282
¥g = -3076.02 (nI)9 = -149.282
3710 = -3091.05 (niI)l0 = -149,282
19
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The location of the exit pupil for the OTA and relay lens system is

}iol (dﬁ)lo or 20.7062 cm ahead of the image {detector) surface. The diameter
of this exit pupil is the produci of the entrance pupil diameter of 240 cm times
exit pupil magnification, -(nﬁi)/(nﬁ)lo, of 1/149.282. This computation

yields an exit pupil diameter of 1.6077 cm.

The‘distance between the secondary mirror and the image surface is (t6 + t7 + t8
+ tg‘) or 20.8324 cm, and the distance between the exit pupil and the image
surface, as just noted above, is 20.7062 cm. Thus, the system exit pupil is
located at the relay secondary mirror.

3.1.3 £/12.88 Clear Aperture Sizes

Clear aperture heights are listed in table 3.1.3-1. For each surface, the

axial ray height (y) and chief ray height (y) are given. For this analysis,
only the absolute values of these quantities are significant. The axial ray
heights are scaled by the ratio of OTA primary mirror radius (120 cm) divided
by input ray height (100 units) at the primary mirror. Thus, the axial ray
height:(Y), given in units of centimeters, is given by the expression:

Y = (120/100)y. In a similar manner, the chief ray heights are scaled by the
ratio of the tangent of the required semi-field angle QR (57.6 arcseconds}*
divided by the input chief ray slope (1.0). Thus, the chief ray height (V),
given in units of centimeters, is given by the expression: Y = (,000279091/1)y.
These values of Y and Y are also 1isted in Table 3.1.3-1. The clear aperture
radius for each optical surface must accommodate both the axial beam height

and the offset of this beam in the aperture due to field angle if vignetting

is to be avoided. The radius of the axial beam is Y and the offset corresponding
to a field angle of 57.6 arcseconds is Y. Thus, the clear aperture height

(YCA) is the sum of Y and V.

*

%

» . . 0
- -1 | Detector Semi-diagonal | . -1 %(1.28/8in 45°) |{_
van ,: System Focal Length J_ tan [ 3097.0 = 57.567
areseconds
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Table 3.1.3-1

CLEAR APERTURE HEIGHTS (YCA) FOR THE £/12.88 RELAY LENS

NOD. SURFACE ¥l ¥ Y Y Yea
3 OTA EXIT PUPIL 12.16 0 14.59 0 14.59
4 RELAY FIELD MIRROR (PYRAMID}) © 5760 0 1.61 1.61
5 RELAY PRIMARY MIRROR 1,963 2445 2.36 0.68° 3.04
6 RELAY SECONDARY MIRROR .6717 8.433 0.81 0.00 0.81
7 RELAY PRIMARY MIRROR HOLE .1457 2419 0.17 0.68 0.85
8 DETECTOR WINDOW (FRONT) .0091 3049 0.01 0.85 0.86
9 DETECTOR WINDOW (BACK) .0033 _ 3076 .00 0.86 0.86
10 DETECTOR FOCAL SURFACE 0 3091 0 0.86 0.86
l¥| = reference axial ray height (absolute value in "units”)

[¥| = reference chief ray height (absolute value in "unito™)

Y =  marginal axial ray height (centimeters)

Y = chief ray height coreesponding to "full field" (centimeters)
Yep = clear aperture height (centimeters)

The OTA secondary mirror has a clear aperture radius of 15 cm. The maximum field
angle {Q) this aperture can accommodate without vignetting is:

(120/100) y + (tanQ/1)y = 15.0
Where, for this mirror, y = 11.12 and y = 490.6. Solving for tan Q:
tan @ = [15.0 -(120/100)(11.12{] /490.6 = 0.003375
or Q = 11.6 arcminutes. Thus, as expected, the OTA provides a completely

unvignetted Tield of view for the WF/PC.
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The clear aperture radii called out in the Baseline Optical Prescription
equal or exceed their corresponding values of Yep in table 3.1.3-1.
Thus, the optical prescription provides an unvignetted optical system.

Table 3.1.3-1 shows that the chief ray height Y on the relay secondary mirror
is 0.0. This means that the illuminated area on the mirror remains stationary
for a}l field angles, thereby minimizing the clear aperture radius. Since
this mirror acts as an obstruction in the optical system, it is appropriate
that its size be minimized. The 306,84 cm radius of curvature of each pyramid
face causes the chief ray height Y to be zero at the secondary mirror. Thus,
in effect, the curvature of the pyramid faces has been chosen to minimize the
size of the relay secondary mirrors. )

3.1.4 £/12.88 Field Coverage

The pyramid also acts as a field stop because it is Tocated close to the OTA
image surface. Thus, the size of the relayed image field depends upon the
dimensions of the pyramid faces. The plane view of the pyramid is shown on
the left side of figure 3.1.4-1. The diagonal of each guadrant has a length
of 3.18 cm. The side view of the pyramid, also shown in figure 3.1.4-1, shows
that the pyramid faces are inclined at an angle of 9.1056°. The pyramid is
centered on the OTA optical axis and is positioned Tongitudinally such that the
center-point of each quadrant is coincident with the OTA image surface. The
distance between the OTA exit pupil and this image surface is 700.2650 cm. A
chief ray is shown which emerges from the center of the exit pupil (as all
chief rays do) and intercepts the top corner of the upper quadrant. The

slope of this chief ray is:

tan Q' = 3.18/(700.2650 + 1.59 tan 9.1056°) = 0.004539486

This slope corresponds to (nﬁ)3 defined in the chief ray trace of the relay
optics. That ray trace showed that if (di)3 has a value of 8.22543, the
corresponding chief ray height (EHO) at the image surface has a value of
-3091.05. Thus, the chief ray height corresponding to tan Q' can be found
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by scaling:

—_ — ]
Vo= Yo 220 - 1.7059 cnor 17.059 mn
(nu),
This distance, 710, is the diagonal of the image field at the CCD detector.
The image field is square because the pyramid face is square, so the edge
dimension {d) of the image field is:

d = Yy, Sin 45° = 12.06 mm

The CCD detector, having a 12.2x12.2 mm active area, is then centered upon this
12.06x12.06..mm image field.

+Y

3.18 OTA N

EXIT PUPIL b 0 ,
CHIEF RAY 9.1086° ]

% -

AREA USED BY
f/712.88 RELAY

AREA USED BY
/30 RELAY

‘ b 700.265%0 ]

PYRAMID FACES ARE CONCAVE SPHERICAL SURFACES
OF 306.84 CM RADIUS

REFLECTING PYRAMID
(PHYSICAL DIMENSIONS AND ANGULAR DIMENSIONS IN OBJECT SPACE)

F‘L.gul‘e 3. 1. 4-1
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In object space, a chief ray slope of 1.0 at the OTA entrance pupil (primary
mirror) results in a slope (n'i)3 of 8.22543 for this ray at the OTA exit pupil.
Using these data, the input field angle (Q) corresponding to tan Q' can be
found by scaling:

tan Q = tan Q' -1:1 = 0.00055188
(nu)3
and:
Q = 113.83 arcseconds
Thus, in object space, the corners of the pyramid correspond to a radial
semi~field angle of 113.83 arcseconds. Or, expressing it another way, the

perimeter of the circular OTA image field which corresponds to 113.83 arc-
seconds will circumscribe the pyramid.

Since the pyramid is square, a square angular field in object space can be
defined. The angular Tength & of this square field is:

tan & = tan Q/Sin 45° = 0.00078048
And:

% = 161.0 arcseconds
Thus, the full field of view of the OTA needs to be 161 arcseconds square to
completely illuminate the pyramid. These angular dimensions are also shown in

figure 3.1.4-1.

3.1.5 f/12.88 Aperture QObscurations

Obstructions within the clear apertures of the OTA and relay lens diffract
light and, as a result, reduce image quality. The four principal obstructions
in the OTA/relay system are: the OTA secondary mirror, the OTA primary mirror
hole, the relay secondary mirror, and the relay primary mirror hole. The
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overall obscuration caused by these obstructions is found by projecting all
the obstructions onto the system entrance pupil (which is the OTA primary mirror).

The OTA secondary mirror obstruction is to have a maximum radius of 0.34 times
the primary mirror radius. Hence, this obstruction radius is (0.34)(120) or
41 cm. Since this obstruction is in a region of parallel light, it projects
directly onto the entrance pupil, so its obscuration radius is also 41 cm,

The OTA primary mirror hole is smaller than the secondary mirror obstruction
and its obscuration will always 1ie within the secondary mirror obscuration.
Therefore, the primary mirror hole can be neglected in this analysis.

The relay secondary mirror clear aperture radius YCA is 0.81 cm (from table
3.1.3-1). For this analysis, it will be assumed that the physical radius

of the mirror equals the clear aperture radius. To project this obstruction
onto the entrance pupil, the height of the axial ray (traced previously) at the
obstruction needs to be calculated. The distance tx between the field mirror
(pyramid) and the obstruction is:

ty= byt = 113.0610 - 16.2590 = 96.8020 cm

X

Ray height at the obstruction is found from ray trace equation (1)

‘yX =Y + (nu)4 (t/n)x

y, = 0 + (-0.017361156)(96.8020/1.0) = -1.680595 units

The ray which intercepts the Tower edge of the obstruction has a height Yx of
-0.81 cm. The corresponding height of this ray in the entrance pupil is:

Y = Yx (yl/yx) = -0.82 (100/-1.680595) = 48 cm

Thus, the obscuration radius of the relay secondary mirror cbstruction, when
projected onto the entrance pupil, is 48 cm.
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The relay primary mirror hole requires a clear aperture radius YCA of 0.85 cm
(from table 3.1.3-1). The ray height at this obstruction is Yes which has a
value of -1.962870 units. The ray which intercepts the Tower edge of this
obstruction has a height (Y5), of -0.85 em. By scaling, the corresponding height
of this ray in the entrance pupil is:

Y = Y5 (y;/yg) = -0.85 (100/ -1.962870) = 43 cm

The obscuration radius of the relay primary mirror hole, therefore, is 43 cm
when projected onto the entrance pupil.

With respect to on-axis imaging of the relay optics, the OTA secondary mirror
obscuration and the relay primary mirror hole obscuration are contained within
the relay secondary mirror obscuration. Thus, the effective on-axis obscuration
is a circular opaque area, centered in the system clear aperture, having a radius
of 48 cm at the entrance pupil.

The effect of the central obstruction is to increase the amount of diffraction
in the 1ens. With respect to the image of a point source, such as a star, a
central obstruction will narrow the core of the star image and intensify the
diffraction rings. For an extended source, such as a planet, diffraction from
a central obstruction will reduce the contrast of surface detail.

Mathematically, star image intensity given as a function of distance from its
maxima is called the point spread function. The Fourier transform of the point
spread function is a complex expression termed the optical transfer function.
The modulus of this complex function is called the modulation transfer function
(MTF) and the argument is called the phase transfer function. The lens MTF

is a function that describes the amount of object modulation transferred to

the image in terms of spatial frequency. For example, if a sine-wave pattern
having a modulation of 60 percent were imaged by a lens such that its image
would have a spatial frequency of 33 cycles/mm and modulation of 30 percent, the
MTF of that Tens would be 30%/60% or 0.50 at 33 cycles/mm.
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The effect of a central obstruction upon the Tens medulation transfer function
is to reduce the MTF over the low and mid-frequencies and slightly increase the
MTF for high freguencies. This effect is shown in figure 3.1.5-1 for the optical
system which is comprised of the OTA and the £/12.88 relay optics. The dashed
curve is on-axis MTF which would occur if the effective obscuration were due to
the CTA secondary mirror. The solid curve is on-axis MTF for the actual system
where the relay secondary mirror causes a larger obscuration. This larger
obscuration (48-cm radius as compared to 41-cm radius for the OTA secondary
mirror) causes MTF to drop from a value of 0.50 at 33 cycles/mm to a value of
0.45.

RELATIVE IMAGE MODULATION

T T ; 1 J T T
o 20 40 60 80 100 -
SPATIAL FREQUENCY - C/MM

T

i
120

HYPOTHETICAL ABERRATION-FREE ON-AXIS MTF
FOR 7/12.88 RELAY SYSTEM

Figure 3.1.5-1
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The obscuration in the lens entrance pupil shifts laterally for off-axis field
angles. Consequently, the OTA secondary mirror obscuration will move outside
the perimeter of the relay secondary mirror obscuration and add to the overall
obscuration. The amount of obscuration shift, Yo, is given by the expression:

Yo + -100 (?g/yx)ﬁb

where:
}; = reference chief ray height at the obstruction
Yy = reference axial ray height at the obstruction
ﬁb = tangent of the field angle

The above expression is valid for the two reference paraxial rays used. That
is, an axial ray having a height of 100 units at the entrance pupil and a chief
ray having a slope of 1.0 units at the entrance pupii.

To demonstrate this shifting of obscuration, data corresponding to the maximum
OTA radial field angle has been calculated. This maximum field angle, as
Q;evious]y determined,-is 113.83 arcseconds and the tangent of this angle is

T = 0.00055188. The reference chief ray height }% at the OTA secondary mirror
obstruction is found from paraxial ray trace equation (1) where t, s the

distance between the obstruction and the OTA primary mirror.

¥1 = ¥y * (nu)y (t/n),
Y, =¥ = (n), (t/n), = 0 -~ (1.0)(490.6071/1.0) = -490.6071 units

Since this obstruction is Tocated in the path of parallel input axial rays,
Yy = ¥1 = 100. Then, solving for the shift Yo of the OTA secondary mirror
obscuration:

Yo = -100 (-490.6071/100)(0.00055188) = 0.2708 cm
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The optical axis of the relay lens is tilted with respect to the OTA optical
axis. With respect to this tilted axis, the maximum field angle is 3%(113.23
arcseconds) or 56.92 arcseconds and Uo for the relay optics is 0.00027593. The
reference chief ray height }g at the relay lens secondary mirror obstruction is
also found from paraxial ray trace equation (1) where tx is the distance
between the field mirror {pyramid) and the obstruction. This distance was
previously calculated to be 96.8020 cm. Then:

Yy }# + (hﬁl (t/n)X = 5759.99 + (-29.3185){96.8020/1.0)

Yy 2921.90 units

The reference axial ray height yy at this obstruction has previously been
calculated and is -1.680595 units. Then, solving for the shift Yo of the
relay secondary mirror obscuration:

Yo = -100 (2921.90/~1.680595)(0.00027593) = 47.9735 cm

For the relay primary mirror hole obstruction, }g = }é = 2445.2) units and
Yy =Yg = 1.962870 units. Then, solving for the shift Yo of the relay primary
mirror hole obstruction:

Yo = -100 (2445.21/-1.9628070)(0.00027593) = 34.3735 cm

Figure 3.1.5-2 shows these decentered obscurations in the system entrance pupil.
The overall obscuration is larger than it was when viewed on-axis because much

of the OTA secondary mirror baffle obscuration is now visibﬁe in the pupil,

The shape of the overall obscuration has also lost the rotational symmetry it
had when viewed on-axis. Diffraction from this asymmetric pupil causes asymmetry
in both the image point spread function and the modulation transfer function.
Consequently, the shape of the MTF curve will be azimuth-dependent.

This effect is shown in figure 3.1.5-3 where the diffraction Timited off-axis
MTF (solid 1ines) correspond to two different azimuths. The curve marked
MTF(X) corresponds to image modulation for a sine wave object pattern that
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runs parallel to the entrance pupil X-axis and MTF(Y) corresponds to a pattern
running parallel to the pupil Y-axis. The dashed curve is what the MTF would
be for any azimuth if the obscurations did not shift in the pupil.

126 R

48 R

RELAY LENS
SECONDARY

RELAY LENS .y Ii ™

PRIMARY MIRROR ~ ~

HOLE OBSCURATION I\ » o o <
// by

0TA

SECONDARY MIRROR __
BAFFLE

OBSCURATION

OTA + 7/12.88 RELAY SYSTEM ENTRANCE PUPIL
INCLUDING OBSCURATIONS AT FULL-FIELD
(113.8 ARC SECONDS WRT OTA AXIS)
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The off-axis MTF curves given in figure 3.1.5-3 are hypothetical in that they
assume the optical system is completely free of wavefront aberrations. In
the real system, however, aberrations such as astigmatism and field curvature
will be present and will cause additional reduction in the MTF.

RELATIVE IMAGE MODULATION

I T T T T ] T I | T T ]
0 20 40 60 80 100 120

SPATIAL FREQUENCY - c/mm

HYPOTHETICAL ABERRATION~FREE FULL-FIELD MTF
F/12.88 RELAY SYSTEM

Figure 3.1.5-3
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3.1.6 £/30 Focal Surface Location, Focal Length, and f-number

The Tens prescription for the f/30 relay system is:

ry = 306.84 cm t, = 113.0570 cm ng = 1.0
re = -51.7800 cm ty = ~-24.6470 cm ng = -1.0
re = -23.4330 cm te = 24.6470 cm ng = 1.0
ry = infinity t7 = 12.6637 cm ny = 1.0
rg = infinity t8 = 0.2500 cm ng = 1.387
rg = infinity tg = 0.1011 cm ng = 1.0

The ray heights and slopes for the reference axial ray are:

yg =0 (nu)4 = -0,017361156

yg = -1.962800214 (nu); = +0.0584519075
Yg = ~0.5221360499 (nu)6 = +(.0138877416
y; = -0.179844883 (nu); = +0.0138877416
yg = -0.0039746898 (nu)8 = +0.0138877416
Yo = -0.001471492 (nu)g = +0.0138877416
Yi0 © -0.0000674413 (nu)10 = +0,0138877416

The calculated paraxial back focus js:

tg‘ = ygl(nu)g = (0,0160 cm
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The focal length for the OTA and relay system is:
= -100/(nu)9 = (-~} 7200.6 cm
The f-number for the OTA and relay system is:

f-number = 7200.6/240 = 30.00

3.1.7 £/30 Exit Pupil

The ray heights and slopes for the reference chief ray are:

y; =0 (nu), = 8.225436
Y, = 5759.9¢ (nu), = -29.3185
yg = 2845.33 (nu)g = -123.769
Yg = -605.210 (nu), = -175.424
¥y = -4928.876 (nu); = -175.424
Yg = -7150.389 (nu)g = ~175.424
Yo = -71'82.008 (nu)g = -175.424
¥qg = -7200.602 (i), = ~175.424

The Tocation of the exit pupil for the OTA and relay lens system is yiO/("E)IO
or 41.0468 cm ahead of the image (detector) surface. The diameter of the exit
pupil is 240/175.424 or 1.3681 cm.
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3.1.8 /30 Clear Aperture Sizes

Clear aperture heights are listed in table 3.1.8-1., These heights agree with
those called out in the Baseline Optical Prescription.

Tagble 3.1.8-1
CLEAR APERTURE HEIGHTS (YCA) FOR THE £/30 RELAY LENS

NO. SURFACE |yl 71 Y Y Yeu
3 OTA EXIT PUPIL 12.16 0 14.5¢ 0 14.59
4 RELAY FIELD MIRROR (PYRAMID) 0 5760 0 0.6%2 0.69
5 RELAY PRIMARY MIRROR 1.963 2445 2.36 0.29 2.65
6 RELAY SECONDARY MIRROR .5221 605.2 0.63 0.07 6.70
7 RELAY PRIMARY MIRROR HOLE .1798 4929 0.22 0.59 0.81
8 DETECTOR WINDOW (FRONT) .0040 7150 0.40 0.86 0.86
9 DETECTOR WINDOW (BACK) .0015 7182 0.00 0.86 0.86
10 DETECTOR FOCAL SURFACE ] 7201 o 0.86 ’ 0.86

|lyl| = reference arial ray height (absolute value in “units™)

|¥] = reference chief ray height (absolute value in "units™)

Y = marginal axial ray height (ecentimeters)

¥ =  chief ray height corresponding to "full field" (ecentimetere)
Yoo = clear aperture height (centimetera)

3.1.9 /30 Field Coverage

The pyramid acts as a field stop. Since the pyramid is sized for the 7/12.88
system, the relayed image field for the /30 system exceeds the size of the
CCD detector. In the WF/PC System optical schematic (JPL Drawing No.
10084811), the chief ray which becomes the optical axis of the tilted f/30
relay intercepts the pyramid at a height of 0.679. Using this value, the top
corner of the detector would project onto the pyramid at a height of 2(0.679)
or 1,358 cm.
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The chief ray which emerges from the center of the exit pupil and intercepts
this projected corner of the detector has a slope of

tan Q' = 1.358/(700.2650 + 0.679 tan 9.10560) = 0.001938965

The height of this chief ray at the detector is

- _  tan Q'
Y10 = Yi9 (nﬁ)a = 1.6974 cm or 16.974 mm

This distance, 7&0, is the diagonal of the image field at the CCD detector.
The image field is square, and the edge dimension (d) of the image field is:

d = Yy, Sin 45° = 12.00 mn
The input field angle Q (at the OTA entrance pupil} corresponding to Q' is:
_ : 1.0 _
tan Q = tan Q —_ = 0.00023573
(nu)
and:

Q = 48.62 arcseconds

The square.anguiar field in object space corresponding to this radial field
angle is:

tan ¢ = tan Q/Sin 45° = 0.000333373
and:
% = 68.8 arcseconds
Thus, the full field of view of the OTA needs to be 68.8 arcseconds square

for the f/30 relay system.
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3.1.10 £/30 Aperture Obscurations

The following calculations determine the obscuration radius (Y) of the relay
secondary mirror obstruction when projected onto the entrance pupil:

t

g = bty ¥ tg = 113.0570 - 24.6770 = 88.4100 cm

Yy =¥ ¥ (nu)4 (t/n)x = 0 + (-0.017361156)(88.4100/1.0)

-1.534900 units

Y = Yx (yllyx) = -0.70(100/ -1.534900) = 46 cm

Similarly, the obscuration radius (Y) of the relay primary mirror hole, when
projected onto the entrance pupil, is:

Y = Y5(y1/y5) = -0.81(100/ -1.962800) = 41 cm
The Tateral shift Yo of the OTA secondary mirror obscuration at full field
(Uo = tan 48.62 arcseconds)

—

Yo -100(§¥/yx)Ub = —100(-490.6071/100)(0.000?3573)

0.1157 cm

With respect to the tiited axis of the relay lenses, the maximum field angle

is %(48.62 arcseconds) or 24.31 arcseconds and Uo is 0.00011786. The following
calculations determine the Tateral shift Yo of the relay secondary mirror
obscuration:

= 74 + (nﬁ)4 (t/n)x = 5759.99 + (-29.3185)(88.4100/1.0)

L
"
|

3167.94 units

I

-100(3167.94/-1.534900)(0.00011786) = 24.3256 cm
36
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For the relay primary mirror hole obstruction, }; = }5_3.2445.33 units and
Yy = Vg = ~1.962800 units. The solving for the shift Yo of the relay primary
mirror hole obstruction:

——

Yo = -100(2445.33/-1.962800}(0.00011786) = 14.68 cm

3.1.11 WE/PC Preliminary Conic Constants

Each of the WF/PC relay systems consist of four mirrors: a curved field mirror
(pyramid face), a ptano folding mirror, curved primary mirror, and curved
secondary mirror. Also, each system includes a plano cover plate for the
detector made of Mng.

The cover plate introduces a small amount of spherical aberration and coma
which can be compensated by adjustment of the relay primary and secondary
mirror conic constants. The spherical aberration contribution for this cover

plate is:
SA = ['(n2 - 1)/n3 ] (nu)4 T
where:
n = refractive index of the plate material
T = thickness of the plate
(nu) = optical slope of axial reference ray

The plate thickness T is 0.25 cm and, for this analysis, a refractive index
n of 1.387 will be assumed. Using these values, the above equation becomes:

SA = 0.0865514 (nu)?
For the f/12.88 relay, the axial ray optical slope (nu) at the cover plate has

been shown previousiy to be 0.032351479. Thus, for this relay, the spherical
aberration contribution is 9.48}(10_8 units.
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Similarly, for the f£/30 relay, the optical slope (nu) is 0.013887416 and the
resulting spherical aberration contribution is 3.22x10"9 units.

The coma contribution for the cover plate is:

Coma

l:(n2 - 1)/n€] (dﬁ)(nu)3 T

Where:

(nu) optical slope of reference chief ray

and using the given values of plate thickness and index, this equation becomes:
Coma = 0,0865514 (n'i)(nu)3

For the 7/12.88 relay, the chief ray optical slope (nu) at the cover plate is
-149.282. Thus, for this relay, the coma contribution is -4.37}(10"4 units.

Similarly, for the £/30 relay, the optical slope (nu) is -175.424 and the
resulting coma contribution is -4.07x10~° units.

Spherical aberration and coma contributions from the field (pyramid) mirror
are negligible because the OTA is focused on this surface. Also, no
aberrations are_produced at the folding mirror because its surface is plano.

The preliminary conic constants for the primary and secondary relay mirrors are
chosen to correct spherical aberration and coma for the overall system. The

equations for calculating the conic constants were given in equation set (4).

Solving these equations for the f/12.88 system:

w
-
1

= (-0.017361156) + (-1.962870)/(-40.5662) = 0.0310256784

(0.032351479) + (-0.671702)/(-28.5460) = 0,0558819912
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=
[y
i

I
]

= (-29.3185) + (2445.21)/(-40.5662) = -89.59552866

2 (-149,282) + (8.4327)/(-28.5460) = -149,5774074

o7
[}

i (0.079412496) - (-0.017361156) = 0.096773652

(o=
it

2 (0.032351479) - (0.079412496)

o
b
1

= 42 [(-1.962870)/(-40.5662)] 3

[
L}

, = -2 [(-0.671702)/(—28.5460)J3

The residual spherical aberration RS is given
'spherica1 aberration:
8

Ry = SA = 9.48x10”

Similarly, the residual coma aberration RC is:

R, = Coma = =4.37x107"
Then:

E = -0.000084039

F = +0.2633640285
and:

1)

-0.047061017

0.0002265748

-0.000026057

value equal to the cover plate

Ky = -0.47828 primary mirror conic constant

K2 = -7.3b155 secondary mirror conic constant

The prescribed conic constants for the primary mirror and secondary mirror
are -0.479 and -7.314, respectively. These values are very close to those
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calculated above.

For the f/30 relay system, a-similar set of calculations as those above gave
a primary mirror conic constant of -0.28312 and a secondary conic constant of
-2.43835, The prescribed conic constants are -0.284 and -2.420.

This evaluation of conic constants show that the prescribed 7/12.88 and £/30
relays have virtually zero third-order spherical aberration and coma.
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4.0 SYSTEM PERFORMANCE SPECIFICATIONS

In order to realize the Space Telescope objectives of high angular resolution
over a wide field, extended wavelength coverage and faint object detection,
the performance of the Wide Field/Planetary Camera must be matched to that of
the Optical Telescope Assembly (OTA).

The capability of the Space Telescope is limited by three parameters of the
OTA and the Wide Field/Planetary Camera. The first two, manufacturing Timita-
tion of the optics and UV cutoff of the optics coating, impose the static
limitations. These two Timitations, coupled with the third limitation --
pointing stability of the Space Telescope (SSM + OTA + WF/PC), constitute

the dynamic 1imitation.

The inability of a static manufactured optical system to perfectly match

the designed system results in degradation of performance. For a manufactured
optical system, the modulation transfer function (MTF) can be calculated and
compared with the designed MTF. (The ratio of manufactured MTF to designed
MTF is calied the optical quality factor, "0QF".} For performance “prediction"
purposes, the 0QF can be expressed as follows:

0QF = exp '(211'!1!)2 E_-q)(v):l

where w is the rms wavefront error in units of wavelength and ¢(v) is the
autocorrelation function. ¢(v) is usually expressed as follows:

- 2a2pg2y2
c2

¢(v) = exp

where A is the wavelength; f# is the system focal ratio; v is the spatial
freguency; and C is the autocorrelation Tength.

It should be noted that these empirical performance prediction equations

have agreed closely in past experience with calculated "static" manufactured

results. Shown in figure 4.0-1 is the theoretical designed MTF for a combined

OTA with planetary camera at the center of the CCD. To create this hypothetica]
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"best" case condition, a simple scaling relationship was used (f/30 = f/24).
This assumes the WF/PC optics design does not increase the central-obstruction
due to the OTA, and the"WF/PC optics design is diffraction-limited. (Actual
design performance data without this assumption is given in section 10.1.)
Using the performance "prediction" equations, the effect of "static"
manufacturing errors on the planetary camera theoretical design (w=0) is
shown in figure 4.0~1. The effect on the resuftant star spot size is shown
in figure 4.0-2, Inherent in the manufacture of a combined OTA with WF/PC
is a maximum rms wavefront error of 0.075 A due to the OTA alone. The
addition of an independent WF/PC optical system to the OTA must minimize
any wavefront error increase to the inherent 0.075 X rms wavefront error.
Shown in figure 4.0-3 is the preliminary system static wavefront budget for
the combined OTA with WF/PC (see section 8.5). Shown in figures 4.0-4 and
4,0-5 are the manufactured performance specifications for the OTA with wide
field and planetary cameras. The manufactured system specification for a
combined OTA with WF/PC can be stated as follows:

The 0QF (at the center of the CCD array) of a combined
OTA with wide field/planetary camera optical assembly
at a wavelength of 0.6328 microns shall be greater than

63 percent.

Shown in figures 4.0-6 and 4.0-7 are the manufactured performance specifications
for the wide field and planetary cameras without the OTA. In this case, the
manufactured system specification can be stated as follows: ’

The OQF (at the center of the CCD avray) of the Wide
Field/Planetary Camera opiical assembly at a wavelength of
0.6328 microns shall be greater than 79 percent.

In the change from a static manufacturing environment to a dynamic operational
environment, the imaging performance will be further degraded by image motion.
This degradation would not be verified by test. For "prediction" purposes,
however, a Gaussian model combining 1inear and non-linear image motions is
usually used:

,
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T, = exp- (2n262v2742)

where T, is the MTF degradation factor resuiting from an image motion and o is
the pointing stability error. The predicted effect of image motion on the
manufactured performance of a combined OTA with WF/PC is also shown in figures

4.0-4 and 4.0-5 (see section 10.0).
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5.0 OPTICAL CRITIQUE OF BASELINE DESIGN

To critique an optical design, specialized optical analysis software is
utilized to predict optical imaging performance under theoretical design,
simulated manufacturing and simulated operational conditions.

The questions to be addressed include:

What are the system performance merit functions?

. What is the predicted "designed" system performance?
What is the system fabrication tolerance?

What is the predicted "manufactured" system performance?
What is the operational (dynamic) tolerance?

What is the predicted "operational! system performance?

- D o 0O T

For most imaging devices, MTF analyses serve as useful performance merit
functions. System performance specifications have been estabiished in

section 4.0. The six basic questions have been addressed in figures 4.0-4
and 4.0-5, and serve as theoretical upper 1imit goals for the optical critique
of the baseline design.

The calculation of data such as spot diagrams, wavefront optical pathlength
differences (0PD), and modulation transfer functions (MTF) require the tracing
of many exact trigonometric rays. Also, extensive data processing is required
such as numerical integration. Consequently, the use of large-scale computer
programs is required.

STAR is an Eastman Kodak Company proprietary program which traces exact trigono-
metric rays thorugh an optical system and calculates ray intercept points and
wavefront OPD. There are no restrictions on lens element tilt and decenter be-
cause this program uses exact trigonometric expressions throughout.

BFLTS is also an Eastman Kodak Company proprietary program. This program is more
extensive than STAR. In addition to ray intercept points and wavefront OPD,
BFLTS calculates spot diagrams and diffraction-based MTF. Trigonometric
approximations are used in its tilt and decenter routines, however, so the

magnitudes of lens element tilts and decenters are restricted.
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The tilted OTA + £/12.88 relay system was modeled on both STAR and BFLTS.
Wavefront OPD's were calculated using both programs, and compared. No
significant difference was found between the STAR data and the BFLTS data.
This showed that errors due to tilt and decenter approximations in BFLT5
were negligibie. After the accuracy of BFLT5 was established, this program
was used to calculate spot diagrams and MTF.

5.1 WIDE FIELD CAMERA MATH MODEL

The following six mirrors were incorporated in the BFLT5 math model: O0TA
primary mirror, OTA secondary mirror, pyramid field mirror, folding mirror,
relay primary mirror, and relay secondary mirror. Initially, all the mirrors
were aligned to a common optical axis. A full-aperture (40x40 array size) ray
trace of this in-line system showed all rays converging to the expected focus,
thereby forming an aberration-free on-axis image point.

The field mirror was then decentered upward by 1.59 cm and tilted 9.1056
degrees about its decentered vertex to simulate one of the concave pyramid
faces.

A single chief ray, passing through the vertex of the OTA primary mirror (which
is also the system entrance pupil) was traced. The input angle of this ray

was adjusted until it intercepted the pyramid face at a height of 1.59 cm (for
the £/12.88 relay system). This input field angle was 0.015816 degrees.

After reflection from the pyramid face, this chief ray traveled to the folding
mirror at an angle of 18.34 degrees relative to the OTA optical axis. The
folding mirror was tilted about its chief ray intercept point by 18.34/2

or 9.17 degrees. This tilt caused the chief ray, after reflection from the
folding mirror, to be parallel to the OTA optical axis, but displaced from it
by a distance of 6.64 cm.
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The segment of the chief ray which was made parallel to the OTA axis is

the optical axis of the relay mirrors.* The primary and secondary mirrors
of the relay lens and the cover glass were shifted upward 6.64 cm to center
them on the relay optical axis. The two relay mirrors and cover glass were
shifted as a unit along their optical axis until the prescribed back focal
distance was achieved.

Focus was checked by tracing a set of parallel input rays entering the OTA

at a field angle of 0.015816 degrees. It was verified that the OTA brought
these rays to & focus on the pyramid face at a height of 1.59 cm from the 0TA
axis. After reflection from the pyramid, the rays diverged to the relay
primary mirror via the folding mirror. The relay primary and secondary mirrors
refocused the rays and formed a point image on the relay optical axis. This
image was formed 0.1009 cm behind the cover glass.

A fixed plano image surface was then placed 0,1009 cm behind the cover glass.
This surface simulates the CCD detector. Twe "dummy" surfaces were also added
to the math model. One of these surfaces, located 490.6 cm in front of the
OTA primary mirror, contained the OTA central obstruction, The second surface,
located 16.26 ¢cm in front of the relay primary mirror, contained the
obstruction caused by the relay secondary mirrvor. These dummy surfaces do

not refract or reflect rays; instead, they block rays which fall within their
obstruction perimeters. A third obstruction, caused by the relay primary
mirror hole, was specified on the relay primary mirror surface.

5.2 WIDE FIELD CAMERA PERFORMANCE PREDICTION

The tilted optical system comprised of the OTA plus baseline f/12.88 relay
design was evaluated. Shown in figure 5.2-1 is the actual system MTF compared
with the design MTF specification. It should be noted, however, that there was

virtually no difference between the actual system MTF and the theoretical

* Relay lens axis, in JPL design, is inclined 1.7264 degrees to
the OTA optical axie. In the math model, it is convenient to
make these axes parallel. This does not affect optical performance
because the folding mirror is plano.
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aberration-free MTF (optical performance at the center of the CCD was
diffraction-1imited; the spot diagram was a single point.} The difference
between the design specification MTF and the theoretical aberration-free MTF
is the increase in central obscuration due to the secondary mirror of the
relay (see figure 3.1.5-2).
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Image quality degraded rapidly, however, for off-axis points on the CCD. The
prominent field aberrations were field curvature and astigmatism. Shown in
figure 5.2-2 is the actual system MTF at point Al on the performance grid
(figure 5.2-3). The worst image quality occurred at point A on the grid.
Aberration-free MIF for this field point is shown in figure 3.1.5-3 and actual
MTF is shown in figure 5.2-4. Comparison of these data at a spatial frequency
of 33 cycles/mm shows that field aberrations at point A reduces tangential
(X-direction) MTF from a value of 0.35 to a value of 0.16.
(Y-direction) MTF, its value is reduced from 0.49 to zero.

For radial

51

EASTMAN KODAK COMPANY - 901 ELMGROVE ROAD - ROCHESTER, NEW YORK 14650




s

FIELD LOCATION GRID PQINTS
Figure §,2-3

FOLD OUT FOR READY
REFERENCE

5la

OTA
OPTICAL

AXIS



1.0,

0.8
e
E 0.6
& DES1GN
N SPECIFICATION
=
£ 0.4
o 3
=

0.4

BASELINE DESIGN
0 20 a0 &0 80 100 120 140

SPATIAL FREQUENCY (L®p/MM}
WIDE FIELD CAMERA BASELINE DESIGHN
(FULL FIELD)

Figure 5.2-4

MTF at 33 cycles/mm is plotted as a function of relative field angle in
figure 5.2-5. The center-point of the CCD detector {grid point C in figure
5.2-3) corresponds to a relative field of 0.0. The outer corner of the CCD,
grid point A, corresponds to a relative field of 1.0. The dashed curves
depict theoretical aberration-free MTF. Variation of this MTF with field

angle is caused by the changing shape and position of the central obscuration
in the lens aperture.

The solid curves show the actual MTF for the baseline design. At the center

of the CCD, aberration-free performance is achieved. However, MTF falls off
rapidly out in the field.

The goal of the optimization is to modify the lens prescription in such a way
that off-axis MTF is improved to an acceptabile level without degrading on-axis
MTF too much. The field aberrations cannot be eliminated. Instead, they

are partially cancelied by the introduction of compensating aberrations.
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5.3 PLANETARY CAMERA MATH MODEL

The same procedure was used to construct the BFLT5 math model for the OTA + 7/30
relay system. For this relay, the chief ray was adjusted until it intercepted
the pyramid face at a height of 0.679 cm. The input field angle for this

chief ray was 0.0067556 degrees.

The angle of the chief ray between pyramid and folding mirror was 18.61 degrees
and its dintercept height on the folding mirror was 5.75 cm. The folding

mirror was rotated about this intercept point to cause the reflected chief

ray to be paraliel to the OTA axis. The relay mirrors and cover glass were -
then centered on this optical axis and these elements were shifted, as a unit,
aleng the optical axis to establish the prescribed back focal distance. The
distance between the cover glass and the CCD surface (image plane) was 0.1007 cm.

The pyramid was repositioned along the OTA optical axis, during an earlier
.step in this modeling procedure, so that the OTA image would be focused at a
height of 0.679 cm from the OTA axis. The image Tocations for the OTA and
relay were verified by tracing a set of rays through the system. Finally,

the obstructions were added to the math model. ‘

5.4 PLANETARY CAMERA PERFORMANCE PREDICTION

The tilted optical system comprised of the OTA plus baseline f/12.88 relay
design was evaluated. Shown in figure 5.4-1 through figure 5.4-3 are the
actual system MTF calculations at the center of the CCD, 0.7 field, and full
field, respectively. Comparison of this datz at a spatial frequency of

14 cycles/mm shows that field aberrations at point A reduce tangential
(X-direction) MTF from a value of (.47 to a value of 0.44. For radial
(Y-direction) MTF, its value is reduced from 0.47 to 0.41.
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MTF at 14 cycles/mm is plotted as-a function of relative field angle in
figure 5.4-4, The dashed curves depict theoretical aberration-free MTF. The
solid curves show the actual MTF for the baseline design.

Similar to the wide field camera, the planetary camera also has residual
astigmatism and field curvature. However, the effect of these aberrations

on image quality is negligible because this system operates at a higher f-number
and has a smaller angular field. The baseline optical prescription, therefore,
needs no modifications.
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6.0 OPTICAL OPTIMIZATION OF BASELINE DESIGN

The goal of the optimization is to modify the lens prescription of the wide
field camera in such a way that off-axis MTF is improved to an acceptable
Tevel without degrading on-axis MTF too much. In the baseline design, the
system has been corrected for third order spherical aberration and coma. The
system, however, is degraded by astigmatism and field curvature since these
field aberrations are not controlled in the baseline design. The field
aberrations cannot be eliminated. Instead, they will be partially cancelled
by the introduction of compensating aberrations.

6.1 WIDE FIELD CAMERA OPTIMIZATION

For optical design optimization, the computer program, COOL/GENII, was chosen.
COOL/GENII is an automatic lens design program belonging to the Genesee Computer
Center, Inc. in Rochester, New York. Kodak has access to this program through
an in-plant terminal. The program combines and integrates a wide collection

of optical design and evaluation capabilities into a single comprehensive
system. - As a major component, the COOL/GENII system incorporates the optical
design and evaluation capabilities of David Grey Associates programs known
collectively as Computer Optics Package (COP). David Grey's optical design
program has Tong been recognized as one of the most powerful tools in the
optical design industry. In particular, his orthonormalizaton techniques for
optimization are extremely powerful and have been noted for achieving results
which were unattainable using other methods. After each optimization run using
COOL/GENII, the resultant wavefronts for the tilted system were calculated
using the wide field camera math model (see section 5.1). This math model
utilizes the Kodak BFLT5 optical evaluation software.

The baseline design consists of two conic mirrors with a plano folding mirror.
Not very much can be changed in the lens prescription. The secondary mirror
cannot be moved forward toward the pyramid without either increasing the
central obscuration or reducing the back focus (axial distance between primary
mirror vertex and CCD detector). Moving the secondary mirror back increases
the physical length of the system, and this maximum-length is restricted.
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Aberrations are increased if the primary mirror is moved forward because both
the primary mirror and secondary mirror curvatures become stronger. Moving
the primary mirror back reduced back focus which is already at its minimum
allowable value.

The mirror locations are fixed. Consequently, the mirror radii of curvature
are also fixed. Reducing the primary mirror curvature would either increase
the central obscuration or increase the system f-number. The system f-number
would also increase if the secondary mirror curvature were reduced. Changing
the curvature of the pyramid faces would increase the central obscuration,

The only effective degrees of freedom available for optimization are the
asphericities of the relay primary and secondary mirrors. For the baseline
design, these asphericities have been chosen to yield zero coma and zero
aspherical aberration. By changing these asphericities to improve off-axis
imagery, the condition of zero spherical aberration is sacrificed. Thus,
off-axis performance is improved at the expense of on-axis performance.

The initial plan was to performza- preliminary optimization by using an
in-Tine COOL/GENII model of the OTA plus f/12.88 relay system; then, for the
final optimization, to use the tilted model.” The lens prescription generated
by each optimization run would be evaluated by program BFLTS using the tilted
model for all cases.

Lens design program COOL/GENII provides a wide variety of optimization targets
such as third-order aberrations, ray intercept deviations at the image surface,
astigmatic foci data based on differential ray tracing, and wavefront optical

. pathlength differences (OPD) in the exit pupil. The procedure is to choose
a set of appropriate optimization targets and assign suitabie targets and
tolerances. A set of targets is specified for each field angle evaluated.
The computer program then attempts to bring each target value within its
corresponding tolerance by varying the conic constants and asphere coefficients
of the relay primary and secondary mirrors.

After somz experimentation with various combinations of targets, best results
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were obtained by using OPD targets. By specifying OPD goal values and
tolerances, the desired wavefront shape at each field angle could be defined.
After each optimization run, the resultant wavefronts for the tilted system
were calculated with BFLT5, evaluated, and new goal values and tolerances for
COOL/GENII were determined. By using these two programs.(BFLT5 and COOL/GENII)
together in an iterative routine, a final optimized lens prescription was
obtained using an in-Tine model in COOL/GENII and a tilted model in BFLTS5.

The optimized conic constants (K) and asphere coefficients (A, - Aqu are:

Primary Mirror Secondary Mirror

K -0.50006 ~6.64908

A,  +0.3914992 E-07 -0.27717%4 E-05
Ag  +0.5850965 E-08 -0.2982543 E-05
Ag  +0.6845064 E-09 -0.3224190 E-05
A1p -0.1842629 E-09 -0.3582286 E-05

6.2 WIDE FIELD CAMERA PERFORMANCE PREDICTION

Shown in figures 6.2-1 through 6.2-3 are the optimized system MIF calculations
at the center of the CCD, 0.7 field, and full field, raspectively. Comparison
of this data at a spatial frequency of 33 cycles/mm is shown in figure 6.2-4.
The dashed curves depict theoretical aberration-free MIF. The solid curves
show the actual MTF for the optimized design. Performance at the center of
the CCD has been compromised slightly for a better performence balance across
the field. Comparison of this figure with figure 5.2-5 shows how off-axis
performance has been improved.
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7.0 OPTICAL DESIGN ANALYSIS OF OPTIMIZED DESIGN

This section describes the performance of the OTA with WF/PC relay systems in
terms of modulation transfer functions (MTF), field curvature, spot diagrams,
point spread functions (PSF), encircled energy, geometric distortion, and

vignetting. These data relate to monochromatic performance at a spectral
wavelength of 0.6328 micron.

Both on-axis and off-axis performance have been calculated. Specific field
points are defined on the performance grid shown in figure5.2-3. Grid
point C is the "on-axis" field point with respect to the relay optical axis
and is coincident with the center of the 12.2 x 12.2mm CCD (charge coupled
device) detector. Due to the tilted optical configuration, however, the OTA
is being used off-axis at this grid point. The on-axis image point formed
by the OTA is located at the pyramid apex and this point is re-imaged by the
relay lens at grid point E.

A Tine passing through pcints A-E represents the intersection of the detector
surface and the meridional plane of the optical system where the meridional
plane is defined as the plane which contains both the OTA and the relay iens
optical axes. In the WF/PC optical configuration {figure 3.0-3), the meri-
dional plane is the plane of the paper. Similarly, a Tine passing through
points C-F-G represents the intersection of the detector surface and the
sagittal plane, where this plane also contains the relay lens optical axis.

The meridional.piane is a plane of symmetry for the optical system. There-
fore, except for orientation, performance data at the two grid points denoted
F (or G) are identical.

7.1 MODULATION TRANSFER FUNCTION

The f/12.88 MTF data was calculated at five focus pesitions. The back focus
values used were nominal, nominal = 50 microns, and nominal * 100 microns.

At each focus position, average MTF was computed by taking the geometric mean
of the radial and tangential MTF values.
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Figure 7.1-1 shows geometric mean MTF as a function of relative field at the
best-compromise back focus. This curve is the geometric mean of the data given
in figure 6.2-4. This best compromise focus position was chosen because it
gives uniform performance from on-axis to 0.8 relative field.
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Pigure 7.1-1

Figure 7.1-2 describes MTF performance over the overall image field formed by

the four CCD detectors. The outside corners correspond to grid points A. The
center of each quadrant is grid point C.

Through-focus MTF over the field of a single detector is shown in figure 7.1-3.

By reducing the back focus, MTF at each corner is improved at the expense of
MTF at the center.
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In figures 7.]-4ﬁthrough 7.1-8, relative MTF at the specified grid points are
shown as a function of defocus.

MTF 1is Tisted as a function of spatial frequency in tables 7.1-1 through 7.1- 4.
These data correspond to the best-compromise focus position for grid points C,
B, A', and A.

The f/30 MTF data was calculated at five focus positions. The back focus values
used were nominal, nominal * 100 microns, and nominal + 200 microns. At each
focus position, average MTF was completed by taking the geometric mean of the
vradial and tangential MTF values. '

Figure 7.1-9 shows geometric mean MTF as a function of relative field at the

optimim on-axis back focus.

Figure 7.1-10 describes MTF performance over the overall image field formed by
the four CCD detectors. The outside corners corréspond to arid points A. The
center .of each quadrant is grid point C.

In figures 7.1-11 through 7.1-14, relative MTF at the specified grid points are
shown as a function of defocus.
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1.10 ORIGINAL FAGE 18
1.05 OF POOR QUALITY

~100 ~50 50 100
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~100 =50 S0 100
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-+ 0.85
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RELATIVE GEOMETRIC MEAN MTF
RELATED TO DEFOCUS

Figure 7.1-8
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f/12.88 MTF AT GRID POINT C

DTas F£12
THET Ax 0.0

:jlvsu OR CALCULATED FOCAL PLANE AT 0.23635100D 03 CM.

+98 RELAY

DEG.

Table 7.1-1

Prlx= 0.0146 DEG.

& Field

= _0.0 _ .M,  _-RESULTANT FOCAL POSITION® 0.23435100F 03
FREQ MTF{X}  PHASE(X) FREQ MTFLY)  PHASELY)
- 1.0000 G.0 0.0 L.000C 0.0

1.749 €¢.9673  359.9995 1.747 0.967% ©.001%

o 3.598  0,9311 _ _359,9995 ____3,49% 0.9317 0.0023
5,247 0.6926  359.9995 5,241 0.8939 0.0019

— Ba996.____ . . D«B52%  359.9988 5,984 _GeB549 0.0004
8,746 0.8126  359,9971 8.735 0.8155  359,995&
——d0ak9 . .. 0. 7724 359,9963 __  10.48 0. 7161 359.9912
12.24 0.7325  359.9958 12.23 07371 359.9471
13,99 0.0933  _359,9956 _ 13,98 0.6987  2359.9822
15.74 0.6555  359.995% 15,72 0.6616  259.9771
1749 __ . _ 0.61l86  359.9951 1Te47 0.6255 359.971%
19.24 6.5827  359.9954 19,372 0.5902  359.9688
20,99 _ 0.5479  359,9951 _ 20.96 0.5559  359.9614
22474 0.5156  359.9951 22.71 0.5238 359,9563
2esh? _.Ceh833  359.994% Zhent . 0.4927  359.9517
26.26 0.4521  359,9951 26.21 0,4627  359.9475
2799 0.4242  359.9949 27.95 0.4339 359.9436
29.73 D.3975  359.9954 29.70 0.4070  359.9399
—.31.48 | 0.3724  359.9951 31.45 ©.3817 359.930H
33,73 352t C.349:  359.9958 33.19 3601 0,3567 359.9333
34,98 0,3295 359,996l 34a 94 C.3376  359,9297
36,73 ©.3130 35%,9973 36.69 0.3205  35%.9258
(3Be4E __ 0.29%3  359.9955 38,43 0.3063  259.8C71
40423 G.2681  359,9995 40418 0.2947  359.7917
41,98 0.27E2  35%9.9995 41,93 0.2643 359,776
43.73 G.27TCT  359.9995 4308 0.2758  359,7620
45,48 0.2638  355,9995 45,42 D.2656  359.7463
4Te23 C.2592 359.9995 47.17 0.2637  359,7302
48.97 e2557  359,9995 4,92 0.25%3 359.714l
50,72 £.2536  359.9995 50.66 0.2578  359.86965
52447 0.2522  359.9995 52.41 0.2563  359.6787
54,22 0.2514 359,999 54,16 0.2555  359.8616
55,97 _ .. £.25¢5  359,9995 55,90 0.25645  359,5443
57.72 0.2495  359,9995 57,45 0.2534  359.6270
——59a47 0.2483 359.9995  __ 59,40 0.2521  359.8096
61.22 0.2473  359,9995 61.15 0.2511  359.5928
__62.97 0.2459  355.9995 62,89 0.2497  359.5757
64,72 0.2439  359.9955 6he bl G.2476  359.5579
BT 0.241%  35%.9995 66,39 D.2450  359.5398
68.21 C.2389  359.999& 65413 0.2425 359.5222

- 5995 0.2356  359.99%5 69,86 0.23%2  359,5037
71.71 _6a2320  359,9998 71.63 0.2358  35%.4656
T34 C.2275  359.99%8 73,37 €.2314  359.4570
75.21 0.2218  359.9998 T5.12 Ge2259  359.4475

L Jbe86___0.2151 359,999 76,67 0,2194  359,4275
78.71 0.2079  359,9998 18,62 0.2124  359,4089
——BU.4& . ____ .. 0.1996 359,9998 80.36 0.2041  359,3911
82.21 0.1901  359,9998 82,11 0.1950  359.5554

- 8396 0.1798  359.9998 83.86 0.1848  359.5576
- B5.71 0.1691  359.999& 85.40 0.1740  359.5603
— BTabb ___ 01576  359.99%8 87.35 0.1621  359.5623
89.20 0.1469  359.99%8 89410 0.1509  359.5662
90495 ... 0.1351 359,9998 90.84 0.1397  359,5706
T oez.70 0.1260  359.9996 92,59 0.1292  359.5769
L Shb5. .. 041159 359.9998 __ . %4.34 C.31E6  359.5833
96,20 0.1063  359.9998 96,09 0.1087 359.5915
LS L 00906 _ 359.9998 9¥.82___ ___. 0.0987  359.5001

. 99,70 C.08B1  359,999% 99, 5§ C.O08%E  359.4128
101.4 Co0T94 0.0000 101.3 0.0508- 359.6255
102.2 T.0711 0.0001 1c2.1 €.0722 359.8404
10¢,9 0,025 0.0001 104.8 0.0634  359.6565
12,7 TelRaY 0. 0002 PYs C.05¢5  359,5734
10t .4 LMoot Letlibs 1E.3 CulaTe  359.6%c1
117.2 Catayt c.ocez 11{.1 0.04C1  359.716l
111.9 £.0223 0.0005 1ll.t C.0325  359,736>
113.7 5,0257 000 113.¢ C.C258  359.7671
11e.4 L.flds €. 0007 115.3 00187  359.7v22
117.: G.0121 PRl TN 117.1 £.r13) 35Y,8274
116.9 6.5073 €utO0B 111 .4 0.0C73  359.8567
12€.7 G057 L.0008 120.5 0.0057  359.902E
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Table 7.1-2

f/12.88 MTF AT GRID POINT B

ORIGHIR-
P

OF.

b,

oOR

ggﬁ %%?

pEE
‘zgﬁlﬁﬁ‘xiqi

DTAs F/L1Z.HE RELAY

THET A= Cof  Dibe PBI= 0.024 UEG, 6.5 Field

LIVEN OR CALLULATED FUCAL PLAME AT ._0.c363510C0 03 LH.

“TOCAL SHIFT= @,° [ RESULTANT FOCAL POSITIONT 0.23635100f OO
- FREu HTEIXY  PHASELX) FREW MTFLY)  PHASELY)
b.0 1.0606 [ G.0 1.0000 0.0
daT48 . L LL96L0 359.99%5 | . 1.74& 0.9652 0.0222
3.497 0.9306  359,9955 3.493 D.9364 0.040z
Sa245 o _L.P945 | 359,9998 _ _ £,239 . 0esD3Y 0.0025
BabGl C.8581  359.999% 6.955 0.8716 Ca09aE
Ba742 - L LaB2IT | A59.9995 | B.732 CuBZyZ Dalath
10.49 G, TS5 3B9.905E 1648 C.8071 Ce20c%
12.2¢ 27503 359.9995 | 12,22 CoT751 Ge2ble
2.9% 0.715%  a5y.9995 13,97 Ual403 [Py T
lheTe s 08811 354,995 15,72 £, 712 Cenbr2
1748 UG,0471  359,9995 17.46 G.6814 L5926
1eacs 0,616  359.99%5 19.21 00507 C.7C77
0.9k 0.5804 35G,4945 20 9o 0.6221 FaE1TH
22473 C.5489  359.9995 22.70 0.5902 L.9054
24kt 0.5176  359.9995 28445 0.5610 [T
26.23 0.&570  359,.9995 _ 26420, 0.5338 0.99%4
27.07 Caab6T  35%,99%5 27.56 0.5098 1.0427
29,77 L4274  359,9995 29.69 7 Uokeb 65 1.0651
3l.a7 €,2986 359,.9%95 3l.43 Ou.&b&5 - 1.0755
3Ba22 3745 0L3T12 0 359.9995 23,1 LuMHSE QL4427 1.0597
3647 G.344F  354,994E 34.93 0.422% 1,025
36,78 —m La3250 | 350,9445 Sbe07 C.403% £.5676
3hent C.3061  359,499: BHe &2 0.3B4c CaGbsl
“Ledl Ce24Y  3Ey,0495 “le 3 [T 3 | CL.925¢
“labb Ca2bbl 559,995 4let) CaBday? CLHYE:
43,71 C.2T6° 259,999% 3.04 V368 UL EZEL
45048 CL2T 35C,999S 4hyn” .22z feTeie
47.21 Te2BTE  359,595% 47,15 Ledlas 2,710
4Pyt LoibSe  359.996% wba Oazuat Pubbty
50,70 GaZ6A0 259,.9945 50,04 £.2951 La5972
52 .4F G605  359,9995 5455 0.rd63 CoEatl
Lo gt Cocb e 354, 9LS Sy e D.2T7uk 05025
55,45 2. 26HE  35%,9Y%% 55, BY 0.2732 G. 4394
5747 0.2697 359.999% 57463 Cu2675 DuabE2
LN C.2T45 359,9995 59.356 0.263F L3560
61416 G219 359.9995 || _ell.)2 - ... De260T7 _..Du326Y% .
42,54 Ce2726 359,9%95 624 87 0.2562 0.3279
b4ab9 02727 359.49995 bheb) . 0.2550 Gedbul
b6 ik Ca2T2T 359.995% 6t 30 0.2519 Cob202
83419 L2720 354,4995 sP. 11 €o2a%5= CabllC
&%,03 L2715 BEY.YYYL bt GeZubl Cobirud
Tiabt L2703 354,9995 Tle0l Qeuil Gobtlie
Tabz (2681 355,9G4n 73015 0.2437 1.01%)
75418 Gu2b4o  359,4995 150y C.237¢ leZasbl
.95 0.2692  35%,9995 Tl e Ca22et 1.522F
TEotr Pa?rab 354,999y Tba 5y Ge227C 1.829¢
BE a2 0.2682  359,9995 8G.33 - G.2220 2.1576
82417 0.229%6 356,599 B2.06 0.2151 22,4966
63.92 (.2286  359,9995 83482 02062 2.78e5
85407 e DeZl4b  359,999E 85.57 0.1973 L2.9914
87 .42 0.19%3  354,9498 8§7.32 0.1878 3.1282
B7.17 —— . 0.134T  359.99%8 |, $%9.06 0.1768 3,1301
9L.91 0.1702  359.9998 9%.B1 C.lo%2 A,C304
92468 . Gel564  359,9998 92.56 - Del598 2.8205
Ghessl Cole2?  359,9998 94,30 Gul467 2.5415
V2Ll | e Do 129T __AS5Y.YYYE 9605 Cei384 2.0%42
97,91 0.1169  359,9993 97, 60 0.1263 1.6737
_ 980, 0.1053  2359.9958 99,54 - - Ba1135  1.,313)
101 .4 Da0938 359.9998 1%l -3 0.10C3 0.9916
30z.2 0.0829  359,9998 1036 0.08E7 0.63E5
104,9 0.0720  359.99yB 104 .8 0.0767 C.2937
106,.6 0.0623 0.0000 106.5 00060  359.9308
16B,4 0.0526 0.000C 10,3 C.0556  359,.eL50
19,1 . 040440 0,006  _ 1l0.% 0460  354.2804
111,92 0,0352 6.0003 111.5 D.0366  35¥.Clb4
136 0.02T6 __ 0,000 1135 0.0284  358.7954
115.4 - 0.0198 0.0004 115.3 0.0203  35B.8416
1171 p.0138 0.,0004 117.¢ Cufl4l 350,593k
11i,.9 €.C076 0.0004 11E.t G.0076  35t.8340
V1288 0.0038 LPs0003 12C .5 C.O63F  35r.902¢
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Table 7.1-3
f/12.88 MTF AT GRID POINT A

Gla+ FALIZ.B88 RELAY

‘HET &= (U DEG. Pri= GaTEZ7 bt TE e
IVE™S OR CALCULATEL FUCAL PLANE AT C.z303%10C0 (32 CM. N
GCAL SAIFT= G.0 CH. RESULTANT FUCAL PUBITION=  O.c36351¢07L (>
FREL . HTF{X} PHASE (X} FRE® HIFLY]) PHASE LY}
0.C 1.000C Gt 0.0 l.o000 Lol
le74% B.9642 359.9995 LeTat - G.9673 B.C2T7
3,40 0.929]1 359.9995 5 3.493 0.9337 * D.0b«3
Bacub 0.3932 A59.99%5 Se229 0.89%2 0.1261
6993 0.8572 359,99%5 S.TES 0.8629 OuZenl
beTul L8217 359.9995 B.722 D.526( 03774
L.y CaTBLS 359.4995 15,48 0.7917 D.5812
Zars 0.TL1S 359.999% 12.22 0,553 08621
13 .59 J.717C 359,99%5 L 3. eT C.Thub 1.2107
15472 Deb827 359.9995 15.72 D.oB3l leb138
17.4¢ C.bdE? 356,9995 17,48 Gt Th 2.0bbE
16,22 Catilal 35¢.9995 19.21 . L.nlat 2.62.5%
20.98 c.5811 359,9995 20.% G.579% 3.1570
22473 0.5485 35Y.Y9eh ceas 70 6G.55140 dehboi
2641 © DeS185 359.9995 Lameh G.82s8 | | B.b4ES
5.22 Colspian'? 359,99%% 26419 b4kt 3.6k85
27 .%7 Cat52y 359 9SS 27 a%u G722 3.5%1C
29,72 Q.a217 354 ,999L 29.69 [T ks 3.39494
31.47 T.3905 3540995 2le 3 0,42¢c] 3.031,
33.27 ELT- T T A59.v4YS 5318 .MueS Gatil ae Labbit
34.%0 Ge2:65 3599995 34,92 Go2bzl PeT25t
ZhaT) L3190 359.%99% 3b6.%7 e sl CoBrle
Ak L4k 0.3011 359.990 3g.u7 Gasaay 35Y L6521
40.cl Leit bh 354%.9%95 &0, 17, fu32 T 254.2b71
“loyt 22761 A5G .5995 w1.9] Q5127 | BEYLL
“3.7¢C C.20v3 3L9.999¢ 43,68 L.2vte 35ba(te.
LR Tedtab 355..99%5 - {.2801 ELL N -9
47 .2t G20l AR9.0995 L% 1 0.27«¢ ELTIS
“botrd Se2ei A55. 7995 “la ot Gocode 355.3¢x1
50 .70 Celt33 AbY I 5L .0t D.2557 357 4T5¢
£l .af Cazbmb 354.9Y9L S2azy CugaTl 35) 4027
£L .1 0.287s 15v.9y9d D4, 14 C.239z 350.7117
55 .54 C.2695 359,999% bh,op ¢ 0.23.2 duvabivl
- 87,6t . [ P EL ] 5%eta . Q.2258  34oatlol
59,44 Ca2743 EER AT L1 54,37 G.219% 34 T 7494
tl.19 C.2769 360.0000 ol.l7 . C.215%5  3ub.alir
B2y B - T 363.7000 . c2.tl D.21:2 344,978
bhand - 028G C.000( b4, bl 0.20%% 343.bb16
[P CezEl2 VL0060 &b, 30 Guz™Tw 3424375
&F 1R C.2826 D.705¢ okl 11 DLEDHET 3ule2ecy
88,43 £.2t20 0.2005 Gozf 2t 340 . 21b4
T1.67 2.2833 . L0C 2.2712 339wk
T3ehE fe2b20 G. 0000 0,195 336.TL30
T5.17 t.281C C.000C . Calve 5 | 3dgl.l%1¢
J6.97 [raadl C000C G.1%3% 337.tolb
TE e0? D270z 3bYy.Y998 0.1694 337.Tosy
8C a2 C.2697 354.40968 0.18567 337.715¢
8z.1¢ 02631 359.99%L 0,180L 32b.0635
83.91 7 0.2506 359.9998 Lo Iy ) 338.9606¢
55460 0.2342 35%.9996 Otk 339,990
CETL4l | 0u217E 355,9995 - 0.1516  340.863C
B9.31¢ C.2020 359.499% £.1553 341.5447
90.9C. ___ DaiB62 359,999t C.1482  342.7195
92 .65 C.1711 359.99%¢ 0,1409  343.502«
SheaG _ Delh60 359,999E 01354  344.357:
9615 Celél?  359.999¢ 0.1258 345.1152
.97.90 0.1274  359,9998 . 0,1175 3a45.7791
99 .65 Dellss 359.4998 Gal0vl 346.1765
lol.4 . D.2016  359.99%6 0.1005 340,694l
ICz.1 ¢.0895 B359.999k G.0%9D1 34b.4vGl
4.9 Co0T74 35%.%99% V.0754 3ab.9lat
ICt.b 0.,08606 G.C001 D.ObTE 25,3505
tf.4 Q.GESY 0.0001 Q.0570 Dts g lul -
117 .1 G. 0405 G.0002 LU+ D 2 ELT M TYIEN
113.5 CLlnyr 04500, CL.eaTE ECCPFTS
11:-,¢ Gu02es C.NnoG3 D.0293 343, 7671
18, (2200 L & 4 Y U.02iy 343.0182
117.1 Ca0la2 {.00(z2 LeGlus 353.712%
e,y .07 €,2CCq [ 2 3a3.9 0w
127.e DaGldv U000 C.OGcy LN -1 LY
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Table 7.1-4

.88 MTF AT GRID POINT A
£/12.88 MTF R&G\N“ QUN-‘“
po0

- (413

— DYAY BE/LliuBY KELAY

THETA= 0. . DEG. PHi= 0.032 UEG. 1 0 Foeld
ﬂ\l’ﬁh UR EALCULM’ED FOCAL PLANE AT D.23035)000 03 CM.
CAL SHIFT= . CH. RESULTANT FOCAL POSITION= 0.23635100E O
FREQ H1lel PHASE (X} FREGQ MIF(Y) PHASELY]
~0.0 ___ 10000 D0 0.0 1.00C0 0.0
1.748 D.%624 0.0002 1747 0.9601 0.1327
.69 Z,9237 _ L,0003 _ 3.493 C.310C Ge3374
5.244 0.8842 G.0003 5.240 0.8531 D.6T16
— ba992 CuBtrul 00004 G957 - 0.7912 1.188%9
B T40 0.8035 C.0004 8.732 C.7270 1.5308
o 10.59 _ ., . 0.7620 0.0004 i0.48 0.68628 2.9330
12424 T ClT212 0.0004 12.23 Qa600¢ 41907
—13.98 . CubBO4 0s G004 13497 D.542% Sadbbe
15.73 C.5397 0. 0004 L5 T2 CaaBoS [T
1T ekB C.5993 CalOCH 1Ta47 0.433; T.365]1
19.23 04559 00004 ly.2l 0.3824 b+0b34
___&0.9F 0,5203 Y. 0N0& 20986 0,3352 BaSav2
2272 0.4833 Gel004 22.71 De2%z1] B. 7707
2L A7 CotebT2 Q. 0004 244,45 0.2525 Babts2y
25.27 0.4125 Q.9C0% 2b.2C 0.215% T.5783
s BT 29T T.378% C.0004 27495 0.LH56 6.1398
29.72 , Da3bl% e RDA 25,5649 D.155% 440047
31.456 Ped2e2 0.00G4 F-3 T 0.1315 0.8530
33.21 .leaw  C£.3073 0.00L% 33a1% LMY DW1122  ABBL.BTZE
3.5 _ QeiBYL O.C0C~ 34.53 C.0972 3B2.6L10
36.71 C.2732 G.0004 3babb 0.08b6 348.1662
3b.40 Ce2bu] 0.0004 3B, 42 0.0791 ALs 3257
&G . 40 ColaTe [ ] T 40417 60745 341.TBo4
41.95 0.2390 C.00{ & 41.92 Gelt9e 359.6v67
43.7C D.237¢ GL.e0L3 “3e07 DulbiE 337.7141
L5 .45 . 02352 C.000a 5,41 CaD5c3  335.1451
47,20 Ca2357 €003 4710 G 0568 332.2400
48 2960 Te2312 DalilGln 48,91 f.0568 32L.5E91
50.69 0.2413% C.GLl= 50. 65 0.D4b2 324.4707
52 atore D.2ubT Calils SZaxl 0.0463 319.495E
54.19 {2690 G.G003 54,15 O.Canb 314.3091
_. 55.94 Gezb32 GeOCO& B5.E% Q0435 30L.3%58
57.068 aZ2565 . 0005 57. 04 Da0430 302.8208
. 59.43 £.2595 CaCC0& . 59.39 0.0428 29648752
6la18 0.2624 0.0003 5l.13 0.04356 29z.0083
&2.93 6.2650 0.0003 62,58 0+0443  287.131%
64,68 Ce2002 L.C0L3 ohab2 0.045% 243.3002
[L1-3¥4 02672 0, (003 B66.37 Cu04T1 P4 T1-1-%4
£8.17 Ca2082 0.0003 bha 12 C.0GH 275.5058
£9.92 G.¢obo 09,0003 9. 87 0.049¥ 271.7586
TLab7 Q.2602 0.5CL3 Ti.6l C.2511 266.2190
13,42 f2eT4 0. 000s T3.3¢ 00526  261.7164
T5.17 Qe 2657 0.000632 Th.11 00530 25745544
- Y Ga202y 0.00Ca T 85 0.054% 2544,20692
78.66 0,201 0,000 TBa 60 0.0557 252.4230
.. Bh.col 0e2bb3 0.0003 B0 25 0.0561  250.%012
B2.16 G.z698 C.0003 82,04 0.0577 251,3526
B3,91 C.2373 0.0003 83.684 G.0603 252.9bE4
B5.65 Ga2249 6.0003 65, 5% 0.08625 254,975+
Oy Y1 . D.2120 0.0003 87.33 0.063%  255.5098
89.15 {.1993 0.0003 8%.08 - 0.0856 259.0C34
— 9D.90 0.1862 0.0603 90.83 0.0663 261.107L
9265 Q1729 0.0003 9257 GuDbbs 263,553
. 94,39 0.1594 C.G003 9L, 32 [ LYY o 2659460
LTS T Celinl .00 You (7 C. 0650 2op.ThEL
97 .10 . f.137 (oY O T.ul Dat6H23 2T haibel
P e Db Callve {a071 Ly, bo 0.Cb2C ETwadbty
101.4 o Sl i 356.,4958 b C.C562 277.0082
163,1 Calirat 359 .999b 1C5.1 Gal56a 28)1.11L7
106.9 el 265.500C lu,o 0.L525 2b4.5352
1ng,.0 177177 £.00¢¢ ITLS alatT  ZpT.586%
06,4 TalS9. CelaldC 108 .2 [T £91.&121
116.1 [ Y f.Li00 1a%a% Le22B3 293 Touw
111.9 Lafidnvl L. OO 11l.s Cut3lb 2yleblll
ils.b fafdls [ £ o 113 .5 2uf20F PR b DY
115,.4 Terile Leullf 1ls .2 Ladlben PLE L
117.1 vl lal LanfiGi ) 117.0 Cadle 2¥h by T
l18.9 Te0%tl LeWill 118, JeolTH 245,68t
12{ .¢ [JRVITET]) 0., 0000 1Y O] LIS 7 A 2yl
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AT VARIOUS FIELD POSITIONS

Figure 7.1-10
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Figure 7.1-11
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Figure 7.1-12
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MIF js Tisted as a function of spatial frequency in tables 7.1-5 through 7.1-8.
This data was calculated at the optimum on-axis back focal distance. MTF data
at grid points C, B, A', and A are given.

‘Pable 7.1-5
/30 MTF AT GRID POINT C

ane 15
%ﬁ_ POOR QUALITY

OTA + F/30 RELAY .o N
THETAx 0.0 DEwe PH]= 0.007 DLG. T F.etd

AIVEN OR CALCULATED FOCAL PLANE AT  0.245095Z00 03 CM.

s DCAL SHIFT= 0.0 CH. RESULTANT FOCAL PUSITIOUK= [0.245095208 ©.
FREQ MIF{X) PHASE (] FREG MTFLY) PHASELY]
0.0 1.0000 0.0 0.0 l.0000 0.0
0.7525 0,970  360.0000 0.751b 0.970% 0.0000
1,505 _ D,9417  360.0000 1.%03 C.5417 ELLON-1 12
2.258 G.9125%  359,999F 24155 09326 30%.99%h
. 3.0%0 D.8834  359.99y8 3.00s 0.8835 359,999t
3.7e3 D8543 359.9994 3,758 0.8543 359.99%4
__he515 08252 359.9998 %.510 0.8252 359.9995
52268 0.7961 359.999¢€ 5.261 0.7981 359,9995
6.020 07570  359.9598 5.013 0.76T0  359.9992
[ 5 0.T382  3A55.95%8 s.TbE 0.737%  359.994%3
. T.525 - 0.7094 35%.,9998 T.510 0.T0848 359.9990
B.278 O.6E0%  359.999%¢ B.2bE 0.6803 ° 359.99v0
9.030 ____ 0.6524  359,9965 $.01¢ D551y 356.9¥bE
9,763 O.6245  359.999b P17 Ga6239  359.9%E5
10,54 _D.5964 3599990 10.52 05960  35%.9983
11.2¢% 0.56%3  359.9994 1r.27 0.66BT  359.0%y2
o lz.04 D.5420  359.99%b 12.03 0.5415  35%.9%b0
12.79 Gu5154  B59.9996 12,74 051068  35%.9%7b
_.13.5% . 0.4887  369.999p 13.53 0.4861 S59.90Te
14430 NueZe  359.999p 1heit Ou&b20  359%.5%71
15,05 .. Gea3s%  359,999p 1L.03 Ca4360 359,990
15.80 D.4L17  359.9%%6 15.7s Qa5111 35%evioe
Y- D.3868  359.9996 Ib.54 0.3B62  35%.%%0l
17.31 0.369% 359,999 17.2% O 3687  359.99L¢
__ig.06_ ___ 0.3553 355.955¢ 18404 043541 35%.9%50
18.81 9,353 BBY.9998 lo. 7% 0.3420  35%.9%54
19.57 _. D.333s 359.9%9¢ L 19.54 035329+ 3595.9Fuy
20.32 De32ie 359.yyye 20.2¥ 03280  559.994C
21,07 0.323%  3E9.9Y9E 21 04- 043222 359,99
21.62 0.31%: 25% 9990 21.83 0.3165 359.9%4l
22.5b___ D.3159  359.999% 22455 0.31%%  35%.9959
23,32 0.312%  35%9.999¢ £3. 359 0.312%  359.9534
25,08 _. 0.3098 359.995y 24.05 0.30%8 359.9¢52
24,82 0.30c¢ 359,949% 240 E0 0.300F 359,9529
“2E.59 L0303 35%.9v58 25455 0.3038  359.9907
26434 0.3013 359,999 26431 0.3014 3ng.94¥26
__21.09 __D.29B%  359,9%%E 21,00 0.298Y  359.9%a
27.84 0.29¢5  359.999F 27.E1 0.2965  35%.9922
28.60 0.29%5 364,996y 28,58 0.294) 359.991%
29.35 06,2904  360,0000 29.31 02910 35v9.991Y
3D.10 D.2878  35G.9C%y 3G.00 0.2480  359.9917
EX -1 D 263t 350.0000 30,82 O.2E4e  359.495%17
3).61 D.27TE9  35%.99%8 31.57 0.2795 3559.9%15
32.36 0.2741  380.0000 32.32 0.274T  359.9%13
33.)1 Q.26E0 355.999b 33007 0.2686  35¥.9712
33.be D.2613  360.0000 33.82 0.2619  359.9912
34462 D,2534 _ J69.,949E _ __ 34.57 0.2541 - 359.9%1z
35.37 D0s2450  360.0000 a5.32 02436  359.991l%
= 36.12 0.2353  359,999% _ 36.08 0,2353 _ 359.9907
735,87 0.2201 " 360.0000 36.83 0.2201 359.9907
37.63 0,209 __ 360.0000 3758 0.2050  359.9507
38,38 0.1904 360,0000 36,33 01904 359.9907
3%.13 0.175€ __ 3600000 39.08 0.1759  359.9907
39,68 D.1619  360.0000 39.83 0.161%  359.9910
40.64 0.1479  360,0000 40,59 Oal480  35v.9910
4].3% D.134s  360,0000 &l.34 0.1346  359.9910
42414 0.1213 360,0000 “2. 09 0.1213 259.9912
42.89 Ge1091  360.0000 42484 041092  359.9415
ARG 0.0970 .. 380.0000 ... 43.5% 0.0970 359.9917
44 o D 0.0855  360.0000 L 2 D.0855  359.991%
5015 e . 0070 360.0000 45,10 0.0740 3bY,9922
45.90 Deded7 360.0000 45.E5 00637 5% UGin
Y Y Pelbau 0.0000 Gl bl D.0b34  339.9%110
LY IS L LETF] 0. 0000 w703t Delitets  3hvwavu.e
4. 1u 0.325¢ S.0300 whe1d D.035¢2 EEL ALY
46,01 raNZTz fannnn wlialh 00272 25%abyas
4G .87 Galln £0.0000 Lhagl 0,01y~ ENLE LR
50,42 0-0155 8.0000 L0, e 2.015% Iy oy .
—21.17 [ 0.0006 el 00073 aru.vuil
5142 PL005¢ U050 L1.b6b 0.0%30 2h%. 97,
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Table 7.1-6
/30 MTF AT GRID POINT B

OTA + F/30 RELAY- .

THETA= 0.0 DEL. PH1= 0.010 DEG. I Feid
VEN OR CALCULATLD FOCAL PLANE AT  D.24509520D 03 CH.
ekl SHIFT= 0.0 CM, RESULTANT FOCAL POSITION= 0.24509520¢ O:
FREQ MTEiX) ‘PHASELX) FREQ, KTF(Y) PHASE(Y)
0.0 1.0000 0.0 0.0 1.0000 0.0
' D.T525 0.9644 0.0000 0.T515 09703 0.0011 -
__1.50% ~ 0.93%0 0.0000 1.503 Ba%400b- 0,003
2.251 0.908s 0.0001 2a25% 0.9112 0.009%
“3.010 0.8781 0.0002 3.006 0.8815 0.0172
3.762 D.8aTE 0.0003 3.758 0.8519 0.027:2
4.515 0.8172- 0.0003 o509 0.8222 0.0404
5.267 0.7873 0.0003 52861 0.7925 G.0567
__6.020 0.757« 0.0003 6.012 0.7625 0.076t
Yo, 112 0.727¢& 00003 beTb4& 0.7331 e l3Us
_ 7525 0.6977 0.0003 Tu515 0.7040 041277
8.277 ., 0.46878 0.0003 E 2067 D.6749 0.159%
__ 9030 © DWB380 0.0003 " S.01% 0.6459 0.1%973
F.182 O.0093 0.0003 55,770 0.6175 0.240%
10.53 —— 045807 n.0063 10,52 05897 0C28a7
11,29 0.5528 0.0003 1. 27 0.5620 D.3441
12.04 0.504F D.0003 JZ2.0:c 05343 D407y
124719 0497, 0.6003 12.76 0.50067 De4Bly
13.54 O.40695 0.000z 13.53 0.4791. Dabbst
14.30 fluae2h 0.0002 14a28 D.a541 0.508%
_A5.05 De%156 0.0003 15.03 0.5314 B.STBL
15.80 . Da3b e 0.000 15. 70 O.ullZz N.491G
16%.55 0:3054 0.0063 16453 0.3923 0. 350]
17.31 De3ay, 000032 17.2v 0.3740 D.151¢
18.06 0.2354 0.0053 18.0« 0.35L7 3iv.9ert
is.81 N.3zvz 0.0NDE 16.749 0.345y 35%.b511
19,58 _ T 0.aiC 0.0003 15454 0.33a5  359.T13«
20.32 0.312¢ 0.0002 20.2z%9 0.3252 355.5L30
21.07 0.30v7 0.000. 21 .04 0.3185%  35%4.4b07
21.62 - N30T 0.000z 21.79 03118 359.3089
. _22.57 0.30482 0.000% 22.5% 03009  35%.237)
. €3.33 0,305¢ 0.000, 23,50 0.3032 35%.1z40
s 24406 D.302« 0.0002 26.05 0.2996 -+ 35%.00&
24.83 0.3011 0.000z 2aa EO G.2966 35E.9067
_25.58 ‘0.2940 0.0002 25.55 0.2935 35848035
2636 . D.29u7 0.0002 26.30 0.2905 358.7251
__21.0% D.2974 0000 £7.00 © Da2E74 ELTPAY-TY B
27 b4 D.295¢ 0.0002 27.81 0.2837 328.5523
_28.59 Quzuzy 0.0002 2B. 56 D.2801  35L.52:i0
29.35 «2413 0.0002 29431 0.2770 358 ,0b20
. 30,10 | 0.2882 0.0002 30.06 0.2733 3vb.alon
- 30.85 0.4L57 0.0002 30.bl 0.2702 ELTWELT IS
Al.eo | 0.2820 0.0002 31.57 02659  3bb.366c
32.386 02777 0.0002 32.32 0.2610 A5836493
33.11 _b.2722 . 0.0002 -35.07 0.2549 358.30628
33.86 0.2854 0.0002 .33.82 D.2487 355.3977
136,61 _6.2580 .0.0002 34,57 D.2420  355.4072
35.37 0.2494 0.0002 35.32 0.2340 35545249«
ELYS N Y- £ 0.0002 36.07 0.2230 356.7273
36. 67 0.22i% 0.0002 36453 © 0s2126 3508920
37.62 0.2072 -0.0001  _  37.58 T 0.2011  359.0503
T 3B,3% Oel9z5 0.0000 38433 < 0.1901 359.2371
39,13 . 0,778 0.0000 39.08 0.1773  359.3333
39.8¢ 0.1837 0.0000 39,63 0.1633 Abv.3213
40,63 0,0447 __ 0.0000 _  «0.58 T 0.1493  359.309)
&1.39 - 0.1362 £.0000 4]le34 0.1359 359.2971
“Z4la TO.1227 2.0000 “ia Oy Oudiia A59.28%¢
T oA2,B9 0.1104 0.0000 HIaba Dellle 355, Ton
43 .tk Q.09 0.0000 LIetw O.04ED 35v.264T -
b4 lulr A.0hGH 0.U00s LT 0.380u 3% EJa
L4615 © 0.07av G.G000 ul.0v 00 Tue Jouadiet
45,90 T.06nr 0.9000 LT Da0oun ELb T
“bat > 0s0bsD 0.000u abe D 0.0540  sdyaZlsa
“Tenl Dadlual 00000 L RN 0.0441 PHL RSN
Lp it . LPOETES Le000 LIPS T 0.035¢0 shyelvos
4B, 51 NJ127e 2e0.0000 Yoot 0077 LS V-
L el 0.01%7 2el. 008 LY. 00 D.05% ELEES
Lh.51 D01k 362.0000 50.35 0.0313% 3zveleo.r
51.17 0.0074 00.0000 skell 0.00T4 Ayy.liuv
51.9% . Jab2s7 360.0C00 51.8¢ 0.0047 EELR T
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Table 7,1-7 l
f/30 MTF AT GRID POINT A

PAGE 43
@@ﬁ{i\ﬂk QuALITY

OTA * Fr30 RILAY

THETA= 0.0  DEG. PHI= 0011 DLL. &7 Fuld g;?
VEN DR CALLULATEL FOCAL PLARE AT 0,245095200 03 CH. .
CAL. _SHIFT= 0.0 CH. RESULTANT FOGAL PULITIUN=. 0.2450%5208 0OI

FRED - HTFLX)  PHASE(X) FREQ MTELY)  PHASELY)

~ D0 1.0000 0.0 0.0 1.0000 0.0

0.7525 0.966b 0.0000 0.7516 0.9700  359.995%
. . L0e93TT 00002 | _1.503 09400  35%.99=1

2.257 0.9064 0.0003 2.255 D.50%8  359.998%

2,010 0e8754 0,0003 ° 3,008 0.8790 0.,007¢
3.762 08442 0.0003 3.758 0.8492 0.02233

L5156 P.812¢9 0.0003 “#a510 O«818¢ 0aD&5~
5,267 0.7820 0.0003 5.261 0.7863 0.0750

5,020 n.7510 0.000& 6.013 0.7579 0.112%

6,772 0.7204 0.0004 baTbh 0.7275 0Ll60n0

_T.52% 0,607 0.0004 T.518 D.6976 0.2153
B.277 0.6591 0.0004 8.26b 0.6679 0.281%

_9.030 0.62L5 0.0004 9.019 0.6382 03605
9,782 0.5992 0.0004 9.771 D.4093 0.452]

_10.53 0.569% 0.0004 10.%2 0.5805% D.bEYe
11.29 0.5510 0,0004 11.27 0.%518 0.6E49

J12.04 . 0.5121 040004 12404 0.523¢ 0.b253
12.79 Oatt B39 0.0004 12.76 0.4961 0.9877

13,56 04,4558 0.0004 13.53 0.4708 14059%
1&.30 [ 0.0003 14.28 .44 80 1.0101

_15.05 04010 0.0004 15.03 04264 08974
15,80 0.3746 0.0003 15,7k D405t OebToy

16455 0.351y 0.0003 Y6. 54 0.3685 0.366¢

17.31 0.3351 0.0003 17.29 0.3703  35%.98:2

18,08 043225 0.000% 1B.0 0.3545  35%.651¢

18,81 0.313e 0.0003 18,79 0.301T  35%.3k0°0

_19.5¢6 0.3060 0.0003 19.54 03301  55%.12c2
20,32 0.3029 0.0003 20.29 0.3204  355.88677

21.07 0,3011 0.0003 21.04 0.311F  355.4753

21.82 0.2993 0.0003 21.80 0.30486  35E.450¢

22.57 0.2570 0,0003 2245% 0a2979  35b.1960

23,33 0.296% 0.0003 23.30 0.2943  357.9536

24408 0.2962 0.0003 24405 B.2907 -357.6%52
24,83 0.2956 0.0003 26,50 0.2871  357.4211

_25.58 - 02950 00003 25.55 0.2835  357.234¢
26 .34 D294t 0.0003 26.31 0.2805  357.0a27

27.0% 0.2937 0.0003 27.00 0.2775  5%0.8430

27484 0.2925 0.0003 27.81 0.2739  35b.86bLui

.2B.59 0.24%0¢ 0.0003 2Ba55 0.2702  356.5200
29435 0.2893 0.0002 29.31 0.2672  356.355%

30,10 D.28b0b 0.0003 30.08 D.2035  35e,2351
30.85 D.2bat 0.0003 EL I 0.2604 35641187

_3l.80 0.2517 00003 31.57 0.2566  356.0537
32.30 02772 0.0003 3232 02517 355.984%

331l 0.2723 ..0.0003 33.07 0.2461 355,971«
33.86 0.2067 0.0003 33.82 0.2405  3556.0254

Bhadl D.25%8 0.0003 34,57 0.2343 356.0327
3537 0e2511 0+0003 35.32 DaZ264 S56e174E

2612 0.2388 .0.0002 36,08 042166  356.5293
36487 0.2235 0,0003 36,83 0.20569 356.5799

ATeb2 De2082 . 0.0003 37.58 0.1966  357.2224
3B.38 0.1935 0.0002 38.33 0,1857 337.4932

39113 0.1786 0.0003 39.08 0.1%4E  357.8169
39,88 D.1647 0.0002 39.53 . 01832  358.0505

40,63 .D.1508 0.0002 40 .59 01493 358,0149

41.39 0.137¢ Q.0001 9le34 Da1360 3579795

42414 0.1235 0.0000 42.0% 041227  35T.9usl

“2.89 0.2112 0.0000 PENTS 0,1105  357.908%.

43.64 0.0969 0.0006 43,59 0.09E2 3578731

Lty o &1 0.087. 000G fety o i Q0805 257.842%]

45215 D.DTHE 00060 45,10 0.0780 35T.80ar

45,%0 0.3652 0.9%00 L3 0.0848  5571.70%%

ab &5 0.054> 0.0000 at.el 0.0843 3574 {3a%

“«Tehl Delnt; 0.0000 o 912 [ F-LEN 257.THG1

4B.16 0.035¢ 0.39%u w810 0.0359 357,000t

48,81 C.027¢ 00030 et 0.027a  357.tzln

49 bt Da0161L 2606000 wbat) [) TOF FETL 5% &

80.40 (225 A3 36D LC00C LOsZe D.013¢ AtT.5eny

51.17 0,007«  380.0000 t1,11 0.0074  357452.0

51.42 A.OCHT  360.0000 51.50 0.0037  35T.4b5%t
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OTa + F/30 RELAY
THET &= 0.9 Pl »

Table 7.71-8
f/30 MTF AT GRID POINT A

PHi=.

0.014 DEG.

.6 Feld

AJIVEN UR CALLUNATED FOCAL PLANE AT  0.2550%528D D3 O,

rdlal SHIFT= 0.0

FHEU MIF(XR}
0.0 1.0000
0.7526 2.9670

1.505 0.%351
2.258 0,902
3.010 0.8695
3.763 0.8305
4.518 0.803%
5,258 0.7707
5.021 0.7378
6.773 0.7050
Teo26 0.eT:z3
B.Z79 D.629%
2.021 0.6070
9. 10y 0.576%
10.5% "D.5&52
1lazy 0.5151
12.0¢ GaeB50
1v.7% O.a50%
13,55 [« YL
12 .20 0.3%87
15,05 G.370¢
15.82 0.3ubw
lb.5¢ 0.3262
17,31 0.210v
lo.e Puluyl
1E. &1 f.2%z4
19.¢ Doztba
20.22 0287
2) .07 020462
21.k2 O.2537
2.5 Jae£21
Chenk 0.2E3:
26,08 0.2t45
24 .54 2.2:51
2% .59 0.2850
abe b O.2b6r2
27.09 0.2e87
2T.85 0280
26.60 0.2858
£%.25 Q.2090
30.10 0.2E3¢
30.E4 d.2021
2l.el. D.2794
32.26 G.276d
33.11 C.2713
33.t7 QL7661
3n.be 0.2602

£.37 0.251%

56412 __D.2385
35,88 T0.2234
3T.62 ._0.2083
36,36 0.1938
3%.14 -0.1792
39,8c 0.1653
ab.by . D.1513
&Y ,.39 0.1378
42415 Dal2as
&2.90 0.1121
43,65 . 0.0998
46 B0 ¢.0881
4%, 18 0.,0Te3
LS.kl G065
Lt Lut V054
nT.al Vadaok
al .17 Cuf3fn
Gyt ORI
«Goe? C.020l
LRV Ded] s
SL.kr J.A3te
Al.ss (7] JENY

Cm.
PHASE {X )
0.0

0.0002
0.0003
0.0003
0.0004
0.0004
0.0004
0.0004
G.000«
0.0004
0,0004
0.0004
0. 0004
©.000«
G.0004
0.000<
0.0004
Q000+
Q. 000+
0.900«
G000«
0,200«
0L 0004
0.0004
0.0004
0.0002
0. 0064
G. 3005
Q. 0004
o0.nan3
+Ga 0004
0.u003
0.0004
0.0593
0.0004
0,0003
0.0004
0.0003
0.0004
00003
0.0004
G.0003
G.0002
0.0002
0.0004

‘o 0.0003
0.0004
0.0002
0.0004
0. 0003
. 0.0003
0.0003
0.0003
0.0003
_._b.0003
"6,0002
-0.0002
$.0002
0.0002
360,0000
360.0605
3600.0080
2u8.0000
SoJd.olila
Se0,0no0
200.0000
3hS.9vYL
ELR L b
DY Yy
39% .. WYY

80

RESULTANT FOCAL POSITION=

FREw
0.0
0.7517

1.503
2,255
3.007
3.759
“.510
be2t2
balla
baTtl
74517
bazoy
“e02l
Y.773
10.52
1l.28
lea03
32.7F
13.53
l4.28
S.0C
15.7¢
16454
17.29
lb 04
18.7¢
19.%5
20. 20
2«00
1.6
12455
23.50
24.00
24.b1
25.5¢8
26.31
2700
ZTe%]
28.57
2%.32
30.07
30.62
.57
32.33
23.0b
33.b3
34458
35.33
30.08
36.84
37.5%
38.34
39.0v
39. 84
40.E9
41.35
42.10
42.85
43.60
44435
«5.10
45.ht
4but}
oy T
wf W1k
“t. b
494 ton
L. 37
fiele
tl.n?

MTFLY)
1.0000
0.9693
0.9381

0.90032

0.8742
0.B518
0.8093
0.7T760
0.7439
0.T114
0.6790
O.6475
046163
0.5802
0.5b85
0.5274
0.5017
0.4775
0.4547
Q.u333
Ou4lZ?
0.3932
0.3751
0.35%4
03421
0.3289
. D.3170
03062
0.2973
0.2843
0.2600
0.2735
0.2670
0.2640
0.2602
0.2570
0.2542
0.2509
0.2475
Da24uo
0.2612
0.2382
0.23486
0.2303
0.2254
0.2204
0.214E
0.2081
0.19%%
.- 0J1907
0.1819
0.1731

0a1637 |
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7.2 FIELD CURVATURE

At each grid point in the image field, peak MTF was found by shifting focus.
Plotting the focus shift corresponding to peak MTF against field height gave
graphs of field curvature.

Field curvature for the f/12.88 relay is shown in figure 7.2-1. The values of
peak MTF are given along the curved image surface. MTF values along the best-
compromise fccal plane are also given. The tilted configuration of the OTA +
relay caused the image field to be tilted in the meridional plane.

A .34 .19 6 .38 .28
YR N 6" T:;\\ .40
F -40 .42

c 3% | 44

F -40 42
G .40 .40
G .35./{//. .28

L1t 1 1 1 I IS I A |
600 -400 -200 O 200 400 600

FOCUS SHIFT - MICRONS
MERIDIONAL PLANE

R A B I A SN S A
~-600 -400 -200 0 200 400 600

FOCUS SHIFT- MICRONS
SAGITTAL PLANE

FIELD CURVATURE AND MTF AT POINTS ON THE CURVED IMAGE
SURFACE AND ON THE REFERENCE FGCAL PLANE OF f/12.88 RELAY

Figure 7.2-1
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Figure 7.2-2 shows field curvature for the #/30 relay. The magnitude .of field
curvature for the /30 is about the same as that for the £/12.88 relay. -How-
ever, the MTF Toss for the f/30 relay is much less because its higher f-number

increases the depth of focus.

A .44 .43 & .44 .43
. B .46 F .46
.47 47
c C -
|
D a6 /} .46 F a6,/ | .46
E .45 .44 6 .44 .43
I_Llllilllllrl 11111|I|:|r||
-600 -400 -200 0 200 400 600 -600 -400 -200 O 200 400 600
FOCUS SHIFT - MICRONS FOCUS SHIFT - MICRONS
MERIDIONAL PLANE SAGITTAL PLANE

FIELD CURVATURE AND MTF AT POINTS ON THE CURVED IMAGE
SURFACE AND ON THE REFERENCE FOCAL PLANE OF /30 RELAY

Plgure 7.2-2

7.3 GEOMETRIC SPOT DIAGRAMS

Computer program BFLTS ﬁas used to generate the spot diagrams. A 20 x 20 array
of rays entered the Tens. The intercepts of these rays at the focal surface
(CCD detector) were plotted as individual spots. The entire pattern of spots
is the spot diagram. These spot diagrams show the effect of geometric aberra-
tions on image quality, but ignore diffraction effects.

Figures 7.3-1 through 7.3-5 show spot diagrams for the f/12.88 relay. For com-
parison, the core (airy disk) of an aberration-free f/12.88 diffraction spread

function s also given.
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Spot diagrams for the 7/30 relay are shown in figures 7.3-6 through 7.3-10. .
For this high f-number system, the airy disk is much larger than the geometric
spot diagrams. This relay, therefore, has near diffraction limited performance
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7.4 POINT SPREAD FUNCTIONS

Diffraction-based point spread functions (PSF) were generated by the combination
of computer programs BFLT5 and BFLTA. Program BFLT5 ray traced the OTA + relay
optical system and produced two data arrays. The "existence array" defines the
shape of the diffracting aperture {exit pupil) by assigning the value 1 to each
ray that passes through the exit pupil and assigning the value of zero to each
blocked ray. The "OPD array” defines the contour of the wavefront in the exit
pupil in terms of optical pathlength difference (OPD) along each ray. These two
arrays, for each_ combination of Tield angle and focus shift, were then recorded
on magnetic tape. ’

After reading the magnetic tape, program BFLTA generated the complex pupil func-
tion by combining the existence array and the OPD array. The pupil function,
contained in a 32 x 32 array, was then inserted into a larger 256 x 256 "trans-
form array”. After performing a Fast Fourier Transform {FFT) of this array and
multiplying the result by its complex conjugate, the two-dimensional point
spread function was produced.

Point spread functions for the £/12.88 relay are shown in figures 7.4-1 through
7.4-10. For grid points A, E, and G, the spread functions are plotted in both
the radial and tangential directions because these spread functions are not ro-
tationally symmetric. Each spread function pTot also shows the effect of focus
shift.

Relative intensity of the spread function peak, if it were aberration free, is
also indicated on each plot. The ratio of peak relative intensity of the aber-
rated spread function to the aberration-free peak is calied the Strehi Ratio.
This ratio is often used as a figure of merit for optical systems. The Strehl
criterion states that an image is near diffraction limited if its Strehl ratio
exceeds 0.8.
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Strehl ratio values (for zero focus shift) are shown on the PSF plots for each

performance grid point. These values show that, except for the corners, dif-
Traction timited performance is achieved over the f/12.88 relay field. The

£/30 relay is diffraction limited over its entire field.

The PSF's for the f/12.88 relay are given in figures 7.4-1 through 7.4-10 and
those for the f/30 relay are given in figures 7.4-11 through 7.4-17.
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7.5 ENCIRCLED ENERGY

Encircled energy data were generated by computer program BFLTA. For each sbe-
cified radius, the integrated energy was found by summing the values of inten-
sity, point by point, over the enclosed portion of the two dimensional point

sbread function.

The encircled energy diagrams for the f£/12.88 relay are given in figures 7.5~1

through 7.5-7.

The F/30 relay is so well corrected that the encircled energy diagrams for alil
the grid points are nearly identical. In figure 7.5-8, the plot for grid point
C is given. This plot is typical of all the grid points.
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7.6 GEOMETRIC DISTORTIGN

Computation of geometric distortion has been based upon the expressicn:

% Dst = 100 (Y-y)/y where % Dst is distortion expressed as a percent of the
paraxial image height y. This image height.{s the radial distance between a
specified image point on the relay optics focal plane and the on-axis point
on that plane. The change in chief ray 1ntefcept height, y, is derived by
exact trigonometric ray trace. The change in paraxial image height, y, can
also be given by the following expression:

y = ftanp
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where @ is the change in the input field angle and fF is the focal length of the
overall system consisting of the OTA optics plus the camera relay optics. This
focal length has been calculated by means of a paraxial ray trace of the opti-

cal system. 1t should be noted that the effect of image distortion is angular

pointing error. A star at a field angle of & will appear to be at an angle of

@ + a8. The angular error can be expressed as follows:

tan (48) (Té%ﬁ

il
—h[~<

where b Dst/100

The geometric distortion calculations are summarized in tables 7.6~1 and 7.6-2.

Table 7.6~1

GEOMETRIC DISTORTION - f/12.88 RELAY
(£ = 3091.0 cm)

Grid ) Y ¥ Dst AD
Point {Degree) {cm} _ (cm) Az {Arc_Second)

A 0.0158i6 0.854896 0.853244 +0.194 g.110

B 0.007908 0.426959 0.426622 +0.079 0.022

c 0 ¢ 0 - -

D 0.007908 0.426596 0.426622 -0.006 -0.002

E 0.015816 0.853436 0.85324¢ +0.023 0.013

F 0.007908 0.426780 0.426622 +0.037 0.010

6 0.015816 0.854191 0.853244 +0.111 0.063
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Table 7.6-2

GEOMETRIC DISTORTION - f/30 RELAY ORIGINAL PAGE' 1S

(f = 7200.6 cm) CF POOR QUALITY

Grid 4 Y y Dst 48
Paint (Degree) {em) {cm) (%) (Arc_Second)

A 0.0067556 0.849387 0.849005 +0.045 0.011

B 0.0033778 0.424548 0.424502 +0.071 0.001

c 0 0 0 - -

D 0.0033778 0.424392 0.424502 -0.026  -0.003

E 0.0067556 0.848761 0.849005 -0.029 -0.007

F 0.0033778 0.424470 0.424502 -0.008 -0.001

G 0.0067556 0.843078 0.849005 +0.009 0.002

7.7 VIGNETTING

Image irradiance will fail of f with increasing distance into the field due to
vignetting and the "cosine-fourth power law." Vignetting is determined by
tracing an array of rays through the optical system where each ray represents
a fraction of the radiant power‘entering the lens. At each specified field
point on the relay lens focal plane, the incident optical power T is related
to the input optical power To by the expressioni

(T/To) = (R/3234)

where R is the number of unvignetted rays traced. The relative image irradi-
ance is directly proportiona],to the relative transmittance and can be found
by the expression:

{H/Ho) - (T/To) c0549

where c0549 is the geometric irradiance fall-off factor with 8 the slope angle
of the chief ray at the relay exit pupil. The vignetting calculations are
summarized in tables 7.7-1 and 7.7-2.
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Table 7.7-1
RELATIVE IMAGE IRRADIANCE - f/12.88 RELAY

A 2968 0.9177 0.9966 0.9146
A 3062 0.9468 0.9984 ©0.9453
B 3132 0.9685 0.9992 0.9677
c 3234 1.0 1.0 1.0

)] 3132 0.9685 0.9992 0.9677
E* 3066 0.9481 0.9984 0.9465
£ 2-968 0.9177 0.9967 0.5147
F 3128 0.9672 0.9991 0.9664
G 3059 0.9459 0.9984 0.9444
g 2958 0.9147 0.9966 0.9115

Table 7.7-2
RELATIVE IMAGE IRRADIANCE - 7/30 RELAY

Grid R 4

Point Number. {1/To) cos () {H/Ho)
A 3172 0.9618 0.9991 0.9610
B ' 3256 0.9873 0.9998 0.987)
C 3298 1.0 1.0 1.0
D 3257 0.9876 " 0.9998 0.5874
E 3174 0.9624 0:9991 0.9616
F 3256 . 0.9873 0.9998 0.9871
6 3172 0.9618 ;3.9991 -0.9610
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7.8 SENSITIVITY ANALYSIS

This section evaluates the sensitivity of the WF/PC relays to manufacturing
variations. The study shows that the back focal distance of the relay is

very sensitive to changes in primary mirror and secondary mirror vertex radii
of curvature. - This potential focus error can be removed, however, by axial
adjustments of the CCD detector location, primary-to-secondary mirror spacing,
and pyramid positon.

Decenter and tilt of the relay secondary mirror with respect to its primary
mirror produces field tilt, coma, and astigmatism. These alignment errors are
analyzed in this section in terms of MIF degradation.

7.8.1 Radius of Curvature Tolerances

Focus shift is the consequence of radius of curvature errors. The amount of
focus shift is given by the following expression:

8F = 1 Tty (rp t2t) t

(rs -2 tp)( rp t2ty) -2 D t,

t +/r + R
ro (}p 2 t, (1 p))tp

-r
(rs -2t (1-Rs{) (?p +2t (1-Rp{) - 2Rt (1-RS)J (1)

* where: ABF = focus error

rp_ = primary mirror radius of curvature

re = secohdary mirror radius of curvature

to = object distance {OTA image - primary mirror)

tp = primary-secondary mirror spacing

R = (ar /r 1+ ar /r

o = lary/r )/ (L4 ar /v
R

%]
1

= (arg/r M (1 + ar /r )
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(Arp/rpj = relative primary mirror radius error

(Ars/rs) = relative secondary mirror radius errvor

A second effect of radius errors is a change in image maanification.

_Both focus error and magnification error can be compensated during assembly
buildup by adjusting the axial Tocation of the CCD detector .and the primary
mirror to secondary mirror spacing.

The mirror-t -mirror spacing adjustment (Atp) is:

=t T2t )+ R.-r R
sty = 4y o Tt Ry R) (2)
p

(1-R.) {rp

And the change (Atb) in detector axial posftion is:

t2t, (l-Rp))

\

J - At (3)

. /
i + : - +
_ re ((rp 2 to) A tp 2 ?o (tp Atp) Rp
p

at =
D

(rp + 2 to) (rs «\2 tp)_- 2 " t

7.8.1.1 f/12.88 Relay Radius of Curvature Tolerances - A tight but reasonable
radius of curvature tolerance is x 0.5 percent. For the primary mirror this
yields a radius specification of 40.57 +0.20 cm. The secondary mirror radius
specification is 28.55 « 0.14 c. '

The back focus variation caused by these radius tolerances is found from
equation {1). Evaluating this expression for the £/12.88 relay gives:

149753 ~ 104950 (1-Rp)

ABF = -20.7626

[32.518 (1-R,) +28.546] [226.122 (1-% )-40.5667 | -9172.91(1-R,)
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The worst-case condition occurs when the radius errors for the two mirrors have

opposite signs.

Let ‘
Arp/rp = + 0.005 (+0.5%)
Arslrs = - 0.005 (-0.5%)
Then T )
Rp = + 0.004975
RS = - 0.005025
And

ABF = 1.10 cm.

Thus, the back focal distance may be anywhere within £ 1.10 cm "from its
design value when the radius tolerance is + 0.5 percent.

Focal 1ength and focus can be restored by adjusting the prim@ry—secohdary
mirror spacing and the axial position of the detector using equations (2) and
(3). Evaluating these eguations for the f/12.88 relay gives:

3016.95 - 4586.46 RS + 3227.44 R

At = P -16.2590
p (1R,) ~226.122 (1-R.) - 40.5662'

t = 2.99 2500 + At.) - 3.45468

bty 132 R, (16.2590 + ot)) - 3.45468 at,

The required adjustment ranges are calculated from the above expressions.
Based upon the 0.5 percent radius tolerance:

L]

" At +0.2284 cm

p
Aty

f

~0.5435 cm

Thus, the secondary mirror needs an assembly buildup adjustment range of
+ 0,23 cm and the detector needs an assembly buildup adjustment range :0.55 cm.
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If vertex radius could be measured perfectly, the radius errors of the
manufactured parts would be known exactly, then these exact values could be
used in the preceding equations ,to predict the required amounts of adjustment.

The computer math model was used to verify this analysis. The model was
perturbed as follows:

1. The primary mirror radius of curvature was increased
from 40.5662 cm to 40.7690 cm (+0.5%).

2. The secondary mirror radius of curvature was decreased
from 28.5462 cm to 28.4035 cm ({-0.5%).

3. Spacing between primary and secondary mirrors was
increased by 0.2284 cm to re-establish the focal length
(magnification).

4. The detector was moved 0.5435 cm toward the primary
mirror to re-establish focus.

5. MTF of this perturbed system wés calculated at thrée
grid points and compared with unperturbed vaiues.
Table 7.8.1~1

RADIUS PERTURBATION COMPARISON

Grid Perturbed Unperturbed Image Height '
Point MTF MTF Change
A ) .181 .188 0.2u
¢ - . 356 . 354 0.0p
E .332 .336 0.2n
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http:equations.to

The perturbed- MTF values are very close to the unﬁerturbed values. The
adjustments, therefore, corrected the focus shift caused by'the radius errors.
Magnification was also compensated by these adjustments as indicated;

image height changed by only 0.2 microns,

From a practical standpoint, however, there is always a measurement error
where:

é-E-(actua'l) = é%{measured) + é% {arror)

Thus, the adjustment values calculated frdm measured data, AE {measured),
are only approximate. After applying these adjustments, a residual focus
~error will remain due to the measurement error é-E-(err‘or).

A tight but reasonable accuracy requirement for the radius measurement
equipment is 0.1 percent. Inserting this value {ar /r_ =+ .001, ArS/rS=—.001)
into equation (1) gives the amount of residual focus error at the detector:

ABF = x 0.2133 cm

In summéry, a vertex radius tolerance of 0.5 percent was specified. This tolerance
determined the assembly buildup adjustment ranges. The manufactured'mirrdrsK

would be measured with equipment having & measurement accuracy of 0.1 percent.
Adjustments in the axial poéitions of the secondary mirror ahd detector would

then be made during assembly buildup, based upon these measured data. Because

of measurement error;'however, these adjustments are not'perfect and a

residual focus error, in the range of $0.22 cm, remains .

This residual focus error- can only be removed by an in-process optical test.
The WF/PC cannot be assembled to the required accuracy by tight tolerances
and mechanical measurements alone. The final focus adjustment must be done
optically.
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7.8.1.2 f/30 Relay Radius of Curvature Tolerances - Evaluation and
conclusions for the £/30 relay are the same-as those described above. 1In
summary, for this relay:

167084.6 - 130592.9 (1-Rp)

ABF = - 37.5967
(49.294 (1-R() + 23.433)(226.114 (1-R )-51.7800) -1170818(1-R )
4296.81 - 5854.09 R_ + 2649.26 R '
At = - --24.6470 .
P (1-Rg) (226.114 (1-R ) - 51.7800)
At = 5. 6470 + at.) - 4.20889 At
Bty = 5.45899 R (26.6470 + 4t ) )

Based upon-a 0.5 percent radius tolerance for the primary and secondary mirrors, -
the secondary mirror will need a * 0.29 cm adjustment range and the detector will
need a + 0.51 cm adjustment range.

Also, based upon a radius measurement accuracy of 0.1 percent, the residual )
focus error at the detector after the adjustments are made will be in the range
of = 0.92 cm. :

7.8.1.3 Pyramid Facet Radius of Curvature Tolerance - Each pyramid facet is

a concave surface of 306:8400 cm radius. This surface radius was increased
0.5 percent and evaluated. The optical math model showed no significént change
in MTF. A radius tolerance of 0.5 percent for this‘sdrface, therefore, is
appropriate. - ' '

7.8.1.4 Primary - Secondary Mirror Spacing Tolerance - A perturbation (at_ ) in
spacing between the relay primary and secondary mirrors causes focus shift
(aBF) at the detector as given in the expression:

ABF = -(M2 +1) st (4)
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- 1 . N ]
. o s " -
where: M= v (rp + 2 to):f%(rp + 2 to)(rS 2 tp) 2t ry: (5)

rp = primary mirror radius of curvature

P T secondary mirror radius of curvature
t, = object distance (OTA image - primary mirror)
tp = primary-secondary mirror spacing

Design values for the f/12.88 are:

- -40.5662 cm

rp =

re = -28.5460 cm
to = 113.0610 cm
tp = 16.2590 cm

Fvaluating equations (5) and (4) gives:

M = 2.454679

ABF = -7.025449 Atp

In the previous section, it was shown that a 0.1 percent error in the knowledge of
vertex radii would cause a residual focus error of %0.22 cm. Inaccuracy

(A tp) in setting the mirror-to-mirror. spacing causes an additional focus

error. Since this total residual error is removed later during an optical

test, an extremely tight spacing tolerance is not necessary; however, the

error caused by this tolerance should be much less than + 0.22 cm if possible.

The above equation shows that a spacing tolerance of * 0.003 cm produces a
focus error of £0.021 cm. These values seem to be reasonable, so a spacing

tolerance of #0.003 cm is suggested.
As described in the previous section, this tolerance applies to a nominal

spacing which is not a fixed value, but depends upon the measured primary and
secondary mirror radius of curvature error.
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Design values for the f/30 relay are:

v = ~-51.7800 cm

p

re = ~23.4330 cm
tb = 113.0570 cm
tp =  24.6470 cm

Evaluating equations (5) and (4) gives:
M = 4.208885

ABF = ~18.714713 Atp

Applying the same tolerance (20.003 cm) as that suggested for the F/12.88
relay; the above equation give a resultant focus error of + 0.056 cm. Th%s
error is much smaller than the # 0.92 cm error caused by uncertainty in the
Vertex radius measurements. This tolerance of #0.003 cm, therefore, is
suggested for the spacing between the £/30 primary and séc0ndary mirroyrs.

7.8.1.5 Secondéry Mirror Decenter and Tilt - The computer'math modeﬁ was
used to calculate relative change in MTF caused by secondary mirror
misalignment. Figures 7.8.1.5-1 through 7.8.1.5-8 describe the sensitivity '
of MTF to decenter and tilt of the relay secondary mirror-with respect to
a fixed primary mirror. '
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7.9 BAFFLE REQUIREMENTS

A preliminary baffle requirements study has been performed to assess the need
for stray Tight suppression. Stray 1ight suppression is achieved by first
identifying critical surfaces which contribute significant stray tight. The
amount of stray 1ight contrijbuted by each critical surface can be suppressed
by reducing the projected solid angle of this surface as seen by the CCD de-
tectors, reducirg the level of incident irradiance on the critical surface,
and reducing the bidirectional reflectance distribution function (BRDF) for
that surface. The projected solid angle of a critical surface can often be
reduced to zero by removing or reorienting the surface, or by blocking the
surface with a baffle. The OTA optics are well-baffled so that the source of
potential stray light in WF/PC optics is image-forming 1light at the OTA focal
surface. The incident irradiance on critical surfaces can, therefore, be
minimized by the use of a well-designed field stop at the focal surface. The
BRDF is the ratio of apparent brightness of the critical surface to the
incident irradiance, The BRDF of a critical surface can be reduced by the use
of matte black paint which absorbs stray 1ight, glossy black paint which
reflects the residual stray light into 1ight traps, or vane structures which
block the stray light.

Assuming the OTA focal surface is "critically" baffled, no additional baf¥1ing
is required {WF/PC focal surface is protected for image forming 1ight only
over the ﬁecessary WF/PC field of view). Assuming the OTA focal surface is
not critically baffied, additional effective baffle Tocations have been deter-
mined (figure 7.9-1). In the Wide Field Camera an additional ring baffle
could be installed in the Cassegrain relay. Due to the geometry, a baffle

is not needed at this location in the Planetary Camera.
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8.0 OPTICAL MANUFACTURABILITY AMALYSIS OF OPTIMIZED DESIGN

8.1 OPTICAL COMPONENT SPECIFICATIONS

The nability of a manufactured optical surface contour to perfectly match the
designed surface contour results in degradation of performance (waveffont error
and scatter) of an imaging system. These surface deviations result in Tow spa-
tial frequency figure error and edge roll-off, medium spatial frequency error
surface ripple, and high spatial frequency surface roughness. For each optical
element, performance levels for each of the three spafia]-frequency ranges
should be specified and quantified. Shown in table 8.1-1 is a summary of the
WF/PC optical component specifications.

Table 8.1-1
WF/PC OPTICAL COMPONENT SPECIFICATIONS -

RMS Figure Auto- RMS Surface Radius Tolerance
Optical Angle of Quatity Correlation Roughness Scratch/ Fab. Test
Element* Aspheric Shape Incidence () Length (E) big (1) (%)
WFC M General Asphere Normal 0.015 0.125 30 20/5 0.5 0.1
{z Prolate Spheroid)
WFC SM General Asphere Rormal 0.015 0.125% 30 20/5 - 0.5 0.1
(2_Hyperboloid) N
PC PH Prolate Spheroid Hormal 0.015 0.125 30 20/5 0.5 0.1
PC SK ’ Hyperboloid Normal 0.015 0.125 30 20/5 3.5 0.1
Pyranid Spherpid ) 9.1056° 0.0 = mee- 15 10/1 8.5 0.2
Reflective Plano T4 601 - 0 20/5 - -
Plane
Surfaces
Refractive Plano Normatl 001 eeee- 30 20/5 —- -

Plano
Surfaces

8.1.1 Surface Quality

Low spatial frequency information (between 0 and 20 cycles per pupil diameter)
can be fully described on a reasonably sized optical pathiength difference
(OPD) array (typically 41 by 41 points). The OPD information comes from the
interferometric test data of the surface under test (see section 8.4). The
output can be topographic maps of the optical surface, wavefront data in terms
of peak-to-valley and rms wavefront errors, and optical aberration components
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of the wavefront errors {i.e., Zernike circle polynomials). Since a real sys-
tem must be manufactured to a practical set of fabrication tolerances, a figure
of merit must be established which specifies quantitatively systgm.performance
satisfying the overa11-system objectives. For an optical 1mégiﬁg device, the
rms wavefront error is an excellent figure of merit (see figure 4.0-3). Once
the .figure of merit is established it must be used to tolerance jndividual
error contributors. Shown in figure 8.1.1-1 is rms wavefront error versus the
angle of incidence for a fixed surface (figure) error (i.e., at normal incidence
the wavefront error is twice the figure error). Therefore, a specification on
the rms figure error on the surface allows the common denominator of rms
wavefront error to be used throughout the optical assembly buildup (unmodnted
optical component to optical system). For the imaging optics (Cassegrain PM
and SM), an rms quality of 0.015 A has been specified. This value constitutes
a starting point for the optical tolerance budgeting (see section-BJS) and is
considered state-of-the-art when compared with estimated manufacturing and

testing capability.

.03

(=]
[

.
=3
—

RMS WAVEFRONT ERROR (1)

0 : 30 60 S0
ANGLE OF INCIDENCE (DEGREES)

RMS WAVEFRONT ERROR VS ANGLE OF INCIDENCE
(ASSUME SURFACE ERROR = 0,015 A RMS) .

Figure 8.1.1-1
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The pyramid mirror is a field lens in the optical system. (Note: If it is
placed exactly at the focal point of the OTA, it has no effect on the image
forming properties of the system but it bends the ray bundies, which would
otherwise miss the two mirror Cassegrain, back toward the axis so that they
pass through the Cassegrain.) Shown in figure 8.1.1-1 is the effect on the
wavefront degradation due to a variation in the angle of incidence from the
normal. This angular deviation is approximately 9 degrees at the pyramid and
produces a negligible effect on the rms wavefront error. Since the pyramid
mirror does not affect the imaging properties of the system, a relatively
loose figure error requirement of 0.05\ rms has been imposed.

The plano surfaces have been specified at a level of 0.01 » rms. It should

be noted that the component test would be at normal incidence; however, the

angle of the mirrors”is at approximately 45 degrees in end use. Conversion

from figure error to wavefront error for budgeting purposes will require the
use of figure 8.1.1-1.

8.1.2 Ripple Error

‘Medium spatial freguency (ripple error) information refers to surface errors
with lateral dimensions, ranging from about 1/20 of the aperture to about 1/400
of the aperture. These ripple errors could be caused by the polishing process,
by the physical properties of the material being polished and, in some in-
stances, by quilting of the surface due to substrate stiffness variations. For
optics in which angles of incidence are near normal and wavelengths are in the
visible range, ripple-type errors can usually be ignored if their magnitudes
are small compared to the magnitudes of the figure errors. For wavelengths

in the ultraviolet, the OTA specification quantifies the medium spatial
frequency content by the autocorrelation length (¢ » 0.125). The same
requirement is used for the imaging optics (primary and secondary mirrors) in
the WF/PC optical assembly.
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8.1.3 Surface Roughness

The resultant effect of the high spatial frequency content on an optical surface
is scattering {(veiling glare), figure 8.1.3-1. For optics with wavelengths in
the near IR, visible, and UV the scattered 1ight is due to mainly micro-irrequ-
larities (large variations in surface roughness). This high frequency micro-
structure is too fine for a deterministic analysis and must be treated statisti-
cally. An rms surface roughness specification is useful.

For the OTA, no scattering or veiling glare requirements are directly imposed.
It is expected that to meet the Tow Tight Tevel requirements, the veiling glare
must be no greater than one percent. This implies a surface roughness on the
order of 50 angstroms (rms). Experimental resuits have shown that good optical
polishing practices will yield surface roughness values of this level with a
high degree of confidence without measuremgnt verification. For the primary
and secondary mirrors a requirement of 30 A rms has been imposed. (This value
is sometimes used as the threshold of superpolishing and would require measure-
ment verification with a device such as a FECO interferometer.)

1.0 [

SURFACE SCATTERING
Figure 8.1.3-1

VEILING GLARE {PERCENT)
o
—

.01

10 20 40 60 80 100
RMS SURFACE ROUGHNESS (R)
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8.1.4 Scratches, Digs and Particulate Contamination

For optics with wavelengths in the far IR, the scattered light is due mainly to
large scale macro-irregularities (scratches, digs, pits). In this domain a
scratch/dig requirement is useful. Specification for scratch/dig is based on
MIL-0-13830A. According to this speéification, the scratch number is the maxi-
mum allowable widthi.of a scratch in microns. The combined Tength of the heaviest
scratches -shouldn't exceed 1/4 the lens diameter. The dig number is one tenth
the maximum allowable diameter of a dig in microns. The permissible number of
maximum size digs shouldn't be more than one per each 20mm of diameter or fraction
thereof on any single optical surface. The sum of the diameters of all digs
should not exceed twice the diameter of the maximum size specified.

A scratch/dig specification of 20/5 has been set on the imaging optics. This
scratch/dig level is considered extra precise but possible on this size optics.

Since the pyramid mirror acts as a field Tens, cosmetic features such as scratches
and digs will be imaged directly onto the CCD detector. Assuming the spot image
is no greater than one pixel (15 microns) the maximum width of a scratch or dig
on the pyramid facet can be no greater than 27.9 microns for the Wide Field
Camera and no greater than 12 microns for the Planetary Camera. This implies a

. worst case scratch/dig requirement of 10/1. This scratch/dig level is at or
above reticle quality and has been included as a goal with a scratch/dig level
of 10/5 specified as a requirement. Of additional concern on the surface of the
“pyramid is particulate contamination.. Surface particles with diameters greater
than 12 microns (under the above resolution assumptions) will be imaged directly
onto the CCD. Cleanliness requirements (contamination control) for allowable
airborne particles in the room and allowable surface particies during handling
wiT]Ahave to be established. A specific detailed cleaning specification must

be generated for processing the coptics.
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8.1.5 Radius Tolerance

The inability of a lens to be manufactured to the designed radius directly
affects the lens focal length and can contribute to spherical aberration. For
the Cassegrain primary and secondary mirrors, estimated manufacturing and testing
capability yields a fabrication tolerance of 0.5 percent with a measurement
tolerance of 0.1 percent. Also of importance is the degree of uncertainty in
the radius mismatch when the components are combined into the Cassegrain relay
(see section 7.8). This would cause a residual focus shift and a resultant
wavefront degradation if not compensated for by biasing the CCD detector plane
during installation.

For the pyramid mirror, radius changes have "1ittle" effect since the pvramid
mirror facet is extremely stow (f/100). A fabrication tolerance of 0.5 percent
is again assumed with a measurement folerance of 0.2 percent. The latter value

is based on & depth of focus—uncertainty of A/10.

For the plano surfaces, a tolerance on the radius is of 1ittle use. The method
usually used is to specify the rms figure error minus the power term and the
power term separately in peak-to-valley. For a fiéure error of 0.01 A rms,

however (as specified in section 8.1.1), the figure error specification is
considered sufficient. .

8.1.6 Mirror.Coating

The mirror coatings have been spécified as aluminum with a protective overcoat-
ing of magnesiumof1uoride (same coating as used -in OTA ogtics). For wavelengths
lTonger than 1000R, the intrinsic reflectance of aluminum is higher than that of
any other coating material. A good optical polish is necessary since surface
scratches can cause variations ig the refiectance. This can be especially true
in the Tow UV region around 1200A. Also extremely important are the dniformity
and thickness of deposition and the vacuum level of thg chamber. Preliminary
studies indicate an aluminum Iager on the order of 600A should be deposited at

a comparatively slow rate of 20A per second at a vacuum level of less than 10°°
torr. The high reflectance of aluminum can only be utilized if the formation
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of an oxide film can bg prevented. This can be done by overcoating the alumi-
num with a film material of high transparency. 0Magnesium fluoride is specified
which has a cutoff wavelength in the UV at 1150A. To minimize oxidation the
protective overcoating would be applied almost simu]taneoyé1yt Areas of con-
cern are thickness, uniformity, rate and angle of deposition of the overcoating
substrate, and vacuum level. The overcoating must be thick enough to prevent
oxidation of the aluminum by diffusion of oxygen through the coaging. To pro-
duce a coating with the highest reflectance at Lyman ATpga, 1215A, the deposi-
tion of magnesium would be stopped at a thickness of 250A. The optimum deposi-
tion is at a rate of 45A per second at incident angles of 15 degrees or less
with a vacuum level of less than 10-6 torr. Witness plates would he used to
monitor coating thickness, uniformity and reflectivity. The migimum-ref]ect-
ivity og each mirror surface is specified at 70 percent at 1200A and 85 percent
at 6328A.

8.1.7 UV Performance (onsiderations

The wavefront error is defined as an optical path difference between a real
wavefront and a reference spherical wavefront. This absolute quantity varies
when expressed as a percentage of a wavelength (the shorter the wavelength,
the larger the wavefront error). The difference between image quality for the
WF/PC is well described by the rms wavefront error expressed in wavelengths of
visible 1ight as Tong as the WF/PC utilizes only the visible regioni however,
if a UV filter is implemented, the same wavefront error will be larger when
expressed in wavelengths of UV light. Thus, it is important that the residual
wavefront error be made as small as possible., In.the fabrication of the com-
ponents specifications on ripple error, surface roughness, cleaning and con-
tamination address thé'ﬁarameters to assure the quality that is necessary for
UV performance.

During the assgmbTy buildup, wavefront error would be measured at the test wave-
length of 6328A. However, optical software exists to perform analyses at any
wavelength over the spectral ranée of interest. (Previous experience has shown
that the analytical results agree with test results at other wavelengths.)} At
the total system Tevel (optical assembly with CCD detector) direct verification
of UV performance can be established with the OTA simulator.
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8.2 COPTICAL FABRICATION

An assessment has been made of the manufacturability of the optical components
comprising the Wide Field Planetary Camera. "From a processing viewpoint, the
aptics fall into three (3) groups:

a. Plano surfaces: folding mirrors, filters and
cover plates.

b. Cassegrain relay optics (aspherics).

c. Pyramid reflector,

The processing approaches considered for the optics are described in the fol-
Jowing text. Although the tolerances for the-various characteristics are not
yet completely established, it is appafent‘that~requirements are not at or be-
yond the state-of-the-art at present in optics manufacturing technology. As
is frequently the case, a ltarge part of the limitation in meeting requirements
is the exacting demands on testing. Depending'on requirements now undefined
(such as equality of magnification of the four Cassegrain relay systems), new
test techniques and hardware may have to be developed to provide.information

necessary for processing the elements.

8.2.1 Plano {Optical Components

There appear to be no significant problems in manufacturing the parts with
plano surfaces, provided the thickness/diameter aspect ratio is sdfficiently
“large to assure mechanical stability of the mirrors. Conventional plano
processing and testing techniques now available would be used to manufacture
these elements.

8.2.2 Cassegrain Relay dptics

The £/12.88 and £/30 sysﬁems optics are so similar that the same processing
approach would be used for both. The fabrication/test cycle is shown in
figure 8.2.2-1. Since the aspheric departures from the best fit sphere are
fractional wave for all the elements, the best fit sphere would be used as
the reference surface from which measurements are made for all the Cassegrain
elements. The processing/testing approaches are as follows.
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Figure 8.2.2-1

8.2.2.1 (Cassegrain Secondary Mirrors

a. Fabricate test glasses (conpave) to the required
radii.

b. Calibrate test giasses for both absolute radius

. and surface éccurac&. The absolute radius can be

fabricated to 0.5 percent and measured.to 0.1
percent or better. The surface sphericity can be
defined to 0.005A rms and any sighificant residual
error in the glass would be backed out of the test
data. ‘

c. Fabricate the secondary mirrors to fit the test
glass within 0.5)x and smooth for surface contour.

d. Aspherize the surfaces using ACT (area compensated
tool) techniques. The area compensated tool mini-
mizes ripple on the surface and can correct both
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symmetrical and asymmetrical surface errors. Be-
cause the asphericity is small {less than ia)
relative to the chosen sphere, the exact asphere
formula would be entered into the software and then
subtracted from the test data during.its reduction
so that the output would show the difference between
the actual and the desired surface. This data would
then pe%mit the operator to see where material must
be removed. Surface accuracies of about 0.01x rms
can be achieved usinﬁ this techrique. An additioﬁal
advantage is that all of the four secondaries "in a
given set of Cassegrain systems will be alike for
-vertex radius within very narrow limits. )

8.2.2.2 (Cassegrain Primary Mirrors

a. Fabricate test glasses to the best fit spherical
radius.

h. Calibrate test glasses for absolute radius and

- surface accuracy. The test glasses would not be

used to test the surface of the primary mirrors,
but would be used to control the radius during
the processing steps. They would also be used
as set-up masters for an interferometer so that
the mirrors are tested at the correct radius of
curvature. )

¢. Fabricate the primary mirrbrs by conventional
techniques to the best fit sphere within 0.5,
It would be necessary to insert a dummy piece
of giass-in the hole in the primary during pro-
cessing so that roll-off of the interior edge is
‘minimized. Care must be taken to prevent strain
in this operation that might cause figure change
when the dummy glass is removed. '

d. Aspherize the optical surface using ACT téchniqhes.
Once again, the aspheric departure from the refer-
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ence sphere is less than 11 and the software would
be used to generate data showing the départure of
the surface as. tested from the -desired -surface.
There is oné source of error for the primary and
that is the positioning 6f the part being tested
at the exact radius of the best fit sphere from
the interferometer focal point. This can be ac-
complished by building a very rigid structure to
hold the primary and fnterferometer at the correct
locations. Estabiishing the wirror position would
be done using the test glass in (b) above. Because
the position of the primary would vary slightly
from test to test, a figure accuracy of between
0.015% and 0.01x rms is predicted.

8.2.3- Reflective Pyramid '

The most promising approach to the fabrication of this element is to make the .
four faces of the pyramid separately and identical, and.then to cement them to
a p]até of the same material. Contatt biocking the four-elements to a base
plate does not appear to be as- feasible as cementing. -New cements are now
available that appear to meet environmental requirements. The most difficult
requirements to satisfy for the pyramid are the sharpness of the intersections
of the faces and the minimizing of the cosmetic defects on the polished surface.
It is assumed that the accuracy reguired for the- figure of the spherical surface
is no more than a wavelength or two from spherical because it is directly in

the focal plane. The processing approach is as follows:

a. Fabricate square blanks of glass to the exact
outside dimensions required and-oversize for
thickness. It 'may be desirable to polish the
edges and taper them sTightly to-facilitate
assemb]y.: Make the sides accurately perpendic;
ular to the base.

b. Surround the blank with pieces of the .same' mate-
rial as the blank to form a close fitting dummy

that 1is round, oversize for thickness and having
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the blank centered in the assembly, It is impor-
tant that the dummy parts are tight fitting to

the blank edges. Several new cements are avéilable
to fill the space between the dummy parts and the -
blank. These cements will process in a manner simi-
jar to glass and make it possible to create a very
sharp edge on the finished piece. .

c. Make the top and bottom of the assembly accurately
parallel.

d. Cement a wedge of glass having the -exact 9.105 de- -
gree angle at the proper orientation to the base of
the assembly.

e. Make the top of the new assembly parallel to
the base of the cemented wedge.

f. Grind and polish the spherical surface. Control
the angle by maintaining constant €dge thickness
between the curved surface and the base. Control
thickness by maintaining proper thickness of the
assembly.

g. Disassemble by removing the cement with suitable
solvents. Great .care must be taken to avoid
chipping the sharp edges of the prism segments.

h. Assemble the pyramid by cementing only the bases
of the segments to the base plate. It shoﬁid be
possible to maintain a very narrow joint along’ ‘
the intersections of the four pieces.

_ By proper control of dimensions during procesé‘as noted ébove, the angular
radius and physical dimensions can be held within specification.i The sharp-
ness of the face edges can only be estimated at th1s point, but it is belweved
that a "blind" area of only a few thousandths of an 1nch width is ach1evabie.
Surface qua11ty of 20/5 can be reached with confidence. Quality of 10/1 may
be achievable.

The fabr1cat1on/assemb1y procedure for the four facet pyramid wmirror is summar-
ijzed in figure 8.2.3-1.
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8.3 OPTICAL TESTING AND DATA ANALYSIS

Because of Kodak's constant concern for producing high dua]ity products, test
capabilities, as part of the quality assurance function, havé been developed
to very high Tevels. In addition, the importance of obtaining the minimum
possible optical figure errors in optical imaging systems has resulted in de-
velopment of specialized wavefront data reduction software which is directly

applicable to evaluating the WF/PC at all levels of camera buildup. The wave-
front data is obtained. interferometrically. The‘ogtput Ean be topographic maps
of the optical system, wavefront data in terms of péak-to-va]]ey and rms wave~
front errors, and optical aberration components of the wavefront errors. Sta-
tistical analyses are .alsc available which yield probability values of achiev-
ing the measured optical performance.

The 'general philosophy for optical testing is summarized in table 8.3-1. The
size of the optical elements indicate that this phiiosophy‘caﬁ'be utilized in
the WF/PC.

Table 8,3-1
OPTICAL TESTING - GENERAL PHILOSOPHY

Full Aperture

Full Field

Zero-G - Siﬁulation
-GperationaT Temperatura
Noise-F}ee Environment

. . Test Configuration Des?gned Such That AN
Reference Test Optics Can Be Readily Cajibrated

In the buildup of the WF/PC, five definable test levels can be identified. These
five Tevels are shown in table 8.3-2. It is emphasized that the wavefront
-quality as dictated in the optical tolerance budgets (section 8.5) can be veri-
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fied at each of the first four Tevels by using in?erferometric testing tech-
niques and the interferometric evaluation software. At each of these four
levels of testing error contributors (guch as shown in table 8.3-3) are quanti-
fied. A typical test error budget is shown in table 8.3-4. In the example, the:
test error budget is for a reflective null test of a concave mirror and would

be used at either the coﬁponent or assembly Tevels.

Table 8.3~2
OPTICAL TESTING LEVELS

Level
1 Component
- Unmounted Optical Element
2 Assembly
- Mounted Optical Element
Use Same Test Configuration As In Component Test
3 Subsystem
’ - Combine Assemblies
For Example, Cassegrain Primary and Secondary
Mirror Assembiies
4 System
- Combine Subsystems and Assemblies
For Example, Two (or Three) Mirror Cassegrain
Relays and Pyramid Assembly
5 Camera
' - {ombine System with CCD Detector
Table 8.3-3
TEST ERRORS
Short Term . Medium Term . . Long Term
- Turbulence . - Support - Interferometer
- Noise - Thermal Distortion - Caiibration Errors
- Software Interpolation - Alignment . - Alignment Fixture Biases

{Spacing Rods, Indicators)
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Table 8.3-4

TYPICAL TEST ERROR-BUDGET
(REFLECTIVE NULL TEST)

Error Source Uncertainty,cﬁ:ﬁARMS)
Short Term (16 Picture Average) 0.002
iherma1 0.003
Mount 0.003
Alignment 0.002
Interferometer 0.003
Interferometric Data Evaluation System 0.003
Null Residual {(After Backout) 0.002

o) = ’ﬂéuf - 0,008

The WF/PC buildup in Tevel four would include the total WF/PC optical assembly
without CCD and CCD coverplate.. Optical performance at the total camera level
(level Tive) can'be verified by evaluating the point spread function directly

on the CCD. Performance data, which can be generated mathematically, can include
the radial energy distribution, rms blur circle, rms wavefront error and opti-
cal aberration components of the wavefront errors. (Note: TﬁiS'test would
include a simulated star source from an OTA simulator.)

A summary of the optical test instrumentation which would be used during tha
entire buildup is shown in table 8,3-5,
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Table 8.3-5
OPTICAL TEST INSTRUMENTATION

Interferometer
e Hayefront
- Alignment
~ Focal Length

Theodolite/Axicon
- Line of Sight Reference
- Preliminary Alignment
- Monitor Reference Optics
- Imitial Test Set-Up

Focal Surface Reference Fixture (FSRF)

Point Projecting Microscope

8.4 OPTICAL COMPONENT TESTING

From a testing viewpoint, the unmounted optical components in the WF/PC fall into
three groups: plano surfaces (folding mirrors, filters and coverplates), aspher-
jcal surfaces {Cassegrain primary and secondary mirrors}, and spherical surfaces

(pyramid mirror facets).

Two different types of test configurations {in-process and acceptance) have been
established for each grodp. The in-process test configuration would be utilized -
dufing the polishing/test eycle (< 0.5 A P-V). (Note: In the early grind
stages of'fabrication, test instrumentation such as spherometers and test’
glasses would be used.) ‘ -

The Fizeau test configuration for a plano sdﬁface is shown in figure 8.4-1 and
would be used for both the in-process and acceptance test. In this test
configuration, the clear aperture of the surface under test has to be less
than or equal to the collimating lens diameter. (Note: ‘The largest WF/PC
plané strface has a diameter of approximately 5.2 inches.)
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SURFACE

UNDER TEST
COLLIMATING .
LENS REE%REHCE
F
LASER SURFACE

FIZEAU TEST CONFIGURATION
(PLANO SURFACE} -

Figure 8.4~1

The testing of aspheric surfaces (either conic-aspheric or general aspheric)

is usually performed uti]fzing an additional test optic called a null corrector.
The purpose-of the null corrector is to introduce a wavefront departing from
spherical of a magnitude and sign to cancel effectively (null) the wavefront
reflected from the surface being tested. [f the surface under test is in error,
" interference fringes will appear which will describe the departure from the de-
sired asphere. An obvious disadvantage of a null test configuration %s the
addition of the null corrector.-which has to be calibrated to.the required accu-
racy (see table 8.3-4). Two different types of null test configurations are
shown in figures 8. 4-2 and 8.4-3. In the reflective null test configuration, the
test has the d1sadvantage of placing the interferometer between the reflective
null and the optic being tested. The test is also very sensitive to tnaccuracies
in the reflective null calibration since the test wavefront is reflected from
the test opt1c twice. However, since only one test optic surface is used, a
relatively Tow bias (spherical aberration) is introduced. In the refractive
null test configuration, theﬂinterferomeier is placed outside the. path of the
null corrector and the mirror, thereby'minimizing the noise. However, the re-
fractive null is difficult to calibrate and particular attention has to be given
to the design fabrication and assembly of the null lens elements. A radially
symmetric error (mainly primary spherical aberration) exists which constitutes
an uncertainty and cannot be backed out of the test. ‘
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Figure 8.4-3

Shown in figure 8.4-4 are the aspheric departures (referenced to the vertex
sphere) for the [/12.88 and £/30 primary mirrors. It shouTd be noted that the
maximum aspheric departure is approximately 1.2An for the £712.88 primary mirror.
The difference in asphericity between the optimized general'aspheric f/12.88
‘primary mirror and the baseline conic aspheric. £/12.88 primary mirror is shown
in figure 8.4-5. The mgximum difference in this case is approximately 0.08a.
Shown in figure 8.4-6 are aspheric deﬁartures referenced to other spherical sur-
faces. This figure indicates that a spherical refefencg surface {preferred

for manufacturing) can be found to reduce the maximum aspheric departure to
0.3x. These aspheric departure lTevels will show up on the interferograms as
very nearly straight ﬁipe fringes (closely nulléd). This aspheric departure

can be handled directly in the interferometric evaluation software and the need -
for the additional test optic (null corrector) is eliminated. The recommended
acceptance test configuration for the primary mirrors is shown in figure 8.4-7.
Point p 1s positioned at the radius corresponding to the best fit sphere. The
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asphe%ic departure (<0.3xP/V) would be “backed out" in the computer interfer-
ometric _evaluation software. An alternate acceptance test configuration is
shown in figure 8.4-8. In this test configuration the test utilizes the fact
that an ellipsoid (prolate spheﬁoid) has two separated foci on the same side
of the mirror under test. The in-process test configuration is shown in figure
8.4-9. In this Fizeau arrangement a convex reference surface is used.
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Figure 8.4-9
The aspheric debartures for the secondary mirrors are shown in figure 8.4-10.
It 'should be noted that the maximum aspheric departure is -approximately 0.2 A
for the £/12.88 secondary mirror. Shown in figure 8.4-11 is the Fizeau test
configuration which would. be used for both the in-process and acceptance tests.
The aspheric departure (<0.2x P/V) would be "backed out" in the computer inter-
ferometric evaluation software. In the acceptance testing, the spherical test
glass would be aluminized for 40 to 80 percent reflectance, producing multiple
beam fringes with the highly reflective coated convex secondary mirror. An
alternate acceptance test configuration is shown in figure 8.4-12. Since the
- hyperboloid has two foci Tight rays directed toward the focal point behind the
hyperbolic mirror will, after reflection, pass through the other focus. There-
fore, the Hindle test provides an. exact null test for a perfect hyperboloid with
the aid of a larger concave spherical test optic (Hindle sphere).

Shown in figure 8.4-13 is ‘the test configuration to' be u;ed for the spherical
pyramid mirror facet. This test configuration would be used for both the in-
process and acceptance tests. Since the facet is approximately f/100, an over-
sized test plate is needed to measure the radius to within the allowable
tolerance (10.2 percent).
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ASPHERIC DEPARTURE

0.3 _

* ASPHERE-VERTEX SPHERE
A= ,6328 um
0.2 L WFC
0.1 |
0 0.2 0.4 0.6 0.8 1.0
PC  WFC
SM
VERTEX RADIAL POSITION (CM)
ASPHERIC DEPARTURE* (SECONDARY MIRROR)
Figure 8.4-10

CONVEX MIRROR
UNDER TEST

v

CAMERA

Z;PHER ICAL TEST GLASS

LASER

FIZEAU TEST CONFIGURATION

Figure 8.4-11
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EFLECTIVE NUL

HINDLE SPHERE . CONVEX
MIRROR
; UNDER TEST

INTERFEROMETER
Facus

REFLECTIVE NULL TEST CONFIGURATION
(“HINDLE" TEST)

Pigure 8.4-12

PYRAMID MIRROR

==l

OVERSIZE TEST 6LASS (> 4" p1aA)

CAMERA

PYRAMID MIRROR TEST CONFIGURATION
(FIZEAU - TEST GLASS)

Pigure 8.4-13

In the fabrication approach chosen (see section 8.2), four facets woﬁ]d be. fab-
ricated independently and then combined into a four faceted pyramid mirror

(figure 8.4-14). The acceptance test configuration for the total mirror is

shown in figure 8.4-15. In this test configuration, a point projecting micro-
scope would be .installed at four Tocations on a reference.template. A spherical
wavefront from -the point projecting m1croscope can only return through the hole if

the facet is located in its proper Tocation.
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OTA )
EXIT PUPIL .
Bl .
AY 1
| ' o~ CHIEF _RAT
—— J\/\

- 760 2456 —————-{

' .
PYRAMID FACES ARE CONCAVE SPHERICAL
SURFACES OF 306.84 CM RAD]US

REFLECTING PYRAMID
(PHYSICAL ‘DIMENSIONS AND ANGULAR DIMENSIONS IN OBJECT SPACE)

Figure 8,4-14

|

]

eeresn

POINT® .
PROJECTING / K\ £0.149 TEMPLATE
HICROSCOPE i }{///,f

40 9%

T

FOUR FACET

. : PYRAMID
* AT FOUR POINTS ON

TEMPLATE CORRESPONDING \4,

T0 CENTER OF CURVATURES . |

OF PYRAMID FACETS - |

PYRAMID MIRROR ACCEPTANCE TEST CONFIGURATION
Figure 8.4-15 .
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Three spatial frequency domains ‘have been speéified for each optical component
(see section 8.2). The testing configurations summarized in table 8.4-1 would
be used to verify the 1ow spatial frequency figure errors as allocated in the

wavefront budgets (see section 8.5) and, the low to mid sbatia] frequency auto-

correlation length requirements.
surface roughness has been specified.

In the high spatial freguency domain, rms
Two techniques are usually used. The

first measures the resultant effect of veiling glare directly and calculates

the rms roughness (figure 8.1.3-1).

The second and preferred method measures

the rms surface roughness using a device such as a FECO interferometer.

Table. 8.4-1

WF/PC OPTICAL COMPONENT TEST CONFIGURATICONS

WFC Primary Mirror
PC Primary Mirror

WFC Secondary Mirror
PC Secondary Mirror

Pyramid Mirror

Plano

In-Process

Fizeau - Convex Reference
Sphere with Aspheric Backout

Fizeau - Concave Reference
Sphere with Aspheric Backout

Fizeauy - Convex Reference
Sphere

Fizeau

Acceptance

Twyman-Green - At Best Fit

Radius with Aspheric Backout
Alternate - Retroreflector

Test Configuration

Fizeau - Concave Reference

Sphere with Aspheric Backout
(Multiple Beam Fringes)
Alterpate - Hindle Test
Configuration

Fizeau - Convex Reference
Sphere

Fizeau

Scratch/dig requirements would be verified directly on the optical surface using

a measuring microscope with calibrated scale.

8.5 OPTICAL TOLERANCE BUDGETING

Based on the predicted "manufactured" system performance, sensitivity analysis
and assembly buildup philosophy, a wavefront error budgeting philosophy is es-
tablished. Individual error contributors are defined and toleranced. These
tolerances are then compared with estimated manufacturing and testing capability,
establishing a degree of confidence-in the manufacturability of the system.
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A real system must be manufactured to a practical set of fabrication tolerances.
A figure of merit must be established which can be used to tolerance individual
error contributors and scerve as a performance indicator for mecting the overall
system obJectives during assembly buildup. For én optical imaging device, the
rms wavefront error is an excelient figure of merit. Shown in figures 8.5-1
and 8.5-2 are the effects of performance degradation on a combined OTA with
WF/PC. The designed clurves in these cases are the actual MTF calculations as
éétab]ished in sections 5.0 and 6.0. Inherent in the manufacture of a combined
OTA with WF/PC is a maximum rms wavefront error of 0.075i due to the 0TA alone.
The addition of an independent WF/PC optical system to the OTA must minimize
any wavefront error increase to the inherent 0.075x rms wavefront error.

1.0

DESTGNED
w =

NCRMALI2ED MTF

. EFFECT OF STATIC WAVEFRONT ERROR
v 7 <0751 RAS (OTA BUDGED) ON COMBRINED OTA WITH WIDE FIELD CAMERA

Figure 8.5-1

0.2

o 20 20 50 "B 156 120 140
SPATIAL' FREQUENCY {LP/HM)

1.0,

0.8

CENTER OF CCD
1 = 6328 HICRONS
£ 0.6 C=.125
5 DESIGNED
 Eos o= 075 2 RMS (OTA BUDGET) °
EFFECT OF STATIC WAVEFRONT ERROR
ON COMRINED OTA
WITH PLANETARY' CAMERA o= 250 BHS
F igure 8.5-2 0 0 P 3 ) 0 T

SPATIAL FREQUENCY (LP/M4)
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A manufactured optical system will have its wavefront quality {rms wavefront
error) degraded by optical element misaiignment and focus errors. The sensi-
tivity analysis (section 7.8) establishes the amount of degradation introduced
by the misalignment and focus errors. For example, a budgeting philosophy for

the two mirror Cassegrain is shown in figure 8.5-3.

THO MIRROR
CASSEGRATN STATIC
WAVEFRONT ERROR

0.056a
NUFACTURED SECOMDARY MIRROR
HA%REFRUHT ERROR ALIGNMENT ACCURACY FUCUS‘SgSERﬂCY
<0.0463 0.013x

TWO MIRROR CASSEGRAIN WAVEFRONT ERROR
(RMS ERROR AT 0.6328 MICRONS)

Pigure 8.5-3

In this philosophy the primary mirror is assumed the fixed reference for the
Cassegrain. The manufactured two mirror Cassegrain wavefront quality will be
degraded by secondary mirror misalignment and focus errors relative to the
primary mirror and misalignments of the focal pTlane structure relative to the
secondary mirror focal surface. In this case the maximum allowable degrada-
tion of the manufactured two mirror Cassegrain wavefront quality is the two
mirror Cassegrain static wavefront quality. (The manufactured system without
misalignment and focus errors would be better than the two mirror Cassegrain
static wavefront quality.) With this philosophy the misalignment and focus
error values must be retained below the given values. If manufacturing toler-
ances indicate that passive mounting techniques cannot retain the wavefront

error within atlowable budget values, active alignment techniques are required
to bring the element misalignment and focus errors back within the allowable

static wavefront error. (Note: For the OTA, this is the case. An optical
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control subsystem is utilized to maintain two tilts, two decenters, and one
despace on the secondary mirror .within the allocated budgets.)

It should .also be emphasized that the Cassegrain primary mirror can only be
used as a "fixed" reference for the optical systen if the following assumptions
are true: (1) primary mirror is dimensionally stable, (2) primary mirror is
thermally stable, (3) primary mirror location relative to focal surface is
stable, (4) ground testing accuracy is sufficient to establish alignment, and
(5) ground testing provides adequate zero 'g' simulation.

Each optical element is allocated separate budgets in the manufactured wave-
front budget. A manufactured wavefront budget for the two mirror Cassegrain

is shown in fﬁgure 8.5-4. In this budget two separate optical assemblies
{mirror with mount) are manufactured and then combined to form the final manu-
factured system. Each optical assembly is further broken down into an alloca-
tion for the optical component (without moﬁnt) and the mount itself. The
contributors should then be compared with estimated manufacturing and testing
capability (see section 8.4}. Shown in figurés 8.5-5 and 8.5-6 are the sec-
:ondary mirror alignment and focus error budjets. As indicated, if these budgets
can be met in the assembly of the Cassegrain, no active alignment techniques
will be required to bring the element misalignment and focus errors back within
the allowable static wavefront error.

PRIMARY, MIRROR ASSEMBLY SECONDARY MIRROR ASSEMBLY
POL ISHING 0.0301 POLISHING 0.030%
COATING 0.003x COATING 0.003
MOUNT STRAIN 0,005 MOUNT STRATN 0.005

MANUFACTURED WAVEFRONT -
BUDGET RSS 0.031x RSS 0.031:

Figure 8.5-4

PRIMARY AND SECONDARY MIRROR ASSEMBLIES 0.044)

ASPHERIC MISMATCH 0.0102
o 18 THERMAL VARIATIONS . 0.0l
w P y
AL Ly patt TOTAL RSS  0.0462
oRicY ] QU _
p0C
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RMS WAVEFRONT ERROR

CONTRIBUTOR (2 0.6328 MICRONS)
INTERFEROMETRIC DETERMINATEON 0.012x

OF BEST ALIGNMENT

THERMAL/STRUCTURAL YARIATIONS 0.004;

SECONDARY MIRROR ALIGNMENT ERROR BUDGET

Figure 8.5-5
CONTRTBUTOR RMS WAVEFRONT ERROR 2 a FOCUS ERROR
———— (@ 0.6378 MICRONS) {(MICRONY)
we on
FOCAL SURFACE DEFINITION .021x 61.7 334.3
CCD DETECTOR INSTALLATION .004x 11.8 65.6
THERMAL STABILITY .
MIRRORS -008x 23.5 13.1
METERING STRUCTURE .018) 52.9 295.1
CCD SUPPORT STRUCTURE .002) 11.8 65.6

FOCUS ERROR BUDGET
Figure 8.5-6

1t should be emphasized that three definable levels of testing have been identi-
fied in the assembly of the two mirror Cassegrain (see tabTe 8.3-2). ‘Logical

test levels are at the component (unmounted optical element), assembly (mounted
optical element) and subsystem (combination of primary mirror assembly and sec-

ondary mirror assembly).

The overall system requirements {combined OTA with WF/PC optics), as established
in section 4.0, specify that the axis static wavefront error must be no more
than 0.108 A rms under orbital operational conditions. Shown in figure 8.5-7

is a preliminary allocation for the Cassegrain relays and the additional WF/PC
optics. Further assembly buildup philosophy and tolerance breakdowns are_needed

in this area.
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SYSTEM STATIC \g
AVEFRONT ERROR .
Cﬁ; ?cﬂﬁ;

0TA STATIC TWO MIRROR ADDITIONAL WF/PC
WAVEFRONT ERROR CASSEGRAIN STATIC OPTICS STATIC
0.0751 WAVEFRONT ERROR HA'I'EERUNT ERROR

; 0.056 054

SYSTEM WAVEFRONT ERROR
RMS ERROR AT 0.6328 um)

Figure 8.5-7

8.6 DEPTH OF FOCUS

Shown in figure 8.6-1 is the re1ation§hip between OTA image quality degradation
and a focal shift at the OTA focal plane. The focal shift at the OTA focal
plane causes a focal shift at the WF/PC focdl plane. The relationship between
WF/PC image guality degradation and a focal shift at the WF/PC focal plane is
shown in figure 8.6-2. The depth of focus corresponds to the Tongitudinal
d{sp1acement in the focal plane location.as allocated in the wavefront budget.
Since a focus accuracy of 0.029 A rms has been allocated (see figure 8.5-3),

a depth of focus for the wide field camera of 4 85 microns and for the planetary
camera of * 475 microns is determined. -
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Figure 8,6-1
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Figure 8.6-2
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OF POOR QUALITY
8.7 OPTICAL TESTING - TWO MIRROR CASSEGRAIN

The two mirror Cassegrain acceptance test configuration is shown in

figure 8.7-1. This configuration is based on the fact that the two mirror
Cassegrain is a finite conjugate optical system. On the object side, an
interferometer is installed with an f/24 objective. On the image side, a
retroreflector is installed with an £/12.9 objective for the Wide Field
Camera and an /30 objective for the Planetary Camera. This retroreflector
can be installed at other points in the field mapping out the focal surface
contour {focal surface reference fixture -- FSRF). In theory, a spherical
wavefront emanating from the interferometer will pass through the Cassegrain
twice after reflection from the retroreflector. Deviation in the interferometric
pattern from the spherical reference will describe the Cassegrain performance.
Shown in figures 8.7-2 and 8.7-3 are the performance predictions (at the
center of the CCD) for thé WF/PC Cassegrain optics. Based on the optical
tolerance budgeting of section 8.5, the OQF at the center of the CCD should
be greater than or equal to 88 percent for‘levé] 3 testing (table 8.3-2).

INTERFEROMETER RETRORFFLECTOR

TWO MIRROR CASSEGRAIN ACCEPTANCE TEST CONFIGURATION
Figure 8,7-1
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1.0

CENTER OF CCD
0.8
= 0,6}
E DESIGNED
= | manueacTuRED
w = .0563 rms
¢ = .125
0.2
0 20 a0 50 20 100 120 140
SPATIAL FREQUENCY (LP/MM)
WIDE FIELD CAMERA PERFORMANCE PREDICTION
(TWO MIRROR CASSEGRAIN)
Figure 8.7-2
1.0
CENTER OF CCD
~o.8f.
£ 06 DESIGNED
g
£ 0.4}
MANUFACTURED
w = 05661 RMS
ol €= .125
¢ i) 20 30 0 50 &0 70

SPATIAL FREQUENCY (LP/MM)

PLANETARY CAMERA PERFORMANCE -PREDICTION
(TWO MIRROR CASSEGRAIN)

Figure 8.7-3
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Shown in table 8.7-1 is a preliminary assembly buildup sequence for the two-

mirror Cassegrain.

compliance of wavefront quality and secondary mirror alignment.

This sequence is based on interferometric testing for

During

interferometric alignment, the wavefront error would be measured at four

symmetric points in the field.

The procedure utilizes the interferometric

data evaluation software in which the design residuals are first removed

(backout).

The equations of table 8.7-2 are then solved using these aberrations.

The wavefront is evaluated for coma and astigmatism.

The

results are averaged at the four field points, yielding the amount of decenter

and tilt to be introduced into the secondary mirror.

With this method, an

optimum Tocation of the secondary mirror with respect to the “fixed" reference
primary mirror would be determined after several iterations.

Table 8,7-1
O TWO MIRROR CASSEGRAIN OPTICAL TESTS
&t
\ 1) NS
‘sskv Cﬁb 1. Rough alignment Align secondary mirror assembly {SMA)
\@. 0% to primary mirror reference using
0?» QO theodolite; set primary tu secondary

2. Coarse alignment
3. Fine alignment

4, Wavefront measurement

5. Focal surface determination

6. Focal length and back focus
determination

7. Set line of sight reference
devices

8. Baffle check
9. Field size check

10. Final performance check

airspace using metering rod.

Interferometry; visually minimize coma
and astigmatism.

Interferometry; four field positions;
lock SMA

On-axis and selected field points, \
nominal focus: specified misalignment
and defocus (the SMA will be aligned

and focused with respect to the primary
mirror assembly (PMAS to within the
allowable two mirror Cassegrain “"static"
wavefront error).

Thru-focus interferometry at several
field positions; interface mount pads to
compensate field tilt; determine focal
surface relative to FSRF.

Use selected field point pairs (nedal
test).

Theodolites and auxiliary mirrors.

Puxiliary camera and diffuse 1ight source.
Auxiliary viewing screen and 1ight source.

Repeat portions of steps 4 and 5.
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Table 8.7-2
AL IGNMENT .EQUATIONS

Decenter, = -Ky OPD, Sin ¢ + Ky OPDa Sin (26 - v)
Decenter, = Ky OPD. Cos ¢ - K, OPD, Cos (28 - v)
Tilt, = Ky OPD, Cos ¢ - K3 OPD, Cps (20 -*v)
Tilt, = Ky OPD_ Sin ¢ - K3 OPD, Sin (26 - v)

where:
0PD, is coma magnitude; ¢ is coma angle
OP,Da is astigmatism magnitude; 6 is astigmatism angle

¥ is field point azimuth
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9.0 FOCUS ANALYSIS

Many perturbations in the OTA + WF/PC optical system have a common
characteristic: they cause the image at the relay focal plane (CCD detector)
to become defocused. This focus error can-be removed, if the perturbation

is not too large, by a corrective adjustment in the axial position of the
pyramid.

A general analysis of pyramid refocusing applies to all these perturbations.
They include: .

1. Axjal displacement of the WF/PC assembly with respect
to the OTA image surface.

2. Axial dispiacement of the OTA image surface with
respect to the WF/PC due to perturbations in the
OTA such as a change in its primary/secondary
mirror spacing.

3. Translation of the WF/PC pickoff mirror with
respect to fixed OTA and relay optics.

4, Axjal displacement of pyramid with respect to
fixed OTA and WF/PC.

The original intent of the focus analysis task was an evaluation of conditions
(1) and (2) above. Because the analysis for these conditions could be -
extended to conditions (3) and (4) for very little extra effort, their
evaluation is also included.

The first analysis was to evaluate the MTF of the £/12.88 relay after the
WF/PC with pickoff mirror is shifted axially with respect to the OTA secondary
mirror and the pyramid adjusted axially to remove defocus. The amounts of
pickoff mirror perturbation were * 400 microns and = 800 microns.(condition 1).

The second analysis was to evaluate MTF after the OTA secondary mirror is
shifted axially with respect to the OTA primary mirror and the byramid
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adjusted axially to remove defocus. The amounts of secondary mirror
perturbations evaluated corresponded with OTA focus shifts of + 400 microns
and * 800 microns (condition 2).

For both conditions, analysis showed that the perturbations could be
completely compensated by axial adjustment of the pyramid. The MIF at all
pointslon the relay focal surface (CCD detector) after the perturbafion and
pyramid adjustment were restored to their unperturbed values.

Similarly, translation of the pickoff mirror by * 400 microns and * 800
microns ‘also were completely compensated by axial adjustment of the pyramid.
Directions of pickoff mirror translation evaluated were parallel to the OTA
optical axis and normal to the OTA axis in the meridional plane (condition 3).

An error in the axial position of the pyramid will cause a focus error at the
relay focal surface. An analytic expression which relates the focus error’
to the pyramid position error is given.

9.1 PYRAMID FOCUS ADJUSTMENT

The  perturbations described as conditions 1, 2, and 3 have a common

optical effect. They cause an apparent displacement of the pyramid and velay
optics with respect to the OTA image surface. The axial component of this
displacement is denoted AZ and the lateral (decenter) component is aY.

The amount of axial pyramid adjustment needed to restore focus is

Az = ~AZf2 cos2a
where
Az = axial shift of the pyramid where
+ shift is away from the OTA
a = angle of pyramid facet (9.10569)
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‘and evaluation gives:
Az = -0.512844 AZ (2)
The quantity 4Z depends upon the particular perturbation.
?.2 POINTING AﬁGLE PERTUREATION
The perturbation and compensating pyramid adjustment changes the system
pointing angie. Let the center of the CCD detector correspond to the 0TA

field angle ‘¢ before the perturbation. Then, after the perturbation, this
field angle becomes ¢ + A¢ where

a6 = tan"! Tay/(F-ar) + tan ¢ af/ (F-ar)! (3)
and f = OTA focal Tength

Af = OTA focal length perturbation

&y = aY-aZ tan(g-2a) - Azf_§g§%§%§§ + tan(g~2c) |

L
A particular ray, after reflection from the pyramid, will become the optical
axis of the relay Opticé. Between the pyramid and the WF relay folding mirror,
the angle of this ray’with respect to the OTA axis is denoted g. For the 7/12.88
design, p=18.34°. As described previously, «=9.1056°. Then, evaluating the
above expression,

Ay = AY - 0.002248 AZ - 0.3170 Az (4)
9.3 EVALUATION OF CONDITION 1

Let‘the pickoff mirror, pyramid, and relay optics be displaced axially along
the OTA axis by distance aL. The optical displacement is the same as the
physical displacement for the condition, so:

AY = o0

AZ = AL 165
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From equation (2), the amount of axial pyramid adjustment needed to restore
focus is:

Az = -0.512884 al

From equation (4), the parameter Ay 1is:

Ay = -0,002248 AL - 0.3170{-0.512844 AL}

Ay = 0.1603 al

The OTA focal length (f} is 5760 cm. The OTA is not perturbed, so af=0. From
equation (3); '

Ad = tan ! [Ay/f]
Combining the preceding two equations gives:
_1 -
A¢ = tan” [2.78x1075 al ] (L in cm) -
_The'adjustments to the math model for this condition, therefore, are to

a. Shift pyramid and relay -optics axially by distance AZ.
b. . Refocus pyramid by az.
.c. Adjust OTA input field angles by A,

MTF was calculated for the perturbations at grid points A, At, C, and £ on the
CCD detector surface, as shown in table 9.3-1. Unperturbed MTF and these values
of perturbed MTF are given-in table 9.3-2.
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Table 9.3-1
INPUT PERTURBATIONS

aL(w)  AZ(w) 2z () A$ (degrees)

+800 +800 -410 ¢.000127

+4G0 +400 -205 {. 000064

-400 -400 +205 - -0.000064

-800 ~800 +410 -0.000127
Table 9.3-2

MTF AT 33 C/MM

Grid AL - Microns
Point +800  +400 0 -400  -800

A .186 .187 .188 189 .191
A .390 .38¢ .389 .390 .390
C .355 354 .354 353 353
E .336  .336 .33 .336 .335

Table 9.3-2 shows that the effect of axially shifting the pickoff mirror and
WF/PC with respect to the-0TA image surface is compensated by an axial
adjustment of the pyramid. - This adjustment restores the MTF to its unperturbed
value.

9.4 EVALUATION OF CONDITION 2

The amount of OTA secondary mirror perturbation needed to shift the OTA image
surface by AZ is:

AT = -AZ /(M24+1)

where
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AT = axial shift of secondary mirror where
+ shift increases the primary-to-secondary
mirror spacing

AZ = axial shift of the QTA jmage surface where
+ shift is away from the OTA

M = QOTA secondary mirror magnification
(10.434756)

and evaluation gives:

1
AT = -0.009100 AZ

The equivalent optical displacement of the relay with respect to the (TA

image is

AY
AZ

1]
o

~ AZ

i}

From equation {2), the amount of axial pyramid adjustment needed to restore

focus is
1
Az = 0,512884 AZ

From equation (4), the parameter ay is

Ay = +0.002248 AZ' - 0.3170(0.512844 AZ')

~0.1603 AZ

1l

Ay

A change AT in OTA secondary mirror location perturbs the OTA focal length
as follows:

Af = 4f2A'_r/(rprs - &fAT)
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where

Af = change in focal length

f = OTA focal length {5760 cm)

o = primary mirror radius (-1104.0 cm)
re = secondary mirror radius (-135.8 cm)
AT = secondary mirror spacing change

From equation 3, the pointing angle is
A¢ = tan"t|ay/(F-af) + tan Q AF/(F-AF)]

The OTA field angle ¢ corresponding to the center-point of the CCD detector
is 0.015816 degrees.

The adjustments to the math model for condition 2, therefore, are to
a. Shift OTA secondary mirror position by distance AT.

b. Refocus pyramid by aAz.
¢. Adjust OTA input field angles by Ad.

MTF, calculated for the perturbations in table 9.4-1, are given in table 9.4-2.

Table 9.4-1
INPUT PERTURBATIONS

A7 (w) AT (u} 2z (u) Af {cm) A ¢ {degrees)
+800 ~-7.2804 +410 -0.6444 -0.000129
+400 ~3.6402 +205 -0.3222 -(.000065
-4G0 +3.6402 -206 +0,3222 +0. 000065
-800 +7.2804 -410 +0.6444 +0,000129
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Table 8.4-2

MTF AT 33 C/MM

t
AZ - Microns

Grid

Point  +800 +400 O  -400 800
A .188  .188 .188 .189 .189
A .389  .389 .389 .389 .390
c .355 .355 .354 .353 .352
E .334  .335  .336 .337 .337

Table 9.4-2 shows that the effect of perturbing the OTA secondary mirror

position is cémpensated by an axial adjustment of the pyramid.
restores the MTF to its unperturbed value.

9.5 EVALUATION OF CONDITION 3

This adjustment

Let the pickoff mirror be displaced axially along the OTA axis by distance
ALZ. Optically, this perturbation causes an apparent displacement of the

pyramid and relay optics with respect to the O0TA image surface.

The axial

component of this apparent displacement is AZ and the transverse component
(decenter) is aY. For the ALZ perturbation:

AY f ALz Sing
A = Al {1 + Coss)
wherea o = pickoff mirror angle = 94°

Similarly, a transverse decentering ALY of the pickoff mirror with respect to
the OTA axis also causes an apparent displacement of the pyramid and relay

optics where

]

AY = aly (1 - cose)

Az

i

ALY Sino
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Evaluating the above expressions:

AY = 0.997564 AL, .
8Z = 0.930244 aL,
and
AY = 1.069756 AL,
AZ = 0.997564 AL

The expressions for ALY are very nearly equal to those for ALZ. Consequently,
only the effects of ALZ need to be analyzed because the conclusions can be
applied to ALY also.

From equation (2), the amount of axial pyramid adjustment needed to restore
focus is:

Az = -0.512844 (0.930244 AL,)

-0.477070 AL

From equation (4), the parameter Ay is:

by = 0.997564 AL, - 0,002248(0.930244 aL,) ~ 0:3170 (-0,477070 al)
sy = 1.1467 al,

The OTA focal length (f) is 5760 cm. The OTA is not perturbed, so Af = 0.
From equation {3);

Aé = tan ! (ay/f)
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Combining the preceding two equations gives:

A¢ = tan ! (1.991x107% ALy ) (aly in cim)

The adjustments to the math model for this condition, therefore, are to:

a. Shift pyramid and relay optics axially by distance
47 and laterally by distance AY. This adjustment is
optically equiQa]ent.to shifting the pickoff mirror
by distance ALZ.

b. Refocus pyramid by Az.

¢. Adjust OTA input field angles by a¢.

'MIF was calculated for the perturbations in table 9.5-1 at grid points A, A,
C, and E on the CCD detector surface. Unperturbed MTF and these values of
perturbed MTF are given in table 9.5-2.

Table 9.5~1

INPUT PERTURBATIONS

aly (v) Y () aZ (un) Az (n) AQ (degrees)

+800 +798 +744 -382 +0.000913

+400 +399 +372 -191 +0.000456

-400 -399 -372 +191 - -0.000456

-800 -798 -744 +382 -0.000913
Table 9.5-2

MTF AT 33 C/MM

ALZ - Microns

Grid
Point  +800  +400 0 -400 --800
A 177 .182  .188 .194 .200
A 387 .388 .389 .391 .393
C .358  .356 .354 .352 .350
E .335  .336 .336 .336 .336
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Tabie 9.5-2 shows that the effect of axially shifting the pickoff mirror is
compensated by an axial adjustment of the pyramid. The amount of adjustment
Az was calculated from equation {(2) which assumed, in its derivation, that the
pyramid facets were plano and that the O0TA image surface was flat. These
approximations may account for the minor variations in compensated MTF.

Optically, the effect of shifting the pickoff mirror in a direction normal to

the OTA axis {in the meridional plane) is nearly the same as the axial shift.
Thus, the general conclusion can be made that & # 800 micron shift of, the pickoff
mirror in any direction from its nominal position can be fully compensated

by an axial adjustment of the pyramid.

8.6 FOCUS ADJUSTMENT AT DETECTOR USING THE PYRAMID

The WF/PC uses the OTA image surface as an "object" and re-images this object

onto the CCD detector surface. The back focal distance (BF) between the WF/PC
and detector depends upon the distance between the "object" and the WF/PC.

An axial shift of the pyramid changes this object distance and, consequently,

changes the back focus resulting in a focus error ABF at the detector.

Analysis of pyramid refocusing for the perturbations evaluated in this report
led to the following two equations for change in object distance Aa:

Aa AZ/cos (g-2¢) (5)

Aa 28z co0s2a/cos(B-2a) (6)

For focus compensation, the change in object distance aa caused by the pyramid
t

shift az must be equal and opposite to the change in object distance aa caused

by the perturbation aAZ:

Ag = -Aa
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Substituting equations (5) and (6) into this expression and solving for Az gives:
Az = -AZ/2¢0S%a
and this is equation (1), used in this repart for focus compensation.

In the absence of perturbations (AZ=0}, a shift az of the pyramid will cause
a change aa in object distance, thereby producing a focus shift ABF at the
CCD detector.

By applying the method of finite differences to the paraxial ray trace equations,

the following relationship is found:
B - RpRs 2 . 2(R5-Rp-2Tp)Aa

- Ad
(Rp+2To)(Rs'2Tﬁ)-2ToRp h(rp+2T0)(RS-2Tp)—2TOR

p

where:

Rp = primary mirror radius {(-40.5662 cm)
Rs = secondary mirror radius (-28.5460 cm)
T, = object distance (113.0610 cm)

Tp‘= mirror separation (16.2590 cm)

Evaluating the above expression:
ABF = -0.28798 aa + 0.0054717 {aa)?

Equation (6) is also evaluated, using o = 9.1056° and.g = 18,34°:

ha = 1.9499 Az
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Finally, combining the preceding two expressions:
ABF = -0.56154 Az + 0.020804 (az)? (7)

This expression relates focus shift ABF at the CCD detector to axial translation
az-of the pyramid. The units used in this equation must be centimeters.

The optical system math model is used to verify the focus shift equation as
follows:

Shift pyramid axially by distance Az.
Move CCD detector axially by aBF, If equatior (7)
is coréect, the focus error will be removed.

c. Adjust OTA input field angle using equations (3)
and (4) where AY = AZ = AFf = 0.

Table 9.6-1
INPUT PERTURBATIONS

Az (cm) ABF (cm) A¢ (degrees)
+0.08 -0.0448 -0.000252
-0.08 +0.,0451 - +{.000252

MTF was calculated for the perturbations, as shown in table 9.6-1, at grid
points A, C, and E on the CCD detector surface. Unperturbed MTF and calculated
values of perturbed MTF are given in table 9.6-2.
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Table 9.6-2
MTF AT 33 C/MM

Az - Centimeters

Grid

Point +.08 0 -,08
A .191 . 188 .186
C . 353 .354 .355

- E .336 . 336 .335

Table 9.6-2 shows that focus error 1s removed when the detector is shifted
ABF for a pyramid shift of Az. The math model, therefore, has confirmed the
focus shift equation (7).
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10.0 SYSTEM PERFORMANCE PREDICTION

10.1 SYSTEM PERFORMANCE PREDICTION (WITHOUT DETECTOR)

Performance predictions for the WF/PC optics without OTA are shown in figures
10.1-1 and 10.1-2, At this level of testing, an OQF of 79 percent is antici-
pated and can be verified by interferometric testing. Performance
predictions for the WF/PC optics with OTA are shown in figures 10.1-3 and
10.1-4. The optimized geometric-mean MTF over the field of the Wide Field
Camera at a spatial frequency of 33 cycles/mm fs shown in figure 10.1-5.
Assuming an anticipated OQF of 63 percent, the predicted manufactured
performance is shown in figure 10.1-6. The optimized geometric-mean MTF over
the field of the Planetary Camera at a spatial frequency of 14 cycles/mm is
shown in figure 10.1-7. Assuming an anticipated OQF of 63 percent, the
predicted manufactured performance is shown in figure 10.1-8. (Note: Since
a total system test (OTA with WF/PC) is not planned, the predicted 0QF cannot
be verified by interferometric testing.)

1.0 CENTER OF CCD
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(WITHOUT QTA)

Figure 10.1-1
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10.2 SYSTEM PERFORMANCE PREDICTION (WITH DETECTOR)

10.2.1 Thresholid Modulation Analysis

Threshold modulation (TM} analysis is used to determine, for the human observer,
the limiting resolving power of a lens-film combination*. This technique
provides a single value indication of system performance and can be applied to

a general imaging system as well. In TM analysis, the Timiting resolution of

a system is determined by the intersection of the (frequency dependent) incident
target modulation (ITM) curve’, and the threshold modulation (TM) curve, as
illustrated in figure 10.2.1-1.

* 7, J, Lauroesch, et al, "Threshold Modulation Curves for
Photographic Films", Applied Optiecs, Vol. 9, No. 4, April 1970,
pp. 876-887,

+ Also known as the aerial image modulation (AIM) curve.
181

EASTMAN KODAK COMPANY - 901 ELMGROVE ROAD - ROCHESTER, MEW YORK 14650




INCIDENT TARGET
MODULATION

TH CURVE

l
[
|
I
I
|
|
T

SPATIAL FREQUENCY
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LIMITING RESOLUTION OF A SYSTEM
Pigure 10.2.1-1

The incident target modulation represents the modulation avaiilabie at the input
to a detector (CCD, film, etc.). ITM is a function of the target contrast, the
intervening media between the target and its image on the detector, the modulation
transfer function (MTF) and optical quality factor (O0QF) of the taking optics,
__smear, and defocus.

Threshold modulation, on the other hand, represents the minimm modulation

that is required at the input of the system to perform a given task -~ usually
detection. Threshold modulation is a function of the MTF's and noise source of
all the elements in the image chain from the detector through the user.
Threshold modulation is also a function of the signal-to-noise ratio required to
perform a particular task with a given performance probability. For example,

if the task is to detect a tri-bar pattern with a 50 percent probability of
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detection, the required signal-to-noise ratio (SNR) is 1.5*%. If, however, it is
‘necessary to perform target recognition or identification then higher SNR's
are required for the same performance probabi1ity?.

The following sections contain a formulation of the TM equation, its application
to the Wide Field Planetary Camera, and an interpretation of these results.

10.2.2 Threshold Modulation Formulation

The basic formulation of threshold modutation begins with the definitions of
modulation and signal-to-noise ratio. Modulation is defined by considering two
adjacent resolution elements producing respective signals of §; and 3.
ModuTation (M) is then defined as

_]5_1‘,52_._&5, (1)

$1#81 T u8

and the signal-to-noise ratio {SNR) is given by

SNR = %oy (2)
where,
AS/2 = 151-S2{/2, the incremental signal level about the mean
§ = -(S;%S,)/2, the average signal level
oy = the rms noise.

* This caleulation assumes a Gaussian process with a 50 percent
probability of simultaneously detecting all three bars and two
spaces of the tri-bar pattern. {hg probability of detecting an
individual bar or space is (0.5) = (.87 and requires a signal-

to-notse ratio of 2 1.5 to achieve this detection probability.

+ L. M. Biberman, "Perception of Displayed Information", Chapter §,
Plenum Press, New York, 1873.
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By substituting (2) into (1), an expression for modulation in terms of SNR and

rms noise resultis

M o= (U—N) SNR . (3)

It should be noticed that the parenthetical term in (3) has the same form as
the definition for moduiation shown in (1). Using this similarity, it is
convenient to define this term as the "noise modulation" (6);

§ = Sﬂ-. (4)

o

Using the terminology in (3), the threshold modulation (TM) is that value of
moduTation which just equals the product of noise modulation and SNR, that is,

™ = (SNR)S. (5)

This egquation represents the basic expression for threshold modulation. 1In
general, it is a function of spatial frequency (v) since the noise modulation
is a function of spatial frequency. To illustrate this, consider the noise
power spectral density at the Zmput to the K-th element in the image chain
¢K(v). The associated rms noise at the ouzpuz of the K-th element can be
expressed as

‘2 172
) = [n R ) o] (6)
with the total rms noise given by
* 2 1/2
o2 (v) = EK?—L MTF, (v) 8 (%) dv] o (7)

where

Yy = gamma of the K-th image chain element

MTFK(\J)

modulation tranfer function of K-th image chain element.
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Fina1]y; the noise modulation can be written as

o ) 1/2
soto) - K2 =[¢t‘£v) ] : 8)
Sk ¢

which illustrates the frequency dependence of the threshold modulation.

Using the previous expressions, the rms noise at the output of an N-element
imaging chain is
1/2
: N /
SRR (n_ 12 W o] (9)
=1 g=1
and the resultant expression for threshold modulation at the output of this
imaging chain is given by

N 9 1/2
™ (v) = Bﬂmﬂ»[z @(v)ﬂ m?(uHTM}} ; (10)
0 =1 v
where TMV is visual modulation threshold below which a human observer, even
under optimum viewing conditions, cannot distinguish the target from its
background. TMV is in the neighborhood of one to five percent modulation¥*,

From 1inear system theory, it is known that for a given amount of modulation
at the input to the imaging chain (MI), the resultant modulation at the output

(MO) is given by the product of the input modulation and the cascaded transfer
functions, that is

) N
MO(\)) = MI(\J) q1—T]_ Yq MTF (v). (11)

* Ibid; Chapter 3
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If the output threshold modulation TM is substituted into (11) and the
expression rearranged to solve for the resultant input threshold modulation,
the following equation is obtained

TMO(v)
TMI(\)) = N . (12)

7y MTF (v}
q=1 q q

This equation illustrates that the threshold modulation required at the input

to the imaging chain is simply related to the required output threshold

modulation via the system transfer function. The system transfer function is
N

SYSTEM TRANSFER FUNCTION =" « Yq MTFq(v).
q=1

By combining equations (108) and (12}, the final expression for the threshold
modulation at the Znput to the imaging chain is obtained
1/2

N
(SNR)2 z ¢ (v) = y MTF (v)+TM ]
e - (o2 [2 600 7 /]

(13)

N
MTF
_ q:l Yq MTF(v)

This expression represents the objective of the preceding analysis. When the
TM curve described by (13) is intersected by the incident target modulation
curve, the frequency of intersection represents the limiting resoiution. At
this frequency, the modulation available in the target is just equal to the
modulation required at the system's input to achieve the desired system
performance.

In the following section a TM equation for the Wide Field/Planetary Camera

is developed. This equation is based on CCD sensor characteristics described
in a document entitled, Technical Proposal, Investigation Definition Team,
Wide Field/Planetary Camera for Space Telescope, submitted by the California
Institute of Technology, James A. Westphal, Principal Investigator.
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10.2.3 WF/PC Threshold Modulation Equation

In this section a first order expression for the threshold modulation equation
for the WF/PC is derived. This expression utilizes the CCD characteristics
described in the aforementioned document, and assumes that all elements in

the WFC and PC imaging chains between the output of the CCD sensor and the
reconstructed images contribute no degradation to the reconstructed images.

This assumption is necessary due to the lack of specific information on these
image chain elements. As a resuit, the first order expression for the M equation
will be optimistic in that the TM curve will be too low and the predicted 1imiting
resolution too high. '

From the WF/PC reference document, the CCD is chafacterized as being photon
noise 1imited {for nominal exposures) with 10 to 20 rms electrons and an

MTF as illustrated in figure 10.2.3-1*, As a consequence of this characteriza-
tion and the previous assumption, the TM equation reduces to a rather simple
expression consisting of one noise term, one MTF term, the visual threshold
modulation (TMV) term, and the signal-to-noise ratio.

T T T T T T T

SINE WAVE MTF

0.2L ] ]

SINE WAVE MTF

Figure 10.2.3-1 : - ! ! ! : '
10 20 30 1 40
NYQUIST °*
FREQUENCY

SPATIAL FREQUENCY (CYCLES/mm)

* This MTF has been reproduced from the WF/PC reference document.
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10.2.3.1 Photon Noise Modulation - Using the definition of noise modulation
from {4) and the fact that the rms photon noise (op) is equal to the square
root of the average signal level,

the photon noise modulation can be expressed as
p

The photon noise, expressed in mean-squared electrons, is given by

“5 = (%?- A , MS-electrons; (15)
where

E = exposure, joules/M?2

R = CCD responsivity, amps/watt

A = CCD area, M2

g = electronic charge, 1.6x10" 12 coulombs/electron.

Using 20 rms electrons for the photon noise and a sensor area of 15ux15u, the
term in parenthesis in {15) can be evaluated as follows:

ER .. 800 _ g 7841012 MS-electrons/M2. (16)

q 2.25x10710

If this term is represented by the constant (K) and if the sensor area {(A) is
rewritten in terms of spatial frequency:

6
A= 102 , M2; (17)
4v
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where v represents spatial frequency in cycles per-millimeter; then the
equation for the photon noise can be rewritten as

~6
0-2(\))=_K..>..(.1_0__ Oiviv

5 " . . (18)
v

where

-~
fl

1.78x1012 MS-electrons/M2

spatial frequency {(c/mm)

<
1

v, = Nyquist frequency, 33.3 c¢/mm.

By substituting (18) into (14), an expression for the photon noise modulation
results

§{v) = 1.5 vx10 3. {19)

10.2.3.2 The TM Equation - The threshold modulation at the output of the
WF/PC can now be written as

i

[SNRZGZ(\:) + Tmﬂ ‘ (20)

TMO(v)

or

TMo(v)

n

- - 4
10 2[2.25'SNR2‘V2X10 2+ %] , (21)

where 3 percent visual threshold modulation has been arbitrarily assumed*.
Finally, the threshold modulation required at the input to the CCD is given by

*  Equatione (18) and (20) do not contain the CCD transfer functiom,
namely y+MTF(v), since the photon noise is specified at the output
of the CCD, rather than at its input.
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1

2

10"2|z2.25.SNR‘?.\:2><10_2 + é]

™ (v) = s (22)
I v. MTF{v)

where
v = CCD- gamma = 1.0
MTF(v) = CCD MTF illustrated in figure 10.2.3-1.

When the signal-to-noise ratio required to perform a given task, such as
detection, recognition, or identification, is substituted into the above
equation, and the resultant curve intersected by the incident target modulation
curves for the Wide Field and Planetary Cameras, the frequencies of intersection
will represent the first order 1imits of resolution for these systems. These
limits are identified in the following section.

10.2.4 Resolution Limits

To determine the resolution 1imits for the WFC and PC, signal-to-noise ratios
of 1:1, 5:1, and 10:1 were selected to establish the first order performance
bounds for these two systems. 1In addition, two values of target contrast (C),
w ;1 and 2:1, were selected. The target contrast affects the modulation in
the target MT through the following relation

MT = %i%-; 1<C <., (23)
For the selected values of target contrast, the corresponding values of target
modulation are 100 percent and 33 percent, respectively. The target modulation
is used to scale (multiply) the MTF of the taking optics; this scaled MTF
represents the ineident target modulation eurve which is intersected with
the TM curve to determine the limiting resolution. Occasionally, it is
convenient to scale (divide) the TM curve by the target modulation, rather
than scaling the taking optics MTF. Using this approach, the scaled TM curve
is then intersected with the MTF of the taking optics to determine the 1imiting
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resolution of the system. Following this approach, (22) can be rewritten as

10-2[?.25.SNR2.v2x10“2 +

3
- QJ
TMI(u) = (24)
MT.y.MTF(v)

This TM curve and the operational MTF's for the Wide Field and Planetary
Cameras are illustrated in figures 10.2.4-1 and 10.2.4-2, respectively. These
figures show that for SNR=10:1, and a contrast of 2:1, the Tower limits of
resolution are 11 1p/mm and 9.5 1p/mm, respectively. From these figures it
can be seen that the upper resolution 1imit, for alias free operation, is

set by the Nyquist frequency (33 1p/mm) rather than the CCD noise.

An interpretation of the resolution bounds for the Planetary camera js shown
in figures 10.2.4-3 and 10.2.4-4, These figures are based on the following
relationship between resolvable distance (RD) and 1imiting resolution:

hH

=~ (25)

RD =

where H is the distance to the planet, f is the system focal length, and v

is the spatial frequency at the intersection of the TM curve with-the MTF

curve of the optics. Since the spatial freguency cutoff of the optics determines
the 1imiting resolution of the Space Telescope independent of the detector, a
minimum resolvable distance can be defined as follows:

N I Y Y N
MR = 7o = E =

where f# is the system f-number, D is the diameter of the entrance pupil of the
optics (2.4 meters), and A is a nominal wavelength at 0.6 micrans.

As illustrated in figures 10.2.4~3 and 10.2.4-4, the minimum resolved distance
on Venus would be approximately 1073 x Venus diameter. Theoretically, this is
the best that can be obtained, based on the diameter of the Space Telescope and
the distance to Venus.
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Utilizing the CCD detector, however, the resolved distance of Venus would more
realistically be 5x10°3 x Venus diameter (5X theoretical minimum).

10.2.5 Pointing Stability Errors

As shown in section 4.0, a pointing stability error will decrease the cperational
MTF of the optics. (In the change from a static manufacturing environment to a
dynamic operational environment, the imaging performance is degraded by image
motion.)} Shown in figure 10.2.5-1 is the effect of pointing stability errors

It should be noted that small pointing
stability errors (based on the model in section 4.0) affect mainly the higher
spatial frequencies. Since the TM curve intersects the MTF curves below the
Nyquist Freguency, relatively small pointing stability errors have little effect
on planetary resolved distance. (It is emphasized that the Space Telescope is
designed for a pointing stability error less than 0.007 arcseconds.) The effect
of the pointing stability error on the resolved distance on Mars and Venus is
shown in figure 10.2.5-2. Assuming a pointing stability error of 0.021 arc-
seconds (3X Space Telescope 1imit), the resolved distance on Venus would be
increased to 28 kilometers from a resolved distance of 22 kilometers with no

on a combined OTA with Planetary Camera.

pointing stability error.
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11.0 CONCLUSIONS

Utilizing the Kodak optical design evaluation software, it was shown for the
wide field camera baseline design that the optical performance at the center
of each CCD array is diffraction-limited. Image quality degrades rapidly, how-
ever, for off-axis points on the CCD. The prominent field aberrations are field
curvature and astigmatism. The field aberrations cannot be eliminated.
Instead, they are partially cancelled by the introduction of compensating
aberrations. The only effective degrees of freedom available for optimization
are the asphericities of the relay primary and secondary mirrors. For the
baseline design, these asphericities have been chosen to yield zero coma and
zero spherical aberration. By changing these asphericities {conic aspheres

to general aspheres) to improve off-axis and imagery, the condition of zero

spherical aberration is sacrificed. Thus, off-axis performance is improved
at a slight expense of on-axis performance. Similar to the Wide Field Camera,

the Planetary Camera also has residual astigmatism and field curvature. However,
the effect of these aberrations on image quality is negligible because this
system operates at a higher f-nuwber and has a smalier angular field. The
baseline optical prescription, therefore, needs no modifications.

From a manufacturing standpo?nt, the unmounted optics fall into three groups:
plano surfaces, spherical pyramid, and aspherics. Based on the established
system budgeting philosophy, there appear to be no significant problems in
manufacturing the unmounted plano surfaces using conventional Kodak plano
processing and testing techniques. A procedure for assembly of an unmounted,
four-faceted, pyramid mirror has been configured. Two areas of concern remain
in its manufacturability. The first is the tolerance on the "sharpness" of
the edges which affects the total field coverage, and the second is the scratch/
dig cosmetic requirements. A tolerance on the edge sharpness should be
established in the near future and compared with state-of-the-art manufacturing
capability. Since the pyramid acts as a field lens, dust and dirt -- as well
as scratches and digs on the surface -- will be imaged directly onto the

CCD. Specifications on the size and number of particles and surface defects
should also be established in the near future and compared with state-of-the-
art manufacturing capability. The Cassegrain primary and secondary mirrors
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utilize conic and general aspheric surfaces. It is extremely important that
these designed aspheric terms be incorporated into the manufactured surface.
(The effect of nonconformance is a drastic loss in image quality in the field.)
The approach chosen (Kodak area compensating tooling procedure) appears to be
applicable. In this approach, the symmetric and asymmetric errors are
determined interferometrically in a clean, "noise-free®” environment. The
symmetric and asymmetric errors are then addressed separately, with different
tools. It should be noted that the deviation of the manufactured surface
contour from the designed surface contour cannot exceed 3x10'7 inches at

the edge of the 2~inch diameter WFC primary mirror. Similar tolerances

are needed on the %-inch convex secondary mirrors, and analyses indicate that
these unmounted components will be the most difficult of the optical elements
in the WF/PC to manufacture. For these reasons, it is engineering judgement
that the aspheric surfaces are within manufacturing state-of-the-art; however,
a development program will be required to substantiate this finding.

The Wide Field/Planetary Camera Optics Study has addressed manufacturability
of unmounted optical components only. It is a basic assumption that these
optical components will be mounted properly to within the allowable tolerances
as allocated in. the WF/PC wavefront budget. .{Deflection induced in the
manufactured unmounted WFC primary mirror, due to mount strain, cannot exceed
6x10'8 inches.) Acceptance tests configured for the unmounted mirrors (based
on interferometric testing with the interferometric data evaluation software)
in a clean, "noise-free” environment should also be used “after mounting”, and
the results compared with the WF/PC wavefront budget for conformance of the
optical mount. It should alsoc be noted that the optical coating is in place.
Contamination and improper handling during installation of the mount can
destroy the coating.

An acceptance test configuration has been established for the Cassegrain relay.
The relay consists of two assemblies (mirrors with mounts). The configuration
is based on interferometric alignment of the secondary mirror to the primary
mirror. Again, testing would utilize the interferometric evaluation software
in a clean, "noise-free" environment. Two properties of the Cassegrain would
be obtained. The first describes the image quality over the field of view
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and the second describes the Tocation and contour of the focal surface. A
special device called a focal surface reference fixture (FSRF) would be used

in conjunction with the_ interferometry. It is emphasized that a quantitative
determination of image quality and a focal surface "map" require interferometric
data evaluation techniques. The "classic" gualitative star test, utilizing a
point source microscope, does not have the required accuracy.

The Wide Field/Planetary Camera Optics Study established overall optical system
requirements for a combined OTA with WF/PC. These performance requirements
dictate interferometric testing (wavefront quality, alignment, and focus) during
manufacture of the unmounted mirrors, during buildup, and at the total WF/PC
Tevel.
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APPENDIX A
OPTICAL TOLERANCE MATRIX

The optical tolerance matrix has been filled out based on several assumptions.
The "firm" values have been obtained from section 8.5, Optical Tolerance
Budgeting. As emphasized in this section, the budgeting philosophy is based
on the Cassegrain primary mirror being the fixed reference for the system.
Resultant perturbation analyses are based on this assumption. Also assumed
is that this budgeting philosophy will be used and continued throughout the
buildup (component Tlevel to camera level).

The “firm" values were obtained from a direct comparison of data from the
Kodak optical evaluation software and closed form equation solutions. The
"preliminary” values have not been obtained through this depth of analysis and,
in most cases, are based on engineering judgement. The "to be determined"
values are based on the fact that not enough thermal/mechanical design informa-
tion is available to perform an adequate analysis or to make an engineering
judgement. This data is especially necessary in determining operational
(dynamic) tolerances.

It should be noted that radius tolerances on the plano surfaces have not been
defined in the matrix. For surface quality levels of 0.01 wave, a figure error
requirement with a test configuration will completely specify the plano

surface {see section 8.1).
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WF/PC OPTICAL SYSTEM

OPTICAL ELEMENT MANUFACTURING REQUIREMENTS

RADIUS OR SURFACE ACCURACY THICKNESS MINIMUM PYRAMID
ASPHERIC PLUS TOL- CLEAR ANGLE
ELEMENT SURFACE COEFFI- SURFACE ERROR |  emance APERTURE PLUS T0L-
CIENTS RADIUS (ARNS) ERANCE
1. Pick off
Mirror 1 PLANO N/A 0.01 N/A 13.72* DIAG. N/A
2. Fi PLANO N/A 0.01 0.500,02*
Tlter ! (EQUIVALENT - N/A
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m WF/PC OPTICAL SYSTEM
[42] .
2 ALLOWABLE OPTICAL ELEMENT POSITIONING TOLERANCES
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g ELEMENT SPACE
3 AIRSPACE DE-CENTER TILT AIRSPACE DE-CENTER TILT
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HOTE S ) 2d
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NOTES t

[0 TwO ALTERNATE TEST CONFIGURATIONS HAVE BEEN ESTABLISHED,
20 AN ACCEFTABLE TEST INTERFEROGRAM MAY CONTAIN A MAX OF % WAVE COMA [ THE COMA
CORRESPOMDS TD A DECENTERING OF THE VERTEX OF THE PRIMARY MIRROR RELATWE TO
THE TEST AXIS OF % CM. COMA 15 CEFNED IN THE FCLLOWING FIGURE 1

§ comA,
—tn
APCRTURE

30 IN CONFI&JEA‘N}N *| THE PRIMARY MIRROR SURFACE ERROR IS CALCULATED By THE EGRUATION t
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N CONFIGURATION ¥2 |, THE PRIMARY MIRROR SURFACE ERROR IS CALCULATED BY THE EQUATION s
e(x.y) - /4099% %) - ‘/4 rR{%x)+ BOXyY) WHERE E(Xy), 0Po{x,¥) AND BO(XY) ARE DEFRNED (N
RETRD

NOTE 30. R(x.‘( REFLECTOR WAVEFRONT ERmR AS DETERMINED FROM DIRECT
ON WITH I’N INTERF'EROM

Ny

P EADIAL. FoSITION ()

40

TO THE
UATION &T FORT Ky

INTERFEROMETER  Fbcus

- {anms T Y et

l 40,602

CONFIGURATION ™|
DIRECT TwMAN - GREEN )

+

INTERFEROMETER Focus *2

23,718

128 00

CONFIGURATION ¥z
(RETROREFLECTOR )
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; . Snks NEVISIONS pry
“MOTES g‘S
1. MATERIAL: D
D 1.1 THE MATERIAL USED SHALL BE CORNING® FUSED SILICA, NO TMO
1.2 COEEEKIENT OF THERMAL EXPANSION [o)
1.2.1 THE of OF ALL THE MATERIAL USED TO FABRICATE ANY
MIRRER BLANK, SHALL BE 0,00 + 03XL07% m/IN/oC
OVER A TEMPERATURE RANGE OF-207CTO20°C WITH A
95 %a COMFIDENCE LEVEL, ' s 6
2,GLASS QUALITY: ) ]
, 2,1 INCLUSIONS SUCHAS BUBBLES AND SEEDS WITHiK THE 04 ool —
] CENTIMETER THIWL ™ CRITICAL TONE" SHOWH Ok THE DREWNG 3ukL G-’
KOT EYCEED © O3 CENTIMETERS 1N MEAN DIMMETER g 8=
THERE SHALL BE MO MORE THAN AN AVERAGE OF OO2. PER o] o
CUBIC CENTIMETER, AVERAGE SIZE OF SUCH INCLUSIONS SHALL O =
BE NO GREATER THAN OO0, CENTIMETERS N MERN DIAMETER, 5 =
2.2 OPAGUE LNCLUSIONS WITHIN THE Q4 CENTIMETER THieK .
*CRITICAL ZONE™ SvOWH Gl THE DPAWING SHALL NOT EYCEED o -2
© Q5! CENTIMETERS 1\ MEAW DIAMETER, THERE 3WAu BE WO o 3 .
JMORE THAM AN AVEERGE OF OO\ PER CUBIC CEWTIMETER ey) M
¢ 3 ANNEML: ?_ ol ,
Al BIZEFZINGENCE MNEABUREMENTS SURUL BE WADE FERPENDICULAR ‘.
TO THE 193 CEWTIMETER SURFACE, THE RELATWE RETARDRTION -y
RESULTING FROM PERMAMERT TTRAIN 3WALL BE WO HORE THAW N 3 (7]
20 W PER CENTIMETER OF USHT PATH, .ot
OB X 45" GUMFER
A= 192 83 4—
- O
oo o
11 B
B
e O 4CRITICAL ZOKE '
SEGNOTE 2
L
# =To BE DETERMINED
UNLEAS OTHERWISE BPECIFIED | MATERIAL ﬁsg‘T‘MA" KODAK CO. lrmer o o A
A imean rosenamce’y (32 SEE WOTE | ROGHEGTER N.Y MAME BLANK , SECONDARY 141
ARGULAR TOMERARGEE e e Titlewell wan IL/17/T8 WIDE FIELD CAMERA
owsansans antw CENTIMETERS — WE/PC
prsseious areur arise, P weane FINIAH ol wo PeA JOIEY
MR e AR p e oo [ D
{i LAD PROGUCT DISIGH STANGANGS APPLY i~a 3f | ' 8
oma. Crd. N -—
i THAD ANOLE PROUTETION @-ﬂ oo oma oo A7 1 et NG D 2
8 - 7 ) 4 | 3 [ 2 { 1
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?— fremtnd REVISIONS
X
NOTES - - Y
\. SURFACE § 5SHALL BE A FIGURE OF REVOLUTION AND SHALL CONRORM = D
TO THE ASPHERIC EQUATION
=z e - “ Y [
¥ ﬁfﬁ:@_fﬂ FEYT +FY TGP+ HY
WHERE:
X* SAG IN CENTIMETERS OF THE ASPHERIC SURFACE RELATIVE TO A PLANE o
LOCATED AT THE VERTEXY. AND NORMAL TO THE OPTICAL AXIS O =
! . <\ .
¢ Bz ) D N
LI THE NOMINAL VERTEX RADIUS OF THE ASPHERIC SURFACE SHALL BE 28.54(2 & QK CENTIMETERS. gt %
1.2 SURFACE 4 SHALL NOT DEVIATE FROM THE ASPHERIC CURVATURE BY MORE THAN 0:015 WAVELENSTH (RMS) Q
(ROOT MEAN SQUARE) AFTER REFLECTIVE COATING. (WAVELEWGTH REFERENCE 15 0.6328 MICRONS) O
AS MEASURED WITH THE TEST SET-UP SHOWN 1M DZ31-120THE GRID SPACING OF THE SAMPLE POINTS ON = gl
THE MIRROR SURFACE SHALL NOT EXCEED (.05 CEMTIMETERS.
13 THE ASPHERIC TABLE OF COEFFICIENTS SHOWN BELOW IS BASED ONTHE NOMIMAL VALUE OF THE YERTEY RADILS, O -
K* - 6.64908  §r-2TMY4E-05 . F=-2982543E-05 - %,
= =3224190E -5 H= ~F5B2286E <05 P (?n
2. CLEAR APERTURE 1 ~ c
21 SURFACE-4 SHALL WAVE A CLEAR APERTURE GF 1622882 - CENTIMETERS DWMETER. fosrd Y
22 FOR ALl WIRROR TESTS BEFORE CONTING, SURFACE= 1 SHALL WAVE AN UHNCOATED CLEAR “ @
APERTURE BF 64781 ~ CENTMETERS DIMMETER.
. N
3. SURFALES MARKED *PY POLISHED, ALL OTHERS GROUND TO A FIMISH EQUIVALENT TO 120
GRIT OR BETTER AMD FGLT POLISHED,
4, REFLECTNE COATING:
4.1 SUZFACE -1 SHALL CONFORM TO NOTE 2 AFTER CORTING. ,
4.2 SURFACE =4 SHALL BE COATED WITH BOO ANGSTROMS OF ALUMINUM WITH 250 ANGSTROMS 1930 p—
OF MAGMESIUM FLUORIDE AS A PROTECTIVE COATING, REF
A3 SURFACE-L SHALL HANE A MINMUM REFLECTANCE OF 70% AT AWWELENGTH OF 01200
MICRONS AND A MINIMUM REFLECTANCE OF BIX/AT CE32B MICRONS, WHEN MEASURED AT NORMAL IHCIDENCE, |,
44 SURFACE CLEAMING SHALL RE M ACCORDAMCE WITH PROCEDURE % ,
% THE CPTICAL VERTEX SHALL BE WITHIN 002 CEWTIMETERS RADIALLY OF THE MECHANICAL VERTEX,
b GEAR 54962 R (SEC HOTE 1))
&, SYSTEM AXES: 1 k‘\
G.] ANGBULAR ORENTATION OF THE Y AXIS GHALL CONSIDER OPTIMIZATION OF THE ASSEMBLED , 8
SYSTEM WAVEFRONT BY ROTATIONAL SMATCHING OF THE PRIMARY AND SECONDARY MIRRORE. \ t
5.2 THE Y AAG SHALL BE \DENTIFIED BY A © 012 CENTIMETER WIDE LINE ON SURFACE 2.
IDENTIEYING CHARACTER AND UNE SHALL BE DRAwWM PER ¥,
COLOR: FLAT BLACK MAT'L REQ'D,
T THE AUTOCORRELATION LENGTH OF THE SYSTEM WAVEFRONT ERROR SHALL BE 025 OR
LONGER WHEN MODELED AS A GAUSSIAN FUNCTION CNER THE SPATIAL FREQUENCIES FROM
6-20 CYCLES PER PUPIL DIAMETER, surpAcE T {Note &)
B, SURFHE QUAUTY 2035 WiL-G-(3BE0A, surFace 1 (wore |
Q, THE MAXIMUM SURFACE ROUGHHNESS SHALL BR B0 ANGSTROMS BMS,
3k = 7o BE DETERMINED
UNLESS DTHERWISE SPECIRED | MATERIAL ‘ ﬁmgow TRAT WD R A
Lna Tt E 025 Cid MAKE FROM D231- 118 ROCHESTOR. 1Y KAE SECOUDARY MRROR

pmm e | T4 \“ F:g-wm ke 5
S T g o[ -

L SRR -2 N rrrermyerar TR pov w D23{~119
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NOTES *

L0 TWO ALTEANATE TEST CONFIGURETIONS WAME BEEN ESTADUSHED

.
ZOAN ACCEPTABCIBER ‘EE‘ST INTERFEROGRAM MAY CGHTAIN A hAX
D

Smem | ' REvsow
OF ¥ WAE
SPONDS T A DECENTERING OF THE VERTEX OF THE SECDNDMN MiRROR
RE’LAT!VE TO THE TEST AXIS OF %  Cm.

COWA 1S DEFIMED IN THE FOLLOWING FIGURE :

o
O

5 |— COMA

HINDLE SPHERE
/ | APERTURE INTERFEROMETER Focus 1

AND HINDLE SPHERE C = C

2.0 M EONF\GURM’\BH"! i SEIONDARY MRROP SUBFACE SRR {8 CALRULATED BN THE EQUATION. SURFACE 2
. Y= MOt BOMLT) WHERE | E fuse 1S TQuAL
THE ECONDARY ML?RB é b v OM T ACE DEFINED AS
THE $AG OF THE AC AL SUEFACE M\NUS TH.E SJ\G OF THE DESGRED SURF E. (HENC s
A MUY ON THE AC‘I'UAL SURFACE |5 A POSITIVE SURFACE ERROR). OPD = THE
MEASURED WAVYEFRONT OPTICAL 'PA'I'H LENGT“ D\FFEREN.CE CORRESPONDING 'I’O POINT |
THE SECONDARY MIRROR § ACE. E QPD SIGN COHVENTlON IS THAT A %
PbSITIVE 0PD VALUE CORRESPCNDS TOA LEAD’-NG WAVEFEO\ T SUCH A D BE PRODUCED
BY A "WiLL* ON THE BECONDARY MIRROR SURFACE, [le] 6!,‘( S E.QUAL TQ THE BACKOUT
EQUATEDN FOR TEST RESIDUALS. THE VALUE OF THE BACKOUT EQU&TlON AT PDlNT g
0 BE ADDED TO THE VALUE OF SGURFACE OPD AT POINT XY AS STATED IN
c E%E%E’BII?"IIGS EQUN'IDN. THE BM:KOUT EQUAT'ON FOR THE SECQNDARY MIRROR SUR

3 ]
TION EXPRESSED IN UNITS OF CENTIMETERS: B0 (Myiz %,
Ny =THE H\ND\.E GPHEP.E &um\cc Eemlz 3 DETEEI.\'.MED mu DIRECT mmr?.mue‘mc cauem‘l O

1817
40  SORFACE 2 BMALL BE SPHERICRL WiTHIN 002 WRELERGTH oS (N THE CAEAR APERTURE \WMEM REFERENCED TOO.G328 MICEOM LIGHT
41 THE CLERR. APERTURE OF SUGFACE 2 BHAL BE 3707 O ML OD AYO 0,689 MAY | D INTERFEROMETER Focts®2 —/
42 SURFACE 2 J5 TO BE POLISHED, ALL OTHER HINDLE SPHERE SURFACES ARE TO BE GROUND
TO A FINISH EQUIVALERT TO A 120 GRIT OR BETTER AND FELT POLISHED,
43 SURFACE QUALITY = 50/30, TN ACCORDANCE WITH MR-0- 13830 A. COMFIGURAEION # 4
44 SURFACE 2 SHALL CONFORM TO NOTE 4.0 AFTER COATING, SURFACE 2 SHALL HAVE A HiGH LHINDLE)
REFLECTANCE COATING APPLIED, THE MINIMUM AVERAGE REFLECTANCE OF THE SURFACE

2 COATING SHALL BE 95% OR GREATER AT THE SPECTRAL WAVELENGTH OF 0.6328 MICRONS
+ WHEN MEASURED NORMAL TO THE SURFACE. .

45 SURFACE CLEANING SHALL BE IN ACCORDANCE WITH PROCEDURE %

o

[t 13,083

¥ood 40
TNIDINC:

46 SURFACE 2 SHALWL BE A SPHERICAL FIGURE OF REVOLUTON WITH A BPUERICAL VERTEX RADIUS OF 18 5312 ¥  CENTIMETERS
Comrba KeE:FGoHO
5.0 A UINE THROUGH TNTERFEROMETER FOC! POINTS 142 MUSF PASY THROUGH THE BECOMDBRY NIRROR SURFACE
B! NUTHIN G % OF  THE MECHAMICAL CEWVE - BUEFACE 4
6.0 1N CONFIBURATION "2 THE SECONDRRY SURFACE ERROE 1% CRLCULATED BY THE EQUATION. ——
E(4¥) % OPDOYI-ES00Y)- OPDL (Y] « BO(Y)  WHERE E(X¥), OPD(XY) # BO(Y) ARE DEFINED INWTE 20 —
&(X Y)* THE MEASURED SURFACE ERROR CORRESPONDING TO FOINT XY OM THE TEST GLASS -
OPD(%Y) v THE MEANURED - CANSMITIED, WAVELRONT OPTICAL, ST LENGTH DIFFEREICE CORRESPONGANG
TO FOINT O THE TESYT G

S
SURFACES 3 AND & SHALL BE SPAERICAL WITHIN O OO WAVELENGTH RMS OVER THE CLEAR APERTURE WHEN
:, BEFERENCED 70 QG228 MICRIN WGHT o
<1 “THC CLEAR APERTURE OF GCURFACES 2 AND 4 &HALL BE E—
$2 SiracEs BamD 4 1o Bt FOLISHED A OTHER SoRFACES ARE TO BE GROUND TO A -
FINISH EQUINALEWT 0 A ° 120 GAIT O BETTER AWD FELT FOLISHED.
— 78 SUREACE QUALITY -50/30 (N 0CCORDANCE WHTH WIL-O-1383GKA
T4 SURFACE 3 3HALL CONFORM TO NOUTE 7.0 AETER COATING, SURFACE 8 SUALL HAVE A
REFLECTAMCE CCATING APPLIED . THE MINIMUM AVERAGE REFLECTANCE OF TUE SURFACE
3 CONTING SHALL BE GOT AT THE SPECTRAL WAVELENGTH ©F O.G328 MICRONS #
WHEN MEAEUQED HQEHAL TG THE SURFACE. CONEIGURATION 2
75 SUSFACES 3 Al CLEANING SMALL HE 13 ACCORDAMGE WHTH PROCEDURE * (FIREAV)
7% SORFACES SAND 4 SHALL BE SPHERICAL FIGORES OF REVOLUTION WTH ROMINAL
SPHERICAL VERTEX RADIL OF 2B.54G2ts
80 A UNE "THROVGH IMTERFEROMETER FOCI POINT *48 AND THE MECHANICAL CEMTER

OF SORFACE 3 MUST PARS THROLGH THE SECONDARY MIRROR RUERACE WIITHW
s * OF THE MECHAMCAL CENTER.

INTERFEROMETER Focus¥3

ALY00
gl 32Vd

INTERFEROMETER

1.0

MATERIAL TASTMAN KODAX €O.
maat et § e L i s

WME WIDE FIELD CAMERA,
" Thoortt Wr g /2 /79 |SECORDARY MIRROR ACCEPT

mmistiel L st FIRTSH it
Toutwct WG] (ST} O Lien i Ow
AL THIFLADS, M ALL OTHER PLACES BARTSRON .Y
APHY bRl PR,
KAD recouct nomem ETAMGAISS AP
L] B 7

=D
TR ANLE FILCTION @"E}'
6

5 t 3 [ 2 [
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NOTES -
- . n v
1. MATERIAL e
LI THE MATERIAL USED SHALL BE COENING® FUSED &ILICA, NO T940 £y prem— —n
MY
12 THE o4 OF ALL THE MATERIAL USED TO FABRICATE ANV MIROR
BLANK SHALL BE QS0 E0.02 1076 INfINJ'C CVER A TEMPERATURE
RANGE OF -20° TO 20°C. WHTH A 957 CONFIDENCE LEVEL g_|
Z GLASS QUALITY
21 INCLUSIONS SOUCH AS BUBBLES AND SEEDS WITHIN THE O &
CEMTIMETER THICK " CRITICAL ZTONE" SHOWHN Oh THE DRAWING
SMALL NOT EXCEED O.051 CENWTIMETERS IN MEAM DIAMETER, ‘
TUMERE SHALL BE NG WMORE THAN AW AVERAGE OF O.02 PER CUBIC CENTIMETER.
AVEDRGE SIIE OF GSUCH INCLUSIONS SMALL BE NO GREATER THAN 0.030
CENTIMETERD I MERK TIAMETER, I“—?—“ — == ‘
22 OPAGUE INCLUBIONS WITHIN THE 0.4 CENTIMETER THICK "CRITICAL ZONE' SHOWN
ON THE DRAWING SMALL NOT EXCEED O OS] CENTIMETERS 1 MEAN DIAMETER, ;
THERE SHALL BE MO MORE THAN AN AVERDGE CFOGI PEQ CUBIC CEMTIMETER, |
.92 I
3 MINEBL ' I
31 BIRCFRINGENCE WMEASUREMENTS SMALL BE MADE PERPEMDICULAR J Ll
TO THE 252 CENTIMETER SORFACE, THE RELATE  RETARDATION e .
* RESVLTING FROM PERMANENT STRALN SWall BE WO WMORE THAK zoly.. _LTARGMiNUTE"S
PER CEMTIMETER OF LGHT BATH
4, THE TAPER SIDES SHALL BE IDEMTIFIED Bv A 0.013 CENTIMETER wWiDE TAPER oM ADJACENT
LINE, IDENTIFYING CHARACTER AND UNME, SHALL BT DRAWN PER % SURFACES (DD NOT CRAMFER.
COLOR! FLAT BLACK MATERIAL REQUIRED EDCES — SEE De3l - 122, NOTE 2.2)
. 4 REQULIRED
130
Hr g
[
4G4
1 DEQUIRED
. UNLESS OTHERWISE MECIRED | MATEMIAL EASTAAN KODAK CO | et woen on
———, 1025 M RoCHEATER W BUANK  PYBAMID
vecec i m CEMTWVETERS T flyga m | MIRROR  WF/PC
Do T AT e e i | FINISH = o MATONES —
Tolounct w obs (iim) OF L A o ot
m o MLACE! BCopimtint ey =% o s, - [ 1 D
05 vegoue pemei sTimsnes Iy -
O, VR, By, -
8 j| 7 6 5 4 ! | 1
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NOTES: N
R o RIVISIONS pr i
1. SURFACES /| THROUGH £ SHALL BE SPHERICAL FIGURES OF REVOLUIION, THE NOMINAL mn
VERTEX RADIYS SHALL BE 306, 8FL/1F3 CENTIMETERS. oy .
L1, SURFACES } THROUGH 4 SHALL NOT DEVIATE FROM THE SPYERICAL CURVATURE BY ESJ
D MORE THAN O OF WAVELENGTH (RME) (ROOT MEAN SQUARE) AFrER NEFLECTIVE . D
COATING (WAVELENGTH BEFERENCE IS 0.6 I28 MICRONS) AS: MEASURED WITH THE
TEST SETUPSHOWN IV DEII-1S3, THE, SRID SPACING OF THE SAMPLE POINTS ON
THE MIRROR SURFACE SHALL NOT EXCEED C.OG CENTIMEYENS. '
2 CLEAR APERTURE . ’
L) SURFPACES ¢ THROUSEH F SHALL MAVE A CLEAR APERIURLE BOUNDED ON FHE OUFS/DE
* BY A DIAMETER OF ff CENTIMETERS.
2.3 FOR ALL MIRROR TESYS BEFORE COATING, SURFACES [ TNROVGH £ SHALL HAVE
AN UNCOATED CLEAR APERTURE BOUNDED ON NS OUTS/DELE BY A DIANETER OF |
= H  CENTMETERS MINIMEN.
X SURFACES MARKED ‘P~ POLISNED, ALL OTHERS GROUND TO A FINISH EQUIVALENT 7O
v 20 BRIT OR BETTER AND FELY PoLssass,
4+ REFLECTIVE COAT/NG ,
4./ SURFACKES / THROUGH W SHALL' CONEORN TQ NOZXE £/ AFTER COAT/NG,
42 SURFACES / THROUGHK £ SKHALL BE COATED WITHW S00 ANSSIHOMS OF ALUM/YIN
WITH 250 ANSSTROMNS OF MAGCHES/tNS FLUORIDE AS A PROTECTrVE COATING,
C 4.3 SURFACES } THROUGH 4 SHALL HAVE A MININUN FEFLECYANCE OF 000 AT A ° ASSEMBLY ~ 4 POUSHED FACETS c
WAVELENGTH OF O /200 MICRONS AND A MINMUN BEFLECTANCK oF 85X AT
v O.C3EA MICRONS WHEN MEASURED AT NORMAL INC/DENCE,
4 4 SURFACE CLEANING SHALL BE ¥ ACCORDANCE WrTH ¥,
S THE LOCATIONS OF THE CENIER OF CURVATURES OF SURFACES | THROUSH + AFTER
REFLECTIVE COATING SNALL BE MEASURED W/THN TESF S&TF-UFP SHOWN /¥ Da3/-/&3.
. S} THE. LOCATIONS OF TWE CENTER OF CURVATURES ON THE REFERENCE TEMAATL
* SHOWHN /N DRI~ /83"  SHNLL 8& SO/ PFE * ChNTIAETERT.
C DN 52 THE OPTICAL VERTEX ON SURFACES | TNROUGH £ SHALL BE WITHIN # CEHNTIMETERS -
= RADIALLY OF THE MECHANICAL VERTEX,
PO 53 SURFACES LABELED WITH THE LDENTIFICATION LINE OF D2II-12/ SHALL BE :
INSIDE SURFACLES WHWEN /NETALLED ONF SYR~ATE &
G, SURFACE BONDING IHALL BE IN ACCORDANCE WrTH ¥,
7 A Sg_RFACE QUALITY OF /O-! SHALL B Sodsd WITH A SURSACE QUALITY oF ppe wpn
0 = I} H “0= Oy
/ A REQUIREMENT ; MiL.~0 = I3830A SURRACET wAAcE 2
B! 8 THE MAXIMUM SURFACE ROUGHNESS SHALL BE |5 ANGSTROMS RMS, B
i /
CLEAR APERTURE
(SEE HOTE B)
: o Ly 1]
SURFACES SURFACE + SEE NOTE G .
S —— —
UNLESS OTHERWISE SPECIFIED | MATIERIAL EASTMAN ngﬂtl(_so- et o o8
A mun Yoz & MAKE FROM LX NNE CYRAMID MIRROR,
- ania Touace & Dz3 -2l Y WF/.PC
TDERCW L . 0
pamcon APy AT e ke v, | FINTSH e P oAcTeES —
mmmn.m(umlnmmu p— - | sen . I“ D
i irnY 2ot reeem, Ll
TAD MOLULY TR ITAMBANDY APTLY p—— " —_
! e vt e pre——— o De3l-r122
8 7 6 5 t 4 | a 2 | 1
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NO.
NOTES ¢ e REVISIONS -y
10 AN ACCEPTABLE TEST INTERFEROGRAM MAY CONTAIN A MAX OF #% WAVE COMA,THIS COMA CORRESPOMDS
TO A DECENTERING OF THE VERTEX OF THE PYRAMID MIRROR FACET RELATVE TO THE TEST AXIS
OF ¥ Cm. COMA, 1S DEFINED (N THE FOLLOWING FIGURE
B l {
g COMA D
APERTURE
20 IN CONFIGURATION "™ THE PYRAMID MIRROR FACET SURFACE ERROR IS CALCULATED BY THE EQUATION: ’
e{xx) - Yo oPp(tv) - [t} + orDy (1,¥)] + BOf2Y) INTERFEROMETER TESTRLASS FYR/MIP MIRROR
. WHERE 1-:59‘:5.\') IS EQUAL TO THE PYRAMID MIRROR SURFACE EMROR AT POINT Xy ON THE SURFACE DEFINED
_F AS THE OF “THE ACTUAL SURFACE MINLS THE SA® OF THE DESIRED SURFACE, { HENCE, A HILL ON THE |
ACTUAL SURFACE 'S A POSITIVE SURFACE ERRCR), OPD (XY) = THE MEASURED WAl NT OFTICAL
PATH LENGTH DIFFERENCE CORRESPONDING TO FPOIMT ¥¥ ON THE PYRAMID MIRROR FACET SURFACE .
THE OFD SIGN CONVENTION IS THAT A‘POSETNE CPD VALLE CORRESPOMDS TO A LEADING WANEFRCONT
SUCH AS WOULD BE PRODUCED BY A'HILL” ON THE PYRAMID MIRROR FACET SURFACE, 80 (X.) 15 EQUAL
TO THE BACKOUT EQUATION FOR TEST RESIDUALS.THE VALUE OF THE BACKCUT EQUATION AT POINY XY - - -
15 TO BE ADDED TD THE VALLE OF SURFACE OPD AT PONT Xr AS SUATED IN THE PRECEDING EQUATION ., U
THE BACKOUT EQUATION FOR THE PYRAMID MIRROR FACET SURFACE CONTOUR IS A RADIALLY
SYMMETRIC FUNCTION EXPRESSED IN UNITS OF CENTIMETERS ¢ BO(X,Y]) = %. S{(X,Y) » THE MEASURED
SURFACE EFRCR CORRESPOMDING TD POINT ¥y ON TWE TEST GLASS, OPDy (XY} ='THE MEASURED '
TRANSMITTED WAVEFRONT OPTICAL PATHLENGTH DIFFERENCE CORRESPONDING TO POINT XY ON THE
c TEST GLASS. . c
20 SURFACE | SHALL BE PLANDC AND SURFACE 2 SHALL BE SPHERICAL WITHIN 0,02 WAVELENGTH RMS SURFACE | SURFACE 2
OVER THE CLEAR APERTURE WHEM REFERENCED TO 06328 MICRON LIGHT.
3. THE CLEAR AFERTURE OF SURFACES | AND 2 SHALL BE 110 CENTIMETERS MINIMUM IN DIAMEYER.
3.2 SURFACES | AND 2 TO BE POLISHED. ALL CTHER SURFACES ARE TO BE GROUND TO A FiNISH "
EQUIVALENT TO A 120 GRIT OR BETTER AND FELT POLISHED. CONFIGURATION ™1
33 GURRACE QUALITY = 50/30 IN ACCORDANCE WITH MIL-0 - 138304, (FizEAU - TEST GLaSS )
N B4 SURFACE 2 SHALL CONFORM TO NOTE 3.0 AFTER COATIMG. SURFACE @ SHALL HAVE A
et REFLECTANCE COATING APPLIED . THE MINIMUM AVERAGE REFLECTANCE OF THE SURFACE 2 -—
) COATING SHALL BE 60% AT THE SPECTRAL WAVELENGTM OF 0.6328 MICRCOMS WHEN
MEASURED HNORMAL TO THE SURFACE. poneT * 5‘1-,':‘?
35 SURFACES | AND 2 CLEANING SHALL BE IN ACCORDANCE WITH PROCEDURE % . PROJECTING TEMPLATE
AS SURFACE 2 SHALL BE A SPHERICAL FEURE OF REVOLUTION WITH NOMINAL SPHERICAL MICROSCOPE
, VERTEX RADIUS OF 306,84 & %.
40 A LINE THROUGH 'THE INTERFEROMETER FOCUS AND THE MECHANICAL CENTER OF SURFACE 2
MUST PASS THROUGH THE PYRAMID MIRBROR FACET SURFACE WITHIM % OF THE MECHAMICAL CEMTER..
B 50  IN CONFIGURATION ™2 THE FOUR PYRAMID MIRROR FACETS (SEE D234 -122) ARE COMBINED INTD la
ONE PYRAMID MIRROR. 505.86 CM
60 THE FOINT PROJECTED BY THE MICROSCOPE SHALL BE LESS THAN 2 MICROMS IN DIMMETER. ;
=% FOUR FACET
PYRAMID
o1 0 o e * AT FOUR POINTS ON
o) m o2 TEMPLATE CORRESPONDING
0 =5 ) : TO CENTER. OF CURNATURES
| o Lo+ ] % OF PYRAMID FACETS. _
0B o
- N % 2
P »
«F % ’g CONFIGURATION "2
N
?ﬁ i ? @ —
Reas o UNLESS OTHERWISE SPECIFED | MATIMAL EASTMAN KODAX CO. | rmet vom sm
A = m— RORAT MPARITIS Jermen A
- -" — mean Tormuncs & ROCHESTER, MY HAME PYRAMID MIRROR
T ahigima o Bercresca e 714 <19 AUCEPTANCE TEST
o P ” e co| CONREURATION  WF/Pe
biiore ey iy el e - I"'- D
: e i v S =
i JAD FRODVCT IS TTAMOLROE APRLY oms. cHe. w8, -
! THIG ANOLE PRUTCTION scus or o, pes.  } OKE oz ha. D23l |23
8 7 € f 5 t 4 | 3 | 2



AT

HOTES ¢
I, MAATERIAL:

.1 THE BAATERIAL USED SHALL BE CORMING™ FURED
3Lch , MO 7940

2.1 THE ot OF ALL THE MATERIAL USED TO FABRICATE ANY
MIRROR BLANK SHALL BE 0.0 0 02X10-° IN/IN/PC
OVER ATEMPERATURE RANGE OF-20' TO 20°C WITH A
93 %o CONFIDENGE LEVEL,
2.6LASS QUALITY:

2.1 INCLUSIONS SUCK AS BUBBLES AND SEEDS WITHIN THE QA CENTIMETRR
THICK, “CRITICAL ZOME® SHOWN ON TME DRAuMWG SHEL ROT EYCEED
005! CEMTIMETERS W WEAN TIAMETER
THERE SHALL BE MOMORE THAM AN AVERAGE OF O OZ PER
CUBIC CENTIMETER, AVERAGE SIZE OF SUCH INCLUSICNS SHALL.
BE HO GREATER THAN 0 O30 CEMTWETERS 1 MEAN DIAMETER

T2 OPSQDLE INCLUBACNS “MITHIN 'THE 04 CENTIMETER TWiCK
L CRITICAL, ZONE' SHOWN ON THE D2AWING SUML NOT
EXCEED O O% CENTWWETERS W WEAN DIMETEE THeRE
SHALL BE NO MORE THAN AN AJERAGE OF 0.0V PER
COBIC  CEWNTWWETER

3 ANNEAL
BIREFRINGENCE MEASUREMENTS SWALL BE MADE
PERPENDICULAR TO THE S GO CENTIMETER SURFALE THE

BELATINE RETARDATION RESULTING FROM PERMANENT STEAIN
SHALL BE HO MORE “THAN 20Mu. PER CENTIMETER OF LGWT BATW.
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04 CRITICAL 2ONE
SEE MoTE 2
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UNLESS OTHERWISE SPECIMED
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vk e mEVIgGIONS 25y
TES:
1. SURFACE 1 SHALL BE A FIGURE OF REVOLUTION AND SHALL CONFORM
D TO THE ASPHERIC EQUATION
2
xX= - Y aEYtaeYTene®
-m%m-i—c—g?[ +EY FY“16Y
WHERE t
X= SAG I CENTIMETERS OF THE ASPHERIC SURFACE RELATIVE TO A PLANE
LOCATED AT THE VERTEX AND NORMAL 16 THE OPTICAL AXIS
C* 59600
] 14 THE NOMINAL VERTEX RADIUS OF THE ASPHERIC SURFACE SHALL BE 51,7800 026 CENTIMETERS
112 SURFACE 1 SHALL HOT DEVIATE FRGM THE ASPHERIC CURVATURE BY MORE THAMN QOIS WAVELERGTH CRMS)
' {ROGT MEAN SQUAREYAFTER REFLECTIVE COATING, (WAVELENGTH REFERENCE 15 0,6323 MICRONS)
AS MEASURED WITH THE TEST SET-UP SHOWN IN D23)-126 THE GRID SPACING OF THE SAMPLE POINTS OM
THE MIRE0R SURFACE SHALL MOT EXCEED O.15 CENTIRAETERS,
I3 THE ASPHERIC TABLE OF COBFFICIENTS SHOWMN BEZLOW 15 BASED ONTRE NOMINAL VALLE OF THE VERTEX RADIVS,
K= ~ 0.28% E=0.0 F=0.0
Ga 00 H= 0,0
c 2. CLEAR APERTURE!
2.1 SURFACE-4 SHALLHAE A CGREAR APERTURE BOUNDED ON THE QUTSIDE &Y A DIAMETER OF 5.28E
CENTIMETERS MINIMUM AND OMTHE INSIDE BY A DIAMETER OF LST0 CENMMETERS MAXIMUM.
22 FOR ALL MIRROR TESTS DEFORE COATING, SURFACE-L SHALL HAVE AM UNCOATED CLEAR
APERTURE 'BOUNDED ONTHE OUTSIDE BY A DIAMETER OF 5,285 CENTIMETERS MINIMUM
AND OMTHE SIDE By A CIRCLE OF LSTO CENTIMETERS MAXIMURA. o
3, SURFACES MARKED “P" POLISHED, ALL OTHERS GROUND TO A FINSH EQUIVALENT TO 120 5.GORER - B
GRIT OR BETTER AND FELT POLISHED. SURFACE 1. SurFACE L "5
| ™ 4. eeriecTive Coatmg 7] =
7 | SURFACE~1 SHALL CONFORMTO NOYE L2 AFTER CONTING. Q
4.2 SURFACE~1 SHML BE COATED WITH BOO ANGSTROMS OF ALUMINUM WITH 250 ANGSTROMS o) '-?_;
OF MAGNESIUM FLUGRIDE AS A PROTECTIVE COATING, =
43 SURFACE-4 SHALL HAVE A MINIMUM REFLECTANCE OF 70% AT A WAVELENSTH OF 0,200
MICRONS AND A MINIMUM REFLECTANCE OF 851 AT 06328 MICRONS WHEN MEASURED AT HORMAL INCIDENCE, 1180 o3
44 SURFACE CLEAMING SHALL BE IN ACCORDANCE WITH %, c 'E{)
5, THE OPTICAL VERTEY, SHALL BE WITHIM % CENTIMETERS RADIALLY OF THE MECHANCAL VERTEX, CLERR AFERIURE ?; ™
B G SYSTEM MES: : . ™
G| ANGULAR ORIENTATION OF THE Y AXIS SHALL CONSIDER OPTIWMIZATION OF THE ASSEMBLED <
SYSTEM WAVEFRONT Ry ROTATIONAL MATCHING OF THE PRIMARY AMD SECONDARY MIRRORS. T G
6.2 THE Y AXIS SHALL BE IDENTIFIED BY A O.012 CENTIMETER WIDE LINE ON SURFACE 2. .
IDENTIFYING CHARACTER AND LWE SHALL BE DRAWN PER ¥, P _ ]
COLOR FLAT BLACK MAT'L REQ'D,
7, THE AUTOCORRELATINN LENGTH OF THE SYSTEM WAVEFROMT ERROR SHALL BE O.125 OR ==
LONGER WHEN MODELED AS A GAUSSIAN FUNET|OM OVER THE SPATIAL FREQUENCIES FROM ®
| 0-20 LCYCLES PER PUPIL DIAMETAR. CLEAR APERTURE
B SURFACE QUALTY 20-5, MiL-O-138B0A,
9, THE MAXIMUM SURFACE ROUGHNESS SHALL BE 30 ANGSTROMS RMS.
¥ =TO BE DETERMINED
UNLESS OTHERWISE SPECIFIED | MATERIAL EASTMAN KODAK CO. | mer veen on
A waantorncez 025 CM | MAKE FROM D231- 24 | " RaCHEsten WY o [eAmE PRIVARY MIRROR ,
AMPAAR TOLERANCE & onThromt  oan et PLAMETARY CAMERA
owmnsons anew CENTIMETER'S oy WFIPC
T ATy At ey | FINIBH = w P A TOHES
: MR AL At — = pom—— e D
i AAD PRODUCT Dol ATANCARDE APPLY ™a 25
oG G WD NO, —
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c PRECEDING EQUATION,

KA Y W2
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| 1

NOTES:

1o THWO ALTERNATE FEST CONFIGURATIONS HAVE BEEN ESTABLISHED

D 29 ¢3’£ACC€PTA5LE TEST /NTERFEROCRAM MAY CONFAIN A'MAX OF F WAVE COMA.

COMA CORRES PONDSE 70 A DECENTERING OF THE VERIEX OF THE FPRIMARY
MIRROR RELATIVE 7O THE TEST AXIS OF J CH. COMA /S5 DEFINVED IN THE
FOLLOW/NG FIGURE: a

. g coMA

APERTURE

3.0 %Ec%ygaggjvrm” W) THE PRIMARY MIRROR SURFACE ERROR IS CALCULATED 8Y
@ FON
E)Y)=E OPDY) 4 BO(X,Y) WHERE E(X,Y) IS EQUAL 70 JHE PRIMARY MIRROR
SUREACE ERROFR AT POINT X, Y ON THE SURFACE DEFI/NED AS THE SAG O THE
ACTUAL SURFACE MINUS THE SAG OF THE DESIRED SURFACE. HENCE, A “HLL" ON
THE ACTUAL SURFACE IS A POSITIVE SURFACE ERROR.  OPD (MLY)= THE MEASURED
WAVEFRONT OPTICAL PATH LENGTN DIFFERENCE CORRESPONDING TG POINT Xy ¥ ON
THE PRIMARY MIRROR SURFACE. | THE OPD "SISH CONVENTION /5 THAT A POSIT/VE
OFPD VALUE CORRESPONDS TO A LEADING WAVEFRONT SUCH AS WouLtD 8B& PRODUCED
BY A HILL" ON THE PRIMARY MBKOR SURFACE, BO(X\ Y} S £QUAL TO THE BACAKOLT
EQUATION FOR TEST RESIDUALE, THE VALYE OF THE BACAOLTr SQUAT/ON AT o7
XoY /5 7O BE ADDED TO THE VALUE OF SURFACS OFD AT PONT XY AS STATED ¥ THE
FHE BACKOUT SQUATION FOR s FRNARY MIBROR SUpidct

COI\%?)\(?-‘;? ,i‘ A RADIALLY SYMMETRIC FUNCTION EXPRESSED /N LVITS OF CENTIMETERS:
BO (XY} = ¥

£0 ¥ E%Fuf:}?ﬁ?’lo# W3 THE PRIMARY MIFROR SURFACE ERROR /5 CALCULAVAD BY
. SONt
ECX, Y) =% OPDIR,YI =R OGY), + 8O (X,¥) WNERE ECXNY), OPD(XY) AND BO(X,Y) ARE
DEFINED Y NHOTE 3.Q.R(X, Y)IeTHE REFRONESLECTOR Wi VEFRONT ERROM AS
DETERMINED FROM DIRECT CALIBRATION WITH AN IWTERFEROMETER, BOCX YD =¥

912
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CONFIGURATION ™2 (RETROREFLECTOR)

INTERFEROMETER FOCUS Wy

*
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NOTES ¢ S8
1, MATERIAL: z .
Ll THE MATERIAL USED SHALL BE
CORNING ® FUSED SILICA, NO 7940,
L2 THE o OF ALL THE MATERIAL USED TQ FABRICATE ANT
MIRROR BLANK SHALL BE .50 2002 x 10" SIN/IN ¢
OVER ATEMPERATURE. RANGE OF =20'TO 20T WITH A ¢
95 % CONFIDENCE LEVEL, e -
2,GLASS GUALITY: s o
2.1 INCLUSIONS SUCH AS BUBBLES AND SEEDS WITHIN o o
THE O4 CENTIMETER THICK *CRITICAL ZONE " SHoWN ON THE i
DRAWING SHALL NOT EXCEED © 05| CENTIMETERS IN MEAN DIAMETER. Q -0,
THERE SHALL BE HO MORE THAN AN AVERAGE OF D.O2 PER (=) T
CUBIC CENTIMETVER, AVERAGE S1ZE OF SUCK INCLUSIONS SHALL ﬁ
BE NO GREATER TRAN O 020 CENTIMETERS N MEAN DIAMETER “g
2.2 OPAQUE WCLUSIONS WTHN THE O4 CENTIMETER THICK o o
“CRITICAL ZONE SHOWN CN THE DRAWING , SHALL, MOT EXCEED [ @
0,D5] CENTIMETERS IN MEAN DIAMETER. THERE SHALL BE NO MORE >
THAN AN AVERAGE OF OGI PER CUBIC CENTIMETER. < w i
3, ANNEAL . ﬁ -
31 BIREFRINGENCE MEASUREMENTS SHALL BE MADE PERPENDICULAR A@;
TO THE 1Tl CENTIMETER SURFAGE , THE RELATIVE RETARDNTION v
RESULTING FROM PERMANENT STRAIN SHALL BE NO MORE THAM
20 ML PER CENTIMETER OF LIGHT PATH,
- +08
. §7 =00 £8 x 45 CHAMFER
2 —{
-
=l 0.4 cRITCAL B
SEENOTE 2
¥ =To BE DETERMINED
UNLESS OTHERWISE SPECIFIED | MATERIAL EATTMAN KODAK SO [raruo o
Lnean TownancEE T SEE NOTE | nocHasTaR, N ¥ Nann BLANK, SECONDARY MIRROR,
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NOTES », g
I. SURFACE 4 SHALL BE A FIGURE OF REVOLUTION AND SHALL CONFORM o
TO THE ASPHERIC EQUATION -
- cr® . . . a
X T AN FEY* +BEY® £GY Y+ HY
WHERE $
X= SAG YN CENTIMETERS OF THE ASPHERIC SURFACE RELATVE TO APLAME @%
LOCATED AT THE VERTEY. AND NORMAL TO THE OPTICAL AXIS ol
1
¢ 23 4330 -@%
I.| THE NOMINAL VERTEX RADIUS OF THE ASPHERIC SURFACE SHALL BE 23 3330 £042 CENTIMETERS, ¥ >
L2 SURFACE 4 SHALL MOT DEVIATE FROM THE ASPHERIC CURVATURE BY MORE THAM 0,015 WAYELENGTH (Rvs) [ f"
(RoOT MEAN SQUARE)AFTER REFLECTIVE COATING. (WAVELENGTH REFERENCE 15 0.4328 MICRONS) 1)
AS MEASURED WITH THE TEST SET-UP SHOWM [N D231-129. THE GRID SPACING OF THE SAMPLE POINTS ON )
THE MIRROR SURFACE SHALLNGT EXCEED 0,05 CENTIMETERS. o R
1,3 THE ASPHERIC TABLE OF COEFFICIENTS SHOWN BELOW IS BASED ON THE HOMINAL VALUE OF THE VERTEX RADIUS. o %
K=00 Ez00 F=0.0
G= 0D H= 00 %'ﬁﬁ
2. CLEAR APERTURE s %
2.1 SURFACE-1 SHALL HAVE A CLEAR APERTURE OF 1897 £ CENTIMETERS DIMMETER . ol &
22 FOR ALL MIRROR TESTS BEFORE COATING, SURFACE 4 SHALL HAYE AM UMCOATED CLEAR
APERTURE OF 1,397+ %  CEMTIMETERS DIAMETER,
3. SURFACES MARKED "P" POLISHED, ALL OTHERS GROUND TO A FINISH EQUIVALENT TO 120
GRIT OR BETTER AND FELT POLISHED, L
. A REFLECTIVE COMTING:
™~ 4.1 SURFACE -1 SHALL CONFORM TO NOTE L2 AFTER COATING. SURFACE 2 (NOTE &)
[t 4.2 SURFACE -4 SHALL BE COATED WITH 800 ANGSTROMS OF ALUMINUM WITH 250 ANGSTROMS LNREF
oo OF MAGNESIUM FLUORIDE AS A PROTECTIVE COATING.
43 SURFACE-L SHALL WAVE A MINIMUM REFLECTANCE OF 70Y AT AWAVELENGTH OF 01200 -
MICRONS AND A MINIMUM REFLECTANCE OF 85% AT 06328 MICRONS, WHEN MEASURED AT NORMAL INCIDENCE,
44 SURFACE CLEAMING SHALL BE W ACCORDAMCE WITH PROCEDURE ¥ M
B, THE OPTICAL VERTEY. SHALL BE WITHIN % CENTIMETERS RADIALLY OF THE MECHANICAL VERTEY, AR AI t
& SYSTEM AXES: (HOTE 2) I
G.l ANGULAR ORIENTATION OF THE Y AXIS SHALL CONSIDER OPTIMIZATION OF THE ASSEMBLED _I .- - —
SYSTEM WAVEFRONT BY ROTATIONAL MATCHING OF THE PRIMARY AMD SECONDARY MIRRORS.
62 THE Y AWS SHALL BE IDENTIFIED BY A O m:e cg.élllmerezewaie LINE ON SURFACE 2.
IDEMTIFYING CHARMTER AND LINE SHALL WN PER XK, ' 1
COLOR : FLAT BLACK MAT'L REQ'O. . _I__.__J 25,4330 R
7, THE AUTOCORRELATION LEMGTH OF THE SYSTEM WAVEFROMT ERROR SHALL BE Q)25 OR ]___,__A
LONGER WHEN MODELED AS A GAUSSIAN FUNCTION CVER THE SPATIAL FREQUEMCIES FROM
0-20 CYCLES PER PUPIL DIAMETER,
8. SURFACE QUALITY 20-E MIL-0-138304, SURFACE 1 (Nove )
9. THE MAXIMUM SURFACE ROUGHNESS SHALL BE 30 ANGSTROMS RMS,
2k =70 BE DETERMINED
UNLESS OTHENWISE SPECIFIED MATENIAL %ﬂ‘mm& T b b .
tmin oot & 025 O MAKE FROM D23 127 ROCKESTEN, MY WNE SECOMDARY MIRROR
LT e wTlwett 0 (2/4/73 PLANETARY CAMERA
scwcm 1m . CENTIMETERS — WF/PC
Do Apruy AT omw ol tota, | FRVSH o . P ATOUES S—
TOIUACE W 991 { SLIaM) OF LEW 10 ow \ . it M =D
ALL TewtADE, B¢ ALL OTHER FLACEE RieDwincod L iy et
APILY BETONE PR,
KAD FRODUCT DEDMY STANASE ARKY ind. OO e N, ngl - Iza
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HOTES:
10 WO AUTERNATE TEST CONFIGURATIONS HAVE BEEN EsTAEUSHED.

20 AN ACCEPTABLE, TEST INTERFEROGRAM MAY CONTUN A MAX. OF e WAVE COMA,
‘D HIS COMA. CORREEGPONDS TO A DECENTERING OF THE VERTEX COF THE SECONDARNY
QELATIVE TO THE TEST AXS OF Cm. COMA IS DEFIMED IM THE FOLLOWING FIGURE 3 D
o /T
I e COMA
INTERFEROMETER Focus |

/' APERTURE AND WiNDLE BPHERE € of ¢

3.0 1N CONFIGURATY , THE SECONDARY MIRROR SURFACE ERROR 15 CALCULATED BY THE EQUATION |
- . E(X)=14 opn(x,v':—uzu(x,v)-t-eo(xm WHERE E(%,Y) 1S EQUAL TO
THE SECONDARY MIRROR SURFACE ERROR AT POINT X,Y OM THE SURFACE DEFINED
THE SAG OF THE ACTUAL SURFACE MINUS THE SAG OF THE DEGIRED SUREACE, (HEN:E,
A MHILLY ON THE ACTUAL SURFACE IS A POSITIVE SURFACE ERROR), OPD(Ry)= THE e
MEASURED WAVEFRONT CPTICAL PATH LENGTH DIFFEREMCE CORRESPOMDING TO'POIMT _,n-:-":..._____
. ' XY _ON THE SECONDARY MIRFOR SURFACE. THE OPD SIGM COMWENTION 15 THAT ,«\ = - .
PYSITIVE OPD VALUE CORRESPOMDS TU A LEADING WAYEERONT SUCH AS WOULD BE PROODICED ‘U<-——-'——"
: BY A 'MILL" ON THE SECOMDARY MIRROR SURFACE. Bo(x.v’) 1S EGUAL TG THE AL !

EQUATION FOR TEST RESIDUALS, THE VALLE E BACKOUT EGUATION AT POINT %Y ""\-______
15 ToO BE ADDED TO THE VALUE OF SURFACE OPD AT POINT MY AS STATED W THE
PRECEDING EQUATION. THE BACKOUT EQUATION R THE SECONDARY MIRROR Q}EFACEBO(

C CDHTOUR 15 A RADIALLY SYMMETRIC FUNCTION EXPRE‘\SED I UMITS OF CEWVIMETERS.
N{X,¥)= THE HINDLE SPHERE SURFACE ERROR AS DETERMINED FROM DIRECT INTERFEROMETEE CALIBRATION , 2169 |} 42173

- 40 muﬂé—'.b? &%Dmm%ggimm%ﬁs LOIGOHgTMVELENm RMS OVER THE CLEAR AFERTURE
- RE -6azs . INTERFEROMETER FOCUS* 2.

A, SURFACE 2 'S TO BE POLISHED. ALL OTHER HIMDLE SPHERE SURFACES ARE TO BE GROUND
" To AFMISH EQUVALENT TD A R0 GRIT OR BETTER AND FELT ROLISHED.
42 SURFACE QUALITY - 50730, IN ACCORDAMCE. WITH MIL-0-13830 A, CON’FIGUE(‘\Tth& #1
L™ 43 SURFACE 2 SHALL CONFORM T0 NOTE 40 AFTER COATING, SURFACE 2 SHALL HAVE A WMIGH HINDLE,
REFLECTANCE COATING APPUED, THE MIMIMUM AYERAGE REFLECTANCE OF THE SURFACE
2 COATING SHALL BE 95% OR GREATER AT THE SPECTRAL, WAVELENSTH OF 0.6328 MICRONS
WHEN MEASURED NORMAL TO THE SURFACE.
44 SURFACE CLEANING SHALL BE M ACCORDAMCE WITH PROCEDURE #K .
A5 SURFACE 2 SHALL BE A SPHERICAL FISURE OF REVOLUTION WITH A LOMINAL VERTEX RADIUS INTERFERCMETER FOCLUS ™3
OF 25,8298 +#% CENTIMETERS,
446 THE CLEAR APERTURE OF SURFACE 2 SHALL BE 3 935 Cn MIN OO AND 0,845 & MAX ID, SPHERICAL, TEST GLASS
’ 50 A LME THROUGH INTERFEROMETER FOCI POINTS_| £ 2 MUST PASS THROUGH THE
B - SECCMDARY MIRROR SURFACE WITHIN % OF THE MECHANICAL CENTER,,
60 lr'#«-: coggnsumnon *2, THE SECONDARY MIRROR SURFACE ERROR IS CALCULATED By

UATION 1 e (xy) =t opt: ()(.Y) EFEéééY) + opD.&Tg( v)a'_| + B8O (%) )

WHERE E (‘K.Y) opn (X, ) , VAR NED IN N
MEASURED SURF C.E I:RROE CORMRESPOMNDING T POINT X,Y ON THE TEST GLASS.

- YA 4
- OFDy (XY e M AERED TOANCMITYED WAVELRONT SPTICAL. PATHLENGTH DIFFERENCE
CORRESPONDING TO POINT XY OM THE TEST GLASS,
10 surerAce B44 SHALL BE SPHERICAL WITHIN 0.02 WAVELENGTH RMS CVER THE CLEAR APERTURE
CED TD 0,6328 MICROM LIGHT, .

A THE C.LEAR APERTURE OF SURFACES B 44 SHALL BE % .
12 SURFACES 3 £4 D BE PoUSHED , ALL OTHER. SURFACES ARE TO BE GROUND TG A FINISH EQUIVALENT

" T0 A 120 GRIT OR BETTER AND FELT FOLISHED. CONFIGURATION 3+ 2
3 SURFACE QUALITY = 50/30 IN ACCORDANCE WITH MIL -O - IBE30A . (Frzead)

14 SURFACE D SMALL, CONFDRM TGO NOTE, 70 AFTER COATING, SURFACE 3 SHALL HAVE A
REFLECTANCE COATING APPUED THE TINIMUIM AVERAGE, RERECTANCE OF THE SURFACE 3
' COATING SHALL BE 607 AT THE SFECTRAL WAVELENGTH OF 0.6328 MICRONS * = To Be DeTERMINED

WHEN MEASURED WORMAL To THE SURFACE, e
. UNLESS OTHERWISE SPECIRED | MATERIAL ———— o EASTMAN KODAK CO. AT WS OF
A . SURFACES 3 {4 CLEANING SHALL BE IN ACCORDANCE WITH PROCEDURE %, | EORLK AFAMTI prrainier
5 SURF & tavean rource ROCHESTER. LY HARE DLAMETARY CAMERA SECDMA

76 SURFACES 34 4 SHALL BE SPHERICAL FIGURES OF REVOLUTION WITH NOMINAL SPHERICAL ALY Tockaimt & MIRRCR ACCEFTANCE
VERTEX RADI OF 23 4330 £%. v sm - CENTIMETERS Tt :p';/zﬂhmg CONFIGURATION: WF}PE’%T
o s, R

a0 A LHE THROUGH INTERFEROMETER FOCI FOINT 3 AND THE MECHANICAL CENTER OF SURFACE 3 """"‘::ml ffiorRiog iy FINISH —
MUST PASS THROUGH ‘THE SECONDARY MIRROR AURFACE WITHIN % OF THE MECHAMCAL CENTER.| a necos, m s, ores micts serwmons — we et wo, I'“ D

AT BFORE Piteis,
KAD HOQUCT BEARN FTANS M APPLT o ML W, 7 x. D 23'_ lzq
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