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OPTICAL PERFORMANCE ANALYSIS OF THE PRECISION
OPTICAL RESEARCH AND TRACKING LABORATORY
(PORTL)

1.0 Background:

The Precision Optical Research and Tracking Laboratory, PORTL, is the
field site for the Electro-Optical Applications Branch of the Rome Air
Development Center (RADC/OCSP). PORTL’s mission is to function as an in-
house laboratory capable of research on ground, airborne, and space based
surveillance concepts satisfying US Air Force and DoD requirements. Use by
investigators from organizations external to RADC is encouraged and is designed
to enhance the site’s mission and status while providing a low cost high quality
facility for a variety of research projects.

The PORTL facility was established in the early 1970’s as a field site near
Verona, NY for supporting emerging concepts in ground based surveillance.
Among the research projects performed at PORTL were the Real Time
Atmospheric Correction (RTAC) measurements which were the forerunner of
the Compensated Imaging System (CIS) currently in place at the Air Force Maui
Optical Station (AMOS). The past several years have seen the site dedicated to
conceptual studies of atmospheric turbulence supported by measurements of
atmospheric turbulence at optical frequencies. The equipment has the potential
for future users to perform signature collection, imaging, and tracking of satellites
and other exoatmospheric targets through a turbulent atmosphere and to
evaluate emerging surveillance technologies. The site also has the capability of
bistatic tracking and collection of target data simultaneously with the established
infrared and radar surveillance facilities located at RADC, some 15 miles away.
Each has tracked and recorded aircraft images and signatures in the Griffiss AFB
air traffic area and beyond.

The optical system sensitivity and tolerance to misalignments and optical
path errors has until now not been analyzed in detail. The purpose of the current




study was to establish a baseline of what tolerances are acceptable and what
alignmeut conditions must be met in order to collect useful observational data.
Knowledge of acceptable alignment errors is information required by optical
engineers at the site when performing adjustments or modifications to the
primary optical system. The analysis approach was to exercise the optical ray trace
and analysis code, POLYPAGOS!, which runs on a DEC VAX 8650. The optimal
prescription of PORTL was perturbed in POLYPAGOS software by slightly
adjusting positions of the secondary mirror in tilt and piston. Analyses of off-axis
and near focus objects were made and compared to the expectations given in the
telescope manual.

2.0 Optical design:

The main observing instrument is a rigidly mounted 1 meter Cassegrain
telescope with a coelostat style tracking mount to direct light into the telescope
pupil. The coelostat tracking system contains two 1.45 m diameter mirrors in an
altitude-azimuth mount directing light to a fixed vertically mounted Cassegrain
telescope. This arrangement offers great flexibility in experimental setup and
operation, as the focal plane is fixed in relation to the optical bench for all
observing positions. An image derotation “K” mirror assembly is included in the
assembly to derotate image rotation caused by azimuthal track (see Figure 1).

The telescope is a classical 2-mirror Cassegrain with a 120 inch focal length,
f/3 parabolic primary and a hyperbolic secondary yielding a final focal ratio of
f/18. Details of the optical prescription are shown in Figure 2. A focussing servo
moves the secondary with respect to the primary away from the infinity focus
position to allow focussing on objects at finite distances. As the object distance
decreases, the downward movement of the focal plane can be exactly nullified by
moving the secondary mirror away from the primary mirror. According to the
telescope design parameters, at the secondary mirror’s limit of travel of
approximately 2.5 inches from the infinity focus position, objects at 500 feet range
will be in best focus. Any object at less than approximately three miles range will
no longer be diffraction limited, as non-correctable spherical aberration enlarges




the blur circle significantly at closer ranges?. At this close 500 ft range spherical
aberration causes a path error of about three waves and the effective linear
resolution is the same as that for objects at a range of 6,000 feet3. These
configurations will be analyzed later in Section 4.

INCOMING LIGHT PATH

AZIMUTH
FLAT

ELEVATION
FLAT

HYPERBOLIC SECONDARY

PARABOLIC PRIMARY

IMAGE
DEROTATOR

FIXED OPTICAL BENCH/TRANSFER OPTICS

Figure 1. Primary Optical Layout
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In che absence of a distorting atmosphere and assuming diffraction limited
optics, the diameter of the Airy disc for a point object may be found from the well

known relationship:

a=2HA(F#)

In the case of the F/18 PORTL telescope, the primary iinage will thus have
a spot size of 24.16 um at a visible wavelength of 0.55 um . For the purposes of
optical analysis, this will be the alignment baseline to which deviations in the

svstem configuration are compared.

O8]
<

Sensor ¢coupling:

Efficient coupling of the collected phcotons to a detection device is a
straighttforward procedure in principle, but one which demards careful planning.
One ot the goals of PORTL is to record images with diffraction limited
information content by both direct imaging and by methods of post detection
processing (e.g. speckle imaging). When using two-dimensional solid state
detectors, the sampling induced by the spatial extent of the pixel size must be
matched to the Nyquist sampling criterion for subsequent image recoverv. This
essentially calls tor at least two detection pixels per Airy disk (diffraction spot).
Figure 3 shows the basic coupling optics scheme, which relays the primary image
through a collimator for filtering, and then re-images onto the detector focal
plane. The collimator assembly is generally required for insertion of filters or
other auxiliary optics as well as for Airy disk to pixel matching, and will be a part

of most optical configurations.
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Figure 3. Image Coupling Optics

To determine the required -oupler specifications, again recall that
accoiding to the Nyquist criteria a diffraction limited spot will require a detector
element size ‘ds’ of at no larger than:

_2.4AEH)

ds 2

Where F# is the focal ratio (F/D) of the PORTL primary/secondary optical system.
The coupling opucs must have a magnification equal to the ratio of prime focus
telescope image sive to the given pixel size (3). To derive the transfer optical
prescriptions, refer to Figure 3 and note that the first requirement is to match the
primary focal ratio with that of the first collimating optic. This condition will just

fill the collimator with the after focus re-expanding cone of light from the
telescope:

F_F D F
Dl DZ




In this /18 case, so as to collect all of the available light in the image, we require

tor the collimator the relationship:

~2

<18

IQOII

A front collimator lens with a focal ratio of F/18 will be just filled by the
primary telescope light beam; a collimator front focal ratio greater than F/18
would spill light outside the collection aperture of the collimator and the light
would be lost. The collimated light will next be filtered, if required, and then
refocussed by the rear collimator lens onto the detector focal plane. The effective
diameter of the rear collimator lens is predetermined by the diameter of the light
beam at the entrance to the first collimation lens (see Figure 3). Now the Airy
disc size * Ax” at the detector is found by:

24AF,  2.440F,
Ax = =

2D, 2D,

(since when collimated D ;=D )

Optimal detection efficiency requires matching the pixel size on the
detector to the Airy disc. Rearranging and combining the above equations, we
obtain the required relative focal lengths of the collimator lenses in terms of the
primary focal ratio and detector pixel size which will just cover two pixels with a
diffraction limited spot:

Fs _2ax D,
F, 2.4AF,

PORTL has two different representative CCD camera system focal planes;
one with a pixel size Axof 18.6 um and another with 9.9 um. Substituting into

the equation above, we find that the two collimator lenses need have focal
lengths in the ratio F./F =154 or 0.82, respectively, in each of the two cases.

Not at all a stressing combinaiion of translation lenses.




Ditticulty arises when trying o account for the realitv of atmospheric
turbulence and efticiently placing all of the a-ailable light on a single pixel.
Speckle imaging techniques, for example, require extremely short exposures (on
the order of several milliseconds) and conseque iy very few photons mayv be
recorded during any one exposure. Because of the paucity of photons, extremely
efficient coupling is required. The image resolution on the focal plane is now
determined not by the primary telescope diameter, but rather by the atmospheric
turbulence parameter R,. At PORTL, R, may range down to three cm. Effectively
then, the focal ratio of the telescope changes by the ratio of the primary diameter
tc Ry and the transfer optics which match the Airyv disk to the pixel element size
must be moditied. At R, = 3 cm, the system focal ratio effectively changes to:

F, F F.
D—l = D—]RO = D—l .03

Substituting into the previous equation above, we find that the
requirements on the collimator lenses are that the front and rear lenses must
have focal lengths in the ratios of F3/F; = 0.05 or 0.02 respectively for each of the
two CCD cases. Given the additional requirement of an F# of near F/18 on the
first collimator lens, the F ratio requirement of twenty or fifty to one on the rear
lens is clearly unreasonable, especially if high quality and reasonably priced optics
are desired. There is no easy way out of this -ituation, as no combination of
auxiliarv optics will get around the fundamenta: zcts stemming from a small R,,.
All that can be done is to approach the required specifications with available

coupling optics as much as possible and accept some loss of performance.




1.0  Optical alignment and induced errors:

The alignment tolerances ot PORTL bave been analyzed using the optical
analysis program POLYPAGOS running on a VAX computer. Cases were run
with piston, tilt and decentration errors between the primary and secondary
mirrors. The overall theoretical optical performance was analyzed in the
perfectly aligned and misaligned cases and serve as an indicator as to the types of
tolerable misalignmerus. Output data and plots and resulting from each case are
presented in the Appendix. In all cases, the results do not consider the effects of
atmospheric turbulence, which will tend to overwhelm all but the worst focal
plane errors. Because of this fact, care should be exercised when interpreting what
etforts are required to adequately align the optical system.

4.1 On-axis objects at various ranges:

Although the PORTL telescope system is an infinity corrected system, it can
be used at finite object distances by moving the secondary mirror to refocus,
keeping the focal plane at a constant position relative to the optical bench. This
was tested in POLYPAGOS by comparing the infinity focus position performance
with objects located at 3 miles, 5,000 feet, and 500 feet range.

A number of analysis tools are available with POLYPAGOS to determine
opiical quality. Here, the primary means of comparison is a combination of
geometric spot diagram, optical path difference (OPD) variance, Strehl ratio, point
spread function (PSF) intensity distribution, and modulation transfer function
(MTF) contrast distribution. In addition, especially when comparison of analyses
are difficult to interpret, an encircled energy plot of the diffraction spot is another
means to graphically show energy density of the image. Figure 4 is such a plot, for
the on-axis ranges investigated. One can immediately notice that although the
Cassegrain telescope system is adaptable to focus on finite range objects, the
energy distribution in the image plane will dramatically change. This is simply a
consequence of utilizing a finite conjugate design in non-optimum
configurations.
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Figure 4. Encircled energy for on-axis objects at various ranges
41.1 Casel, Object at infinity, aligned on axis:

As a baseline, the theoretical performance of the telescope was checked
with POLYPAGOS on the RADC Surveillance Directorate’s VAX computer using
the optical prescription (Figure 2) as given in the original PORTL Operation and
Maintenance Manual?. The geometric spot diagram was evaluated for a point
displaced slightly from the paraxial focus position (by 0.6 um) for computational
and plotting purposes, so that the geometric spot of this “perfectly aligned” layout
would be of finite size, rather than a theoretical calculated single geometric point
(see Figure A-1a). All other calculations were performed with proper alignments
and focal positions. Examination of the defocussed spot shows a perfectly
symmetrical pattern with the central hole due in this case to the defocus
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displacement. POLYPAGOS calculates the focal length of this nominal F/18
system at 18.186143 meters, and the back focal length is at 1.1904971 meters.
Residual Optical Path Difference (OPD) errors calculated for this system are very

low, as shown in the following extract from the program output:

OPD STATISTICS NORMALIZED TO WAVELENGTH 1 EQUAL TO 0.5550000E-03

MAXIMUM VALUE
MINIMUM VALUE
AVERAGE VALUE
RMS DEVIATION

0.1493165E-03
0.3727777E-06
0.5250004E-04
0.4430233E-04

STREHL RATIQ 0.98999892E+00

Carrying out the diffraction analysis, the calculated optical point spread
function of this optimally aligned system (see Figure A-1b) has a Strehl ratio of
1.00 and shows a classical Airy disk which agrees well with the theoretical spot
size (to the first null) of:

2.440F#) = 2.44(0.55)(18) = 24.16um

The Modulation Transfer Function (MTF) displays a shoulder fall off (see
Figure A-1d) which is normal for this Cassegrainian optical system, due to the
central hole of the primary mirror and blockage of the secondary mirror.

4.1.2 CagseIl, Object at 3 miles, aligned on axis;

According to the original telescope Operation and Maintenance Manual?,

the secondary may be moved to accommodate decreasing object distances and the
system will be diffraction limited for an object distance of approximately 3 miles
or more. This was checked by moving the object distance to 3 miles and adjusting
the secondary mirror position (by 1.98 mm) such that the focal plane would fall in
the same place relative to the fixed optical bench as it did in Case I.

Note that the 3 mile range calculated geometric spot diagram has increased
in size to ~60 um, while the central Airy disk indicated in PSF in Figure A-2b is
still approximately 24 um in size. However, the shape of the outer diffraction




rings is becoming distorted and more energy is appearing in the outside the
central Airy disk regions. Compare the encircled energy plot of this case to that of
an object at infinity in Figure 4. This range does appear to be the closest for which
the system is still approximately diffraction limited if one considers the central
disk of the PSF. However, with a POLYPAGOS calculated Strehl ratio of 0.63, the
peak intensity is only 2/3 that for an object focussed at infinity. Aberrations,
primarily spherical, begin to affect the OPD and the RMS OPD is approximately
1/10 wave, as the calculated OPD statistics show:

OPD STATISTICS NORMALIZED TO WAVELENGTH 1 EQUAL TO 0.5550000E-03

MAXIMUM VALUE
MINIMUM VALUE
AVERAGE VALUE
RMS DEVIATION

0.3553567E+00
G.8930380E-03
0.1246840E+00
0.1051865E+00

[N T

STREHL RATIO 0.63665132E+00

4.1.3 CaseIll, Object at 5,000 feet, aligned on axis:

A number of experiments have been carried out over the ground range at
the Verona Test Site. In particular, a shed 5,000 feet down range is used to house
sensors of various types. The optical quality of the system was calculated for this
range, neglecting the effects of atmospheric turbulence (which may be significant
over this ground path).

To allow the focal plane to remain fixed, the secondary mirror position
from the primary mirror must be increased by 5.95 mm when the object distance
is 5,000 ft. From Figure A-3a, the geometric spot has increased to 0.14 mm in
diameter, significantly wider than the infinity focus case of 0.024 mm. The OPD
peak to valley is more than one wave and the Airy disk has dramatically
decreased in intensity with a Strehl ratio of 0.085 and widened to 0.034 mm. The
encircled energy contained within the Airy disk is a small fraction of the infinity
focus case (see Figure 4) and the RMS OPD has grown to 1/3 wave.

12




OPD STATISTICS NORMALIZED TO WAVELENGTH 1 EQUAL TO 0.5550000E-03

MAXIMUM VALUE = 0.1067907E+01
MINIMUM VALUE = 0.2687821E-02
AVERAGE VALUE = 0.3747147E+00
RMS DEVIATION = 0.3161013E+00

STREHL RATIO 0.85482516E-01

4.1.4 Case IV, Object at 500 feet, aligned on axis:

The PORTL optical system was originally designed to focus down to 500 feet
in range by adjusting the secondary mirror position up to 2.5 inches farther away
from the primary mirror than the infinity focus case with three waves of
degradation3. The actual distance POLYPAGOS calculated for ilic secondary
movement to focus on an object at 500 feet down range ic 2.35 inches (60 mm).
Spherical aberration at this range dominates the image (see A-4). Though a
central intensity spot exists, its energy content is overwhelmed by the energy in
the wings. This is confirmed by both Figure 4, and the Strehl ratio in the output
excerpt shown below. There are three waves of average wavefront degradation as
reported in the telescope operations manual, but the peak to valley is more than
10 waves.

OPD STATISTICS NORMALIZED TO WAVELENGTH 1 EQUAL TO 0.5550000E-03

MAXIMUM VALUE
MINIMUM VALUE
AVERAGE VALUE
RMS DEVIATION

0.1036575E+02
0.2761718E-01
0.3647775E+01
0.3071220E+01

STREHL RATIO 0.91381485E-02

4.2 Piston and defocus errors:

One claimed advantage of PORTL is its ability to maintain a constant focal
position, regardless of object range. This depends upon on-axis movement of the

13
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secondary mirror, but 1t is unknown what effect any errors in secondary mirror
axial travel will have on focal plane positioning. It was also unknown exactly

how precisely the tocal plane detector must be positioned to obtain a good image.

Simple defocus cases in piston of either the secondary mirror r the tfocal
plane detector were analyzed to determine what accuracy might be needed in axial
placement of these components. Errors may occur in two ways; the secondary
may be misplaced, or the secondary may be in the proper position but the focal
plane position may not be accurately found. In all cases in this section, observed
objects are assumed to be point objects on axis at infinite range.

4.2.1 Case V, Secondary mirror axially displaced 0.1 mm;

To determine what effect a misplaced secondary mirror with respect to the
fixed focal plane would have on system optical quality, an analysis was performed
on the system with a small piston displacement of the secondary. This might
easily be caused by unknown or inaccurate placement of the secondary mirror
motor drive, or lack of resolution in the secondary motor positioning screw.

If the secondary is displaced from its infinity focus position to 0.1 mm
tfurther away from the primary mirror, the calculated prime focus position moves
inward by as much as 3.6 mm. If the focal plane detector is moved to this new
position, the resultant Strehl ratio is 0.9989 that of the non-displaced case, the
RMS OPD error is 0.005, and no significant error or loss of signal strength or
spatial resolution results.

PD STATI

v

TICS NCRMALIZED TC WAVELENGTH 1 EQUAL TO 0.5550000E-03

MAXIMUM VALUE
MINIMUM VALUE
AVERAGE VALUE
RMS DEVIATION

.1767595E-01
.4413392E-04
.6214910E-02
.5244469E-02

nuono
[eNeNeNel

STREHL RATIOQ 0.99891690E+00

]

(focal plane displaced for best focus)
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Little or no image degradation would be evident for this amount of piston
error. If the tocal plane detector is not displaced by this critical 3.6 mm, however,
the quality of the image is significantly degraded. The RMS OPD error rises to 0.7
wave and the Strehl ratio plummets to 0.016. The PSF at this position shows very
high sidelobe structure due to the defocus error (see Figure A-5b) and any
resulting image would be quite blurry.

OPD STATISTICS NORMALIZED TO WAVELENGTH 1 EQUAL TO 0.5550000E-03

MAXIMUM VALUE
MINIMUM VALUE
AVERAGE VALUE
RMS DEVIATION

-0.130973%E+00
-0.2612913E+01
-0.1374002E+01

0.7187316E+00

STREHL RATIO 0.16280299E-01

(focal plane not displaced for best focus)

A POLYPAGOS analysis on a full 1.0 mm displacement of the secondary
mirror results in 2 focus shortened by 36 mm (36 times the piston error). The PSF
calculation for the displaced focal plane image in this case is still within the
diffraction limited regime, with a Strehl ratio of 0.89. The required 36 mm
displacement of the focal plane closer to the primary mirror is probably not a
practical adjustment to be made, however.

4.2.2 Case VI, Focal plane detector displaced 1.0 mm:

This case is similar to the one in Case V, but with the focal plane
incorrectly placed. If the secondary mirror is correctly positioned for infinity focus
but the focal plane detector is displaced in focus by 1.0 mm, the image will suffer
an OPD error of 0.2 wave and a Strehl ratio drop to 0.15.

15




2PD STATISTICS NORMALIZED TO WAVELENGTH I ZQUAL TO J.5550000E-03

MAXIMUM VALUE
MINIMUM VALUE
AVERAGE VALUE
RMS DEVIATION

.7207¢78E+00
.308C.05E-01
.378159E+00
.198z293%E+00

o on
SO OO

STREHL RATIO 0.1492 217E+00

(focal plane displaced 1.0 mm)

From both the geometric spot diagram and :he PSF, (Figure A-6a and A-6b)
the point image size is as large as 60 pm and the spatial resolution as indicated in
the MTF has dropped to 1/3 of its former value. The high and complex sidelobe
structure of the PSF indicates a very poor image would result from this defocus

error.

At half this focal plane defocus error, analysis for a displacement of 0.5 mm
gives a nearly diffraction limited spot size with an RMS OPD error of 0.1 waves
and a Strehl ratio of 0.67.

This may be quite acceptable for most purposes and thus 0.5 mm may be
considered to be near the focal plane position resolution requirement. However,
the presence of other alignment and aberration errors would most likely modify
this finding, making the tolerable focal plane placement more restrictive.

OPD STATISTICS NORMALIZED TO WAVELENGTH . EQUAL TO 0.5550000E-03

MAXIMUM VALUE
MINIMUM VALUE
AVERAGE VALUE
RMS DEVIATICN

0.36G3993E+00
0.1794276E-01
0.189C681E+00
0.9917919E-01

STREHL RATIO = 0.6675:257E+00

[ T

(focal plane displaced 0.5 mm)
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4.3  Lateral and tilt alignment errors:

The secondary mirror assembly is motor driven axially and rides on a tocus
drive screw. The next series of analyses will investigate the accuracy required tor
good imaging by proper centration and tilt of the secondary mirror. The
secondary mirror is aligned laterally with the primary mirror by aligning a
centering dot on the secondary with crossed wires on the coelostat base casting?.
The wires previously had been centered by plumb line with the primary mirror to
within 0.06 inch (1.5 mm). The procedure does not indicate how accurate the
centering dot must be placed on the secondary, but obviously its position is critical
to the lateral displacement of the secondary mirror in the optical train.

Equally important is the tilt error of the secondary mirror relative to the
primary. Tilt is also corrected visually with the crossed wire technique, by
looking at the reflection of the primary mirror in the secondary mirror. The
claimed accuracy of this method is 25 arc-seconds, and manufacturing error may
account for a total of 35 arc-seconds tolerance in tilt2.

1.3.1 Case VII, Secondary mirror centration error 1.0 mm:;

This case presumes that the secondary mirror can be optically centered with
the primary mirror to within 1.0 mm lateral dispiacement orthogonal to the
optical axis in an arbitrary ‘Y’ direction. Note that this optical centering technique
of the secondary and primary mirrors is not strictly limited by the 1.5 mm plumb
line tolerance given for the primary/coelostat alignment, but is limited by one’s
ability to visually center reflected images of the cross wires and the mechanical
tolerance of the spider vane adjustment screws. The opto-mechanical centering
tolerance is not referenced in the original operations and maintenance manual,
but sample cases are chiecked here for resultant focal plane quality.

The geometric spot diagram for this case in Figure A-7a shows a
considerable spread of the focused rays in the direction of secondary mirror
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displacement. DPeak to valley OPD error is more than four waves. Diffraction
analysis results in a Strehl ratio of 0.17. The PSF in the ‘Y’ direction is distorted, as
shown in the separate "X’ and ‘Y’ plots of Figures A-7b and A-7c. Notice that the
orthogonal X,Y plot slices miss the pronounced double sidelobe which is evident
in the contour and isometric plots of Figures A-7d and A-7e. This is due to an
induced tilt (in radians) and lateral displacement (in mm) of the exit pupil, as
calculated by POLYPAGOS :

TILT AND DISPLACEMENT OF EXIT PUPIL IN X- AND Y-DIRECTIONS

XTILT YTILT XDISP YDISP
0.00000000E+00 -0.13651317E-02 0.00000000E+00 0.95262474E+00
OPD STATISTICS NORMALIZED TO WAVELENGTH L EQUAL TO 0.5530000E-03
MAXIMUM VALUE = 0.2054=21E+01
MINIMUM VALUE = -0.2106614E+(C1
AVERAGE VALUE = -0.1217140E-01
RMS DEVIATICON = 2.7564407E+00
STREHL RATIO = 0.17232760E+00

Clearly, the secondary mirror must be centered to better than 1.0 mm for
good image quality. The MTF and hence the image contrast has also markedly
deteriorated (see Figure A-7f and A-7g), to no better than 60 lines/mm in the ‘X’
direction and 40 lines/mm in the ‘Y’ direction (vs. ~100 lines/mm in Case D).
Note clso the narrowness and complex structure of the isometric surface plot
MTF of Figure A-6h.

It turns out that if the secondary mirror is tilted by the amount calculated
for the tilt of the exit pupil shown above, then the effects of the lateral
displacement can be in large part compensated for, with the Strehl ratio rising to
0.92 and the large sidelobes of the PSF disappearing. The secondary mirror
support structure does not have any way to introduce a known tilt compensation,
however. Even if it did, the lateral displacement would have to be known in
advance and it would be much easier to correct for that error directly.
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4.3.2 Case VIII, Se-ondary mirror centration error 0.3 mm:

With a secondarv mirror centration error of only 0.3 mm in the Y’
direction the situation is much improved. The spreading of the geometric and
ditfraction spots is reduced, the peak to valley OPD error is down to 1.2 waves,

and the Strehl ratio is up to 0.80. Tilt and displacement in the ‘Y’ direction are
consequently reduced as well.

I.T AND DISPLACEMENT OF EXIT PUPIL IN X- AND Y-DIRECTIONS

1 EQUAL TO 3.555030C0E-03

Oy Oy I

I PR V]

[N
Py C

w
3
)
n
oy
[
5
=
O
fl

0.79978107E+00

Note in the surface contour of Figure A-8d that the first sidelobe maximum

is much higher on the displaced ‘Y’ side than the opposite side, but the peaks so
cvident in Case VII are row missing.

1.3.3 IX ndary mirror til

The alignment procedure described in Paragraph 4.2.5 ot the Telescope
Operation and Maintenance Manual?, if followed correctly, results in a total

possible error of 35 arc-seconds. This misalignment effectively tilts and displaces
the exit pupil. The result is an OPD peak to valley of 0.4 waves, with an RMS
value of 0.78 waves and a Strehl of 0.97 as shown below:
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TILT AND IDISPLACEMENT OJOF EXIT PUPIL IN X- AND Y-DIRECTIOCNS

LT XDIsP
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ATIZSTICS NORMALIZED TO WAVELENGTH 1 EQUAL T2 (0.5350000E-03

MAXIMUM VALUE = 0.2154005E+00
MINTMUM VALUE = -0.2150315E+00
AVLRAGE VALUE = -0.26398514E-04
RMS DEVIATION = 0.7824396E-01

STREHL RATIO 0.97331620E+00

]

The image plane pattern observed (see Appendix 9) is very similar to that

produced by the decentration error of Case VIII. The image in this case is only

siightly degraded, thus the claimed 35 arc-second alignment tolerance by itself is

quite acceptable.

4.3.4 Case X, Secondary mirror tilt error 2 arc-minutes:

A 2 arc-minute tip/tilt error in the secondary mirror cell position should be

readily observable during the prescribed alignment procedure. If the error in
secondary mirror tilt is as much as 2 arc-minutes, POLYPAGOS calculates the
tollowing results:

~
-

TLLT AND DISPLACEMENT OF EXIT PUPIL IN X- AND Y-DIRECTI!.NS

XTILT YTILT XDISP YDISP
000C00C00E+00 -0.11635528E-02 0.00000000E+00 0.8118774€E+0Q0

ZFD STATISTICS NORMALIZED TO WAVEL®WNGTH 1 EQUAL TO 0.5550000E-03

MAXIMUM VALUE 0.7387"€SE+00
MINIMUM VALUE = -0.7373202E+00
AVERAGE VALUE -0.%7#.3558E-03
RMS DEVIATION 0.2682668E+00

STREHL RATIQ 0.72855208E+00
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From the graphics displayed in Appendix 10, one can see that even a 2 arc-
minutes tlt error in the secondary mirror does not severely degrade the imaging
quality of the optical svstem. With a Strehl ratio down to 0.72, however, much

greater tilts are probably not acceptable.
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5.0 Off-axis object image quality:

All of the analyses presented in Section 4 above was the result of imaging a
point object on axis with mechanical misalignments of the telescope’s optical
components. To determine how well the optical system images extended objects
or point objects off-axis, POLYPAGOS was used to calculate a number of cases in
which the object does not lie on the extended optical axis. In all cases investigated
in this section, the proper opto-mechanical alignment of the telescope is assumed.
All targets are points at infinite range lying off the extended optical axis.
Knowledge of off-axis object imaging performance is important in determining
the useful field of view when separate multiple targets are being observed, and
analysis may be extended to large objects at finite ranges (though these cases were

not analyzed here).

5.1 XI ject 20 arc- n ff-axis :

Assume atmospheric turbulence restricts Ry to approximately 3 cm.
Applying the diffraction equation to a 3 cm aperture yields a diffraction resolution
of 10 arc-seconds. This case calculates the image quality for a full 1.0 meter
aperture with an object at 20 arc-seconds off-axis, to see if the telescope introduces
distortions at this atmospherically defined minimum field-of-view. Note in the
output given below that looking off-axis induces a small effective tilt and
displacement in the exit pupil.




TILT AND DISPLACEMENT OF EXIT PUPIL IN X- AND Y-DIRECTIONS

XTILT YTILT XDISP YDISP
3.00000000E+CO .20360477E-03 0.00000000E+00 0.43556002E-04

OPD STATISTICS NORMALIZED TO WAVELENGTH 1 EQUAL TO 0.5550000E-03

MAXIMUM VALUE
MINIMUM VALUE
AVERAGE VALUE
RMS DEVIATION

0.8364583E-02
~0.9318628E-02
~0.1767882E-03
0.3255870E-02

STREHL RATIO

0.99958199E+00

From the graphics analysis in Appendix 11, there is virtually no difference
in image quality between this case and the optimum alignment of Case I. The
optical quality of the telescope should not interfere with resolution of objects at
this angular separation.
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5.2 Case XII, Object 2 arc-minutes off-axis:

At 2 arc-minutes, an object in orbit at 200 km range would have a lateral
extent of 116 m, while at the 5,000 foot Verona site test shed 2 arc-minutes cover
35in. POLYPAGOS analysis results below and the graphics in Appendix 12 show
that an object of twice this size (centered on axis, four arc .uinutes total field-ot-

view) would still have almost imperceptible im~ge distortion with the PORTL
telescope.

ILT AND DIS3PTACEMENT OF EXIT PUPIL 1N X~ AND Y-DIRECTIONS

XKTILT YTILT XDISP YDISP
5.20800C00CE+S0 0.24432394E-02 0.00000000E+0QC -0.78691602E-C3
CPD STATISTICS NCORMALIZED TO WAVELENGTH 1 EQUAL TO 0.5550000E-03
MAXIMUM VALUE = 0.3524891E-01

MINIMUM VALUE
AVERAGE VALUE
RMS DEVIATION

-0.1773379E+00
-0.3182876E-01
0.4253380E-C1

STREHL RATIO 0.981539513E+00

5.3 Case XIII, Object 5 ar¢-minutes off-axis;

At 5 arc-minutes off axis ih.e situation begins to noticeably change. The
Strehl ratio has dropped to 0.61 and The OP'D RMS is becoming significant at 0.15.
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TILT AND DISPLACEMENT OF EXIT PUPIL I X- AND Y-DIRECTIOCNS

XTILT YTILT XDISP YDISP
0.00000000E+0D 0.61080942E-02 0.00000000E+00 -0.30606090E-02

OPD STATISTICS NORMALIZED TO WAVELENGTH 1 EQUAL TO 0.5550000E-03

MAXIMUM VALUE
MINIMUM VALUE
AVERAGE VALUE
RMS DEVIATION

-0.1637963E-01
-0.7048112E+00
-0.1980895E+00

0.1450887E+00

STREHL RATIO 0.60682295E+00

From Figure A-13a the extent of the geometric spot size in the off-axis
direction is now approaching the diffraction spot size of 24 um. The Y-axis slice
PSF is becoming slightly wider than the X-axis slice, and the contour map shows
an unsymmetrical secondary ring emerging. Similarly, resolution and spatial
contrast is reduced in the ‘Y’ direction as seen in the MTF plots. This analysis
shows that 5 arc-minutes is likely near or just beyond the limit of the acceptable
off-axis angle viewing angle for which the PORTL telescope design is diffraction
limited.

5.4 ase XIV ject 7.5 arc-min ff-axis:

At 7.5 arc-minutes off-axis, the geometric spot diagram is 2-3 times size of
the on-axis diffraction spot and the PSF is highly distorted in both ‘X’ and ‘Y”
directions (see Appendix 14) with a Strehl ratio of 0.16. The calculated resolution
has dropped to only approximately 20 lines/mm from the original 100.




TILT AND DISPLACEMENT OF EXIT PUPIL IN X- AND Y-DIRECTIONS

XTILT Y
C.0C0COCO00E+0D 0.2162

_\1 ("

LT XDISP YD
2 5073

O -02 0.00000000E+00 -0.597

I’]

CPD STATISTICS NCRMALIZED TO WAVELENGTH 1 EQUAL TO 0.5550000E-0C2

MAXIMUM VALUE = -0.3758385E-01
MINIMUM VALUE -0.1383756E+01
AVERAGE VALUE ~0.4445489E+00
RMS DEVIATION 0.2820486E+00

STREHL RATIO 0.16111941E+00

Figure 5 is an encircled energy plot for the off-axis viewing cases. It clearly
shows that between 2 and 5 arc-minutes off-axis large changes occur in the energy
density of the image plane spot. At 7.5 arc-minutes off-axis the distortion has
become so extreme that the energy in the central spot is no longer a prominent
feature, an indication of significant image distortion.

ENCIRCLED ENERGY FOR OFF AXIS OBJECTS
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Figure 5. Encircled energy for off-axis view angles
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6.0  Summary of analysis results:

Simulation and optical analysis of the PORTL telescope system is meant as
a starting point in alignment and characterization of the instrument’s optical and
imaging propertics. Final experimentation must be performed cn the telescope
itself to verify the findings resulting from analyses. The analyses do serve as a
beginning to tell the engineer which parameters have special tolerance
requirements, and indicate the care needed in meeting the alignment
specifications. These analyses also do not generally account for the degrading
effects of the atmosphere on a distant object, or on the effects of localized dome
turbulence. Turbulence effects may in fact overwhelm the finer points of image
formation so that some of the tolerances derived in the absence of an atmosphere
may be lessened.

As a minimum, the following facts are evident when considering optical
performance of PORTL:

A. The optimally aligned system produces an Airy diffraction spot of an
infinite range on-axis object of 24 um in diameter.

B. The system may be focussed at closer ranges (down to 500 feet), but at
considerable expense in the intensity of the central diffraction spot. The lost
energy in the Airy spot appears in the wings of the diffraction pattern and results
in a smudging of the image and loss of spatial resolution and contrast.

C. A small error in axial piston placement of the secondary mirror results
in a focal plane best focus displacement of 36 times the secondary error.

D. The focal plane should be placed (image focussed) to within 0.5 mm to
achieve a Strehl ratio of at least 0.67.

E. The secondary mirror must be centered on the optical axis to within 0.3
mm for a Strehl of 0.80.

F. The secondary mirror must be aligned in tip/tilt to no more than 2 arc-
minutes for a Strehl of 0.73.
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G. An imaged object should be no more than 5 arc-minutes off-axis for

ditfraction limited performance at a Strehl ratio of 0.61.

The following table summazrizes the error sources and provides acceptable
tolerance limite, tased on POLYPAGOS simulation results. The limits are
somewhat subjective, based upon the point at which the point spread function
begins to depart significantly from the theoretical diffraction limit of the
optimally aligned telescope system. Each tolerance level must be considered
individually, as combinations of errors will in general compound the degradation
of the image. Only through experimentation with the instrument itself, will the
engineer be able to determine the absolute acceptable tolerance of alignment and

focussing errors.

ERROR SOURCE TOLERANCE

Spherical Aberration

(near object focus) Cbiject > 5,000 ft range
Coma
(Off axis object) Object < 5 arc-min off axis

Focal Plane Piston

(focus error) < 0.5 mm
Secondary Centration <0.3 mm
Secondary Tip/Tilt < 2 arc-min
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Figure A-la

On-axis aligned optics - geometric spot diagram for object at infinity
(displaced from point focal position to show spot structure)
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Figure A-1b
PSF - on axis infinity focus
X-axis slice

Figure A-1c
PSF - on axis infinity focus
Surface map
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MTF - on axis infinity focus
Surface map
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Figure A-2a

Spot Diagram for object at 3 miles range
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Figure A-2b
PSF - on axis aligned optics - 3 mile range
X-axis slice

Figure A-2c
PSF - on axis aligned optics
Surface map
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MTF - on axis aligned optics - 3 mile range
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Figure A-2e
MTF - on axis aligned optics
Surface map
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Figure A-3a

Geometric spot diagram for object at range of 5,000 feet
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Figure A-3b

PSF - on axis aligned optics - 5,000 ft range

X-axis slice

Figure A-3¢
PSF - on axis aligned optics
Surface map
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MTF - on axis aligned optics - 5,000 ft range
X-axis slice

% Z
gy 0
N

2 /

SRR A

o

Figure A-3e
MTF - on axis aligned optics
Surface map
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Figure A-4a

Spot Diagram for object at 500 feet range
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Figure A-4b

PSF - on axis aligned optics - 500 ft range

X-axis slice

Figure A-4c
PSF - on axis aligned optics
Surface map
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Figure A-4e
MTF - on axis aligned optics
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Figure A-5a

Spot diagram - Secondary mirror displaced 0.1 mm
No focal plane correction
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Figure A-5b
PSF - Secondary mirror displaced 0.1 mm
No focal plane correction - X-axis slice
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Figure A-5¢
PSF - Secondary mirror displaced 0.1 mm
No focal plane correction - Surface map
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MTF - Secondary mirror displaced 0.1 mm
No focal plane correction - X-axis slice
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Figure A-5e

MTF - Secondary mirror displaced 0.1 mm
No focal plane correction - Surface map
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Figure A-6a

Spot Diagram for 1 mm focal plane defocus
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Figure A-6b

PSF - on axis aligned optics - 1 mm FP defocus

X-axis slice

Figure A-6¢
PSF - on axis aligned optics - 1 mm FP defocus
Surface map
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Figure A-6e

MTF - on axis aligned optics - 1 mm FP defocus
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Figure A-7a

Spot Diagram for secondary 1 mm Y-axis lateral misalignment
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Figure A-7b
PSF - 1 mm secondary lateral displace:nent
X-axis slice
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Figure A-7c
PSF - 1 mm secondary lateral displacement
Y-axis slice
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Figure A-7d
PSF - 1 mm secondary lateral displacement
Surface contour

Figure A-7e
PSF - 1 mm secondary lateral displacement
Surface plot
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Figure A-7f
MTF - 1 mm secondary lateral displacement
X-axis slice
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Figure A-7g
MTF - 1 mm secondary lateral displacement
Y-axis slice
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Figure A-7h
MTF - 1 mm secondary lateral displacement
Surface plot
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Figure A-8a

Spot Diagram for secondary 0.3 mm Y-axis lateral misalignment
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PSF - 0.3 mm secondary lateral displacement
X-axis slice
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Figure A-8c¢

PSF - 0.3 mm secondary lateral displacement

Y-axis slice
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Figure A-8d
PSF - 0.3 mm secondary lateral displacement
Surface contour
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Figure A-8e
PSF - 0.3 mm secondary lateral displacement
Surface plot
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Figure A-8f
MTF - 0.3 mm secondary lateral displacement
X-axis slice
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Figure A-8g
MTF - 0.3 mm secondary lateral displacement
Y-axis slice
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Figure A-8h
MTF - 0.3 mm secondary lateral displacement
Surface plot
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Figure A-9a

Spot Diagram - 35 arcsec Y tilt in secondary mirror
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Figure A-9b
PSF - 35 arcsec Y tilt in secondary mirror
X-axis slice

SECONDARY 35S ARCSEC TILT ERRAOR

T T T T T T

1.3 1

1.0+ 4

0.5 F

0. 00 a A01 0. ‘O2 0. D3 D. 04 0. ‘DS
Figure A-9¢c

PSF - 35 arcsec Y tilt in secondary mirror
Y-axis slice
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Figure A-9d
PSF - 35 arcsec Y tilt in secondary mirror
Surface contour

Figure A-9e
PSF - 35 arcsec Y tilt in secondary mirror
Surface plot

A9-3




-
Q

SECONDARY 35 ARCSEC TILT ERROR

T T T T T T
a 4‘0 80 1‘20 1é0 260
Figure A-9f
MTF - 35 arcsec Y tilt in secondary mirror
X-axis slice
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Figure A-9g

MTF - 35 arcsec Y tilt in secondary mirror
Y-axis slice
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Figure A-9h

MTF - 35 arcsec Y tilt in secondary mirror
Surface plot
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Figure A-10a

Spot Diagram - 2 arcmin Y tilt in secondary mirror

A10-1




BNt

SECONORRY 2 RRCMIN TILT ERRCR

T T T T

0.‘GD. ‘ ‘G.‘OZI ‘ lO.l(H‘ ) ‘G.IOGJ;l KO.GBA - iLG
Figure A-10b
PSF - 2 arcmin Y tilt in secondary mirror
X-axis slice
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Figure A-10c

PSF - 32 arcmin Y tilt in secondary mirror
Y-axis slice
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Figure A-10d

PSF - 2 arcmin Y tilt in secondary mirror
Surface plot
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Figure A-10e
MTF - 2 arcmin Y tilt in secondary mirror
X-axis slice
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Figure A-10f
MTF - 2 arcmin Y tilt in secondary mirror
Y-axis slice
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Figure A-10g
MTF - 2 arcmin Y tilt in secondary mirror
Surface plot
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Figure A-l11la

Spot diagram for object 20 arcsec off-axis
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Figure A-11b
PSF - object 20 arcsec off-axis

X-axis slice
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Figure A-11c
PSF - object 20 arcsec off-axis

Y-axis slice
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Figure A-11d

PSF - object 20 arcsec off-axis
Surface map
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Figure A-11e
MTF - object 20 arcsec off-axis
X-axis slice
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Figure A-11f
MTF - object 20 arcsec off-axis
Y-axis slice
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Figure A-11g

MTF - object 20 arcsec off-axis
Surface plot
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Figure A-12a

Spot diagram for object 2 arcmin off-axis
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Figure A-12b
PSF - object 2 arcmin off-axis
X-axis slice
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Figure A-12¢
PSF - object 2 arcmin off-axis
Y-axis slice
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Figure A-12d

PSF - object 2 arcmin off-axis
Surface map
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Figure A-12e
MTF - object 2 arcmin off-axis
X-axis slice
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Figure A-12g

MTF - object 2 arcmin off-axis

Surface plot
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Figure A-13a

Spot diagram for object 5 arcmin off-axis
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PSF - object 5 arcmin off-axis
X-axis slice
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Figure A-13c
PSF - object 5 arcmin off-axis
Y-axis slice
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Figure A-13d
PSF - object 5 arcmin off-axis
Contour map

Figure A-13e
PSF - object 5 arcmin off-axis
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Figure A-13f
MTF - object 5 arcmin off-axis
X-axis slice
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Figure A-13g

MTF - object 5 arcmin off-axis
Y-axis slice
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Figure A-13h

MTF - object 5 arcmin off-axis
Surface plot
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Figure A-14a

Spot diagram for object 7.5 arcmin off-axis
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Figure A-14b
PSF - object 7.5 arcmin off-axis
X-axis slice
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Figure A-14c
PSF - object 7.5 arcmin off-axis
Y-axis slice
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Figure A-14d
PSF - object 7.5 arcmin off-axis
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Figure A-14e
PSF - object 7.5 arcmin off-axis
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Figure A-14f
MTF - object 7.5 arcmin off-axis
X-axis slice
OBJECT 7.5 ARC-MIN OFF -AXIS
T T T T T T
Lot i
0.8
.o
D.4a}
0.2
D a i 1 A L A 1 A ]
0 40 8a 120 160 200

Figure A-14g
MTF - object 7.5 arcmin off-axis
Y-axis slice
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Figure A-14h

MTF - object 7.5 arcmin off-axis
Surface plot
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