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TELESCOPE INTERFEROMETRIC
MAINTENANCE EVALUATION TOOL

This application is a divisional of U.S. patent application
Ser. No. 11/727,542. This relates to optic testing, and more
particularly to telescope interferometric maintenance evalu-
ation (TIME).

The inventions claimed herein were made with support
from the United States government, which has certain rights
in the inventions claimed.

This disclosure contains a computer program listing on a
single CD-ROM, as an appendix. Two identical copies of the
CD-RUM accompany this application, each of the two iden-
tical CD-ROMs containing a single file entitled “Source Code
Appendix” of 114 KB. The contents of the accompanying
CD-ROM appendix, namely the Source Code Appendix, are
incorporated by reference herein in their entirety.

INTRODUCTION

The testing of telescopes and their optics presents unique
problems. Moving telescopes, especially space telescopes
with large optics, is difficult, so testing is preferably done
where the telescope resides rather than where the test equip-
ment resides. For that reason, newly constructed telescopes
are preferably tested in-shop rather than on-site so the cost
and difficulty of delivering and assembling the telescope is
highly minimized. Similarly, for already in-situ telescopes,
testing is preferably done in-situ rather than in-shop. Also,
vibrations, air, and temperature variations in one location
(in-situ versus in-shop) can affect the response of the optics,
and can vary from the alternative qualities at the alternative
location.

The 1951 Air Force Resolution Target has been the stan-
dard for optical resolution testing for over 50 years. A copy of
the 1951 Air Force Resolution Target is shown in FIG. 1. The
purpose of resolution testing is to define a telescope’s ability
to reproduce points, lines and surfaces in an object as separate
entities in an image. The 1951 test method involves the use of
a 3 bar target that is illuminated through a set of collimating
optics and projected into a telescope under test. The telescope
focuses the target onto a film plane or a CCD TV camera
sensor and the resultant image is analyzed under a micro-
scope after film development or in a stored electronic file.
Successful test validation is measured by the ability to visu-
ally discern the 3 bars in an ever-decreasing pattern size.

The 3 Bar target is a subjective measure of evaluating
optical resolution performance in line pairs per millimeter
and can result in differing opinions by respective analysts.
The resolution target method, to be done properly, requires
the use of a collimator equal to or exceeding the aperture size
of'the telescope. By definition, this requires a large collimator
when testing large aperture telescopes and makes field evalu-
ation extremely difficult. An alternative is to generate large
target boards (to scale), often 4 ft. by 8 ft. or larger and place
them at varying distances from the telescope under test. This
distance could be up to a few miles away from the telescope
but is still subject to the problems stated above. The difficulty
and impracticality of testing in the field often leads to the
decision to remove the telescope from the site and bring it into
an optical laboratory for resolution testing. There are signifi-
cant risks inherent in this type of operation. Heavy equipment
must be used to carefully remove the telescope from the
operational site and then transport it, often over considerable
distance, to the laboratory. This introduces the possibility of
damage or optical misalignment of the telescope during the
effort.
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Interferometric testing equipment is a highly accurate
method of testing telescopic equipment. Laser Unequal Path
Interferometers are the modern standard for testing large
optics in-shop. Modern Interferometric testing and evaluation
offers many positive attributes and capabilities that were
unrealized or not previously considered when testing range
optical systems. Today’s advanced, portable and highly accu-
rate optical test equipment such as the Laser Unequal Path
Interferometer (LUPI) and interferometry and analysis soft-
ware now provide for useful, meaningful and highly accurate
data collection and analysis. Optical analysis software can
provide measurements to accuracies of billionths of a meter
on interferometric data in seconds, which not long ago could
take days or even months. A comprehensive set of important
parameters that affect optical imagery and resolution can
include coma, astigmatism, focus, peak-to-valley, spherical
distortion, resolution/Modulation Transfer Function (MTF),
and RMS. One of the most useful optical parameters now
available in the suite of test parameters is the M TF curve. This
datum can provide information to a much higher degree of
accuracy and without the inherent subjectivity derived
through the use of the 1951 Air Force Resolution Target.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a prior art resolution test target;

FIG. 2 is a graph of a modulation transfer function graph;

FIG. 3 is flowchart of an example TIME tool;

FIG. 4 is an example of modeling image degradation;

FIG. 5 is a simulation of an 3-bar Resolution Target with
various aberrations;

FIG. 6 is a simulation of image degradation due to diffrac-
tion;

FIG. 7 is a simulation of image degradation due to defocus;

FIG. 8 is a simulation of image degradation due to spheri-
cal aberration;

FIG. 9 is an schematic representation of an example TIME
tool dual function experimental set up;

FIG. 10 is a photograph of an example TIME tool dual
function experimental set up;

FIGS. 11a-11c are examples of data from the setup of
FIGS. 9-10;

FIGS. 12a-12¢ are page shots from a LabVIEW program
used in an example embodiment to perform the data acquisi-
tion and analysis; and

FIG. 13 is an example menu page from the LabVIEW
program used for the input of optical aberration values
obtained from full wave interferometry.

DETAILED DESCRIPTION OF AN
EMBODIMENT

A much better way of obtaining test information with the
highest degree of accuracy is to forgo the use of the 1951 AF
Resolution target and replace it with modern interferometry
and the MTF graph of FIG. 2. The MTF is a known method of
evaluating the contrast—or modulation—of an image (some-
times a squared periodic grating) before and after passing
through an optical system. In its simplest terms, the modula-
tion can be defined as a mathematical relationship between
maximum and minimum luminance values either detected or
actually in the light and dark portions of square wave periodic
grating. A non-limiting example might be (light portion lumi-
nance—dark portion luminance)/(light portion luminance+
dark portion luminance). Other alternative mathematical rela-
tionships can be envisioned and could also suffice. As shown
in FIG. 2, the MTF is expressed as a ratio of the contrast
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(modulation) in a detected image (after passing through the
optical system) and an original image. That is, due to imper-
fections and other errors, the optical system can be expected
to pass a lesser perceptible difference in luminance between
the light and dark portions of a square wave periodic grating
that actually exists in the original image of the square wave
periodic grating. The ratio is the MTF, expressed on the y-axis
of FIG. 2.

The MTF ratio will also be a function of the spatial fre-
quency of the image. In the case of a square wave periodic
grating, as the spatial frequency of the light and dark bars
increases, the perceptibility of the contrasting bars is
expected to diminish. The closer the bars are to each other, the
less capable the optical system will be expected to display
differences in luminance between them. The spatial fre-
quency is shown on the x-axis of FIG. 2.

Newly available software enhancements can more objec-
tively measure line pairs per millimeter relative to the Modu-
lation Transfer Function (MTF) curve.

An example software system that can be employed to
evaluate the optical aberration data is LabVIEW Image Simu-
lation Software. It can be programmed by the artisan, based
on the details described in this disclosure, to provide soft-
ware-based evaluation of the aberrations associated optical
images. Labview is a programming tool available commer-
cially from National Instruments that utilizes a graphical
development environment. Labview introduces powerful fea-
tures for developing measurement, analysis and display
applications. It allows one to quickly ACQUIRE data from
laboratory or field instruments then extract useful informa-
tion from that data for ANALYSIS and PRESENTATION in
useful graphs and charts. FIG. 13 shows the Front Panel of the
Labview Image Simulation Software for providing input
from the optical testing interferometer. It includes modeling
parameters, telescope parameters, aberrations (or other test
data, and object parameters). FIG. 13 is the menu page for
input of the optical aberration values for the telescope as
obtained by the full wave interferometric testing of the, for
example, in-situ telescope.

The Labview code is organized in a sequential form, each
frame of the sequence performing various operations. It is
similar to a graphical top-down programming format in that
frames must be sequentially executed to prevent data-depen-
dency issues. Frames may contain parallel computations as
long as no operations are performed on data being operated on
by other functions within that same frame, thus creating the
above mentioned data dependency issue. Screenshots of the
frames comprising the entire simulation software are shown
in FIGS. 12a-12¢, including the in-line documentation being
listed within each frame. There are twenty screenshots shown
in FIGS. 12a-12¢. The operation of the LabVIEW program-
ming scheme will not be described herein, but is readily
available to the user of the commercially available LabVIEW
program. Suffice it to say that the way the interactive symbols
are connected in the Figures is the instruction for the program.
A Labview text format of the same software is also included
in the CD-ROM appendix.

As described, the MTF curve is a measurement of the
ability of an optical system to reproduce various levels of
detail from the object (target) to the image of the target as
shown by the degree of contrast in the image. Because the
MTF curve is mathematically determined, based for example
on the parameters of actual/detected luminance and spatial
frequency, human interpretation and subjectivity are removed
from the evaluation. The necessary test equipment also
becomes smaller, more portable and easier to work with, and
the equipment risk associated with removal and transporta-
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tion efforts are mitigated. The data obtained from this method
is more accurate than can be achieved with the 1951 resolu-
tion target and all subjectivity is removed from the effort.

Interferometry can also provide a more comprehensive and
objective characterization of optical aberrations associated
with telescope performance through the use of modern opti-
cal software that defines coma, astigmatism, spherical distor-
tion, Peak to Valley, RMS, focus and resolution. Despite these
advances no tool presently exists that has the capability of
objectively defining the visual effect of telescopic optical
aberrations on images captured by photonic equipment. The
TIME tool provides this capability.

The TIME tool is a software based package that provides a
user-friendly input interface. It utilizes a telescope’s inter-
ferometrically derived optical aberrational parameters and
devolves a standardized image based on the value of those
parameters. It then compares that image against an optimum
diffraction limited image. The TIME tool software considers
the optical aberrational parameters of astigmatism, coma,
spherical distortion, Peak to Valley, RMS, focus and MTF
resolution. These aberrational values can be manually altered
and the effect can be observed on an image. This tool will
enable the end user or maintenance provider a criterion by
which they can objectively qualify the performance of their
telescope or optical system and make programmed and pre-
dictive maintenance decisions for refurbishment or repair. It
provides a user-friendly platform with a visual representation
of'an image and allows for the manipulation of optical para-
metric values with their resultant distortion of that image.

FIG. 3 shows a schematic diagram of the TIME tool. The
process starts at step 30, with in-situ full-aperature system
interferometric testing. An example test apparatus is
described below with respect to FIGS. 9 and 10. This step
makes the appropriate images needed for the analysis to fol-
low in step 31. As described below with respect to FIG. 9, the
test images include the image passing through the test optics,
the associated interferogram, and the point spread function.

After the images are obtained by the test equipment of FIG.
9, at step 31 the system performs real-time analysis of the
interferograms. The way that the interferograms are tested is
not particularly described but may follow any of a number of
known kinds of interferogram test methods. The artisan will
be well aware of methods of representing the aberrations,
distortions and contrasts exhibited in the perceived image
based on the interferogram image.

At step 32, the interferometer and telescope alignment are
actively manipulated to produce the best possible interfero-
gram that is representative of minimal aberrational values.

Meanwhile, at step 33, optical prescription and component
test data are input to step 34 where error sources are deter-
mined. The error sources may include optical design errors,
optical fabrication errors, alignment errors, and mounting
errors such as metal fatigue, etc. Information regarding
detected alignment errors is employed to step 32 where the
telescope alignment, for example, is actively manipulated.

At step 35 a baseline report for the TIME database is
prepared. The report can include any of the kinds of interfer-
ometer measurements and quantifications known to the arti-
san. Peak-to-valley wavefront error, rms wavefront error,
Strehl ratio, Zernike Coefficients (Coma, Astigmatism, etc.),
MTF graph, and Point Spread Function (PSF) are just some
examples. The choice of parameters and the weighting
thereof are not particularly mandated, provided the param-
eters chosen and their weighting yield an objective report on
the condition of the optics without the need for imprecise
subjective evaluation. Those parameters and the methods
employed to measure them or calculate them are known to the
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artisan, so only a brief description of each is described herein.
For more information, attention is directed to “Basic Wave-
front Aberration Theory for Optical Metrology” by J. Wyant,
et.al. (1992), which is incorporated herein by reference. First,
the peak-to-valley wavefront error reports on the maximum
departure of the wavefront from the ideal but can be a less
effective indicator than the rms wavefront error. Second, the
Strehl ratio is a well-known calculation of the diffraction
intensity of an aberrerated versus ideal wavefront. Next,
Zerike coefficients are known parameters describing the
aberration of optical images in the form of a sum of coeffi-
cients. Mathematicians have described these coefficients in
the known literature and include such descriptions as bias, tilt,
power, astigmatism, coma, primary spherical, trefoil, and so
on. The next parameter, MTF, has been described already
above. Finally, the Point Spread Function is a known form of
three dimensionally depicting the aberrational differences
between the representative image from the telescope and the
known target image.

FIG. 5 illustrates a simulation of some of the above-de-
scribed aberration types in association with an image of the
Air Force 3-bar target. As one can see, the different degrada-
tions of the original object are obvious, yet subjective distinc-
tions and gradations may not be so. In the present embodi-
ments, the subjective evaluation of the extent of degradation
or aberration is in effect removed. FIG. 6 illustrates simulated
image degradation caused solely by diffraction. FIG. 7 illus-
trates simulated image degradation caused solely by defocus.
FIG. 8 illustrates simulated image degradation caused solely
by Aberration (not balanced with defocus). As shown in FIG.
6, the telescope modeling parameters used on all of the
images of FIGS. 6-8 shown were:

Aperature diameter: 18"

Focal Length: 400"

Wavelength: 550 nm

Fixed Focus Telescope

Obscuration Ratio: 0.473

Object Height: 122.2 ft.

Object Width: 78.1 ft.

Object Range: 45 miles

As can been seen from FIGS. 6-8, subjective evaluation of
the different degradation types and extent thereof is not
readily obvious.

Returning to FIG. 3, the data base report is used in concert
with step 36 to objectively model the image degradation
including resolution, focus errors, observable feature size,
and modulation transfer function. The threshold performance
evaluation can also take into account a baseline of perfor-
mance characteristics known for the actual optics at test. [f the
optics are in-field, the objective testing in view of a known
baseline for the actual optics in-field is an advantageous fea-
ture because the environmental variations are the same for the
optics in test compared to the environment in which the optics
are actually employed.

Conclusions regarding the state of the optics are reached at
steps 37 and 38, including a threshold performance rating at
step 37 (accept, conditional accept, or reject). As an example,
athreshold might be set at a quarter-wavelength of aberration,
which might be the extent of “acceptance.” That, however, is
simply an example, and many other kinds of thresholds can be
envisioned once the reader considers the context of the in-situ
telescope optics in light of the present disclosure. Based on
the baseline report and model of steps 35 and 36, at step 38,
recommended corrective action is identified such as salvage
and replacing the optics, repairing or refurbishing the optics,
re-aligning the optics in field, or returning the optics for
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service. The thresholds for the making that determination can
be chosen based on the objectives for which the optics are
employed.

An example test setup used for testing the optics is shown
in schematic form in FIG. 9 and photographic form in FIG.
10. In the test, a target (“object™ 92) at bottom left of FIG. 9,
such as an Air Force 3-bar target, is illuminated from behind
by an incoherent light source 91 to provide an image of
alternating light and dark bars of contrasting luminance. Rep-
resentations of the target image are ultimately collected by
three different CCD cameras 95, 96, and 97 and delivered to
a computer 103 having an associated computer monitor. The
computer processes the image information in accordance
with the test parameters and weightings described above.

A first image path from, in order, the object 91, the polar-
izing beam combiner 93, the telescope 100 (under test), beam
splitter 98, and polarizing beam splitter 99, to the CCD cam-
era 97 yields the aberrated image to the computer monitor 103
shown in the bottom left corner of the monitor display. An
example such image is also shown in FIG. 11¢. Simulta-
neously, an interferogram of the test optics is produced in
known fashion by CCD camera 96. Specifically, as is known
in laser interferometry, a laser source 90 provides a beam
through a polarizer and point source shown and into the
polarized beam combiner 93 where it is combined with the
objectimage from the object 92. The combination is carried to
the interferometer 94 including CCD camera 96, which pro-
duces the image shown in the top right corner of the computer
monitor of the computer 103. An example such image is also
shown in FIG. 115. Finally, the third CCD camera receives the
magnified point spread function from the polarized beam
splitter 99 preceding the CCD camera 97, after passing
through a point spread function microscope objective. An
example such image is also shown in FIG. 11a.

Upon receiving the image form the CCD camera 97, inter-
ferogram from CCD camera 96 and point spread function
from CCD camera 95, the computer 103 processes the under-
lying information according to objective algorithms associ-
ated with the optical parameters and weightings chosen. That
is, Peak-to-valley wavefront error, rms wavefront error, Strehl
ratio, Zernike Coefficients (Coma, Astigmatism, etc.), MTF
graph, Point Spread Function (PSF), or any other chosen
objectively reproducible parameter is calculated from known
equations using the information received by the computer
103. If desired, the parameters are weighted and then yield the
baseline report at step 35, model image degradation values at
step 36, and ultimately the threshold performance at step 37,
described above with respect to FIG. 3. Software programs,
such as the Labview software described above can be
employed to evaluate the image, interferogram and point
spread function objectively in the manner shown in FIGS.
124-12¢ and the source code appendix. In the end, using the
three path system to determine image, interferogram, and
point spread function, no human subjectivity is involved in
the evaluation of the telescope. Baselines can be established
for future use and evaluations can be made effectively against
those known baselines. The evaluation can also occur in-situ
so the actual use conditions are employed for the telescope
test.

FIG. 9 is an example test apparatus and alternatives will be
apparent to the artisan who examines and understands this
disclosure. For example, optics can be developed that allow
the CCD cameras to be combined. The illumination source 91
does not have to be in the rear. Alternative structures for the
interferometer are also known and can be employed. Alter-
native image capture devices, other than CCDs can be
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employed. The computer can be a dedicated processor for the
functions identified or a programmed standard purpose com-
puter.

In FIG. 4, an example is shown of testing the optics after
resolving a color image into its component parts. In the
example shown, the component parts are red components 41a
and 415, green components 42a and 425, and blue compo-
nents 43a and 435. in the test, using bitmap image format
picture files as the object 40, the files are broken into their
constituent color planes 41a-43a, each file begin degraded
individually, then reassembled for a final output image 44.

While the invention has been described in connection with
what is presently considered to be the most practical and
preferred embodiment, it is to be understood that the inven-
tion is not to be limited to the disclosed embodiment, but on
the contrary, is intended to cover various modifications and
equivalent arrangements included within the spirit and scope
of the appended claims.

8

The invention claimed is:

1. A modeling apparatus for modeling telescope optics
errors on a test bench, comprising, in a single optical path, an
aperture stop, an aberration generator, and a lens, wherein the
test bench includes a first optical path producing an interfero-
gram associated with the modeled telescope errors and a
second optical path, partially overlapping the first optical
path, producing an image aberrated by the modeled telescope
optics errors, the single optical path of the modeling appara-
tus being in both the first and second optical paths.

2. A modeling apparatus according to claim 1, wherein the
first and second optical paths share a beam splitter, and an
output of the modeling apparatus is input to the beam splitter.



