s soon as the initial

images were trans-

mitted back to Earth

from the Hubble Space Telescope (HST), it

was apparent that there were problems with

HST’s optical system. In response, NASA set

up the Optical Systems Characterization and
Analysis Research (OSCAR) project at NASA/Goddard
Space Flight Center’s Earth and Space Data Computing
Division. In this division, research is conducted on
applying massively parallel computers and computa-
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tional techniques
to solve complex
optical, imaging,
and data analysis problems.
In a perfect optical system and under ideal condi-

tions (e.g., no Earth atmosphere) a single star illumi-
nates the telescope pupil with a uniform plane wave.
This produces an image called the point spread function

s/July 1998 38

WAS DONE AND HOW RESULTS FROM

THIS RESEARCH LED TO NASA'S

DECISION TO USE IT WITH NGST

ARE DISCUSSED.
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Figure 1. HST phase retrieval results. The first column shows a set of four
pre-Corrective Optics Space Telescope Axial Replacement (COSTAR) observed
faint object camera (FOC) stellar images (point spread functions or PSFs).
Note the wide dynamic range, and hence, non-stationary signal-to-noise ratio.
The second column is a set of Lyon electro-optical {LEO) modeled PSFs using
phase retrieval to find the wavefront error. The numbers correspond to the fil-
ter number (e.g., F253M means the 253-nm filter; M means medium band,
and N means narrowband). Note the level of detail in the simulated PSFs that
is partially “washed” out in the observed PSFs. The third column shows a set
of four post-COSTAR through focus observed PSFs, and the last column dis-
plays a set of LEO modeled post-COSTAR PSFs. This set matches the
observed set in neariy every detail. The numbers correspond to the position of
the deployable optical bench, which verifies that a consistent unified wave-
length independent model of both the pre- and post-COSTAR HST optical sys-
tem exists. 10

(PSF) at the focal plane. Assume the telescope is in
space above the atmosphere. If the characteristics of the
PSF indicate that the pupil is non-uniformly illuminat-
ed, then this non-uniformity must be caused by aberra-
tions (imperfections) of the optical system. These aber-
rations, as defined in relation to the telescope pupil
plane, are referred to as wavefront errors.

The OSCAR group recognized early on that massive-
ly parallel computers could quickly and efficiently cal-
culate accurate mathematical models of the HST opti-

.cal system to deduce its wavefront error using phase
retrieval techniques. This, in turn, led to calculating the
noiseless PSFs necessary for performing optimal image
deconvolution. The success of these methods provided
the rationale for adopting phase retrieval as the baseline
wavefront sensing method for studying the alignment
and fine figure control of the Next Generation Space
Telescope (NGST).!-3

After explaining phase retrieval, this article will dis-
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cuss the HST developments that led to exploring phase
retrieval, what studies have been completed for deploy-
ing it with NGST, and where OSCAR is currently in
terms of the NGST optical system design.

Optical systems modeling and phase retrieval

Phase retrieval is essentially a method of finding the
wavefront error in an optical system from an ensemble
of observed focal plane images. Wavefront error can
result from a variety of causes, including aberrations
due to design residuals, fabrication errors, polish
marks, alignment errors, and/or thermal and structural
drift. In phase retrieval techniques, the inputs are
observed images of a narrowband unresolved source
such as the HST example in the left column of Figure 1.
The output is the wavefront error in the optical sys-
tems exit pupil. An output example of two wavefront
maps is shown in the lower right of Figure 2 (page 37).
The left map is a phase retrieval result using only a sin-
gle input PSF, while the right map is from simultane-
ously phase retrieving nine PSFs with a diversity of
both focus and wavelength. It is the mid- to high-
spatial frequency wavefront that gives the fine detail in
the PSFs of Figure 1.

The phase retrieval method of wavefront sensing is
akin to interferometry, but with the advantage that, in
principle, no additional hardware is required. A science
camera is used to generate the input images and, there-
fore, inherently has the aberrations associated with the
entire optical train. Interferometry, on the other hand,
requires its own complex, flight qualified optics that
must be calibrated; generally, a science camera cannot
be used. Hence, this method does not “see” the entire
optical train, requiring higher optical tolerances on the
instrument.

Compared to interferometry, phase retrieval trades a
hardware for a software solution. However, phase
retrieval algorithms are nonlinear and, therefore, com-
puter runs are non-deterministic in time. Moreover,
phase retrieval requires on the order of 10! floating-
point operations and a validated high fidelity computer
model of the entire optical system. Further, the algo-
rithm, under some conditions, may not converge to a
single solution. The phase retrieval output wavefront is
the result of an arctangent function and, thus, is
“wrapped” to values between —m and w. Research is
being done to find robust techniques for unwrapping
the wavefront to its true range of values. NASA is in the
process of investigating methods of guaranteeing con-
vergence while minimizing processing time. In addition,
the NGST work will investigate a number of different
algorithms, and apply them in a Monte-Carlo fashion to
determine the best approach.

The beginnings of 0SCAR

Prior to the HST launch in 1990, phase retrieval was
proposed* as a backup method in the event that one or
more of the three on-board wavefront sensors of the
HST failed. It was shown that modest amounts of focus,
coma, and astigmatism could be determined by imaging
unresolved stars, through narrowband filters, onto the



focal planes of the faint object and wide-field planetary
cameras. Considering only misalignment dependent
aberrations and exploiting the different field locations
of the cameras and different combinations of one or
more of the on-board interferometers, the field depen-
dence of the aberrations could be determined to align
the HST’s secondary mirror.

Phase retrieval was resurrected following the discov-
ery of the HST primary mirror conic constant error and
its consequent spherical aberration of the telescope.
Outside the dynamic range of the on-board wavefront
interferometers, the amount of spherical aberration was
determined by a number of different research groups®*®
using various phase retrieval methods. Further refine-
ment of phase retrieval also led to consistent signatures
for misalignment-dependent aberrations and to HST
optical prescription predictions for the Corrective
Optics Space Telescope Axial Replacement (COSTAR)
mission.” Even finer refinement determined the com-
bined phase errors due to the residual polish marks on
the HST primary and secondary mirrors.!® 1!

It is the characterization of these polish marks that
eventually led to a unified consistent model for the tele-
scope, with enough accuracy to calculate pre-COSTAR
PSFs, and enough fidelity for reliable image deconvolu-
tion'? 13 to subsequently predict post-COSTAR PSFs.?
Figures 1 and 2 are graphic synopses of these results. One
of the technological legacies of the HST is the adoption of
phase retrieval methods as the NGST baseline wavefront
sensing method. Moreover, phase retrieval may be used to
determine the initial on-board alignment of NGST optics,
as well as to periodically maintain fine figure control.

Forward modeling

To test the various NGST phase retrieval methods, the

Lyon electro-optical (LEO) modeling and analysis pack-

age has been developed. LEO, previously used to simu-

late imagery for the HST faint object and wide-field

planetary cameras, is currently being used to simulate

imagery for the Deployable Cryogenic Active Telescope

Testbed (DCATT)'* and for NGST. The program incor-

porates

® Multiple plane diffraction, Fresnel, Fraunhofer, and
rigorous angular spectrum

® Segmented apertures and obscurations

m Full- and sub-aperture Zernike polynomials (i.e., for
the latter, each segment can have its own set with the
center and normalization radius arbitrary)

®m Random power law surfaces with high and low and
cutoffs, integrated root mean square (r.m.s.) power,
and a power spectral density slope (which generates
speckle in focal plane)

B White noise, and harmonic- and low-frequency jitter
models

B Deformable mirror influence function models, quan-
tization error, and range limits

B Detector modulation transfer function, charge trans-
fer efficiency, pixelization effects, quantization error,
and dynamic range effects

® Gaussian and Poisson noise models

W System radiometry, specific star color temperature,

1A Hecovorod Phaso
(FSOIN Filler)

Polynomial Phase
B89 Fourier-Polar Polynomials

Figure 2. HST maximum entropy image deconvolution and residual wave-
front. In the top row, a maximum entropy restoration of an HST /faint object
camera image with LEO calculated PSFs. The first image is the raw faint
object camera image at 253 nm; the second, the MEM/MLE restoration.13
The third image is the LEO modeled PSF, and the last is the residual noise
frame generated by convolving the restored image with the simulated PSF,

subtracting it from the observed data, and then weighting it by the noise
standard deviation on a pixel-by-pixel basis. Ideally, the residual noise

frame should be entirely de-correlated, however, some residual structure is

evident, showing that the deconvolution process is less than perfect.

spectral filter functions, optics transmission, and
quantum efficiency '
B Some extended scene modeling capability as “seen”
through the optical system
B Generic coronagraphic capability with assortment of
masks and Lyot stops.
LEO output can take the form of monochromatic or
polychromatic point spread functions (see Fig. 1); point
response functions, with detector effects folded in; com-
plex pupils functions, including amplitude and phase
(wavefront error); optical transfer and modulation
transfer functions, both single wavelength and mono-
chromatic; surface-to-surface raytrace on high density
grids (e.g., 1024 X 1024, possibly higher); and output
“scenes” as seen through the entire imaging system.

LEO is entirely written in MPL, a massively parallel
superset of the C language. LEO runs extremely fast,
generally taking less than one second to execute a 15
optical element system. It performs 40 surface-to-
surface diffraction calculations/second. It currently runs

on Goddard Space
Glossary

Flight Center’s MasPar
MP2 computer, a mas-
sively parallel comput-
er engine consisting of
16,384 separate pro-
cessors with an associ-
ated communications
grid. LEO can use
adjustable array sizes,

all other methods will be compared.

with the baseline being of NGST.
512 X 512. Thus, it
can raytrace grids of Ihetruran:

512 X 512 rays and
perform 512 X 512
fast Fourier trans-
forms (FFTs).

simultaneously.
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In the context
used here, “baseline” refers to the main
method that will be studied and against which

A NASA experimental tele-
scope with a segmented primary mirror that
will be used to test some of the design ideas

An HST scientific

A computer in
which over 1,000 processors can operate



Inverse modeling

Currently a number of phase retrieval algorithms are
coded and operational; NASA is in the process of quanti-
tatively studying the accuracy and precision of each algo-
rithm. Some of problems that need to be addressed are
the effects of jitter; finite sampling, pixel size, and spectral
passband; convergence and stagnation issues; phase
unwrapping; and effects due to segmented optics and
active optics. NASA is also studying whether any signifi-
cant advantage can be gained by performing phase
retrieval in an autonomous control loop, on-board a
spacecraft, with minimal or no ground communications.

The NGST wavefront sensing and optical control system
The NGST will most likely be an 8-m aperture telescope,

Figure 3. In this Goddard Space Flight Center/Jet Propuision Laboratory

design for NGST, light enters from the upper left, reflects off the segmented
primary mirror to the monolithic secondary mirror, and then into the instru-
ment aperture. This telescope design has a large sun-shield (top); the elec-

tronics packages are in the center of the sun shield. There is no active
thermal control system on NGST as there is on HST and thus the prima

mirror temperatures could range from 30-70 K with relatively strong ther-

mal gradients.

ry
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Figure 4. NGST and DCATT conceptual on-board optical control
lopp. Each of the primary mirrors will move in piston and tip/tilt
mode, the secondary mirror will move as a rigid body with six
degrees of freedom. The primary mirror is re-imaged onto the
deformable mirror and also onto a wavefront sensor. The prime
focus of the telescope is relayed through the optical system to
both a fast steering mirror and wavefront sensor camera. The fast
steering mirror camera is essentially a quad celi detector that cen-
troids the PSF and feed forwards commands to the fast steering
mirror. Thus, the fast steering mirror tips and tilts to maintain the
position of the PSF on the output camera detector array. This com-
pensates for system jitter. The wavefront sensor camera, essential-
ly the science instrument camera, measures a sequence of images
at various foci. The resulting set of images are phase retrieved and
actuator commands are generated and fed to the deformable, pri-
mary, and secondary mirrors.
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operating at least over the 1.0-5.0 um wavelength band,
and diffraction limited (A/14) at 2 um (see Fig. 3). The
size and weight constraints for NGST dictate that the
primary mirror be lightweight and multi-segmented.
Some of the main technological challenges will be to ini-
tially phase the segments, maintain the segment align-
ment, and, in general, maintain the alignment and figure
control of the whole optical train. This can be quite a
daunting task in orbit. Thus, a phase retrieval based opti-
cal control system will be studied, simulated, optimized,
and tested on a ground testbed.

This study will first be done in a pure computing envi-
ronment; then, a subset of the methods studied will be
tested in a hardware configuration on the DCATT,!4 and
eventually on a technology demonstration flight mission
known as Nexus.!® The Nexus mission will be a segment-
ed aperture telescope adopting the optimal phase
retrieval based optical control system tested on DCATT.
This will be a validation flight for the final design of the
NGST wavefront sensing and optical control system.

Figure 4 is a schematic of one possible NGST optical
control loop. The telescope entrance pupil is imaged
onto the deformable mirror via an off-axis parabola, and
the telescope’s cassegrain focus is relayed to the wave-
front sensor and fast steering mirror cameras. The fast
steering mirror camera is a quad-cell motion detector
that provides positioning data for the fast steering mir-
ror control system. The fast steering mirror is driven to
keep the image stationary on the wavefront sensor cam-
era and other science instruments in the presence of jit-
ter in the telescope structure. The wavefront sensor cam-
era collects an image (or set of images) and passes them
through the phase retrieval software system to recover
the wavefront errors. The wavefront errors are then used
to determine optimal actuator steps to minimize the
wavefront error and commands are sent to the primary
and secondary mirrors and to the deformable mirror
actuators.

NASA has currently modeled the NGST from an
optical systems point-of-view, including the telescope
baseline design, a generic science camera, wavefront
sensing, and the optical control loop. This baseline
model will be used to perform a number of parametric
trade studies, as well as a number of different phase
retrieval based wavefront sensing options and different
actuator based: control loops. We are able to model the
operational scenario and to investigate a number of dif-
ferent paths to minimize the r.m.s. wavefront errors.
Figure 5 shows the phase retrieval based control loop.
Two observed PSFs, one on each side of focus, are’input
to a phase retrieval method. The resultant wavefront is
recovered and input to a phase unwrapping algorithm.
This resultant wavefront is fit to the deformable mirror
actuator influence functions, and the deformable mirror
surface is moved to compensate for the error by bring-
ing the wavefront error down to 0.05 wave. Note the
waffling in the deformable mirror corrected wavefront,
due to the underlying actuators.

A number of the studies have been conducted, or are
currently in progress, and will be briefly mentioned
here. Different sequences of actuation on the primary



and secondary mirrors and
deformable mirror combination
are considered. For example, one
trade off study will address
whether the primary mirror seg-
ments should move only in piston
and tip/tilt while the higher order
aberrations are corrected by the
deformable mirror, or, alternative-
ly, whether the primary mirror
should also correct higher order
modes with and without a
deformable mirror. There are oth-
er issues as well. For example,
would it be better to thermally
control the primary mirror and
possibly the secondary mirror;
how can we continuously monitor
image quality; what control sce-
nario minimizes the “waffling”
introduced due to the deformable
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Wrapped Wavefront Unwrapped Wavefront

»

L

DM
Correct

Resultant
Corrected
PSF

mirror; how can we fold in trend P?,gle:d DM %oé’r:eded
data to the control loop; and what (Strehl = 1.00) (Strehl = 0.90) DM Corrected
can be gained, from a scientific " e ‘ SO Wavefront

point-of-view, by performing the
wavefront sensor and optical con-
trol system autonomously on-
board the spacecraft without any
operator/analyst in the loop? This
latter aspect would reduce the
telemetry bandwidth for the peri-
odic alignment process and possi-
bly allow alignment to more often
maintain higher image quality
throughout the mission’s life.
Also, due to potentially long thermal settling times, it
may be better to actively control the optics during and
following a change of the telescope pointing as opposed
to letting the optics come to equilibrium then correct-
ing them. Also, how much better image quality can we
obtain by using very high density deformable mirrors
(~10,000 to 20,000 actuators) and/or a segmented aper-
ture deformable mirror? NASA has also been modeling
coronagraphic options and different methods of wave-
front sensing through the coronagraph. There are a
myriad of challenges, but we believe phase retrieval is
up to the task.
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