R.G. Lyon10/30/981Comparative Wavefront Sensing for a Space Based SegmentedAperture TelescopeRichard G. LyonCenter of Excellence in Space Data and Information Sciencesand University of Maryland Baltimore CountyNASA/GSFC Code 930.5Greenbelt, MD 20771lyon@jansky.gsfc.nasa.gov(301)-286-4302J. M. HollisEarth and Space Data Computing DivisionNASA/GSFC Code 930Greenbelt, MD 20771jan.m.hollis@gsfc.nasa.gov(301)-286-7591John E. Dorband Earth and Space Data Computing DivisionNASA/GSFC Code 935Greenbelt, MD 20771dorband@nibbles.gsfc.nasa.gov(301)-286-9419Timothy P. MurphyCenter of Excellence in Space Data and Information Sciencesand University of Maryland Baltimore CountyNASA/GSFC Code 930.5Greenbelt, MD 20771murphy@albert.gsfc.nasa.gov(301)-286-9805

R.G. Lyon10/30/982AbstractThe success of phase retrieval on the Hubble Space Telescope (HST) [1][2][3][4][5] led usto consider phase retrieval as a possible method of wavefront sensing for future large spacetelescopes. Phase retrieval can be used in an active optical control loop as the fine figuresensor by utilizing the science cameras with little or no additional optical hardware but withan increase in either on-board or ground based computer processing. We show some initialresults of our hierarchical optical control loop and discuss our on-going study.Segmented Aperture Space TelescopesPossible large scale space based astronomical imaging telescopes, such as the NextGeneration Space Telescope (NGST) [6][7] will most likely be a large (~8 meter diameteraperture) operating at least over the wavelength band 1.0 to 5.0 microns and required to bediffraction limited (l/14). The size and weight constraints for this class of telescope dictatethat the primary mirror (PM) be a lightweight multi-segmented mirror. One of the maintechnological challenges will be to initially phase the segments, to maintain the segmentalignment, and, in general, maintain the alignment and figure control of the whole opticaltrain. This can be a quite daunting task in orbit. Thus, we are evaluating a phase retrievalbased optical control system and will be comparing it against more classical methods suchas interferometry and Shack-Hartmann sensing. We are first building a high fidelitycomputer model of the entire control loop and studying a multitude of different methods.This will first be done in a pure computing environment, then, a subset of the methodsstudied will be tested, in a hardware configuration, on the Developmental Cryogenic ActiveTelescope Testbed (DCATT) [8] and possibly on a technology demonstration flight missionknown as Nexus [9]. The Nexus mission will be a segmented aperture telescope adopting

R.G. Lyon10/30/983the optimal phase retrieval based optical control system tested on DCATT. Figure 1 showsone possible schematic design of an optical control loop for a large segmented aperturetelescope. The telescope entrance pupil is imaged onto the deformable mirror (DM) via anoff-axis parabola and the telescope�s cassegrain focus is relayed to the wavefront sensor(WFS) camera and the fast steering mirror (FSM) camera. The FSM camera is essentially aquad cell motion detector. The control loop for the FSM feeds tip/tilt commands to theFSM to keep the image stationary due to system jitter. The WFS camera collects an image(or set of images) of an unresolved source through a narrowband spectral filter andsubsequently passes them through the phase retrieval software system to recover thewavefront errors. These subsequent wavefront errors are used to determine optimalactuator steps which minimizes the prior chosen wavefront quality metric. The actuatorcommands are sent to the PM/SM (secondary mirror) actuators and to the DMactuators.The choice of control metric determines the image quality. Aminimal rms wavefront errorgives the sharpest image with regards to the Strehl ratio, but, at the expense of sidelobes inthe point spread function (PSF). Amaximal encircled energy metric is more optimal forspectroscopy but at the expense of reduced Strehl ratio and more complex control loopalgorithm. A wavefront error power spectral density (PSD) metric ensures a smooth roll-off in the wings of the PSF. This may be more optimal for a coronagraph and/or imagingin crowded fields. These different metrics are currently being studied in more detail. Itmay even be possible to allow the observing astronomer to propose a choice of metric, andsubsequently fine tune the telescope for his/her particular observation.

R.G. Lyon10/30/984Baseline Optical Control LoopFSMDMBSFSM

WFSCAM

Processing ComputerCentroiding

Phase Retrieval (WFE)

Control Law (Actuators)

PMActs

Figure (1)

Conceptual Segmented Aperture On-board Optical Control Loop

Figure (1) is simplified conceptual schematic of one possible phase retrieval based opticalcontrol loop. Each of the primary mirror (PM) segments moves in piston/tip/tilt, thesecondary mirror (SM) moves as a rigid body in 6 degrees of freedom. The PM is re-imaged onto the deformable mirror (DM) and also onto a fast steering mirror (FSM). Thefocus of the telescope is relayed through the optical system to both a FSM camera and aWFS camera. The FSM camera is essentially a quad cell detector which centroids the PSFand feed forwards commands to the FSM. The FSM tip/tilts to maintain the position of thePSF on the output camera detector array compensating for system jitter. The WFS camera,essentially the science instrument camera, measures a sequence of images at various foci

R.G. Lyon10/30/985and/or wavelengths and field positions. The resulting set of images are phase retrieved andactuator commands are generated and fed to the DM, PM and SM. The different focireduces the images dynamic range accentuating the low level structure containing the higherspatial frequencies. Also, the larger PSFs give more samples across the PSF, therebymaking the problem more well-posed and more robust with respect to noise. Usingdifferent field positions allows for determination of the field dependence of the aberrations,ensuring unambiguous alignment of the entire optical train. Diversity with regards towavelength accentuates different wavefront spatial frequencies ensuring a better opticalcontrol loop response and also resolves the segment piston ambiguity.Hierarchical Optical Control LoopWe have currently modeled a generic segmented optical systems, including the telescopebaseline design, a generic science camera, wavefront sensing and the optical control loop.This baseline model is currently being used to perform a number of parametric trade studiesas well as a number of different phase retrieval based wavefront sensing options and anumber of possible different actuator based control loops. We are able to model theoperational scenario and to investigate a number of different paths to minimize the aschosen error metric. Figure 2 shows a flowchart of a closed loop simulation. Two, ormore, observed PSFs, (in practice we found that 4 worked well) one on each side of focus,are input to the Misell [10] phase retrieval software. The resultant wavefront is recovered,modulo 2p, and input to a phase unwrapping algorithm. This resultant wavefront is fit tothe DM actuator influence functions, and the DM surface is moved to compensate for theerror to bring the wavefront error down to 0.05 waves rms. The resultant PSF and a�perfect� PSF is shown for comparison; both are logarithmically stretched to enhance lowlevel detail. In this context �perfect� refers to no wavefront error. Note the waffling in theDM corrected wavefront which is due to the underlying actuators.

R.G. Lyon10/30/986The control loop hierarchy is such that when the telescope is initially aligned, or, wheneverit drifts out of range the Misell phase retrieval approach is used to determine the wavefronterror. During science observations a phase diversity approach could be utilized as an in-situ monitor on whatever science image is being integrated. Phase diversity can useextended sources and fields of stars as opposed to an unresolved source that the Misellapproach must use. Thus, during the science observation the non-destructive readdetectors could be periodically queried and the images passed through phase diversity.However, phase diversity has less accuracy and precision than the Misell approach. Thusonce the image quality drifted out of spec, the science observation would be put on holdand new PSFs could be observed and the Misell approach reinitiated, then the scienceobservation continued. Alternatively, if the wavefront error range was held small (~l/4 )we could use the quasi-linear approach [11]. This method relies on a direct solve for thewavefront error and thus no iterative algorithm would be required. It may also be possibleas we acquire trend data to use feed-forward approach where the misalignment errorswould be predicted based upon past performance and the optics realigned without takingnew images. Of course, periodically, new images must be taken to verify performance.

R.G. Lyon10/30/987 LEO runsextremely fast generally taking less than 1 second to execute for a 15 optical element systemand will perform 40 surface to surface diffraction calculations per second. It currently runson Goddard Space Flight Center�s MasPar MP2 computer which is a massively parallelcompute engine consisting of 16,384 separate processors with an associatedcommunications grid. LEO can use adjustable array sizes, with the baseline being 512 x512, thus it can raytrace grids of 512 x 512 rays and perform 512 x 512 FFT�s. Thesimulated PSFs in Figure 2 are outputs from the LEO package.

Inverse

ModelingCurrently a number of phase retrieval algorithms are coded and operational. We are in theprocess of quantitatively studying the accuracy and precision of each of the differentalgorithms. Some of problems that need to be addressed are the effects of jitter, finitesampling, finite pixel size, finite spectral passband, convergence and stagnation issues,phase unwrapping, and some of the effects due to segmented optics and active optics. Weare also studying whether any significant advantage can be gained by performing phaseretrieval in an autonomous control loop on-board a spacecraft with minimal or nocommunications with the ground.Current Status and Future WorkAnumber of the studies have been conducted, or are currently in progress, and will bebriefly mentioned here. Different sequences of actuation on the PM/SM and DMcombination are considered. For example, one trade off study will address whether the PMsegments should move only in piston and tip/tilt while the higher order aberrations arecorrected by the DM, or, alternatively whether the PM should also correct higher order

R.G. Lyon10/30/9813modes with and without a DM. There are other issues as well. For example would it bebetter to thermally control the PM and possibly the SM; how can we continuously monitorimage quality, what control scenario minimizes the �waffling� introduced due to the DM;how can we fold in trend data to the control loop; what can be gained, from a scientificpoint of view, by performing the WFS and optical control system autonomously on-boardthe spacecraft without any operator/analyst in the loop. This latter aspect would reduce thetelemetry bandwidth for the periodic alignment process and possibly allow alignment moreoften to maintain higher image quality throughout mission life. Also due to potentially longthermal settling times, it may be better to actively control the optics during and following aslew as opposed to letting the optics come to equilibrium then correcting them. Also howmuch better image quality can we obtain by using very high density deformable mirrors(~10,000 to 20,000 actuators) and/or a segmented aperture DM. We have also beenmodeling coronagraphic options and different methods of wavefront sensing through thecoronagraph. It is anticipated that the results of these studies will become available to thegeneral community.

R.G. Lyon10/30/9814References[1] L.G. Grey, R.G. Lyon, "Correction of Misalignment Dependent Aberrations of theHubble Space Telescope via Phase Retrieval", Proceedings of SPIE, Vol. 1168, August1989[2] R.G. Lyon, P.E. Miller, A. Grusczak, "Hubble Space Telescope Phase Retrieval: AParameter Estimation", Proceedings of SPIE, Vol. 1567, July 1991[3] Lyon, R. G., Dorband, J. E., Hollis, J. M., "Hubble Space Telescope Faint ObjectCamera Calculated Point Spread Functions", Applied Optics, Vol 36, No. 8, March 10,1997.[4] J. E. Krist, C. J. Burrows, "Phase Retrieval Analysis of pre- and post-repair HubbleSpace Telescope Images", Applied Optics, August 1, 1995, Vol. 34, No. 22[5] H.J. Wood, "Hubble Space Telescope: Mission Update", Optics and Photonics News,August 1,994, Vol. 5, No. 8 [6] Seery, B.D.,�Next Generation Space Telescope (NGST)�, Proceedings of SPIE, Vol.3356, March 1998, Kona Hawaii[7] Mather, J.C., Stockman, P., � NGST: Technology for Looking Back in Time� ,

BAAS

., 191, #54.02, Dec 1997

R.G. Lyon10/30/9815[8] Lebeouf, C., Davila, P.S., Redding, D.C., Coulter, D.R., Pacini, L., �DeployedCryogenic Active Telescope Testbed for the Next Generation Space Telescope�,Proceedings of SPIE, Vol. 3356, March 1998, Kona Hawaii[9] Pacini, L., Geithner, P.H., Jacobson, D.N., Redding, D.C.,� NEXUS: The NextGeneration Space Telescope Integrated Flight Systems Demonstration� , Proceedings ofSPIE, Vol. 3356, March 1998, Kona Hawaii[10] D.L. Misell, �A Method for the Solution of the Phase Problem in ElectronMicroscopy�, J. Phys. D, Vol 6, L6-L9, 1973[11] Wild, W., �Linear Phase Retrieval for Wavefront Sensing �, Optics Letters, Vol 23,April 15, 1998, p573 - 575