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Stephen Padin describes the issues in mechanical and optical design associated with the construction of a large aperture telescope in his paper, “Design considerations for a highly segmented mirror. He claims that the only viable approach in the design of such a telescope is to use small mirror segments. Optical telescopes with apertures larger than 8 meters require a segmented structure to minimize support errors and cost issues. Two popular and active telescopes using a segmented structure are the Keck telescopes3 with 1.8m diameter segments and the Hobby-Eberly2 telescope which uses 1.15m diameter segments. These lightweight elements support adaptive optics, if constructed correctly. Stephen Padin solves important parameters for a 30m f/1.5 visible and infrared telescope with adaptive optics (AO).

To allow for position measurements across the diameter of a segment with a wave-front sensor instead of edge sensors, Padin claims that structural deformations must be repeatable at the level of 1 micron. Segmentation of the small, lightweight mirrors will allow for these repeatable structural deformations. The gaps between elements will also give a low infrared background and low diffraction pattern side lobes. 

The actuators controlling segment positions are key design considerations. Long-stroke actuators compensate most of the structural deformation and short-stroke actuators on each segment provide fast and small spatial scale wave-front control. Padin supports the mounting of the small segments on a plate floating in a force field: “The plate supports provide axial and radial forces to compensate gravity, so the plate is essentially free of gravitational deformations. The segment actuators can be inexpensive, short-stroke electrostrictive devices. These are fast enough for AO and have low hysteresis so they can be operated without local feedback from sensors on the segments.”1

The flotation support popularly used for monolithic mirror support is considered in the design of a highly semented mirror. The support compensates for structural deformations. A plate where the segments are attached floats upon a dynamic, gravity-compensating force field. The force field based support allows for a high amount of decoupling between the mirror plate and the telescope structure. Also, the segment actuator reaction forces average over large spatial scales when attached to the floating mirror plate. Reaction masses are then not needed, reducing cost and system mass. To keep system performance in spec, the tight coupling of the mirror plate and segment actuators is a large issue. The design requires that the natural frequencies of the plate modes must stay above the frequencies of the adaptive corrections. For the telescope in question, with 30 m/s winds common in turbulent atmospheric layers, the frequency of the lowest order adaptive corrections is approximately 2 Hz; therefore the mirror plate needs to be designed in such a way that it has a fundamental frequency of a few hertz. Padin hypothesizes that a 1m thick steel box-style mirror plate could accomplish this task. In these turbulent environments, deformations due to wind can be corrected if they are smaller than the stroke of the segment actuators. However, if wind-induced deformations are larger than the stroke of the segment actuators, support can be applied on short time scales to provide wind resistance. This has an adverse effect on the design, however. Providing this wind resistance makes the plate have a lower fundamental frequency and it increases coupling to the telescope structure. 


In this segmented mirror design, each segment must perform optically well, and be inexpensive to justify its design. The segment profile in cylindrical coordinates centered on the segment, with z normal to the segment surface is:
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Where r is the segment radial coordinate, normalized to the segment radius, R; ( is the distance of the segment center from the axis of the mirror, k1 and b are the radius of curvature and conic constant of the mirror. In this design, R << k, making only the lowest order terms relevant. In slow systems with small segments, zcoma is negligible. Segment figure errors are dominated in low-order by the segment radius of curvature, with higher order errors less than 25 nm. This can be partially corrected through a warping harness. Astigmatism associated with these segments can also be corrected for by using a warping harness. For a 3 degree orientation error in the warp (10% amplitude), the peak to peak segment figure error is:
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The gravitational deformation for a segment on a three-point support is:
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where m is the mass of the segment, t is the segment thickness, g is gravitational acceleration, ( is the density, ( is Poisson’s ratio, and E is Young’s modulus. For a change in radius of curvature, the warping harness supports the segment at three points, and the support deformation is given as:
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An astigmatic warp requires a four point contact to correct. The astigmatic deformation is given to be:
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Segment actuator stroke, s, of approximately 20 microns is adequate for both AO and segment position error corrections for a 30m telescope. This amount of actuator stroke is sufficient to compensate for deformations of a few microns in the floating mirror plate, mounting errors of a couple microns, and atmospheric path length changes. Electrostrictive actuators can provide this type of resolution, but their hysteresis contributes, in some way, to the error in postion. For electrostrictive materials, the hysteresis gives an error of about 20 microns. 

For an ideal support the peak to peak segment surface error is simply the root sum square of each of the individual errors.
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Studying each of the errors, it is apparent that for thin segments, figure errors and warping harness print-through limit the segment radius. Padin suggests that the maximum segment radius is about 50mm, and the corresponding minimum thickness of 5mm gives an exceptionally lightweight mirror with a short thermal time constant. A segment diameter of about 100mm is a good choice for AO at visible wavelengths. 
The flextures that allow for changes in temperature and actuator strain are the mode by which segments and actuators are attached. As the flexures are stressed, they apply torques at the segment support points. The following deformation estimates are for simple rod flexures of length, h, and diameter, d. The following equations give the peak to peak segment deformation for the deflection of a simply supported segment with force 2Fgrav at the cent; the deformation due to a fully extended actuator causing a tilt angle, and the deformation due to temperature gradients respectively:
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where Ef is the Young’s modulus of the flexure and ( is the coefficient of thermal expansion. Through study of the previous 3 equations, Padin calculates that the optimum flexure length is 3mm for a 100mm diameter, 4mm thick glass segment on a 0.5mm diameter steel flexure attached to a steel mount. For this situation, the peak to peak segment surface error contributed by the flexure is about 20nm. 

Combining the results found from studying the error introduced by the flexure and the error introduced by segment bending, Padin suggests that a 30m, f/1.5 mirror can be made from 100mm diameter spherical segments with warping harnesses and simple three-point supports. Each of the segments will have a radius of curvature between 90m on axis to 92.3m at the edge. Ultimately, Padin believes this telescope will have good wind resistance on small spatial scales, because the support-point density is high, where on large spatial scales, the stiffness is limited by the floating mirror plate and its support structure. 

To measure all the degrees of freedom for a mirror with N segments and three actuators per segment, 3N/2 wave-front sensor subapertures are necessary. This is an important feature of this design. Only wave-front sensors are required to measure segment positions. Another benefit to this design is that once the actuators are set, the segments can be phased and recovered to the nominal position quickly. Also, multilayer coatings can be used to improve the reflectivity and lifetime of small segments.


This mirror system would work well for adaptive optics at visible wavelengths. Astronomers using this system would find it to be very efficient for extrasolar planet observations, because scattering within 2” x (((m) of the star could be controlled by the segment actuators rather than polishing errors. 

Other segmented mirror telescope designs have been explored, but those designs have segment subapertures that are much smaller and heavier than that described in Padin’s design. Two such designs that have actually been implemented are the designs of the Keck telescopes3 with 1.8m diameter segments and the Hobby-Eberly2 telescope which uses 1.15m diameter segments. Since these telescopes use so much larger segments, their performance is coupled to the frame as well as the supporting plates. Therefore, much more care must be taken on frame design for segmented systems with large segments.
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