














is less than 80 nm RMS surface. Print-through errors are visible, which are due to glue stresses from magnet bonding.
The print-through errors are ~75 nm P-V on the surface. Measurements of the relaxed figure yield 91.58 + 0.76 nm RMS
surface error.

Figure 5b displays the wavefront error of the 8 cm piece corrected by the six picomotor actuators. Figure 5S¢ displays
interference fringes of the 8 cm piece under the best qualitative actuator correction. Measurements of the corrected full
figure yield 42.99 = 0.43 nm RMS surface error (curvature removed). Most of the error appears to be edge curvature,
beyond the correctable radius of the actuators. This suggests that the majority of the error does not scale strongly with
mirror size.

The forces required to correct the natural, relaxed shape of the 8 cm CFRP piece are estimated to be ~0.1 N for each
actuator. These values are well within the dynamic range of voice coils (1-2 N), which are commonly used as
deformable secondary actuators.
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Figure 5. Wavefront error of 8 cm thin-shell CFRP mirror with tip and tilt removed. Relaxed figure wavefront error (a),
wavefront error under actuator correction with curvature removed (b), and interference fringes (c).

3.3 Intra-Actuator Surface Figure

Figure 6 displays an analysis mask applied to the interior surface shown at different temperatures. By masking out edge
curvature beyond the correctable radius of the actuators and the locations of the seven actuator mount points, non-linear
errors resulting from edge curvature and actuator print-through are ignored. The full aperture error of a larger CFRP
mirror (d > .5 m) with actuator densities comparable to this piece would be dominated by the intra-actuator error for two
reasons: (1) low-frequency errors can be corrected by actuators and (2) the area beyond the last ring of actuators,
dominated by edge curvature, represents a small fraction of the area of a large mirror. Analysis of our 8 cm piece with
this mask allows us to understand how errors will scale with mirror diameter.

Figure 6. Interior analysis mask with actuator print through removed shown at different temperatures

Proc. of SPIE Vol. 7736 773631-6

Downloaded from SPIE Digital Library on 31 Aug 2010 to 128.196.208.1. Terms of Use: http://spiedl.org/terms



The surface error is reduced by manual actuator correction at 60°F. Without actuator adjustment, an error ‘drift’ is
measured as the temperature is slowly reduced to 20°F. By maintaining temperature quasi-equilibrium at set locations,
the surface error is further reduced by actuator correction in 10°F steps. RMS surface error as a function of temperature
during drift and after actuator correction is shown in Figure 7. Normalized surface figures showing the error over a range
of temperatures during drift from 60°F are also shown at the bottom of the figure. RMS surface error after actuator
correction is measured at quasi-equilibrium during multiple measurements (Table 1). The average error reduction due to
actuator correction is also shown, computed in quadrature.
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Figure 7. Masked wavefront error of 8 cm thin-shell CFRP mirror with tilt and power removed. RMS surface error as a
function of temperature (Top). Normalized wavefront figures at quasi-equilibrium locations (Bottom).

Table 1. RMS surface error after actuator correction at temperature quasi-equilibrium states.

Temp RMS Surface Error | Average Error Reduction
60°F 17.39 £1.69 nm 0
50°F 18.54 £2.62 nm 12.45 nm
40°F 22.02 £3.01 nm 17.30 nm
30°F 28.00 £3.54 nm 17.46 nm
20°F 33.17 £3.88 nm 22.54 nm
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4. CONCLUSIONS
4.1 Astronomy Considerations

These experiments show the following, that a natural, relaxed CFRP optical figure can be manufactured close (~90 nm
RMS surface) to the prescribed mandrel figure. When the mirror figure is compared to that of its optical mandrel with
Newton Interferometry, providing a more sensitive measure of the mirror's absolute full-aperture curvature error, the
RMS errors are similar. This suggests that the natural curvature error is tolerable and correctable by actuators. High
frequency surface deformations (~3 nm P-V surface) are well within the tolerable range for near-IR use.

Relaxation of CFRP's internal stresses produces tolerable deformations. These low-amplitude deformations are
dominated by curvature that can be dramatically reduced by actuator correction. The optical figure under the best
qualitative actuator correction (~40 nm RMS full surface) places it into consideration for use in near-IR astronomy. The
contribution of this error term alone only reduces K-band Strehl to 94%. The actuator forces required to correct the
figure (~0.1 N) are small compared to the dynamic range of voice coil actuators. Therefore, we conclude that the
natural, un-mounted figure quality of a CFRP thin-shell is suitable for near-IR astronomy.

While the interior surface error increases linearly at lower temperatures, we have shown that actuator adjustment can
only reduce the surface error down to a fraction of that near room temperature. Actuator print-through is small at room
temperature (~75 nm P-V surface), but increases due to glue stresses as temperature decreases. This error may be the
cause for the nearly linear increase in surface error at low temperature, and may be removed in the future by using
different actuator mounting techniques.

Most importantly, the intra-actuator error at mid- to high- spatial frequencies remains tolerable (< 25 nm RMS surface)
at temperatures ranging down to 20°F. This suggests that the error of larger mirrors, up to several meters in diameter,
would be tolerable under sufficient actuator correction. The high actuator densities (10 cm?” per actuator) already
required for near-IR adaptive optics with adaptive secondaries is sufficient to correct the low-frequency errors in CFRP.

4.2 Continued Testing of CFRP Mirrors

However, there are still outstanding questions that need to be addressed. It remains to be seen that a large, thin-shell
CFRP deformable secondary mirror for astronomical use, i.e., a convex and hyperbolic surface, will retain good surface
quality in a mountaintop environment over many years of operation. Environmental cycling of the optical figure needs to
be performed under a broader range of humidity and temperature conditions. It is also important to show that the natural,
relaxed figure error of thin-shell CFRP pieces does not scale sharply with mirror diameter (> d°), as this may saturate the
dynamic range of voice coil actuators.

CFRP has great potential for secondaries and active primaries in astronomy, both for ground-based and space-based
telescopes. In space, lightweight, stiff primary mirrors are of utmost importance. Future large telescopes in space (> 8 m)
will use active segmented primaries similar to that of the JWST. These segments are chiefly off-axis aspheres whose
manufacture benefits immensely from replication. For a JWST-style mirror with 18 segments, there are four types of
figure prescriptions. Once mandrels are polished, they can be used for multiple CFRP fabrications.

The same potential holds for ground-based segmented telescopes. The GMT will have a segmented secondary composed
of seven 1.1 meter adaptive thin shells. Six of these segments have the same optical figure and can be replicated from the
same mandrel optic. Continued environmental and lifecycle testing will be critical to realizing CFRP's potential as a
deformable secondary substrate for ELTs on the ground and in space.
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