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Active optics

I. A system for optimizing the optical quality and reducing the costs of large telescopes

by R.N. Wilson, F. Franza and L. Noethe

Background

Active optics refers to the technique of actively correcting telescope errors through actively actuated mirror supports and is standard on all large telescopes built today.  Nearly 20 years old, this is one of the original papers on active optics and explains the theoretical principles behind this technique.  This is the first of a series of four papers on active optics by the authors, who worked at the European Southern Observatory (ESO) on the New Technology Telescope (NTT).  The following three papers in the series include results from an experimental test mirror and actual results of the NTT in operation in the observatory.  One of the new technologies in the New Technology Telescope was, in fact, its active optics system.  This telescope is located in La Silla, Chile and achieved its first light in 1989.  In this synopsis, I follow the same section ordering as the original paper.  
1. Introduction

For the first few hundred years in the history of reflecting telescopes, increasingly larger telescopes were made, each following the same procedure.  The telescope was designed, then manufactured and set up according to a pre-determined design.  The only maintenance or modifications to the telescope were done off-line, either during the day or early in the evening before the observing.  The optical quality of the telescopes depended on both manufacturing errors (which were fixed once the telescope was completed) and variable errors due to gravitationally-induced deformations as the telescope is pointed to different area in the sky.  To minimize these effects, mirror figuring and polishing were improved and stiffer structures and mirrors were used.  In order to make the mirrors stiffer as the mirror diameters grew, the mirrors needed to become thicker and heavier.  However, heavy mirrors are not desirable for a variety of reasons, so there was a push to make telescopes lighter and more flexible.  Unfortunately this increases errors and a method was needed to solve this problem.  Active optics is the solution.  An active telescope has the ability for the optical quality to be checked and optimized automatically using an in-built control system.  Not only does this improve the overall telescope performance, but tolerances on manufacturing can be greatly relaxed.  Active optics can be used for any optical system that has large and/or flexible elements, not only telescopes.
2. What ‘active’ optics can do: its complementary nature to ‘adaptive optics’

In this section of the paper, there is a comparison of the sources of error in a telescope, both in terms of magnitude and in temporal frequency.  We will see that these errors can be corrected by either active and/or adaptive optics.
The ultimate limit of telescope performance is the diffraction limit.  The paper gives the diameter of the Airy disk in radians, which is a slightly different form than we saw in class, but certainly, equally as valid: 
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.  (For a wavelength of λ = 500nm and an aperture D = 5m, da = 0.05arcsec.)  One reason for defining the size of the image in this manner is to be able to easily correlate telescope performance to resolution in the sky.  Atmospheric turbulence (also referred to as “seeing” by astronomers) is the major limiting factor in large ground-based telescopes and prevents systems from operating at the diffraction limit.  The accepted value for most of the world’s observatories is around
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, an order of magnitude larger than the diffraction limit.  (This value is independent of telescope diameter for telescope apertures larger than the Fried parameter, a number describing the amount of atmospheric turbulence.)  From about 1945 onward, all conventional large telescopes had specifications on the manufacturing of the telescope to meet a performance of
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.  (That is, there was no reason to make the mirror surface extra good, if the image will be degraded by atmospheric seeing.) 

However, telescopes have a large number of sources of error, other than the manufacturing errors and atmospheric errors already listed, which degrade performance.  Each of these errors has some band-pass, or frequency at which they change.  For example, these errors range from manufacturing errors which do not change in time up to atmospheric turbulence errors which vary as fast as 1000Hz.  The authors list the major sources of error which degrade image quality and their corresponding band-passes.  These sources of error in a telescope should be easy to understand, since many of them follow from the material we have been covering in class.
Table 1: Ten sources of error giving degradation of image quality in telescopes, and their corresponding band-passes

	Source of error
	Band-pass (Hz)

	Optical design
	d.c.

	Optical manufacture
	d.c.

	Theoretical errors of:
	

	     Mirror supports
	d.c.→10-3

	     Structure (focus, centering)
	10-3

	Maintenance errors of the structure and mirror supports
	10-5 (weeks)

	Thermal distortions:
	

	     Mirrors
	10-4

	     Structure
	10-3

	Mechanical distortion of mirrors (warping)
	10-6 (years)

	Thermal effects on ambient air
	10-2→10-3

	Mirror deformation from wind gusts
	10-1→2

	Atmospheric turbulence
	2x10-2→103

	Tracking errors
	5→102


The self-explanatory optical design and manufacturing errors are errors that are fixed and do not change in time.  Errors in the support are due to flexure or compression of the structure and may be fixed in time, or might vary as the telescopes tracks and points, due to the changes in gravity loading.  The authors stated that the maintenance errors could be the most serious ones in the whole table.  These errors are due to malfunctions of the supports or misalignments of elements which can degrade in the weeks or months after adjustments are made.  Thermal distortions in the mirrors and structure are due to the thermal expansion of the materials with a change in temperature.  Since the mirror and structure have a large mass (or thermal heat capacity), thermal distortions are slowly varying because it takes quite awhile to change the temperature.  Mechanical distortion of the mirrors is not significant when glass substrates (which are very stable) are used.  However, distortions may be a source of error if other materials, such as metals or composites are used.  It takes a long time for a metal to change its shape to release internal stresses, so this is a very low band-pass effect.  There are three effects due to air.  The thermal effects due to ambient air is commonly referred to as ‘telescope seeing’ or ‘dome seeing’ and can be a very big source of error.  This effect is due to air currents caused by the warm air around the dome mixing with the cool night air and should not be confused with atmospheric turbulence.  The second effect due to air is the deformation of the mirrors due to gusts of wind.  This is a somewhat newer problem for telescopes in which the mirrors have become larger and more flexible, while the telescope dome has become a more open environment.  The fairly open environment of newer observatories was a response in order to minimize the ambient air effect.  Since the telescope and its structure have a large combined mass, they act as a low-pass filter for the wind gust spectrum.  Finally, the third effect of air is atmospheric turbulence (or ‘seeing’).  This effect is due to turbulence in the atmosphere, and easily has the highest band-pass of all of the errors listed here.  The last error listed is due to vibrations from the tracking system.  The lowest frequencies in the tracking system are corrected by the autoguider of the telescope.  Similarly to a previous homework in this class, in order to decrease the amplitude of these vibrations, the structure should be made stiffer.  It is interesting to note that the low-frequency errors are mostly due to effects of the elastic behavior of solids (the telescope mirror and structure) and the high-frequency errors are due to the physics of the atmosphere, a gas.
The distinction between active optics and adaptive optics is completely arbitrary from a semantic point of view and different groups have occasionally adopted different definitions.  The authors take the stand that term ‘active optics’ refers to the correction of low band-pass errors, such as errors in the telescope, while the term ‘adaptive optics’ refers to the correction of high band-pass error sources, mainly due to atmospheric effects.  Basically, the major difference between the two is the frequency at which the corrections are applied.  The active optics system for the NTT was designed to correct errors in frequency from d.c. to 1/30 Hz.  (The 1/30 Hz is due to the integration time of the camera of 30 seconds.)  The definition of adaptive optics adopted here is the correction of errors from about 10-1 Hz to about 103 Hz.  Thus, active optics involves the correction of all of the errors sources in the table except for atmospheric turbulence and the upper frequency thermal effect errors.  
3. Active optics: the practical impact on telescope specifications

While one bonus of active optics was listed as a relaxation in manufacturing tolerances, it appears that the tolerances for the NTT were not any looser than for a similarly-sized (3.6m) passive telescope previously made for the ESO.  The 3.6m mirror for the passive telescope was specified to have 80% of the geometrical optical energy (or encircled energy) within 0.5arcsec.  The 3.5m NTT was specified to be manufactured with 80% encircled energy (including the low spatial frequencies) to be less than 0.4 arcsec and for encircled energy for high spatial frequencies alone to be less than 0.15arcsec.  Also, the NTT was specified to operate at 0.15arcsec during all observations.  If this specification had been given to the optician, the cost of optical figuring would have been vastly increased.  The NTT was designed to have three aspects of active control:

(a) auto guiding (equivalent to active guiding, already used in many telescopes);


(b) auto focus; and


(c) auto correction of the image ((b) and (c) comprising the ‘active optics’).

4. The physical principles and practical function of the active-optics system

The active elements of the telescope are the supports of the primary mirror and the lateral and axial position of the secondary mirror.  The essential key to simple and effective active optics control is a detailed analysis of modal calibration.  A wavefront sensor (here, a Shack-Hartmann type) measures light from a guide star and this information is processed by a computer to determine which modes exist in the telescope that require correction.  ‘Soft’ supports are used which mean the primary mirrors supports do not try to force the position of the mirror by position control.  Instead the natural elastic-flexure function of the mirror is combined with optimum forces measured by load cells.  The NTT uses active astatic double levers but the active-optics principle could also be performed by other support types, e.g. hydraulic or pneumatic.
Active optics is based on three laws of physics: (1) the law of linearity (or Hooke’s Law), (2) the law of convergence and (3) the law of orthogonality.  Hooke’s Law implies that a given change of force distribution will always produce the same flexure change independent of the initial state of the force field.  The law of convergence is also known as the principle of St. Venant and it is important because it says that the higher spatial frequency modes need higher forces to generate a given amplitude.  If a mirror is flexible enough to develop a given elastic-error mode, then the same error can be corrected by applying active forces of the same order of magnitude as the passive support forces.  This also means that the amount of force to correct every frequency error in the telescope would be extremely high and so it is not possible to make a perfect telescope.  There may be high frequency errors in the mirror surface (“ripples”) due to resonance effects in polishing.  Since these errors have nothing to do with elasticity, they would need higher forces than the active optics system could generate and the optician needs to keep them as low as possible while figuring the mirror.  Finally, because of orthogonality, each of the modes can be controlled and corrected independently.

The computer stores how much force and in what distribution is required to generate x nm of a certain mode.  These force charges can be summed linearly by simple superposition and applied to the mirror through the actuators to minimize the aberrations.
5. General representation and analysis of active modal control

In this section, there is a formal discussion of some of the more mathematical details of the calculations necessary to determine the actuator forces.  Issues discussed are the influence function of the actuators, sampling, or number of actuator supports, the mirror stiffness matrix, and modal calibration. 
6. Aims of the 1m active-optics experiment

Although all of the hardware aspects behind active-control of a telescope were using known technology at the time, it was desired to test an active optics system on a small-scale model of the mirror due to the novelty of the new ideas.  A 1.05 m aperture test mirror for the NTT was made with dimensions chosen so that it would have the same flexure due to gravity as the real NTT primary mirror.  Not surprisingly, this test proved that the principles of orthogonality and linear superposition behind active optics were sound.  Most importantly, this test showed that the precision of the calibrations was sufficient and proved an active optics system as a practical system for correcting telescope errors.
7. Conclusions

Active optics is a technique that allows large telescopes to operate with better performance and be manufactured at lower costs.  Errors are actively fixed during telescope operation by adjusting the support of the mirror.    The reduction in telescope cost is due to many factors.  The first factor is that manufacturing tolerances on the structural and optical surfaces can be relaxed.  More flexible mirrors, which are thinner and lighter can be used, which reduces the total weight of the telescope.  Any reduction in the total weight of the telescope makes it easier to point it in different directions.  The reduction in the mass of the mirrors also results in a reduction of the thermal capacity.  This allows the telescope to reach equilibrium with the night air more quickly and reduces the turbulent air currents above the telescope.  This technique can allow other materials to be considered for use in telescope mirrors.  Next, active optics will allow the telescope to maintain itself.  The maintenance is simplified because if the mechanical supports or optical elements creep out of alignment or focus, they will be corrected automatically.  Finally, the authors correctly predicted the use of active optics in the use of space telescopes, where very light and flexible optics will fundamentally rely on active control.  Active optics will indeed be very important to the James Webb Space Telescope which will be unfolded and aligned after its launch into space in 2013.
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