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Abstract 

The use of segmented mirrors in astronomy and adaptive optics is increasing as the 

ability to measure and control the position of the individual segments to a fraction of the 

wavelength of light becomes possible. A novel technique is presented in which the 

relative piston error of adjacent segments is measured using inductive edge-sensors. This 

technique alleviates the need to have an absolute piston sensor for each of the segment. 

Modelling of the performance of such a mirror for the case of correcting atmospheric 

turbulence is presented. This modelling shows that an edge-matched segmented mirror 

can correct the piston errors in the wavefront even though it does not sense them directly. 

In addition to this modelling, an experiment, which demonstrates the utility of this 

technology for adaptive secondary mirrors is described. The results of this experiment, 

which demostrate for the first time that an edge-matched mirror can correct for 

atmospheric piston errors, are presented. 
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1.0 Introduction 

The field of astronomical imaging with large telescopes is experiencing a technological 

revolution due to the emergence of active and adaptive optics. Active and adaptive optics 

encompass the group of techniques used to provide wavefront correction for imaging 

systems. In the broadest sense active optics comprises all optical systems in which an 

active element is used to change an optical parameter of the system in a controlled 

fashion. This category of optical systems includes a wide variety of different technology: 

the autofocusing mechanisms in cameras; scanning systems, such as monochrometers and 

copy machines; chopping secondary mirrors used in infrared telescopes; the pointing and 

focusing mechanisms of th(> human eye; the list goes on ad nauseam. Adaptive optics 

represents a small subset of active optics, in which the goal is the real-time correction of 

atmospheric turbulence. Figure 1.1 is a graphic shows the relationship of active and 

adaptive optics. Active optics is broken into two categories: open-loop systems, which 

are used for predictable changes in the optical systems; and closed-loop systems, which 

are necessary when the active correction is used to fix a random phenomena. An example 

of an open-loop system would be that of a simple telescope tracking system. Because the 

motion of stars is very predictable, astronomers simply design their telescopes such that 

when pointed at a star, the telescope moves to correct the effects of Earth's rotation. The 

open-loop tracking system receives no information about the position or motion of the 

star. In contrast, a closed-loop system requires a sensor of some kind that reports an error 

to the control system which then uses the active element to correct the error. 

When speaking in terms of astronomical telescopes, the interpretation of the term active 

optics has a different definition than what has been given above; it generally refers to 

those systems which correct the effects of aberrations internal to the telescope, as 

opposed to adaptive systems that correct both the internal aberrations as well as those 
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produced external to the telescope, such as atmospheric turbulence. Adaptive optics 

systems are closed-loop due to the random nature of the aberrations caused by the 

atmosphere. 

ACTIVE OPTICS 

Open-loop 
Systems 

Closed-loop 
Systems 

~ 
~ 

Figure 1.1. Relationship between active and adaptive optics 

A block diagram of a typical adaptive optics system is shown in Figure 1.2. This system 

consists of four major elements: the telescope and pupil relay optics; the wavefront 

sensor, which measures the incoming wavefront; the corrective element, which assumes a 

shape conjugate to the aberrated wavefront; and the control system which provides an 

interface between the sensor and the corrective element (an~ also, the user). 



Aberrated 
wavefront 

Optics 

Corrected 
wavefront 

Wavefront I--tt-~ 
corrector 

Control 
system 

Wavefront 
1-41----1 sensor 

Figure 1.2. Basic adaptive optics system 

1.1 Segmented mirrors vs. deformable mirrors 

Imaging 
system 
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Corrective elements for adaptive optics fall into two categories: inertial and non-inertial. 

Inertial systems consist of elements which must physically move something in order to 

provide the wavefront correction, while non-inertial systems do not move anything (e.g., 

non-linear phase conjugation). Only inertial systems will be discussed in this work. The 

two most common examples of inertial systems are deformable mirrors (OM) and 

segmented mirrors. Figure 1.3 shows the basic designs of both a OM and a segmented 

mirror. The deformable mirror consists of a thin faceplate bonded to an array of very stiff 

actuators which "bend" the faceplate when they are expanded or contracted. Segmented 

mirrors are made up of small mirror segments which have actuators that can either move 

the segments in both tilt and piston, or in piston only_ The surface of each of the 

individual segments is not deformed, only the mirror as a whole changes its shape. 



a) 

b) 

Extended 
Actuator 

Actuators D Q: 
Mirror 

'!~r=w segments 

t ~ 9 m ~ 

Extended 
Actuator 

Figure 1.3. Basic adaptive mirror designs. 

a) a deformable mirror, and b) a segmented mirror. 
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OM's have been the predominant corrective element for adaptive optics systems in the 

systems built to date; however, the use of segmented mirrors is gaining favor. There is 

no fundamental law of physics which states that a OM is better than a segmented mirror, 

or visa versa. The main difference between the two systems comes down to engineering 

issues. OM's are typically monolithic units (Le., the facesheet, all the actuators, and the 

actuator support plate are all one unit). Because of this, OM's are subject to single-point 

failures. In other words, if a single actuator separates from the facesheet, or goes bad for 

some reason, the OM is often ruined. Because some OM's are made up of several 

hundred actuators, the probability of failure is quite high. The author has personal 

knowledge of three [very expensive] OM's that have suffered actuator failures that either 

limited the mirror's utility. or have caused the mirror to be effectively useless. 

Segmented mirrors have the advantage that if an actuator goes bad, the segment has the 
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possibility of being easily replaced. Looking at Figure 1.3, it appears that a OM needs 

fewer actuators per subaperture, which would be a substantial benefit. However, a 

segmented mirror is more capable of fitting a wavefront; therefore, the number of 

actuators is the main wavefront correction criteria, not the number of subapertures. 

With segmented mirrors the task of keeping the segments phased together in piston 

becomes difficult. Additional piston sensors, which are not necessary for a OM due to 

the continuous nature of the facesheet, result in a more complex system design. This 

additional complexity, along with a lack of good technology for sensing the piston errors, 

resulted in DM's dominating adaptive optics in the 1970's and 1980's. Within the last 10 

years several notable projects with segmented mirrors (e.g., the Keck 36-segment 

telescope [1.1], Itek's seven-segment LAMP program [1.2], Thermotrex's MACE 

experiment [1.3], and Kaman's PAMELA project [1.4, 1.5]) have proved successful, and 

have demonstrated that segmented mirrors can be successfully used for applications in 

active and adaptive optics. 

An additional advantage of segmented mirrors is that they can be formed into optical 

prescriptions other than flats. It is difficult to fabricate a OM with a non-flat surface: 

polishing a curved thin facesheet to optical quality is not a trivial task. Mirror segments 

can be made thick and stiff because they do not need to deform; therefore, the optical 

surface of each segment can be polished to a curved surface by conventional optical 

fabrication techniques. This allows segmented mirrors to be used in a number of 

applications in which a flat OM is not acceptable: the primary and secondary mirror of a 

telescope are two examples. Many of the modern large primary mirrors do have actuators 

behind them which makes the primary act like a large DM, but these are very low 

bandwidth systems (i.e., active, not adaptive) which are not capable of correcting 

atmospheric turbulence. 
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1.2 History of PAMELA 

The work described in this dissertation is based on the Phased Array Mirror Extendible 

Large Aperture (PAMELA TM) technology developed for segmented mirrors at Kaman 

Aerospace Corporation. PAMELA was originally conceived in the late 1980's by a 

technology work group lead by B. L. Ulich and J. Rather, both of Kaman. A PAMELA 

reflector works by making use of novel piston sensors on each of the segments. These 

are non-contacting, inductively-coupled edge sensors which measure the relative piston 

displacement between adjacent segments. These sensors were developed at Kaman 

Instrumentation in Colorado Springs, Colorado as a variant of their product line of 

precision eddy-current displacement sensors. Further development of this technology 

continues at Kaman with internal research and development funds. In addition, other 

government agencies have contracted with Kaman to provide hardware demonstrations of 

PAMELA. Also, a number of these agencies have awarded study contracts to determine 

the feasibility of using PAMELA in their applications, including NASA's Large Lunar 

Telescope [1.6]. In order to demonstrate the utility of this technology to the astronomical 

community, Kaman, Steward Observatory at the University of Arizona, the National 

Optical Astronomy Observatories (NOAO), and the National Solar Observatory (NSO) 

have formed a collaborative effort to use a PAMELA mirror at an astronomical site. This 

project will be described in detail in Chapters six and seven. 

1.3 Potential uses of edge-matched segmented mirrors 

Segmented mirrors, which can be phased together, have a large number of potential 
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applications. Given below is a list of the types of systems which have potential uses of 

PAMELA mirrors: 

• Ground-based systems 

adaptive primary and secondary mirrors for astronomical telescopes 

adaptive flat mirrors used for correction after the telescope 

adaptive primary mirrors for high power laser beam projectors 

• Space-based systems 

very lightweight active primary mirrors for astronomical telescopes 

very lightweight active primary mirrors for remote sensing systems 

active primary mirrors for Lunar telescopes 

1.4 Description of dissertation contents 

This dissertation deals with use of segmented mirrors with relative piston sensors for use 

in adaptive optics systems. Chapter 2 discusses the problems associated with propagating 

light through the atmosphere. Several pertinent equations for the remainder of the 

chapters are developed here. The methods and utility of using relative piston sensing are 

discussed in Chapter 3. Several different control methods can be used to set the segments 

to reduce the piston errors (Le., reconstruction the wavefront), and these are described in 

Chapter 4. Chapter 5 shows the result of a number of computer models describing how 

an edge-matched segmented mirror will work and perform. All of these discussions are 

general and can be applied to any particular application of the technology. Chapter 6, 

however, describes in more detail the utility of the technology for adaptive secondary 

mirrors in astronomical telescopes. Chapter 7 is a description of a proof-of-principle 
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experiment, demonstrating a prototype for an adaptive secondary PAMELA mirror, 

which was performed at the McMath Telescope at Kitt Peak, Arizona. 
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2.0 Correction of atmospheric turbulence 

2.1 Ima~in~ throu~h the atmosphere 

The atmosphere affects the passage of light to an astronomical telescope in a number of 

different ways. Absorption reduces the amount of light transmitted. Scattering, both 

molecular and aerosol, can cause light from other sources to enter the imaging system, 

and can also cause some minor image blur. Index of refraction variations caused by 

atmospheric turbulence, which are discussed in detail below, are the main source for a 

number of effects that degrade image quality: scintillation, star motion, and image blur. 

Scintillation, or twinkling, is caused by high altitude atmospheric turbulence that act to 

focus or defocus the light. This results in bright or dim areas of illumination on the Earth, 

much like the dark and bright bands at the bottom of a pool. When winds move the 

turbulence, the dark and bright spots move with them, which results in a change in 

illumination on the Earth. When measured over a small aperture, such as the human eye, 

this appears as random changes in the brightness of the star. Scintillation effects over a 

large aperture are minimal, and typically have only a minor effect on the image quality. 

Star motion and image blur are two parts of the same phenomena. As is explained in 

more detail below, index of refraction variations in the atmosphere result in wavefront 

aberrations. Star motion is the random motion of a stellar image as a function of time, 

while image blur is the increase in the lateral size of the Point Spread Function (PSF) 

beyond that of the imaging system itself. Star motion is actually the two orthogonal tilt 

terms in the wavefront aberrations, while image blur encompasses the rest of the 

aberrations due to the atmosphere. In order to estimate and model these phenomena, we 

must investigate atmospheric turbulence theory more thoroughly. 
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2.2 Atmospheric turbulence theory 

Small local variations in the atmosphere's index of refraction lead to irregularities in the 

wavefront. The index of refraction of air is a function of temperature, pressure, humidity, 

and wavelength [2.1] and is given by 

-1 (77.6 x 10-6) P (1 7.52 x 10-3
) 

n. - + + 2 ' 
a.r T A (2.1) 

where T is the temperature in def!'rees Kelvin, P is the pressure in millibars, and A. is the 

wavelength in microns. J J umidity effects are negligible in the optical wavelength band 

(Le., < 1 % change from 0 to 100% humidity), and are ignored here. Temperature and 

pressure are random variables in both space and time; therefore, the index of refraction is 

also a random variable. In practice, the temperature effecr, dominate the pressure effects; 

thus only temperature related phenomena will be discussed. 

Turbulence are generated by two main effects: radiative heating or cooling of the Earth, 

and thermal mixing of different layers of air that are at different temperatures. Radiative 

heating and cooling occurs when the Earth is warmer or cooler than the surrounding air, 

due to solar irradiance or radiative cooling to space. The thermal gradients, caused by 

heating or cooling, generate turbulent eddies that cause index of refraction variations. 

This is a large effect, and it typically takes place near the ground. Thermal mixing occurs 

when adjacent layers of air are at different temperatures. The tropopause, at an altitude of 

approximately 10-15 km, often exhibits this behavior, particularly when accompanied by 

the jet stream. These high altitude turbulence represent the limiting factor in imaging 

performance for even the best astonomical sites. Finally, once turbulence are created, 

they begin to break up into smaller and smaller eddies. This process is known as viscous 
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damping, and it causes the smallest eddies to dissipate their energy back into the 

atmosphere. 

In order to discuss the statistical nature of the index of refraction, we introduce the 

structure function (Dn). The structure function is the square of the average difference in 

the index of refraction as a function of either distance or time. The structure function is 

given by 

(2.2) 

where n(rl ,tl ) is the index of refraction of at position rl. and time tl' The average bars 

can represent an average over time or space. Assuming air is a homogeneous isotropic 

medium (this is true on scales of lO's of meters, or less), Equation (2) becomes 

(2.3) 

where r = I;; - r21, and t = tl - t2 • Rearranging the terms in Equation (3) yields 

(2.4b) 

where the second term in Equation (2.4b) represents the autocorrelation function of the 

index of refraction. The structure function of nair has been both theoretically derived and 

measured experimentally [2.2] to be 

2 

D,.(r,t) = C; r 3, (2.5) 
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and C; is the index structure constant, a measure of the turbulence strength. Note that 

Equation (2.5) is valid only over a limited range. It is bounded both high and low by two 

parameters known as the inner scale (10) and the outer scale (Lo). The outer scale is 

determined by the large scale geographical features which heat the atmosphere in 

different manners (i.e., the amount of heat radiated into the air from a lake is much 

different from that of sand); therefore, agreement with the r2f3 law is no longer true for 

the structure function The outer scale is typically given a value of 10 to 100 meters for 

normal astronomical sites[2.3]. On the other end of the spectrum, viscous damping 

effects in the atmosphere produce the inner scale, which represents the smallest distance 

over which Equation (2.5) is valid. The atmosphere simply does not support temperature 

differentials over very small distances. The inner scale is typically on the order of a few 

millimeters[2.3]. 

The Power Spectral Density (l'S D) is related to the autocorrelation function by the 

Fourier transform relationship 

PSD,,(R:) = -( 1)3 JJJ r"Cr) eji
.;: d3r, 

2n ±_ 
(2.6) 

where r" (r) is the autocorrelation function for the index of refraction, and 1( is the spatial 

frequency. From Equation (2.4b) the autocorrelation function is 

(2.7) 

Substituting Equation (2.7) into Equation C2.6) yields 

(2.8) 
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Note that the term involving n;i, is dropped. This is reasonable because n!, is a constant 

and would only produce a delta function at the value 1<:=0. We are not interested in the 

value of the PSD at the origin because this is simply the average index of refraction, 

which does not affect the imaging performance (i.e., we are interested in variations in the 

index of refraction). Using Equation (2.5) in Equation (2.8) results in the well known 

Kolgomorov relationship 

11 

PSD" (1(') = O.033C; 1('-"3 (2.9) 

This equation is valid over a range of spatial frequencies, called the inertial subrange, 

which are related to the outer and inner scales (i.e., 2rr /10 < 1(' < 2rr / Lo)' Additions to 

the Kolgomorov spectrum have been added to account for spatial frequency values 

outside the inertial subrange. Tatarski accounted for the viscous damping effects for 

small turbulence by adding an exponential decay factor for 1(' > 2rr / 1
0

, while von 

Karman theorized that the spectrum cannot increase unbounded as I( ~ 0 because there 

is a finite amount of in Earth's atmosphere. The modified spectrum is given by 

PSD ( ) = O.033C,.z (_1l"2/1l";') 
,,1(' (2 2)1116 e 

I( + 1(0 

(2.10) 

where ko = 2rr /4" and km = 2rr /10 , Figure 2.1 shows the effects of these modifications 

on the Kolgomorov spectrum. Note that these modifications are really mathematical 

"niceties", rather than true expressions of what is happening physically. This is 

especially true for the low spatial frequency case, where very little data exists, and what 

data does exist is highly site dependent. 
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Figure 2.1. Tile Kolgomorov turbulence spectrum with the additions of Tatarski and von 

Kannan. 

In order to calculate the phase variations at the pupil of a telescope, the index of 

refraction must be integrated over a vertical path. For a given layer of turbulence at 

height h, the structure function of the phase (Drp (p, h» is given by 

((
2 )2[h+dJa h+dJa ]2) 

Drp (p, h) = ; I n(p,z)dz- In(p-p',Z')dZ' (2.11) 

where n(p,z) is the index of refraction in three dimensions: z is the vertical direction, p 

represents the magnitude of the distance vector in the horizontal plane, and Bh is the 

thickness of a relatively thin layer of turbulence (this is known as the "phase screen" 

approach). Changing the order of integration in Equation (2.11) and making use of 

Equations (2.4b) and (2.5) yields 
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5 

Drp(p,h) = 2.91k2 C;(h)p3 oh. (2.12) 

The total structure function at the pupil plane is calculated by summing all the phase 

screens from each layer together; thus, 

5 

Drp(p) = 2.91k 2 pi J C;(h) oh. (2.13) 

It is difficult to make a measurement of the C; profile in real time. Typically, this data is 

measured with radiosonde and balloons [2.4]. In the following section the atmospheric 

coherence length (a.k.a. the Fried length) is defined. This leads to a new form of the 

structure function that utilizes more easily measured quantities. 

2.3 The atmospheric coherence length (ro) 

Fried defines the atmospheric coherence length to be the maximum diameter of an 

aperture where the Point Spread Function (PSF) of an image is still limited by diffraction 

rather than by atmospheric turbulence [2.5]. The atmospheric coherence length is 

denoted by the variable roo For typical astronomical sites, ro is approximately 10 cm in 

the visible wavelengths. The definition of rO is given by 

3 

'0 = [0.423k 2 J C;(h) oh rs . (2.14) 

Substituting Equation 2.14 into 2.13 yields a new definition for the phase structure 

function: 



28 

5 

D,/p) = 6.88{p / foF. (2.15) 

ro can be measured from the width of the PSF, which is approximately equal to Alro 

(FWHM) rather AID, as it would be in the case where the PSF was dominated by the 

diffraction limit due to the aperture diameter (D). In the case of visible observations with 

large telescopes, the PSF is almost entirely dominated by atmospheric effects (Le., 

D<<rO), but in cases where D::::ro the width of the PSF is the quadrature sum of diffraction 

and atmospheric seeing. 

2.4 Atmospherically induced aberrations 

Noll [2.6] decomposed the wavefront due to atmospheric turbulence at a circular pupil 

into Zemike polynomials. Zernike Polynomials are a complete orthogonal set over a unit 

circle[2.7]; therefore, each polynomial term can be evaluated independently to determine 

its effect upon the wavefront variance. Noll calculated the variance in the wavefront if 

each low order Zemike is removed sequentially. The lowest order Zernike (zero order) is 

global piston. This is essentially the optical path length of the path the light took through 

the atmosphere. Because global piston over the entire aperture of interest has no effect on 

image quality, it is ignored. The first and second Zernike terms are the two orthogonal 

global tilt terms. The third Zernike is focus. Many higher order Zernike terms have their 

counterpart in classical aberration definitions, but as the Zemike order gets higher than 

10, the distinction between classical Seidel aberrations and the Zernike polynomials 

become quite distinct (Le., higher order Seidel aberrations are not orthogonal and are 

represented by many Zernike terms). Table 2.1 shows several quantities of interest for 

the first eleven Zemike terms: the equation of the polynomial; the nearest equivalent 

classical aberration; the amount of the wavefront variance remaining if this, and all lower 
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order, terms are removed; and the total percent of the wavefront variance that the 

particular term represents. 

Percent of 

Zernike Classical VVavefrontvariance total 

Tenn Polynomial form aberration after removal (rad2) wavefront 

equivalent power 

1 1 global piston 1.030 (D/ro)5/3 N/A 

2 2rcos-a- x-tilt 0.582 (D/ro)5/3 43.4 

3 2rsin-a- y-tilt 0.134 (D/ro)5/3 43.4 

4 ..[3(2r2 -1) focus 0.111 (D/ro)5/3 2.2 

5 -J6 r2 sin 2 tJ astigmatism 0.088 (D/ro)5/3 2.2 

6 -J6,2 cos2 tJ astigmatism 0.065 (D/ro)5/3 2.2 

7 .J8 (3r3 
- 2r) sin tJ coma 0.059 (D/ro)5/3 0.6 

8 .J8 (3r 3 
- 2r) cos iJ coma 0.053 (D/ro)5/3 0.6 

9 .J8 ,3 sin 3 tJ trefoil * 0.046 (D/ro)5/3 0.6 

10 .J8 ,3 cos 3 tJ trefoil * 0.040 (D/ro)5/3 0.6 

11 -[5(6,4 - 6r2 + 1) spherical 0.038 (D/ro)5/3 0.2 

*trefoil, while not a classical aberration, is often observed in optics with three point 

mounts. 

Table 2.1. Parameters of interest for the fIrst eleven Zemike aberrations due to 

atmospheric turbulence 

Care should be taken in using Zernike polynomials with apertures that are not circular. 

Mahajan [2.8] computed the modification to the polynomial set in order to compensate 
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for the annular apertures used by most astronomical telescopes with the central 

obscuration caused by the secondary mirror. In non-circular apertures, the Zernike 

polynomial set is no longer orthonormal. A new set of modified Zernike polynomials 

must be generated for a particular system geometry using the Gram-Schmidt 

orthogonalization procedure[2.9]. 

2.5 Spatio-temporal trade-orrs in adaptive optics systems 

Most of the previous discussion has been with respect to the performance of a system in 

the spatial frequency domain. In that atmospheric aberrations are constantly in motion, 

one must predict how fast a system must perform in order to correct the wavefront to a 

given level. 

The traditional method of describing the temporal characteristics of atmospheric 

turbulence is to use the Greenwood frequency [2.10] (fa)' The Greenwood frequency is 

theoretically defined as the 3 dB frequency of the closed-loop control system, assuming a 

"single zero" filter, necessary to have the wavefront aberration variance, due to 

Kolgomorov turbulence, equal to one radian2. While this definition has a drawback in 

that it is obviously dependent upon the type of control system being used, its use is 

prevalent in the literature. 

One of the basic assumptions in the definition of the Greenwood frequency is Taylor's 

"frozen turbulence" hypothesis, which states that the turbulence are effectively frozen and 

are carried along by the wind. Experiments have shown that the evolution of the 

turbulent cells are approximately ten times slower [2.11] than the movement due to the 

wind carrying the turbulence past the pupil of a telescope; therefore, Taylor's hypothesis 

is a good approximation, with the exception of high power laser beam systems, which can 
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generate their own small fast-evolving turbulent cells due to heating of the air through 

which the beam is passing. 

Equation 2.16 gives the definition of the Greenwood frequency. v.l.. is the velocity of the 

wind perpendicular to the telescope line of sight. 

(2.16) 

If we make the assumption that the turbulence are all in one layer, or that they are all 

moving at the same velocity, then the definition of the Greenwood frequency can be 

simplified by substituting the definition of ro (Equation 2.14) into Equation 2.16, 

yielding 

fG = 0.427v1 . 

'0 
(2.17) 

While equation 2.17 has several rather simplistic assumptions built into it, it allows one 

to make a reasonable first-order estimate of the frequency requirements of an adaptive 

optics system. An alternative way to look at the issue is to think in terms of allowable 

time delay between consecutive corrections to the wavefront [2.12]. The Greenwood 

time, 'rG , is given by 

(2.18) 

The variance of the wavefront aberrations due to system frequency response (f3dB ), or by 

a system time delay (.1t), is given by 



crJ3JIJ = (I G / 13dB )5/3, and 

(1~, = (.1t / tG )5/3 • 

2.6 Limitations in adaptive optics systems 

(2.19a) 

(2.19b) 
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One of the major limitations in adaptive optics that do not generate their own reference 

stars (Le., laser beacons) comes from the fact that the wavefront sensor must utilize light 

from the object under observation in order to measure the atmospheric aberrations. 

Limited photon flux from dim stars limits how well the system can operate. The 

wavefront error due to noise in a Hartmann-Shack WFS is given by [2.13] 

(12 = 0.863 
H'WFS' (SNR)2 . 

(2.20) 

For a perfect noise-free detector, the SNR will be dominated by the Poisson distribution 

of incoming photons. The SNR under such circumstances is given by 

SNR=~Np, (2.21) 

where Np is the number of photons collected in one integration cycle of the wavefront 

sensor. In the case where other noise terms dominate, the SNR is directly proportional to 

Np. In either case increasing Np is beneficial to system performance. 

The number of photons collected by one subaperture matched in size to ro, during an 

integration time equal to the Greenwood time constant, 'tG, is given by 
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(2.22) 

where Estar is irradiance (Wattlm2) of the star in the pupil plane, AWfs is the wavelength at 

which the wavefront sensor is operating, h is Plank's constant, and c is the speed of light. 

An important parameter of interest in an adaptive optics system is the magnitude (Le., 

brightness) requirement of the star being used for wavefront correction. If the star is too 

dim, the wavefront sensor cannot provide correction because its output is dominated by 

noise terms. The minimum brightness is of a wavefront reference is known as the 

limiting magnitude. Note that, in a system using the same wavelength light for both 

sensing and imaging, all the light cannot go to the wavefront sensor, some must go to the 

imaging system. Additional factors must also be taken into account to truly find the 

limiting magnitude: the transmission through the atmosphere, the spectral content of the 

source compared to the spectral responsivity of the detector, the quantum efficiency of 

the detector, and the other sources of noise in the WFS. 

In addition to the limiting magnitude, the imaging performance of an adaptive system is 

the isoplanatic angle. The light from the star being used for the wavefront sensor passes 

through a different section of the atmosphere than does a nearby star. This non

commonalty in the optical paths means that the system is only capable of being perfectly 

corrected on-axis. Off-axis stars will show some degradation due to isoplanatic effects. 

The isoplanatic angle is the angle on the sky at which the wavefront variance of an off

axis star is equal to one radian squared. Typical values of the isoplanatic angle are 5 arc

seconds in the visible and 30 arc-seconds at 2.2 microns. This limitation is quite 

detrimental when attempting to use natural guide stars because there relatively few stars 

available which can provide sufficient signal; thus, the percentage of sky that can be 
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adaptively corrected is a small fraction 1% in the visible, assuming a photon limited 

detector. 

2.7 Benefits of operating an IR adaptive optics system 

Equation 2.14 shows that ro has a dependence on wavelength. The functional 

dependence is 

(2.23) 

where roO-a) is the atmospheric coherence length at a reference wavelength, AO, and A is 

the wavelength of interest. Substituting Eq. 2.22 into Eq. 2.22 and calculating the 

number of collected photons per subaperture, Np, shows that it is highly dependent on the 

wavelength. 

(2.24) 

Thus large improvements to the WFS performance can be gained by going to longer 

wavelengths. 

In addition to the WFS performance enhancement, other benefits are found at longer 

wavelengths: 

• tG is a function of ro, and therefore A (Eq. 2.18). Equation 2.25 shows that an 

adaptive optics system may operate more slowly at longer wavelengths. This eases 

the computational load, the data channel bandwidths, the sensor update speed, and the 

actuator rise time (all of which impact the cost and complexity of the system). 
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(2.25) 

• rO is larger; therefore the actuator spacing may be correspondingly larger. Equation 

2.26 shows the number of actuators (NA) needed as a function of wavelength for a 

given pupil diameter (D). An 8-meter diameter telescope would need approximately 

5,000 actuators at A=0.5 microns, and only 143 actuators at A=2.2 microns. 

(2.26) 

If the imaging system is utilizing IR light, the wavefront sensor can operate with the 

visible radiation; thus, making maximum efficiency of the incoming light without 

having to divide the amount of "usable" light between the sensor and the imager. 

• The isoplanatic patch size is increased, making it possible to get greater sky coverage 

with natural stars. The isoplanatic patch size (80 ) is given [2.14] by 

(2.27) 

where L is the total path length. Note that this is an approximation that assumes that 

Cn2 is constant over the entire path. Since this is directly proportional to the 

atmospheric coherence length, it has the same /..6/5 dependence. This results in a 

much larger percentage of the sky being covered in the infrared. 
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3.0 Merits and methods of measuring relative piston errors in segmented mirrors 

3.1 Why measure relative piston errors? 

The major difference between a segmented mirror and a deformable mirror is that the 

piston of the individual segments must be measured and controlled in a segmented 

mirror. The overall surface of a deformable mirror will not have the discontinuities 

associated with a segmented mirror, and a relatively smooth transition in the surface 

profile between actuators can be assumed. One of the major drawbacks of a segmented 

mirror is that the absolute piston of each individual segment is not easily measured with 

conventional wavefront sensors. Typical wavefront sensing techniques fall into two basic 

categories: interferometric methods, and local wavefront gradient sensing. 

Interferometric techniques are generally limited to near-monochromatic light sources that 

have long coherence lengths. These systems are limited by the fact that an optical path 

difference equal to a multiple of one wavelength (Le., the 2n1t phase ambiguity) will 

provide data identical to a system that is perfectly aligned; thus the direction and 

magnitude of the piston of individual segments cannot be unambiguously determined. 

While interferometer systems exist that have the capability of providing multi

wavelength or white light (Le., short coherence length) interferometric data that may 

possibly provide absolute phasing data, they have not, to the author's knowledge, been 

developed to the point of being a reliable sensor useful for providing wavefront data to 

adaptive optics systems with many continuous subapertures. 

Local wavefront gradient sensing techniques are the typical method of determining the 

wavefront in an adaptive optics system.. As described in Chapter 2, the wavefront is 

relatively flat over a small distance equal to the atmospheric coherence length (rO); 
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therefore, by measuring the slope of all these zones across the main aperture, the entire 

wavefront can be reconstructed with a good degree of accuracy. Unfortunately, this local 

gradient sensing technique does not measure the piston data for each subaperture. 

Alternative techniques must be examined to determine the segment phasing. 

One method would be to measure how far the actuators supporting each segment are 

extended. This is accurate to the extent that one must know with high accuracy how the 

mechanical structure behind the actuators is acting. Any deformation of the support 

structure would result in a like deformation on the surface of the mirror. Although the 

error across any given segment boundary would be small, the errors would add up in a 

systematic fashion that would cause large overall surface errors. This technique would be 

useful for small mirrors, such as adaptive secondary mirrors, or small adaptive flat 

mirrors, where the support structure can be made sufficiently stiff and stable that it does 

not imprint its motions onto the optical surface. However, for large mirrors, such as 

telescope primary mirrors on the order of 10 meters, it would be completely impractical 

to attempt to design the back-up structure to be accurate to optical quality; therefore, 

because the desire was to show extendibility to large diameters (i.e., the "E" in PAMELA 

stands for extendible), this method was discarded. 

In that absolute piston measurements of the segments are not easily obtained, methods of 

measuring relative piston errors between adjacent segments are often used. The Keck 

Telescope, which has a 36-segment ten-meter-diameter primary mirror, uses a 

combination of two techniques [3.1] for measuring relative piston errors. The main 

sensor is a piston dependent capacitor that is attached beneath the segment and has a 

paddle that extends underneath the adjacent segment (Figure 3.1). Piston motions of the 

segment change the distance between the paddle and the adjacent segment; thus, 

changing the capacitance of the sensor, which is measurable to high accuracy. The other 
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method used to measure the relative piston is to measure the point spread function of 

starlight across a small aperture that includes the boundary between the two segments. 

The PSF is a function of the segment relative piston position. The latter technique is used 

occasionally (i.e., once every few weeks) to recalibrate the capacitive sensors. 

Unfortunately, neither of these methods is useful for high bandwidth wavefront correction 

using small segments. This capacitive sensor is quite large and heavy, and has a long 

lever ann that would cause difficulty in assembling and disassembling the system. 

MIRROR SEGMENTS 
r---~~r-----~ ~----~----~~--~ 

7.5cm 

SENSOR BODY 

DRIVE PADDLE 4mm 

L55mm 
CONDUCTING 

SURFACES 

Figure 3.1. Keck Telescope capacitive relative piston sensor 

3.2 The PAMELA edge-sensor 

A relative piston sensor was required that could perform high bandwidth measurements, 

yet was lightweight and could accommodate the rapidly moving environment provided by 
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a segment during correction of atmospheric turbulence. Such a sensor was developed for 

the PAMELA program. The sensors consists of two pairs of small inductive coils that are 

magnetically coupled across the boundary between two segments. 

The edge matching sensor utilizes an inductive technique which requires that sets of 

inductive coils be deposited on the opposite edges of the neighboring segments to be 

aligned. One set of these inductors is referred to as the "passive" side since it requires no 

power and is not physically connected to the other set of coils, which are referred to as 

the "active" side because they do require power. 

The diagram in the upper part of Figure 3.2 shows how the overlap on opposite sides of 

the gap will change as either segment is moved relative to the other. The bottom portion 

of the figure shows how the sensors are mounted on the segment. 

! II ~===C::LS .. ~ i IiIJI.L fI'OS'11OM OOWM POSn'K)IC 

Figure 3.2. Arrangement of edge sensors on a given segment. 
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The two set of coils (i.e., the active and passive sides of the sensor) are separated by the 

gap between adjacent segments. The coils are located on the opposing faces of these 

segments such that they are geometrically opposite each other when the two segments are 

properly aligned. It is the geometric relationship of these four coils which proves to be 

the key to the behavior of the transducer. 

Each of the active coils can be thought of as being paired with one of the passive coils 

across the gap. The active and passive coils overlap when the two segments are properly 

aligned. The two active-passive coil pairs, which make up a single edge sensor, are 

overlapped in a complementary arrangement. A "null point" is defined as the positional 

relationship between active and passive sides of the sensor for which both the coils pairs 

are equally overlapping each other. When one segment is moved in piston with respect to 

its neighbor, one of the active-passive pairs increases its coupling while the other pair's 

coupling is decreased (i.e. the overlap area is increased for one pair and decreased for the 

other). By differencing the signals from the two active-passive pairs, the overall change 

in the inductive impedance can be very accurately measured and the piston distance 

calculated. This method of using two sensors to provide the data provides a very robust 

sensor with considerable common mode noise suppression. Figure 3.3 shows a 

simplified schematic of the edge sensors. 

Figure 3.4 shows the response of the edge sensor versus the gap distance between the 

segments. The devices have tremendous range, because of the large overlap area of the 

coils; thus, linear behavior can be obtained over several hundred microns and a signal can 

be detected up a few millimeters. Note that the gain of the sensor is the only part of the 

signal that is affected by the gap changes, the null position does not change. This is a 

very advantageous feature of this sensor. In fact, with this sensor configuration, the null 
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position is insensitive, at least to first order, to all translations and rotations other than 

relative piston motion; thus, eliminating the need to very accurately control and/or 

measure the segment motions in these other directions. 
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Figure 3.3. Simplified edge sensor schematic diagram 
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The resolution of these sensors is determined by the level of the noise in the electronics. 

The basic gain out of the sensor circuit was approximately 10 mV/micron. For a 10 kHz 

bandwidth, the noise level was 48 microVolts rms; thus, the noise equivalent piston of the 

sensor is 4.8 nm. This is well below what is needed for optical system operating in the 

visible and IR. If necessary, the noise could be reduced by limiting the bandwidth (BW) 

of the system, 

1 
SN R oc: r;:;;r;' 

"BW 

where the SNR is the signal to noise ratio of the sensor. Thus, 1 nm resolution could be 

achieved if the bandwidth was reduced to approximately 400 Hz. One drawback of these 

sensors is that they have some temperature dependence. This dependence is based upon 

the fact that the natural null position of the sensors cannot be physically placed at exactly 

the point at which the two mirrors are perfectly phased. Using a microscope and a set of 

micrometer stages, the sensors were placed within ±25 microns of the exact phasing 

position. Because the sensors are not perfectly nulled when the mirror is phased, an 

offset has to be placed into the electronics to null the sensor. Unfortunately, when the 

gain of the sensors changes with temperature, the output of the sensor changes, but the 

electronic offset does not; therefore, the sensor output appears to drift with temperature. 

The amount of temperature drift is dependent upon the inaccuracy of the placement of the 

sensors on the segment with respect to the optical surface. For the placement accuracy 

achieved, the temperature drift was found to be < 40 nm/°e. Since this is dependent upon 

the placement of the individual coils in a particular sensor, the actual temperature 

dependence of any given sensor is a anywhere in the interval of -40 nm/°C to +40 nm/°C. 

The effects of this temperature dependence upon the performance of the mirror are 

discussed in more detail in Chapter 5. 
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The perfonnance of the edge sensors is summarized in the table below. 

Parameter Value 

Resolution 4.8nm 

Sensitivity 10m V /micron 

Bandwidth > 1kHz 

Range > 200 microns 

Coil diameter 3.5mm 

Temperature drift < 40 nm/oC 

Gap distance 100 - 300 microns 

Table 3.1 Summary of edge sensor performance 
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4.0 Wavefront reconstruction techniques for edge-matched segmented mirrors 

Three broad categories of mirror control methods are available to accomplish the surface 

correction of an edge-matched segmented mirror: global, local (or parallel), and 

hierarchical[4.1]. Global control implies a central processor that gathers all the piston 

and tilt information and then commands all the segments in a single step. Local control 

utilizes a completely parallel method whereby each segment has no information other 

than its tilt error and the piston errors with respect to its neighboring segments. The 

segment would first correct its tilt error and would then move to eliminate the piston 

errors. Since the segment can only move up and down to eiiminate the piston error (Le. 

the piston mismatches cannot be corrected by tilting the segment), it cannot correct for all 

the edge mismatches simultaneously. Meanwhile, the neighboring segments with which 

it was trying to match edges are also moving; therefore, an iterative piston error reduction 

results. Hierarchical control represents a technique that groups segments into larger 

super-segments and then treats the super-segments as if they were individual segments, 

utilizing either global or local control. This has the benefit of speeding convergence time 

with the local control schemes and easing the computational load on a single processor 

when used with global control. 

The process of setting the mirror to correct for atmospheric turbulence creates an inverted 

copy of the wavefront on the mirror surface; thus the mirror is actually being set to the 

best estimation of the wavefront based on the sensor data available. The process of 

building the wavefront estimate from the sensor signals is called the wavefront 

reconstruction process. When performing global control of a system, the wavefront 

reconstruction is performed entirely within the processor and the mirror is simply set to 

the value of the wavefront reconstruction. In a system with local control, the wavefront 

reconstruction process is actually performed electro-mechanically on the mirror surface 
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(Le., no central processor exists that has the entire set of desired positions for the mirror). 

Each of these techniques is described in more detail below. 

4.1 Global reconstructors 

Given an adaptive mirror with a set of tilt and piston sensors, an influence/unction matrix 

(IF) can be defined based on the change in the sensor signals (s) due to an actuator 

position (a) change. 

[s] = [IF][a] (4.1) 

This equation can be inverted to give the actuator commands needed to null-out the 

sensors (i.e., the error signal in a closed loop control system). 

[a] = [IFt[s] (4.2) 

While this seems simple in concept, a number of factors come into play that complicate 

the issue. First of all, given a set of wavefront gradients sensors and a set of relative 

piston sensors, the influence function in Eq. 4.1 is singular and cannot be inverted. This 

is due to the fact that this sensing architecture is insensitive to global piston of all the 

sensors (i.e., global piston affects neither the wavefront gradients nor the relative piston 

sensors). This is a common problem in adaptive optics and the solution is to add an extra 

row in the IF matrix that has all values equal to lIN, where N is the number of actuators; 

thus the output of the a vector by this row is the global piston. In Eq. 4.2, the sensor 

signal which corresponds to this value is simply set to zero. This does not keep the 

mirror from walking off (Le., moving in global piston to the limits of the actuators), but it 

does allow the IF matrix to be non-singular, and therefore invertable. If desired, 



46 

additional rows can be added that calculate some of the global modes of the mirror (e.g., 

global tilts and global focus). These additional rows can be used to off-load some of the 

wavefront correction from the adaptive mirror to some other optic in the system such as a 

fast tip/tilt mirror. The advantage of doing this is that the stroke requirements on the 

adaptive mirror, which is a critical issue with some technologies, are reduced when tip 

and tilt are removed. 

In most cases involving adaptive optics, there are more sensors signals than degrees of 

freedom; thus, the system is overconstrained and the IF matrix is not square. This leads 

to the requirement to find the pseudoinverse of IF rather than the true inverse. The 

pseudoinverse process has been shown to be equivalent to finding the least squares 

solution to the set of equations; thus this method of commanding the actuators will find 

the minimum nns error of the sensors. 

Noise in the sensor system must also be taken into account. If the sensor noise is totally 

uncorrelated, then Eq. 4.2 describes the optimal reconstruction of the wavefront. If the 

noise is correlated then a better technique for reconstructing the wavefront will be to use 

the Gauss-Markov reconstruction [4.2] 

(4.3) 

where Cn is the noise covariance matrix. The noise covariance matrix is typically very 

close to diagonal (i.e., the noise is uncorrelated). The primary exception to this is that for 

a given segment the x and y gradients are measured with the same gradient detector; thus, 

they have the same noise. 
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An additional correction would be to account for sensors that had worse signal to noise 

ratios (SNR), such as might happen when a portion of a subaperture was covered by 

obscurations in the telescope (e.g., the secondary mirror spider). Given a sensor 

weighting vector W, which can be though of as the SNR vector, a modified influence 

function matrix, IF', is generated which can be substituted into any of the equations in 

this section [4.3]. 

(4.4) 

where 1FT is the transpose of the IF matrix. In order to keep the gains in the system 

normalized the W is often divided by the value of its highest member; thus, the gain is 

never more than one. This is not a necessary precaution if the gains are computed 

elsewhere in the control algorithm. One very nice feature of this technique is that if a 

sensor goes bad, which is a distinct possibility in systems with large numbers of 

segments, the W vector element for that sensor can be set to zero; thus, eliminating that 

signal from the system without adversely affecting the rest of the wavefront 

reconstruction. Also, maintenance of the hardware can be delayed until a more 

convenient time, rather than having to interrupt the function for which the telescope is 

being used. 

An additional term can be introduced if the statistics of the signal being corrected are 

known, which is true for atmospheric turbulence. A Weiner filter approach finds the 

optimal reconstructor given the covariance matrix of the signal Cwo The optimal 

reconstruction equation is given by 

(4.5) 



48 

When the adaptive mirror is a deformable mirror with a continuous face sheet, Eq. 4.5 

basically represents the most optimal reconstruction, with s being made up of gradient 

signals and a being simple actuator commands. However, with a segmented mirror, the 

situation is more complex and the opportunity exists to further optimize the 

reconstruction process. 

For a segmented mirror the sensor vector is made up of three different types of signals: x

gradients (Gx), y-gradients (Gy), and relative pistons (P). If we assume that each segment 

is hexagonal and has three actuators, then the IF matrix will be approximately a (5N x 

3N) matrix, where N is the number of segments. This represents an asymptotic limit for 

an infinitely large number of segments, but it is a reasonable approximation for N>37. 

The size of the IF matrix is defined by the fact that there are five sensor signals (two tilts 

and six relative pistons, but the relative piston data is redundant and must be divided by 

two), and three degrees of freedom. Thus, for a mirror with 100 segments, a 300x500 

matrix multiplication must take place to reconstruct the wavefront. This represents 3x105 

mathematical operations per reconstruction, and if this is being performed at 1kHz, the 

processor must be able to 3x108 operations per second. This is a significant 

computational load, and it scales as N2, which makes the situation much more difficult 

for large numbers of segments. 

One option to minimize the computational load is to change the method in which the IF 

matrix is constructed. If the a matrix is changed to represent the segment tip, tilt, and 

piston rather than the three actuator values, then the wavefront gradients form a diagonal 

part of the matrix with the segment tip and tilt. This means that we can remove this 

portion of the IF matrix altogether and simply pass the gradient signals straight through 

the system to the segments; thus, only the segment piston values need to be reconstructed. 
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This reduces the IF matrix to a (3Nx1N) matrix, which represents a factor of 5 

improvement in the reconstruction matrix size and the number of operations per second, 

which could lead to improved system throughput, or less expensive computers. One 

drawback of this method is that some of the optimization techniques involving the 

covariance techniques described above will not be able to be implemented because that 

would change the diagonal nature of the reconstructor that allowed simplification of the 

matrix. 

It should be noted that the reconstruction of the segment pistons based on relative piston 

information is not equivalent to reconstructing the phase of the wavefront, it only keeps 

the mirror as a quasi-continuous sheet of glass. In Chapter 5, this important point is 

explored in more detail to show how well an edge-matched mirror will be able to perform 

the true wavefront reconstruction. 

Global control represents the classical adaptive optics control methodology whereby the 

sensor information is collected and processed by one computer that reconstructs the 

wavefront errors and then commands the adaptive elements to their respective positions 

in one step. For conventional adaptive optics systems of the past and present this was 

sufficient. These systems typically had only tens to a few hundred controllable elements. 

One of the aspects of PAMELA was to examine very large telescope primary mirrors 

with thousands of segments. For example, a 15 meter diameter PAMELA TM primary 

with 10 cm hexagonal segments would have on the order of 20,000 segments each with 

three actuators. It would be impossible for a single computer to be able to perform the 

reconstruction calculation due to the enormous size of the matrix. This lead to the desire 

to explore other types of techniques for controlling the mirror. 
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4.2 Local (Parallel) reconstruction 

Local control essentially makes the entire surface a large analog parallel processor. 

Rather than centrally collecting all the sensor information, each individual segment has 

knowledge of only its own tilt information, from the wavefront sensor, and the piston 

mismatch errors with respect to its neighboring segments. After correcting the tilt error, 

the segment is moved in piston (i.e. all three actuators are translated the same amount) to 

correct the edge-mismatch errors. This piston correction routine is iterative and is what 

will eventually limit the bandwidth of large scale reflectors. 

The tilt control loop can operate completely independently from the piston control loop 

because small changes in the segment piston have no effect upon the wavefront gradient 

correction across the segment. Unfortunately, the opposite is not true. The piston loop is 

dramatically affected by changes in segment tilt, even when the tilt is added without 

changing the average piston position of the segment. Figure 4.1 illustrates this problem, 

which is the physical reason why the reconstruction matrix was allowed to be reduced in 

the case of the global reconstructor in Section 4.1. In order to correct this problem the 

bandwidth of the piston control loop must be much higher than that of the tilt loop so that 

when a new tilt command comes to the segment the overall surface quickly pistons to 

become a quasi-continuous membrane. 
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Figure 4.1. Tilting the central segment changes the edge errors with respect to its 

neighbors; this demonstrates the interaction of the tilt commands in the piston correction 

control loop. Note that piston commands do not affect the segment tilt control loop. 

The most straightforward implementation of this technique is that the simple processor at 

the segment will calculate the average of their relative piston errors and move to that 

location. Figure 4.2 demonstrates the response of a one-dimensional section of an edge

matched segmented mirror which is attempting to match an incoming wavefront. 



a) 

b) 

c) 

d) 

e) 

Figure 4.2. Response of a I-dimensional PAMELA type mirror. .the 

incoming wavefront (a) is measured and the average gradients are 

calculated for each of the 10 subapertures in this example. The fIrst step 

in correcting the wavefront consists of adjusting the segment tilts (b) and 

then iterating the piston errors to zero by moving the segments by the 

average of the edge mismatches. Figures 2 (c), (d), and (e) represent the 

surface after 1, 3, and 5 piston iteration steps, respectively. NOTE: In an 

actual system the mirror would be formed into the phase conjugate of the 

wavefront (Le. the sign of the tilts in (b) would be opposite), but the 

process is the same as described here. 
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Because of the discussion which shows that a global control method is not easily scaled 

to very large apertures, several local control algorithms have been examined in detail. 

The piston correction problem has been shown to be somewhat analogous to solving 
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Poisson's equation in two dimensions [4.4]; therefore, several of the known classical 

solutions to Poisson's equation, which were capable of being easily implemented in 

segmented mirror hardware, were simulated. The results of these simulations are shown 

in Figure 4.3. 

The fIrst method examined is the Jacobi, or least-squares, algorithm. This algorithm is 

implemented by having the segment move in piston to the position which minimizes the 

sum of the squares of the edge mismatches (i.e., the average of the edge-sensor signals). 

This solution is the slowest of the known methods for solving Poisson's equation, but is 

the easiest to implement in hardware because the piston command comes almost directly 

from the edge sensor signals. One of the faster converging solutions to Poisson's 

equation is known as Successive Over-Relaxation (SOR). SOR had the best perfonnance 

in the simulations of any of the classical solutions to Poisson's equation. Finally, in an 

investigation of algorithms which are not classical Poisson solutions, rapid convergence 

was achieved with a simple algorithm that only corrects the piston error with the adjacent 

segments closest to the center of the array. With this algorithm the piston correction 

infonnation essentially travels from the center of the mirror directly out to the edge. This 

was named the Inner algorithm and its perfonnance is also shown in Figure 4.3. 



Total 
number of 
segments Inner 

Successive Over
Relaxation 
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Number of iterations needed for convergence 

Figure 4.3. Comparison of the convergence speeds of each of the 

algorithms. This graph represents the number of iterations a given 

algorithm needed to converge to a continuous surface after a step change 

in the wavefront (i.e. step function response). The simulator could work 

with up to ten rings of segments (331 total segments). 
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Jacobi 

One of the concerns regarding the Inner algorithm was that, while it worked very well 

with a filled aperture reflector, it might have difficulty with a Cassegrain-type primary 

configuration which has a hole in the center of the array. After modifying the simulation 

to accommodate this change in the reflector geometry, the results for the Inner algorithm 
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are shown in Table 4.1. A surprising result of this change in the simulation was that all 

the algorithms showed degraded performance. This was unexpected because the total 

number of segments was actually decreasing. One possible explanation for this 

phenomenon is that the information paths through which the iterative piston data travel 

are longer in an annular configuration. Table 4.1 tends to support this hypothesis in that 

the change in the algorithm convergence from a filled aperture (no rings removed) to an 

aperture which consists of an annulus only one segment wide (Le. all but one ring 

removed) was approaching 1t. In other words the filled aperture allows information to 

travel along the radius of a circle, while the annular aperture forces information to travel 

along the circumference. 

urn ero nngs remove N b f' d 
Overall 
Number of Q 1 2 ~ ~ ~ Q 1 H 
Rin~ 

3 

4 

5 

6 

7 

8 

9 

10 

4 6 8 

5 7 9 11 

6 8 10 12 14 

7 9 11 13 15 17 

8 10 12 14 16 18 20 

9 11 13 15 17 19 21 23 

10 12 14 16 18 20 22 24 26 

11 13 15 17 19 21 23 25 27 

Table 4.1. Iteration steps for complete convergence for an annular 

aperture using the Inner algorithm. The overall number of rings represents 

the number of concentric circles of hexagonal segments while the number 

of rings removed represents the size of the hole in the annulus. Three 

rings represents 37 segments while 10 rings is equivalent to 331 segments. 

2 

29 
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Figure 4.4. Piston information paths for a filled aperture and an annular aperture. Note 

the longer path in the annulus. 

It is quite obvious that the local control schemes alone are not sufficient to correct the 

wavefront in the time available. For the example of a mirror with 20,000 segments, the 

convergence time with the inner algorithm would be approximately 140 iterations 

(approximately the square root of the number of segments). This leads to a 

segment/edge-sensor bandwidth requirement of lO's of kHz (>140 iterations times 100 

Hz), which is not practical because no actuators exists which can push loads around that 

quickly and the segments would be resonating, which would cause significant wavefront 

errors and would probably destabilize the entire control system. 
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4.3 Hybrid and Hierarchical reconstruction techniques 

Hierarchical control methods cluster the segments into super-segments, and have great 

potential to speed up the convergence process. The control methods for a hierarchical 

system are combinations of the global and iterative methods described above. Each 

super-segment can perform edge matching with its neighboring super-segment by 

averaging the edge mismatch errors of individual segments along the interfaces between 

the super-segments. The drawback of any of these hierarchical methods is that increased 

processing and segment communications are necessary to implement these types of 

algorithms. 

Global hierarchical control will need to limit the size of the super-segments so that a 

single processor can perform the reconstruction within the cluster. Several layers of 

clustering may be necessary to meet the needs of high bandwidth, large aperture systems. 

One definite advantage of this scheme is that the exact state of the surface (Le. all the 

actuator positions and the error signals) can be examined for a given instant in time. 

Iterative schemes do not automatically have this diagnostic capability. In addition, by 

removing the processing from the segments, the complexity, and therefore the expense, of 

the individual segment electronics will be reduced, although the global computing costs 

will more than likely make up the difference. 

An iterative hierarchical method has the potential for very fast convergence. For 

example, if we choose to have 37 segments (3 rings of segments) per super-segment, then 

the individual segments will converge in four iterations using the inner algorithm, as 

shown in Table 1 for three rings with none removed. If we now assume that we have 37 

super-segments clustered together, these super-segments will converge in four iterations 

just as the individual segments did. No tilting of the super-segments is necessary; all the 
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mirror's tilt information is carried in the tilts of the individual segments. This represents a 

convergence of approximately 1300 segments in only 8 iterations. In addition, the 

convergence of the individual segments is not affected by the piston motions of the super

segments as these piston motions are applied to all the individual segments in a given 

super-segment simultaneously; therefore, the super-segment piston control loop, hereafter 

referred to as the "outer loop", can be operating in parallel with the control loop of the 

individual segments (the "inner loop"). While the inner loop is unaffected by the outer 

loop, the converse is not true; the outer loop edge match information comes from the 

average edge match errors of the individual segments along the super-segment 

boundaries, and this average edge match value will be changing as the individual 

segments iterate to a solution within the super-segment. This would seem to indicate that 

the outer loop should not begin its iterations until the inner loop has converged. 

However, as can be seen in Figure 4.2, the individual segments can be very close to their 

final position after only one or two iterations. This means that the outer loop could 

possibly begin its iterations at the same time as the inner loop, and be well on its way to 

final convergence when the inner loop converges. Figure 4.5 shows the inner algorithm 

compared to the three ring iterative hierarchical algorithm described above. The shaded 

region in the figure indicates the expected range of performance of the iterative 

hierarchical algorithm. The right boundary is determined by having the outer loop operate 

only after the inner loop has converged. The left boundary is determined by the assuming 

that the inner and outer loop converge at the same time (this represents the absolute 

physical limit and is probably not achievable). 
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Figure 4.5. Step response of the six-sided Inner algorithm compared to the 

projected performance of an iterative/iterative Inner algorithm with 37 

segment sized super-segments. The shaded area shows the expected 

performance range of the hierarchical algorithm. 
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5.0 Performance predictions for an edge-matched mirror 

Several mathematical models of a segmented mirror were constructed using 

MathematicaT
:\1 symbolic math program. The first set of models compare the 

performance of an edge-matched mirror versus a segmented mirror that sets the piston of 

the segments to the best rms fit to the wavefront. The next section deals with how well 

the edge-matched mirror corrects for atmospheric turbulence. The remaining sections 

deal with noise, calibration errors, and environmental effects. 

5.1 Best rms fit wrsus edge-matched 

One drawback of using relative piston sensing with an electronic sensor is that one is not 

measuring the true piston of the wavefront over the segment, only the piston difference 

with respect the neighboring segments. This leads to the question of how well a 

segmented mirror using edge sensors, rather than a wavefront piston sensor, can correct 

the wavefront compared to a hypothetical system that had a sensor that was capable of 

measuring both the wavefront tilt and piston for a given segment. For the purposes of 

this comparison, this hypothetical system will place the segments at the best rms fit in 

piston, tip, and tilt. 

A large variety of options exist in using the edge sensor information to control the 

segment motion. Chapter 4 dealt with these options in detail. Unless otherwise specified, 

all model data presented in this section for an edge-matched mirror assumes that the 

segment tilts are set to the best rms fit wavefront gradients, and that the pistons have 

converged to a steady state solution using the Jacobi, or averaging, algorithm. This turns 

out to be equivalent to a global reconstruction that simply uses the inverse of the 
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influence function matrix (Eq. 4.2), without taking wavefront or noise covariance into 

account for the piston reconstruction. The reason that these are equivalent is that the 

pseudoinverse process for finding the inverse of a non-square matrix is equivalent to a 

least squares fitIS.II, which is also what the Jacobi algorithm does. 

Correction ofZernike Polynomials with a segmented mirror 

Zernike polynomials are a complete set of orthonormal functions over a circular surface 

with unit radius. They have been used extensively for the description of optical 

aberrations. As was shown in Table 2.1. wavefront aberrations caused by atmospheric 

turbulence entering a circular pupil can be decomposed into Zernike terms with well 

known statistical variances. In order to estimate to first order how well a segmented 

mirror can correct for atmospheric effects, the capability of the mirror to correct for 

individual Zernike terms must be modeled, and then the residual aberrations after 

correction must be calculated. The response of the mirror to the full set of 

atmospherically induced turbulence can be determined by summing the variances of the 

residual aberrations. This technique has several assumptions built into it that may affect 

an actual mirror's performance. The first assumption is that a hexagonal array of mirror 

is sufficiently close to circular that the orthonormality of the polynomials is preserved. 

The second assumption is that the segmented mirror does not add any other Zernike terms 

when it is moved to correct for an individual polynomial. In rigorous terms, neither of 

these assumptions are valid. However, it is the amount of error that these assumptions 

introduce that is in question. In Section 5.2, a Monte Carlo analysis is performed in 

which multiple Zernike polynomials are corrected simultaneously, and the results 

compared to the correction of individual polynomials in order to determine if the results 

of this Section can be extended to provide some good scaling laws for designing systems 

with edge-matched segmented mirrors. 
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Figure 5.1 illustrates the ability of a seven segment mirror to correct for the focus 

aberration (Zernike aberration 4). The aberration is shown. as well as the segment 

positions for both an edge-matched (EM) mirror and a rms best fit (BF) mirror. In 

addition, the residual aberration (i.e., the amount of aberration remaining after the 

correction, provided by the mirror, is subtracted from the original wavefront) is 

presented. For focus, the EM and BF mirrors appear very similar and the residual error is 

comparable; the residual wavefront variance is only 2% of the original variance. 

Figure 5.2 shows coma case (Zernike aberration 8). Note that the BF mirror is showing 

some edge discontinuity that is not seen in the EM mirror. The residual aberrations are 

starting to be noticeably different. The BF case has a smaller variance (e.g., the variance 

reduction for coma is 11.4% for BF versus 45.5% for EM), but high spatial frequency 

aberrations are introduced due to the edge discontinuities. The EM mirror residual 

aberration has a larger variance but has a smoother wavefront that is indicative of lower 

spatial frequencies. 

Spherical aberration (Zemike aberration 11) is illustrated in Figure 5.3. Note that the EM 

and BF cases are diverging dramatically. The BF mirror has substantial edge 

discontinuities. which are necessary to match the wavefront, while the EM mirror, which 

has no wavefront piston information, provides almost no correction. The residual 

aberration is 32% for the BF case, and is almost 70% for the EM mirror. 



(a) 

(d) (e) 

Figure 5.1. a) Focus aberration. b) Best fit mirror correcting for focus. 

c) Edge-matched mirror correcting for focus. d) Best fit mirror residual aberration. 

e) Edge-matched mirror residual aberration 
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(a) 

(e) 

Figure 5.2. a) Coma aberration. b) Best fit mirror correcting for coma. 

c) Edge-matched mirror correcting for coma. d) Best fit mirror residual aberration. 

e) Edge-matched mirror residual aberration 
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(a) 

(c) 

(e) 

Figure 5.3. a) Spherical aberration (SA). b) Best fit mirror correcting for SA. 

c) Edge-matched mirror correcting for SA. d) Best fit mirror residual aberration. 

e) Edge-matched mirror residual aberration 
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In addition to being familiar classical aberrations, these three aberrations were 

particularly chosen for presentation because they have the property that in one dimension 

they represent higher correspondingly higher spatial frequency sine waves across the 

aperture. Focus has approximately 0.5 waves across the aperture, coma has one wave, 

and spherical aberration has approximately 2 waves across the aperture. This is an 

important point because the EM mirror starts having real difficulty matching the 

wavefront somewhere between coma and spherical aberration. One of the reasons that 

the EM mirror performance is degrading is that the aberrations are near the Nyquist 

sampling limit [5.2]. The Nyquist sampling criteria states that for a signal to be properly 

sampled in order to avoid aliasing problems the highest frequency sine wave must have at 

least two samples across it. In the case of spherical aberration, which has two waves 

across only three segments, this criteria has not been met; therefore, aliasing effects will 

take place; thus, the wavefront reconstruction will be affected. Aliasing effects are 

usually seen as higher frequency effects being shifted down to lower frequencies; thus, 

the mirror will attempt to reconstruct a lower frequency signal than is generated by the 

aberration. This is exemplified in the segment positions for spherical aberration (Figure 

5.3c), in which the edge-matched mirror reconstructs a spatial frequency with much less 

than one wave across the aperture. In Figure 5.4, a 20-segment mirror is shown 

correcting for spherical aberration. Note that because the sampling criteria is met (Le., 

two waves across five segments) the EM and BF cases perform similarly, although some 

edge discontinuities are still evident. 



-----.. 
--"'--" 

(a) (b) 

(c) (d) 

Figure 5.4. Spherical aberration (SA) correction with a 20 segment mirror. 

a) Best fit mirror correcting for SA. b) Edge-matched mirror correcting for SA. 

c) Best fit mirror residual aberration. d) Edge-matched mirror residual aberration. 
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Figure 5.5 shows the ability of a seven segment mirror to correct for Zernike polynomials 

for both the edge-matched and best-fit cases. The graph shows the change in the variance 

of a given Zernike polynomial after correction by the segmented mirror. Note that for 

several Zernike terms. the variance due to attempted correction by an edge-matched 

mirror is actually increased! In other words the edge-matched mirror actually added 

aberrations for these polynomial terms. Again this is due to aliasing effects that cause the 

mirror to assume incorrect shapes at the higher spatial frequencies found in higher order 

Zernike polynomials. The mirror does not provide correction for the true spatial 

frequency, and also reconstructs a lower frequency aberration on the wavefront: 

therefore, the original wavefront error still exists and the lower frequency reconstruction, 

which does not exist in the wavefront being corrected, is added to the wavefront; thus 

increasing the total variance. The size of the variance increase will never be greater than 

two because aliasing effects can only reduce the magnitude of the frequency shifted 

components; therefore, the worst case would be to add together two independent 

wavefronts of equal magnitude. 

The performance of the segmented mirror at both the very highest- and lowest-order 

terms are what would be reasonably expected. Good low-order correction is expected 

because of the low spatial frequencies, while for very high-order terms, a large number of 

waves are sampled per each segment causing the integrated error to become very small. 

This means that the mirror simply does nothing; therefore, the variance is the same as the 

original wavefront. 

The first two Zernike Terms (the two orthogonal tilts) are completely corrected by simply 

having all the segments tilt together. Focus and astigmatism are well corrected with only 

seven segments; both have 98% of their total wavefront variance removed. At this point 
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the two curves start to diverge. The divergence is not a steady change because the spatial 

frequency in the polynomials only generally increases with order number. The 

polynomials go back and forth between high spatial frequency radial and azimuthal 

terms; thus good correction can occasionally be found at higher order terms. 

Obviously, using more segments across the aperture will increase the performance range 

of both mirrors, but it is expected that the edge matched mirror will always have a gap in 

the mid-range where it does not perform as well as an rms best fit. This is verified by 

Figure 5.6, which shows the correction of individual Zernike terms by a 20 segment 

mirror. It should be noted that while the best fit case outperforms the edge-matched 

mirror in overall wavefront error, the increase in the high spatial frequency content of the 

best fit mirror may be a drawback for some applications. 
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Figure 5.5. Best fit and edge-matched mirror variance reduction 

versus Zernike Polynomial for a seven segment mirror. 
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Figure 5.6. Best fit and edge-matched mirror variance reduction 

versus Zemike Polynomial for a twenty segment mirror. 
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5.2 Correction of atmospheric turbulence with an edge-matched segmented mirror 

As was mentioned in Section 5.1, a fIrst order attempt to determine how well an edge

matched segmented mirror can correct for atmospherically induced wavefront errors 

would be to sum the variances of the residual aberrations of appropriately weighted (Le., 

for atmospheric turbulence) individual Zemike polynomials after correction. This 

technique is applicable if the original and corrected polynomials remain orthogonal, and 

thus independent, which allows quadrature addition of the wavefront errors. In order to 

test the validity of this technique a Monte Carlo simulation of atmospheric turbulence 

using Zemike polynomials was constructed. The simulated turbulence were corrected 

with both an edge-matched and a best-fit mirror. A comparison of the rms residual 

wavefront error after simultaneous correction of all Zemike terms is made with respect to 

the expected residual wavefront error calculated by summing the residual wavefront 

variances for individual Zemike terms. This comparison is made in order to determine if 

the individual summing technique is valid. 

Individual Zernike modeling of atmospheric turbulence 

The relative amount of each of the Zemike polynomial aberrations due to atmospheric 

turbulence are given in Table 2.1. Figure 5.7 shows the amount of wavefront error versus 

Zernike term for three cases: uncorrected turbulence, after correction by a seven segment 

edge matched mirror, and after correction by a seven segment best-fIt mirror. Note that 

the increase in variance for the edge-matched mirror is not as dramatic in this figure as it 

was in Figure 5.5 because the amount of power in these polynomials is considerably 

reduced compared to the lower-order terms. The residual wavefront variance of an edge-
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matched seven segment mirror correcting for atmospheric aberrations, ak-ZentiU' is given 

by 

(5.1) 

where ai is the amplitude of the i th Zernike polynomial, which has variance a j
2

• The 

r EM-i term is the variance reduction (or amplification) for that Zernike polynomial for the 

edge-matched mirror. A similar equation describes the residual wavefront error for the 

best-fit mirror case: 

a;F-ZmtiU = ~>BF-i afar . 
i 

(5.2) 

From Table 2.1, the total wavefront variance for uncorrected turbulence is given by 

The residual aberration after correction by a seven segment mirror is 

~F-Z"nike = 0.0253 (D I ro)S/3, and 

a~M-Ztmike = 0.0587 (D I ro)S/3. 

(5.3) 

(5.4a) 

(5.4b) 

This represents considerable improvement for both types of mirrors (i.e., 2.4% residual 

wavefront variance for the best fit case, and 5.7% residual variance for the edge-matChed 

case). However, many adaptive optics systems have a mechanism for removing global 

tilt; therefore, it is important to compare the results to the case where the global tilt terms 

are not included. In this case the total aberration variance is given by 

(5.5) 
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Figure 5.7. Best fit and edge-matched seven segment mirror variance reduction 

versus Zernike polynomials that are weighted for atmospheric turbulence. 
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The residual wavefront variance for the tilt removed case using a seven segment mirror 

correction is 18.9% for the best-fit mirror, and 43.8% for the edge-matched mirror. 

Equations 5.4a and 5.4b provide useful numbers for determining how well a seven 

segment mirror will perform. In order to predict how well a mirror with an arbitrary 

number of segments will perform, it would be better to have equations that showed the 

variance as a function of the segment dimension (dff = the flat-to-flat length) rather than 

the diameter of the total aperture (D). Substituting the fact that D equal 3dff into 

Equations 5.4 yields 

G;F-Zmilu =0.158(dff / '0)5/3, and 

a'k-Umilu = 0.362(dff / ro)5/3. 

(5.6a) 

(5.6b) 

It is useful to compare these equations to the best possible correction across a subaperture 

which is capable of tilt correction only. This is equivalent to Equation 5.5 with D being 

replaced by the diameter of the subaperture (i.e., cr2 = 0.134 (dsubapmue / ro)5/3). The 

scaling factor for the best fit mirror should be equal to the 0.134 value, rather than 0.158. 

The difference can be attributed to the fact that the dff term in Equation 5.6 is the flat-to

flat diameter of the segment, which is the minimum dimension of the segment. If this 

diameter is replaced with the diameter that corresponds to a circle of equal area to the 

hexagon (Le., dcirc = 1.102 dff), the scaling factor in Equation 5.6a becomes 0.134 

exactly; thus, proving that the simulations are all scaled correctly. 

An important design issue is to determine how much smaller the segments in an edge

matched mirror have to be in order to achieve the same amount of correction as the best 

fit mirror. By equating 5.6a and 5.6b and solving for the subaperture size, one finds that 
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the diameter of an edge-matched mirror segment must be 1.65 times smaller than the 

segments in the best fit mirror. This means that an edge-matched mirror will have 2.7 

times as many segments overall. This is a significant increase in the number of segments, 

but because no absolute piston sensors are readily available, it is the price that must be 

paid in order to get good correction. By coincidence a 20 segment mirror, which is 

simply the seven segment mirror with an extra ring of segments around the outer edge, 

has 2.85 times as many segments as a 7 segment mirror; therefore, the 20 segment EM 

mirror and the 7 segment BF mirror should provide comparable results. Using the 

individual Zemike summing technique, the atmospheric turbulence correction capability 

of a 20 segment mirror is shown to be 

(5.7) 

which is comparable to Equation 5.4a. Including a correction for the fact that there are 
. . ()5/3 . 2.85, rather than 2.7, tImes as many segments (I.e., ...)2.85/2.7 = 1.05), the correctIon 

capability of the 20 segment EM and the 7 segment BF are within 20% of one another, 

which is probably within the error limits of the simulation technique used. The 

performance for the high order Zernikes was estimated by calculating the correction for a 

given Zernike term and then estimating that the correction for nearby Zemike terms was 

similar, which will introduce some uncertainty, but was necessary due to the length of 

time that it took to perform each of the simulations. 

Because these conclusions are based on the results of models and simulations based on 

limited numbers of segments, the numbers may change for particular applications that 

require larger numbers of segments. More in-depth modeling should be performed for 

such specific applications in order to optimize their performance. 
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Monte Carlo Simulation 

A Monte Carlo simulation was perfonned in which the contributions of many Zemike 

tenns were simultaneously corrected. Using the variances in Table 2.1, the amplitude for 

a particular Zernike term for each individual simulation run was given by a uniformly 

distributed random variable with an amplitude equal to ±~Variancej. This choice of 

distribution and amplitude would result in wavefronts that have correct relative weighting 

between individual Zemike terms, but do not have the correct total amplitude. However, 

the residual wavefront measurements were normalized with respect to the input 

amplitude; therefore, this concern was alleviated. 

The polynomial tenns were summed together over a large array, which had 13 sample 

points across the flat-to-flat segment dimension, and the best-fit tip, tilt and piston for the 

segment positions, as well as the resulting residual wavefront were calculated. In order to 

calculate the Edge-matched mirror case, the segment tilts were kept the same as the best

fit case while the pistons were reset to zero. The Jacobi algorithm was then used to 

calculate the segment piston values for the edge-matched mirror and the residual 

wavefront error calculated. The "true" residual wavefront variance for both the edge 

matched «(J'~M-tnu) and best-fit mirror case (<1iF-trlU) were determined. The "true" 

variances are calculated by measuring the variance of the simulated data across the array, 

rather than summing the Zernike variances. If the method of determining the correction 

capability of segmented mirrors by examining individual Zernike tenns, as was done in 

Section 5.1, is valid, then the true variances should be equal to the Zernike variances, or 

2 
<1 EM-Zerniu 

2 
<1EM- trIu 

(5.8) 



The result of the simulation show that 

2 
(] EM-urnike 

2 
(]EM-IrUlt 

(]2 
1.12, and n~-7.ernike = 1.01; 

(]OF-lrue 
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(5.9) 

thus, the simulation technique of looking at individual Zemike polynomials appears to be 

reasonably valid. Because the edge-matched ratio is larger than one, any results obtained 

using the individual Zemike method will provide a slightly conservative estimate of the 

residual wavefront error amplitude (i.e., the actual perfonnance of the edge-matched 

mirror will be slightly better than what is predicted by Equation 5.6b). 

5.3 Effects of sensor calibration errors on system performance 

When setting up an adaptive optics system, one must detennine, via an independent 

calibration process, what are the sensor offset values that provide the best image. In other 

words, one cannot simply drive the segments to a position that makes the tilt and piston 

error signals zero because that position does not correspond to the minimum wavefront 

error. As an example, each pair of edge sensors has a mechanical tolerance with which it 

is positioned on the segment. For this case assume that the position of the sensor is 

within ±25 microns (this is the actual tolerance value for mounting the sensors) of its 

desired location. If the segmented mirrors were driven to the zero point of the sensors, 

the mirror would have a surface error of ±25 microns, which is well away from optical 

quality. The calibration process determines the offset that must be subtracted from the 

raw sensor signal in order to properly position the segment in order to provide the 

optimum system performance. This calibration process must be performed for both the 

tilt and edge sensor signals. In most applications, the calibration process has some error 

associated with it. A model of how an edge-matched mirror will perform in the presence 
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of calibration errors was built in order to see the effects of both tilt and piston calibration 

errors, and to see how these errors were affected by the type of control algorithm used to 

set the surface of the mirror. 

Figure 5.8 shows the effect of one segment having a tilt calibration error. In such a 

situation, the segment would be driven by the control system to an angle equal to half the 

tilt calibration error. The factor of two is due to the reflection process. For a mirror that 

did not use edge-matching, the total wavefront variance of the mirror would simply be the 

variance associated with one tilted segment divided by the number of segments. 

However, with edge sensors, the situation is somewhat more complicated. The tilted 

segment has edge mismatches with some of its neighboring segments that the mirror tries 

to correct when the piston are reconstructed; therefore, the error associated with one 

segment is spread over a much larger portion of the segmented mirror surface. In Figure 

5.8, the lighter colored segments have been driven high, and the darker segments have 

been driven low. The wavefront variance has been increased by a factor of 

approximately 1.5. This leads to the requirement that the allowable rms tilt calibration 

error be only 81% of the allowable tilt error of a segmented mirror that does not use 

relative piston sensing in order to achieve the same level of performance. Figure 5.9 

shows the effects of tilt error in the opposite direction (i.e., x-tilt as opposed to y-tilt). 

Note that in this case, the mirror with the tilt error has caused it to be driven downward 

by the piston reconstruction. This is due to the fact that this model had no central 

segment, which is typical of a primary mirror in a telescope. The tilted segment was high 

on one side and low on the other, but in this case the low side did not provide an error 

signal because there was no segment there with which to measure the relative piston 

error; therefore, the average of this segment's edge sensors was higher than it would have 

been if it had been completely surrounded by segments, and the segment moved down to 

compensate. This illustrates an important point. Segments at the edges of the mirror will 
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exhibit different behavior than will segments that are completely surrounded by other 

segments. 

This behavior looks very similar to the influence functions of deformable mirrors, but it 

important to note that only the segment with the tilt calibration error is tilted - all the 

other segments have only been moved in piston during the piston reconstruction process. 

Figure 5.10 shows the effect of a calibration error for an edge sensor. In this case a 

segment (the one immediately to the right of the segment that had the errors in Figure 5.8 

and 5.9) has a positive piston calibration error; therefore, the average of its edge sensors 

will be higher than it should be and the mirror will drive itself down. The surrounding 

segments will then see an edge mismatch that makes them want to move downward also. 

This "pulling down" phenomena continues, but weakens as it propagates across the 

mirror because of the effects of averaging all the edge sensors. This type of error could 

lead to a catastrophic failure in that the entire mirror would start to move downward in 

global piston until the actuators hit their limits; therefore, a separate sensor that keeps 

track of the global piston of the mirror is necessary in order to avoid this problem. 

Fortunately, this is a relatively simple item to implement in hardware, and does not 

represent a concern unless it is ignored. 

The difference between the individual segment variance and the variance caused by the 

combination of calibration error and piston reconstruction is given by calculating the 

expected error for a given piston calibration error for one segment only, and then 

comparing that result to the result for the mirror after the piston reconstruction has taken 

place. If the piston calibration error is O'eal, then an independent segment would attempt 

to move down O'cal/6 due to the averaging of the six edge sensor signals. The total mirror 

rms error with no piston reconstruction would be O'cal /6~, where N is the total number 
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of segments. The modeled performance of the segmented mirror show that the rms error 

is larger than this by a factor of approximately 3; therefore, expected rms error is 

acal /2..JN for an edge-matched mirror. 

Figure 5.8. Illustration of the large scale influence function caused by an 

y-tilt calibration error. Lighter segments are high and dark segments are low. 



Figure 5.9. Illustration of the large scale influence function caused by an 

x-tilt calibration error. Lighter segments are high and dark segments are low. 
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Figure S.lD. Illustration of the large scale influence function 

caused by a piston calibration error. 
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Control algorithm effects 

In looking at influence functions dependence on the control algorithm, the faster iterative 

algorithms, which use less of the edge sensor data, typically have more error due to 

calibration errors; therefore, while the system may converge faster, it will not provide the 

same level of wavefront correction. In a real system, a trade study would have to be 

made to determine the optimum trade between the algorithm, convergence time, and level 

of acceptable calibration errors. 

Figure 5.11 shows the results of two simulations. In both of the simulations, a tilt error 

was introduced in each segment individually and the piston were reconstructed in order to 

determine the total wavefront variance. These two simulations were performed for a 

particular application in which a 36 segment telescope with 7.0 cm flat-to-flat segments 

that hav~ lhree active edge sensors per segment, as opposed to six as has been shown up 

until this point. The active edge sensor positions are shown as black dots. The rms 

wavefront error in a 36 segment telescope caused by tilting one segment by one 

microradian is 0.029 waves at a wavelength of 632.8 nm. The nTIS wavefront error of the 

tilt, plus the piston reconstruction error, is printed in each segment and the dependence of 

the error upon position within the aperture is demonstrated. In Figure 5.11a, the piston 

reconstruction is performed using the averaging, or Jacobi, algorithm. The wavefront 

variances quite close to the original value of 0.029 waves with the exception of two 

segments that are at 0.35 waves. The inner algorithm is shown in Figure 5.11 b, and the 

errors are larger on average with peaks of 0.40 waves. 



(b) 

Figure 5.11. Influence function nns errors versus segment position 

due to an x-tilt of the segment. 

a) Using the averaging algorithm. b) Using the inner algorithm. 
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5.4 Effects of noise on system performance 

The effects of noise in an edge-matched system are different in the case of tilt noise and 

piston noise. Noise in the tilt sensing system will behave exactly as the mirror behaved 

for a tilt calibration error because the piston values are reconstructed for each set of tilt 

measurements; therefore, the noise requirement on the tilt signals must be reduced by the 

same amount as the allowable tilt calibration error were reduced (i.e., the rms tilt noise 

must be 81 % of what the allowable tilt segment error would be normally, for a given 

level of wavefront correction). 

For piston noise, the case is different depending on the piston reconstruction technique. 

For a global reconstructor, the noise will produce errors in the reconstruction that are 

similar to the piston calibration errors; thus, the allowable edge sensor noise is simply 

reduced by the factor discussed in Section 5.3. 

The piston noise case is more complicated in the case of the iterative control 

methodologies in that the noise will play a role in each stage of the iterative process. 

This raises the question of whether the convergence speed of the iterative algorithms will 

be reduced. G. Ames [5.3] performed a simulation that showed that the convergence rate 

is unaffected by noise, only the final value of the reconstructed piston is affected. This is 

shown in Figure 5.12, which shows the wavefront error of a given array versus time. The 

convergence rate is the slope of the curves at the left side of this graph, which are nearly 

identical; thus, the noise does not affect the convergence rate of the mirror using iterative 

control algorithms. Only the residual wavefront error is affected, and that will be a 

function of the control algorithm used. 
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5.5 Environmental effects on sensor performance 

The edge sensors have a dependence upon temperature that is linked to how well they are 

mechanically positioned with respect to the optical surface. Measured values of this 

dependence show that it is in the range of ±40nm/°C. Another Monte Carlo simulation 

was performed to determine the effects of this dependence. Using the 36 segment case 

described in Section 5.3, the edge sensors were each given a random temperature 

dependence and then the temperature of the mirror was changed in the simulation. The 

temperature dependencies were chosen as uniformly distributed variables between 

±40nmjDC. The simulation was run several times for a 1°C temperature shift with 

different random temperature dependencies, and the results are shown in Figure 5.13. 

The average temperature dependence (i.e., the average value of the curve in Figure 5.13) 

of the entire mirror is 0.067 A rms/oC, at A = 632.8 nm. Therefore, if the mirror 

temperature is known to better than 1°C, which is not difficult, the performance 

degradation due to temperature effects is minimal. 
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Figure 5.12. Convergence of an iterative algorithm in the presence of noise. 
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Figure 5.13. Monte Carlo simulation of a segmented mirror for a 1°C temperature shift 

based on a uniformly distributed temperature dependence of ±40nm/°C 
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6.0 Concepts for adaptive secondary mirrors for astronomical telescopes 

Implementing adaptive optics on an astronomical telescope has, in the past, resulted in a 

large number of optical surfaces being placed between the telescope and the imaging 

system. The main reason for all the additional optics is that the adaptive mirror was 

typically flat and the telescope pupil had to be relayed onto the adaptive element and then 

relayed to the wavefront sensor and the imaging system. Figure 6.1 shows a typical pupil 

relay system that also relays the image onto the camera system. This particular system 

was used for the adaptive optics experiment conducted by NOAa at Kitt Peak, Arizona 

[6.1]. Note that 12 extra surfaces have been added between the telescope focal plane and 

the imaging system. In addition to the decrease in photon throughput, the effects of 

adding all these additional surfaces have to be accounted for when attempting sensitive 

experiments (e.g., spectroscopy, far IR work, polarimetry, etc.). Also, adding optics to 

the beam path increases the static aberrations that need to be corrected with the AO 

system, which uses up the stroke in the deformable mirror. 
TO 
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Figure 6.1. NOAa infrared adaptive optics systems. 
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In order to avoid these problems, it makes more sense to place the adaptive element at the 

pupil location itself rather than trying to manipulate the beam so as to fit onto a flat 

deformable mirror. Figure 6.2 shows a telescope configuration with an adaptive 

secondary mirror. It should be noted that most telescopes use the primary mirror for the 

aperture stop/entrance pupil of the telescope for visible observations. However, for 

infrared observations a smaller diameter secondary mirror is typically put in place and 

this becomes the system aperture stop. As was mentioned in Chapter 2, operating an 

adaptive optics system in the IR has definite advantages regarding the smaller number of 

subapertures, and the slower speed at which the system needs to respond. 

Adaptive 
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Wavefront 
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~-------------------1 
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Figure 6.2. A Telescope with an adaptive secondary mirror. 
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Note that only one extra surface, due to the beamsplitter, has been added between the 

telescope and the imaging system. While this represents a tremendous improvement in 

performance, it also has the additional advantage that most existing telescopes have 

multiple secondary mirrors that can be easily interchanged depending on the type and 

wavelength of observations being performed; thus, the implementation of an adaptive 

secondary mirror on existing telescopes can be made with relative ease. 

6.1 Engineering issues 

Fabricating a segmented aspheric optical sur/ace 

A significant problem in fabricating an adaptive segmented secondary mirror is placing 

the correct optical surface on each of the individual segments. The tolerances on the 

radius of curvature (RC) and the conic constant are orders of magnitude tighter for a 

segmented mirror than for a typical optical surface. In a non-segmented system, a small 

(1 %) radius of curvature error in an optical element, which is industry standard for off

the-shelf optics, will typically produce only a small amount of defocus at the image 

plane. This error is easily corrected by moving the image plane to the position of best 

focus. In a segmented system, changes in the radius of curvature between segments 

represents an uncorrectable aberration. Figure 6.3 shows how radius of curvature 

changes between segments affects the wavefront. It should be noted that the tight 

tolerances are only on the intra-segment parameters, not the average parameters (i.e., 

small variations of the average radius of curvature would only introduce focus errors that 

are easily correctable with image plane motion). 
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--____ ~_c~ __ ~ __________ -------

Figure 6.3. Effects of segment radius of curvature errors on wavefront. 

While the Keck telescope was able to individually fabricate the aspheric segments for its 

10 meter diameter primary mirror [6.2], this cost approximately $30 million - a price tag 

that few can afford. While a segmented secondary would be smaller and less expensive, 

it would still be a significant effort to fabricate the segments individually. Two 

alternative methods have merit for placing the optical surface onto the segments: 

replication and fabricating a mirror monolithically and then cutting it up. Replication is a 

mature technique in which an optical surface is placed on a substrate by molding an 

epoxy layer on the top of the segment [6.3]. A "master" is produced which is the 

opposite curvature of the surface desired on the segment. The optical surface is then 

impressed onto a layer of epoxy that has been placed on the substrate (Figure 6.4). Once 

the master is removed the substrate has an optical quality surface with the correct 

curvature. This technique has the advantage that many duplicate segments can be 

produced for very little extra cost once the master has been fabricated. 
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Figure 6.4. Replication process. 
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Fabricating a monolithic mirror and then cutting it up into smaller segments has the 

advantage that conventional fabrication and testing techniques can be used to produce the 

mirror. Cutting a mirror has a tendency to release stresses within the glass that result in 

deformation of the optical surface. Another experiment in the adaptive optics group at 

Steward Observatory involved cutting up an existing mirror into smaller segments. I was 

able to intercept the segments before they were installed into the instrument for which 

they were intended in order to make some wavefront measurements to determine the 

amount of additional aberration added to the segments. In that I was not able to make a 

measurement of the mirror before it was diced, this data should not be taken as an 

absolute validation of the technique. However, the reasonable quality of the wavefront of 

all the segments argues that the cutting process did not have a major affect on the optical 

quality of the mirror. Each of the six segments had a characteristic aberration, shown in 

Figure 6.5. 
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Effects of gaps on imaging 
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The gaps in a segmented system cause three problems for an imaging system: scattering 

of light from the edges of the segments, diffraction effects, and high emissivity areas on 

the mirror that affect IR performance. Scattering effects are a strong function of the 

method by which the segmented mirror is fabricated (i.e., a mirror that has been sawed 

will have much rougher edges than one that has a finished edge). Quantifying the impact 

of scattering is typically very system dependent; assessing its impact in a general way 

would be very difficult, and probably not very useful. 

Diffraction affects can affect the system's performance. By invoking Babinet's Principle 

[6.4], which, in simple form, states that the Fourier transform of a pupil with an 

arbitrarily shaped opaque mask is equal to the Fourier Transform of the unobscured pupil 

minus the Fourier transform of the mask. If we imagine the gaps to be a mask: with zero 

transmission, then the Fourier transform of the segmented mirror will be equal to the 
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Fourier transform of a mirror without gaps minus the Fourier transform of the gap 

geometry. At the zero frequency, or DC, point, the value of the Fourier transform is 

equal to the area of the function; therefore, we can now calculate the reduction in the 

peak of the diffraction pattern as a function of the area of the gaps. In a rather artificial 

way, the gaps can be thought of as an aberration to a system that does not have gaps. In 

other words, the Strehl ratio (SR) of a telescope will be reduced by finite width gaps 

according to the following equation: 

SR = (I - Area gapsl Area mirror)2 (6.1) 

where the squared term comes from the fact that the point spread function (PSF) is the 

square of the Fourier transform of the pupil function. This indicates that a mirror with 

gaps equal to 1 % of its area will result in a Strehl ratio of 0.98, which is hardly 

noticeable. Obviously this is a simplistic view of the phenomenon in that some light 

diffracted by the gaps will show up in the outer fringes of the PSF, corresponding to the 

higher spatial frequencies of the gap geometry. However, in most cases the low 

frequency response is the important parameter to optimize. 

A segmented mirror with gaps affects IR imaging performance due to blackbody 

radiation emitted from the gaps. If the worst case is assumed, the gaps will have an 

emissivity of 1.0; thus, producing the maximum amount of blackbody radiation. In order 

for the gap emissivity to not be a concern, the total emission from the gaps must be less 

than the total emission from the mirror itself. Since the total amount of radiation 

produced is also a function of the area of the source, the area of the gaps compared to the 

area of the mirror is also an important parameter. The equation below gives the 

requirement on the gaps in order to assure that they are not the major conh;butor to 

telescope generated blackbody radiation. 
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(Area gaps/Area mirror) < emissivity of mirror (6.2) 

A normal mirror will have an emissivity range of about 1 % for very fresh, well coated 

mirrors to 10%, or more, for dirty older coatings. A study of dust on optics [6.5] shows 

that optics in open environments, such as a telescope, can have significant amounts of 

dust (covering 4% of the surface area with high emissivity particles), and still look 

relatively clean. 

Both the diffraction and emission effects would therefore be of minimal concern if the 

gaps are approximately 1% of the total area of the mirror. Such small gaps have been 

achieved in the PAMELA 36 segment telescope [6.6]. 

Dynamic effects of moving segments at secondary position 

Having moving optics at the position of the secondary mirror is a concern from the point 

of view of injecting disturh:lnces into the secondary structure of the telescope. Such 

disturbances could cause oscillations to develop which might limit the usefulness of an 

adaptive system. A simple way to limit the type of forces injected into the telescope 

would be to mount the adaptive mirror via a three point to the secondary structure. Such 

a mount would be able to inject only one linear acceleration, along the optical axis of the 

secondary, and two orthogonal torques, due to rotations of the mirror about the two axes 

in the plane of the mirror (i.e., tip and tilt of the secondary), into the structure. Analysis 

would have to be performed in order to determine whether the amount of the forces and 

torques would disturb the structure when atmospheric correction is being performed. 

These three forn's can be substantially reduced using momentum compensation 

techniques [6.7]. A simple plate with three actuators could be mounted behind the 
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adaptive mirror, which would use inputs from the adaptive mirror control system for 

momentum compensation. The torque inputs would come from the segmented mirror's 

global tilt and the acceleration input would come from the global piston. 

6.2 Active versus adaptive mode of operation 

As was mentioned in Chapter 2, wavefront sensors have a fundamental performance 

limitation based on the photon flux of the wavefront reference source. In many cases a 

bright reference star is not always available, and adaptive correction cannot be performed. 

Under such conditions, a segmented secondary mirror can be used as an active optic that 

is used to correct the aberrations of the wavefront due to telescope induced effects, rather 

than correcting for atmospheric turbulence. Telescope induced aberrations are typically 

caused by low temporal frequency sources, such as temperature gradients in the optics 

and structure, mechanical hysteresis, fabrication errors in the optics, non-ideal support 

systems for the optics, optical misalignments, and gravitational deflections due to moving 

the structure with respect to the sky. 

The segmented mirror can be set to correct these aberrations. This can be accomplished 

in a number of ways. Long time integration on a dim star with a wavefront sensor will 

effectively average out the zero-mean high-temporal-frequency atmospheric turbulence 

and will leave only the low-frequency telescope aberrations. Alternatively, the telescope 

can be aligned to a nearby bright star and the wavefront sensor used to set the mirror to 

the proper position. Then the telescope can be moved to the object of interest. This last 

technique depends upon the telescope aberrations remaining constant over the short move 

from the bright star to the object being imaged, but this can be well characterized by 

moving between pairs of bright stars and measuring how much the wavefront changed. 
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7.0 Adaptive secondary proof-of-principle experiment description 

NOAO hardware on the McMath Telescope 

In order to demonstrate the adaptive segmented mirror concept, a proof-of-principle 

experiment was conceived in which such a mirror system could be tested without going 

to the expense of fabricating an aspheric segmented secondary mirror. The adaptive 

optics system that had been built by the National Optical Astronomy Observatory 

(NOAO) [7.1] was available for use because the deformable mirror (DM) had suffered an 

actuator separation that limited the mirror's usefulness. We determined that a seven 

segment mirror with the same physical dimensions as the deformable mirror could be 

dropped in to the optical set-up in place of the DM. Such a mirror would be 

approximately the same diameter as the IR secondary mirror for the Steward Observatory 

90" telescope; therefore the mirror size and mass, the mechanical mounting scheme, the 

actuation technology, and the sensing and control system would be identical to that used 

for a seven segment secondary mirror. This tests all the pertinent subsystems of an 

adaptive secondary mirror, other than the actual fabrication of the aspheric segment 

fabrication. 

The NOAO hardware was set up on the McMath Solar Telescope at Kitt Peak, Arizona 

(The observations were made at night). Figure 7.1 shows the basic design of the 

McMath. It is an unusual design in that it uses a large flat Heliostat to direct the starlight 

down the shaft of the telescope to a 1.5 meter primary mirror[7 .2]. The beam then travels 

back up the telescope slightly off-axis, and is picked off by another flat mirror that directs 

the beam to a number of different laboratories, including the room which contains the 

adaptive optics equipment. Figure 7.2 shows the simplified optical path for the beam. 

The off-axis angle of the beam would destroy the image in typical Cassegrain telescope 
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with a low F/number primary mirror. However, the large F/# of the beam from the 

primary mirror, F/54 , is not greatly affected by the field angle. In fact Schroeder [7.3] 

shows that the usable field for a single paraboloid with this F/# is 1.3°, assuming a blur of 

less than 0.3 arc-seconds is acceptable. The off-axis angle of the telescope is 

approximately 1.2°; thus, the geometric aberrations are not the limiting aberration in the 

system 
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Figure 7.1. McMath Solar Telescope 
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IR imaging/visible sensing 
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Having seven segments for a 1.5 meter primary mirror would not provide very good 

visible wavefront correction in that rO for Kitt Peak is typically on the order of 10 cm at A. 

= 0.55 microns and the projected segment size at the entrance pupil of the telescope is 

approximately 50 cm. From Table 2.1 this leads to wavefront aberrations of 320 nm nns 

(-0.6 A) at a wavelength of 550nm, which is well away from diffraction limited 

performance. However, if the imaging is performed in the infrared (IR), ro is much 

larger. Equation 2.23 shows that at 2.2 microns ro scales up to 59 cm, yielding wavefront 

aberrations of only A.l7. This is near the diffraction limit. 
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Performing the imaging in the infrared (IR) has the additional benefit that all the visible 

light from the star can be used for the wavefront sensor, which maximizes the light to 

both the camera and the wavefront sensor in one simple step. Simultaneous 

measurements made at the MMT of IR and visible tilt aberration show that they are 

strongly correlated (see Figure 7.3) [7.4] making an IR-imaging/visible-sensing system a 

near ideal arrangement. 
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Figure 7.3. Data from simultaneous IR and visible tilt measurements 

7.1 General equipment 

Figure 7.4 shows the optical design of the adaptive optics experiment. The beam from 

the 1.5 meter primary mirror in the McMath passes through a focus and a Barium 

Flouride field lens. The beam then passes through a pupil relay made up of two off-axis 

parabolas that make up an off-axis Gregorian telescope. The pupil relay performs two 

functions: It relays an image of the telescope pupil (the system aperture stop is at the 

primary mirror) onto the adaptive mirror, and it magnifies the pupil image so that it is 

equal in size to the adaptive mirror. Figure 7.5 shows the pupil of the telescope projected 
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onto the segmented mirror. The light then reflects off the flat segmented mirror and a flat 

steering mirror. This steering capability of this mirror was not used in this experiment: it 

was originally intended to off-load the global tilt in the wavefront from the OM. Global 

tilt can severely limit a OM's ability to perform wavefront correction due the limited 

stroke (generally on the order of 3 microns) of the DM's actuators. Much of this stroke 

limitation in a OM is to avoid undue stresses in the glass and the actuators which could 

damage the mirror (this was possibly the reason for the separated actuator in the NOAO 

OM). The segmented mirror had longer strokes (± 7.5 microns) and it was not felt that 

the steering mirror was necessary. After the light has reflected off the steering mirror, the 

beam goes through another pair of off-axis parabolas that reduce the beam and bring it 

down to a focus. At this point the beam follows two separate paths: the visible light 

propagates to the wavefront sensor and the IR light goes to the camera. The optics for 

these two systems are described in the sections 7.3 and 7.4. 
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Figure 7.4 Optical design of the adaptive optics system. 
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Figure 7.5. Telescope pupil projected onto segmented mirror. 

7.2 Segmented mirror 
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Figure 7.6 shows a picture of the seven segment mirror used in this experiment. The 

hexagonal segments are made of a Pyrex and have edge sensors mounted on the sides of 

the segment in order to measure relative piston errors. Each segment has three 

piezoelectric actuators for tip, tilt and piston motion, and a flexure is used to restrict the 

motion of the segment in the three non-controlled directions. 
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Figure 7.6 Seven segment adaptive mirror 

System requirements 

The aperture of the telescope is 1.5 meters and ro is on the order of 60 cm at a wavelength 

of 2.2 microns. This leads to an rms wavefront error (cr) of 0.76 microns (Table 2.1). 

Based on a Gaussian distribution, then the required stroke (S) of the actuators needed to 

correct 99% (i.e., three standard deviations) of the is given by 

30" 30" 
S = (-) - (--) = 30". 

2 2 
(7.1) 

The stroke is given by the need to go from positive to negative 3cr. The reflection process 

causes the factor of two to appear in the equations. The desired stroke of the actuators is 

2.28 microns. Factors other than atmospheric correction also playa consideration in the 
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actuator stroke requirements. Most notably among these are the manufacturing tolerances 

with which the segments are mounted onto the back-up structure. These are discussed 

further in the section which deals with the mechanical aspects of the system. 

The bandwidth requirement is a function of the telescope diameter and the wind speed. A 

typical value of wind speed for Kitt Peak in Summer is approximately 10 m/s. 

Substituting this into Equation 2.17 gives a Greenwood frequency of 7.1 Hertz, or a 

Greenwood time of 19 milliseconds. 

The WFS accuracy requirements are based on the need to minimize the tilt error of the 

segments. Integrating over a hexagonal segment, the wavefront error for tilt is 

5a2 d 2 
~ _ If 

lilt - 72 ' (7.2) 

where dff is the flat-to-flat distance of the hexagonal segment and ex is the tilt angle in 

radians. An interesting side note is that the tilt error is the same in the x or y axis of the 

segment despite the asymmetry. Figure 7.7 shows the geometry of the segment for these 

calculations. 

y 

x 

Figure 7.7. Segment geometry 
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Inverting Equation 7.2 and solving for the angle as a function of the desired wavefront 

variance yields 

(7.3) 

The edge sensor requirements come from the fact that the WFE is approximately equal to 

two times the edge sensor error. The variance is therefore given by 

(7.4) 

The total initial error budget for the experiment was detennined by picking a desired goal 

of A/I 0 rms, or 0.4 radians2, (which is normally considered diffraction limited) and then 

dividing up the allowable variance equally among the various different error sources. 

This is shown in Table 7.1. 

While the experimental set-up was not able to meet all the desired requirements of the 

program, the perfonnance was enough to provide validation of all the critical aspects of 

the experiment. In addition, because the major addition to the total error budget was the 

temporal response of the system, it was felt that there would be occasions of good seeing 

in which this term would be minimized due to slow winds; thus diffraction limited 

images could be expected some small percentage of the time. Even so, the total variance 

of approximately 0.6 radians2 will provide images with a Strehl Ratio (SR) of 0.55, 

which is a significant improvement over the A/I.7 uncorrected image. 
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Allotted Min./Max. Actual Achieved 

Error source variance parameter of parameter variance 

(rad2) interest value (rad2) 

Subaperture Subaperture 

dimension 0.10 diameter<44cm 50cm 0.1 

System time Time delay 

delay 0.10 <4.7 msec 9.5 msec 0.32 

WFS Angular noise 

errors 0.10 < 0.003" rms 0.003" - 0.005" 0.08 - 0.22* 

Edge sensor Sensor noise 

errors 0.10 < 0.05 Ilm rms 0.023 Ilm rms 0.02 

Total 

Variance 0.4 - - 0.52 - 0.66* 
*ThlS depends upon the amount of 11ght commg from the star 

Table 7.1. Error budget for experiment 

Mechanical 

The mechanical design of the segmented mirror consisted of six major parts: The 

interface to the glass segment, the actuator mounting, the back-up structure, the segment 

flexures, the preload system and the adjustment mechanisms. 

It was necessary to either glue or mechanically attach an interface piece to the glass 

segments so that they could be attached to the rest of the system. A mechanical mount 

would have had to come up the sides of the segment in order to have a ftrm grasp. It was 

felt that this extra hardware on the sides of the segment would cause large gaps, which 
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were undesirable. An interface plate made of invar was fabricated because the thermal 

coefficient of expansion is very similar to the Pyrex substrates; thus, alleviating problems 

with distortion of the optical surface when operating the mirror at different temperatures. 

The invar base plate was attached to the substrate with Torr Seal, a vacuum qualified 

epoxy, because the base plate was to be used in the coating chamber to hold the segment. 

A sample piece first fabricated to determine if the Torr Seal would hold under non

vacuum conditions, and also under the temperature variations to which the real mirror 

would be exposed (Le., the observatory can get below O°C). The epoxy bond proved to 

be very strong and showed no indications of breaking. A destructive test of the epoxy 

was performed, and the glass pulled out of the substrate rather than the bond breaking. 

The segments were bonded to the base plate and then tested with an interferometer to 

determine if the curing cycle of the epoxy caused stress and deformation of the glass. No 

deformation was noted. Figure 7.8 shows the segment interface plate. 

Wire passage 
holes ~ Preload spring 

screw hole 

D _ = ,--I --"'~"--/---:--:--J 
View A-A + 

Actuator ball 
bearing cone 

screw holes 

Figure 7.8 Segment Interface Plate 

The segment interface plate was held in place by the segment flexure (Figure 7.9). This 

flexure, which looks something like a diving board, allows the segment to move in tip, 
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tilt, and piston, but does not allow rotation about the nonnal to the mirror surface, nor 

does it allow translation in the plane of the mirror. This type of flexure constrains those 

degrees of freedom that would allow the segment gaps to change; thus, it prevents the 

edge sensor gain from changing (Le., it is a function of the gap distance), and also does 

not allow the segments to damage each other by making contact. 

Allowable flexure motions 
shown by arrows 

Figure 7.9. Segment Flexure 

Each segment has three actuators that are mounted on a the actuator mount plate. This 

plate holds the actuators and the segment flexure (Figure 7.10). Each actuator is mounted 

on a stack of four Belleville spring washers which allow for coarse adjustment of the 

actuator position by tightening the screw at the bottom of the PZT. The end cap of the 

PZT is mechanically coupled to the segment interface with a small, 1/8" diameter ball 

bearing. This is the recommended mounting scheme for the actuators in that it does not 

allow any transverse loads to be input to the actuator, only linear ones. This is necessary 

because the actuators are made up a stack of ceramic plates and transverse loads can 

break the bonds between the plates. 
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Figure 7.10. Actuator Mount Plate 

The actuator mount plate sits on the tips of three 80-pitch screws, via a cone-groove-flat 

kinematic mount on the bottom of the plate, that perform the fine positioning of the entire 

segment assembly. The kinematic mount allows for very repeatable positioning of the 

segment when removed for servicing, while also constraining the segment motion in the 

undesirable degrees of freedom mentioned above. One problem with this adjustment 

mechanism is that the tip/tilt adjustments are not being made at the optical surface; thus, 

some mechanical translation occurs whenever the segment is tilted with the 80-pitch 

screws, as can be seen in Figure 7.11. Unfortunately, the ratio of tilt to translation was 

almost one-to-one, which made it difficult to maintain very small gaps and have large 

coarse adjustment simultaneously. Adjusting the coarse errors with the Belleville washer 

assemblies on the backs of the actuators results in much less translation because the 

motion is much closer to the optical surface. The 80-pitch screws were only used for tilt 

adjustments le$s than 20 microns. Piston adjustments did not result in translation; 

therefore the 80-pitch screws were used for both coarse and fme piston adjustment in that 

they were much easier to adjust than the Belleville washer screws. The distance from the 
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back-up structure to the actuator mount plate was kept to a minimum in order to reduce

the problems associated with the segment assembly vibrating from side to side. This 

mode of motion is not a concern with flat mirror segments, but will introduce aberrations 

in a surface with optical power. 

Optical surface tilts and translates 

Translation _--------~ 
direction -,. ~----TT 

Tilting with BO-pitch 
adjustment screw 

Figure 7.11. Segment translation with tilt adjustment 

Translation of the segment is obtained by loosening the screws on the between the 

actuator mount plate and the segment flexure, moving the segment assembly to the new 

position, and then retightening the screws. 

The entire segment assembly is preloaded against the adjustment mechanisms by the 

preload spring. This spring, shown in Figure 7.12, pulls the segment interface plate 

against the three actuators, and also holds the actuator mount plate against the three 80-

pitch screws. The spring is placed in the middle of the segment assembly to equally 

preload all the actuators. The amount of preload is determined by the maximum 

acceleration that is expected for an actuator. If the actuator accelerates away from the 

segment (Le., the actuator grows shorter), the segment will stay in contact as long 

acceleration is less than preload force divided by the segment mass (in this case the mass 

of the segment and the invar interface mount). If the preload is not sufficient, the actuator 
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and the segment will separate, and then when the actuator stops accelerating the segment 

will then make a sudden impact the actuator as it catches up. This type of behavior is 

non-linear and is very difficult to control in a closed-loop control system. In addition, it 

can result in damage to the actuators, which, in the case of PZT's, are made of fairly 

brittle ceramics. Thus, for both reliability and stability, a proper preload must be 

calculated that will ensure that the actuator and the segment never separate. 

Segment _ 
Interface Plate 

Actuator 

Segment 

Mount Plate ~~ __ ~ 

tension nut 

Back-up 
structure 

Figure 7.12. Preload Spring Mechanism 

The maximum acceleration to which the segment is expected to be exposed is determined 

by taking the PSD of the tilt fluctuations and differentiating this curve twice to get the 

PSD of the angular accelerations. The area under this curve is the rms acceleration for 

which the preload must be designed (Le., by assuming that the maximum acceleration is 

going to be at the 50' points). In that there is no drawback to having too much preload, as 

long as the mechanical limit of the actuator is not exceeded, a simpler, even more 

conservative method was used. This method consisted of assuming that all the tilt power 

was due to a single spectral component at 100 Hz, which is well outside the bandwidth 

with which we are concerned and will provide much higher accelerations than would 

normally be observed. Combining the variance of the tilt for a .given ro and segment size, 
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given in Table 2.1, with the segment tilt given by Equation 7.3, the amplitude (A) of the 

actuator motion for this single spectral component is given by 

(7.5) 

where dA is the distance between actuators and dec is the flat-to-flat dimension of the 

segment. For A. = 2.2 microns, A is approximately 0.63 microns. The maximum 

acceleration (amax)is derived straightforwardly and is given by 

(7.6) 

where f is the frequency (100Hz). Given a segment mass of 900 grams, the preload force 

should be greater than 0.2 Newtons. This estimate should be at least an order of 

magnitude above the actual necessary preload in that the 100 Hz frequency is over an 

order of magnitude larger than the spectral component that are being corrected. A 

preload of approximately 5 N per actuator was used because it held the assembly together 

better than did the lesser force. The limit of the actuators is well over 100 N; therefore, 

the extra force did not adversely affect their performance 

In actuality, this preload turned out to be insufficient. A point that was overlooked is that 

the actuators are controlled by a digital control system. Rather than sending out a 

continuous (and smooth) stream of signals, the actuator commands came as steps. The 

frequency response of the actuators and the associated drive electronics is well into the 

kHz range; therefore, the actuators were accelerating far more than the above calculation 

had predicted. In that increasing the preload to accommodate this would have meant 

excessive loads, a set of low-pass fIlters with approximately 140 Hz bandwidths were 
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placed at the output of the computer's D/A outputs in order to smooth the step 

commands. 

The back-up structure was chosen so that the mount for the segments would be very stiff 

in order to reduce problems with back-up structure interactions caused by vibrational 

modes of the structure. It was made of a single piece of 1" thick aluminum. 

Edge sensors 

The basic edge sensor design was described in Section 3. Each segment has small 

inductive edge sensor circuits glued to the side of the segment. Figure 7.13 shows one of 

the edge sensors used for this experiment. The inductive coils are deposited onto a 

Kapton substrate, which is an insulating material that is thin and flexible. The Kapton 

substrate can be bent and folded, to a reasonable extent, without damaging the circuit. 

The advantage in this case is that the substrate is extremely thin (100 microns), yet is far 

less brittle than other circuit board materials would be if they were fabricated with a 

similar width. The thin sensors allowed the segments to be placed close to one another so 

that mirror gaps could be minimized. 

Figure 7.14 shows the configuration of active and passive coils on the mirror. 



Figure 7.13. One pair of inductive edge sensors on Kapton substrate 

• Active sensor 
o Passive sensor 

Figure 7.14 shows the configuration of the active and passive coils 

for the seven segment mirror 
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Actuators 

Each segment is controlled via three actuators. The actuators chosen for this experiment 

were Physik Instrumente PZT piezoelectric (part number P820.1O). Figure 7.15 shows a 

picture of one of the actuators. This particular device has an expansion range of 0 to 15 

microns. While this is sufficient to correct for atmospheric turbulence with the pupil 

magnification (described in later sections), it is difficult, given budget limitations, to 

fabricate a segment support structure which is accurate to these dimensions. Longer 

throw actuators are available, PZT's with ranges of 180 microns are available 

commercially, but this would involve considerable additional expense, which would 

eliminate any cost savings in the mechanical fabrication. This led to the decision to make 

the segment support structure adjustable, so that the actuators could be mechanically 

positioned at the middle of the their range; thus allowing maximum segment motion with 

minimum actuator and fabrication costs. 
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Figure 7.15. PZT actuator used on each segment 

o tion sensor 
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The three actuators are arranged on the back of each of the segments as shown in Figure 

7.16. This arrangement allows the segment to be controlled in the three directions of 

:nterest: tilt in the x- and v-axes and in piston . 
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Figure 7.16. Actuator geometry on the segment 

For the configuration shown in the Figure 7.16, the two tilts (Tx and Ty) and the piston 

(P) are a function of the lengths of the three actuators (d;). The relationship is given by 

[~:J = [-1; ~ 2 

~ ~ 
2 

~1 ][::] 
P 1/3 1/3 1/3 d3 

(7.7) 

Segments 

The mirror segments have a Pyrex substrate with a bare aluminum coating. The segments 

are hexagons that are 7 cm flat-to-flat, and they are 1 cm thick. The front surface of the 

mirrors have been polished flat to ')../40 rms at 632 nm. Unlike most conventional optics 

that have a clear aperture of 80% - 90% (i.e., the fraction of the lens diameter over which 

the lens meets its specifications), the segments are polished to the edge; thus allowing a 
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segmented mirror to put together without sacrificing a large area of the mirror at the 

segment boundaries. The segment edges have been chamfered in order to prevent 

chipping at the edge of the glass. The chamfer extends into the segment surface 

approximately 1 mm at an angle of 45°. This chamfer region must be added to the gap 

width in order to determine the total amount of surface area lost due to segmentation. As 

part of the PAMELA program at Kaman Aerospace Corporation, some segments were 

fabricated without the chamfer in order to maximize the mirror area. This resulted in 

numerous small chips along the segment edges during fabrication. In addition, the 

finished segments proved to be quite delicate and were easily damaged. A trade study 

between gap dimension and reliability would have to be conducted for an application that 

needed minimal gaps. 

7.3 Wavefront sensor 

Figure 7.17 shows a basic Hartmann-Shack wavefront sensor (WFS). The pupil is 

imaged onto an array of lenses, and the beam is broken up into a number of separate 

beams. Each of the individual lenses in the array focuses part of the wavefront onto a 

position sensor (e.g., a quad cell or a CCO array). Any tilt in the portion of the wavefront 

captured by one lens shows up as motion on the position sensor; therefore, the tilt can be 

measured by tracking the spot on the wavefront sensor. 

In this experiment, a Hartmann-Shack WFS was used to measure the tilts of each of the 

seven segments. Figure 7.18 shows the optical system that relayed the mirror image 

onto the lens array, as well as the optics that relayed the spot array onto the CCO array. ' 

The lenses between the beam focal point and the lenslet array form a primitive zoom 

system, which, by coordinated movement of the lens and the array, allow the 
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magnification of the pupil from the mirror to the lens array to be varied in order to 

exactly match the size of the segment images to the lenses in the array. 
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Figure 7.17 Hanmann-Shack wavefront sensor. 
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Figure 7.18 WFS Optical System 
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The lenslet array is manufactured by Adaptive Optics Associates (AOA) and consists of a 

hexagonal array of lenses which are approximately 600 microns flat-to-flat. The lenslet 

array has a high fill factor (i.e., little area is lost between lenslets) and a focal length of 20 

mm. The lens let had many individual lenses (100-300), but only seven were used in this 

experiment. 

The position sensor used in this experiment is a CCO array. It is a 64x64 pixel array 

manufactured by DALSA (Part # CADI). This array has a non-standard video output and 

an extremely fast frame rate. The pixel clock runs at 8 MHz, which yields a frame rate of 

almost 2000 Hz. This rate is well above what is needed for the system and the pixel 

clock was slowed to 1 MHz (Le., a 240 Hz frame rate) in order to allow longer integration 

times on the reference stars. 

The array of spots produced by the lenslet array was approximately 1200 microns across. 

This is based on three images being one lenslet diameter, 600 microns, apart. Because 

the CCD array is only 960 microns on a side, the spot array must be reimaged onto the 

CCD with some minification. The spot reimaging lens in Figure 7.18 provides a 2:1 

minification that allows all the spots to be imaged simultaneously on the CCD. 

In order to properly detennine the stroke requirements of the actuators and to set the 

gains in the system, it is necessary to determine the various tilt magnifications and plate 

scales at various points in the system. This is shown in Table 7.2. 
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Point in System Svstem Parameter 

Pupil Planes Angular magnification 

Primary Mirror (System aperture st~ 1 

Adaptive Mirror 8.8 (wavefront) 

4.4 (mirror motion) 

Lenslet Array 1030 

Plate Scale 

Ima~e Planes (arc-seconds per mm or per pixel) 

Prim~Focus 2.5 arc-seconds/mm 

Visible WFS CCO Array 0.15 arc-seconds/pixel 

IR Imaging Array 0.27 arc-seconds/pixel 

Table 7.2. Various tilt magnifications and plate scales in the system. 

An important parameter of interest was to see what the limiting magnitude of the WFS 

would be. The OALSA ceo had the appropriate frame rate, but had poor noise 

performance. Per the manufacturer, the camera should have approximately lOOO 

electrons rms readout noise. Actual measurement showed this to be closer to 3000 

electrons. In order to operate with an SNR of at least 10, 3xlO4 photoelectrons must be 

generated with every frame. The light throughput of the system from the sky to the CCD 

was only about 30%. This is estimated by assuming 10% loss for each of the three 

telescope optics, 2% for each of the lens and mirror surfaces (17 total), and 35% loss for 

the IR visible beam splitter. This combined with a with a 20% quantum efficiency for the 

CCO array yields a requirement of 5xlO5 photons per frame. Also, because the image 

was read out of an 8x8 box of pixels, the noise is increased by the square root of the 
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number of pixels; therefore, a total of 4x106 photons per frame per subaperture is the 

final requirement. 

Each frame is approximately 4 milliseconds in length and the subaperture size on the sky 

is 0.33 meter2; thus a total photon flux in the detection band of a silicon detector is 3x109 

photons/sec/m2. This corresponds to stars that are brighter than magnitude 2. For an 

operational system this would be quite limiting as there are only about 50 stars that are 

this bright, but the purpose of this experiment is demonstrate the adaptive mirror and not 

to perform astronomy; therefore, it was deemed sufficient. If it was necessary, the 

minimum required photon flux requirement could probably be brought down to fourth or 

fifth magnitude by improving the photon throughput, decreasing the WFS box size, and 

trying to decrease the amount of noise in the camera. 

7.4 Imaging system 

The imaging system consists of a 58x62 InSb array [7.5]. This is a speckle camera 

capable of fast exposure and read-out. Each set of images taken in the experiments 

described in Section 7.8 represents the average of 200 speckle frames that are 5 

milliseconds exposures taken at 10 Hertz. The camera was originally set up to use an 

F/45 beam with a plate scale of 0.15 arc-seconds/pixel, but a series of "quick and dirty" 

changes in the system resulted in the plate scale at the detector being 0.27 arc

seconds/pixel for all of the tests described in Section 7.8. The image from the last off

axis parabola is relayed to the imaging array with a single BK7 lens, which was aligned 

using a HeNe laser at 0.633 microns. Due to poor transmission, BK7 is not the optimum 

lens material to use for 2.2 microns, but because of the bright stars that are being used for 

the WFS, it was felt that the throughput reduction was not critical. The index of 

refraction difference between the HeNe wavelength and 2.2 microns resulted in some 
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defocus, but this was corrected by moving both the lens and the detector to optimize the 

focus of the instrument with light from stars. 

7.S Control system 

The entire system is controlled by a 80486-based PC with a 33 MHz clock speed. The 

computer had a number of I/O cards that communicated with the sensors and with the 

actuators. Figure 7.19 shows a block diagram of the system with the PC boards shown. 

Auxiliary I ±1 SV, and + 1 OOVh 
Outputs Power supplies Actuator Drive I r-

1 """'roo'" I 
J Edge Sensor I 
I Electronics I 

"-
Drive signal Segmented 

filters mirror 

PC enclosure 

---- r--------- ___ L ________ . 

J 16 channel EPIX DALSA 
two 16 channel 

12-bit DIA 12-bit AID framegrabber I 
64x64 

converters board ceo Array 
converters I , + t 

I 
I 
I 

I 33Mhz 80486 PC J 
1 WFS 
I monitor 
I ---------------------------_. 

Figure 7.19 Control system for seven segment mirror experiment. 

The CCD in the wavefront sensor is read by the computer via a frame grabber board. The 

framegrabber is an EPIX IMEG VIDEO-model 10 with a DALSA interface board. Once 

properly initialized, the framegrabber would capture a frame of CCD data into its 

memory. A region of interest (ROI) would be defined for each of the spots formed by the 

wavefront sensor. The pixel values of a particular ROI would be transferred across the 

PC bus and the centroid of the spot would be calculated. This would be repeated until all 
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the spot centroids for a given frame had been calculated. The rate at which the data could 

be passed across the PC bus and the centroids calculated limited the system to 

approximately 50 frames of WFS data per second. Because 50 frames per second 

impacting the performance of the system, an alternative approach was considered. The 

framegrabber has a Digital Signal Processor (DSP) chip on board which is capable of 

high speed calculations. The manufacturer was contacted to determine whether custom 

software could be written which could perform the centroids on board the framegrabber 

and then have the centroid data passed over the PC bus to the control computer. This 

would have a dual advantage: the centroid could be precessed with the DSP (which is 

faster than the 80486), and the amount of data passed over the PC bus, which is a 

relatively slow conduit for information in the PC, would be more limited (i.e., only two 

centroid values per ROI rather than the 64 pixels values in an 8x8 box). EPIX was able 

to provide a program (at very reasonable cost) that provides the x-weighted, y-weighted, 

and total pixel sums for a ROJ. These values are defmed below: 

x-weightedsum = LxI(x,y), (7.8a) 
%., 

y-weightedsum = LyI(x,y) , and (7.8b) 
%., 

pixeisum = L I(x,y), (7.8c) 
%., 

where I(x,y) is the pixel value of the pixel at position {x,y} in the ROJ. The EPIX board 

converts the analog video to an 8-bit digital format; therefore I(x,y) has a value between 0 

and 255. 

The centroids are simply the x- or y-weighted pixel sum divided by the pixel sum. It 

turns out that DSP chips are very fast at multiply and add functions, but are not very fast 
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at division; thus, after discussions with EPIX, it was decided that the division could be 

handled in the PC rather than in the DSP. After implementing the DSP code, the WFS 

was able to run at the CCD frame rate of 240 Hz. 

This method of reading the WFS has a significant advantage over reading just the 

centroids in that occasionally a WFS channel would get little or no light for a particular 

frame; thus, yielding faulty wavefront gradient information. The main reasons that this 

happens are that the beam has been tilted completely out of the ROI, or scintillation has 

caused the intensity to drop well below the average value. By getting the total pixel sum 

for each ROI, a simple set of checks can be performed to determine whether the amount 

of light is sufficient to get good information. The intensity drop-out check was 

perfonned by comparing the pixel sum of a ROI that should have light falling on it to the 

pixel sum when the light from the reference source is blocked (called the dark pixel sum), 

if the pixel sum is less than twice the dark pixel sum, the data was ignored and the 

segment commanded not to move. 

Once the centroid information has been input to the computer, the piston information has 

to be obtained. The twelve edge sensors are read in to the computer via an analog-to

digital (AID) board, which converts the analog edge sensor signals into 12-bit digital 

signals in the computer. The AID board used in this experiment is a Data Translation 

DT2821. This board was capable of reading all twelve edge sensors at approximately 

600 Hz (i.e., a delay of approximately 1.5 msec). 

After the sensors have been read, the actuator commands are determined, and the values 

sent to the actuator driver electronics via a digital-to-analog conversion (DAC) board. 

Two DAC boards were used in this experiment because of the large number of output 

channels (21). Each of the boards (ComputerBoards, Inc. CIO-DACI6) had 16 output 
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channels that could each drive an individual actuator. The boards were capable of 

updating all 21 channels in less than 1 msec. In addition to the actuator commands, 

several additional outputs were available on the second DAC board for other uses. These 

output were used for a number of diagnostic purposes, such as outputting signals within 

the computer so that they could be seen on an oscilloscope. This was quite useful for 

tracking down control system problems. An alternative use for the extra signal lines 

would be to off-load global tilts to the steering mirror. 

The total time for reading the sensors and commanding the actuators is 6.5 msec (4 msec 

for the WFS, 1 msec for the DAC's and 1.5 msec for the AID boards). This yields a 

system bandwidth of approximately 150 Hz, if we assume that the computational delays 

of the computer are negligible, which turned out to be the case for experiments described 

below. 

Initial attempts to close the control loops resulted in oscillatory behavior at very low 

bandwidths and loop gains. This was due to the fact that the WFS was reading the 

centroids too soon after the DAC's had commanded the actuators to move. The WFS 

data was based on the previous frame of data taken before the actuators had actually 

moved. A delay of 3 msec, corresponding to the rise time of the actuators, was placed 

into the control loop between the DAC command and the command to read the wavefront 

sensor. While this slowed down the entire system bandwidth to approximately 100 Hz 

(i.e., a 9.5 msec loop delay time), the system was nicely stabilized. Figure 7.20 shows the 

timing in the control loop. 
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Figure 7.20. Conttolloop timing. 

Figure 7.21 shows the computer algorithm for controlling the segmented mirror. The 

WFS tilts are and the edge sensor signals are read in to the computer. These signals are 

then adjusted by a gain and an offset that comes from the calibration procedures 

discussed in Section 7.6. The wavefront reconstruction takes place using the global 

matrix method for piston reconstruction, given by Equation 4.2. The actuator commands 

are then produced. These commands are actually the addition to the current actuator 

value, due to the errors from the sensors, rather than the true actuator values, and a check 

is made to verify that none of the actuators has reached the limit of its stroke. Two 

parameters, loop delay and loop gain, are used to control the speed and gain of the control 

loop to help with optimizing system performance. 
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Figure 7.21. Computer algorithm 

Calibration of the system consists of flattening and phasing up the mirror with a separate 

sensor system and then reading the sensors. The value of the sensors is recording and 

input into the computer as a set of offsets that must be subtracting from the current signal. 

The WFS calibration is quite simple and was performed by setting up an additional 

optical system which intercepts the beam before going to the IR sensor. Figure 7.22 

shows the mirror system used for the calibration. A separate lens was used for imaging 

the beam onto a Pulnix camera with approximately a F/2DD beam. The separate images 

from the seven mirrors were then stacked upon one another on the Pulnix camera. This 

proved to provide very good wavefrom quality on an interferometer, although the phase 

of the mirrors was not measured. 



Images from individual segments 
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Figure 7.22. WFS calibration hardware 
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The edge sensors were calibrated by setting up a white light interferometer (Figure 7.23), 

which provides absolute phasing information, and adjusting the segment piston until the 

bright central fringe was continuous across the segment boundary. Once the system was 

set this close to being absolutely phased, a laser interferometer could be used to get more 

quantitative data. However, because the mirror was being set-up for IR imaging, it was 

felt that the additional precision was not needed. 

Fringe Viewing Screen 

Segmented 
Mirror Dispersion ~ 

compensation plate 

7.23. White light interferometer 
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7.7 Observing runs on the McMath Telescope 

A number of telescope observing runs were scheduled in late 1992 and into 1993. 

Unfortunately, bad weather and equipment problems at the telescope resulted in little 

useful data. Another run in the first week of June, 1993, lead to the collection of 

sufficient data to prove that the concept worked, although a complete test of the system 

was not performed due to lack of time. 

The data collected during the June run consisted of several different sets of data using 

combination of the seven mirrors in the system. The first experiment consisted of 

spreading the seven images out on the detector and then opening and closing the tilt loops 

on one or more of the mirrors in the spread pattern. The second experiment consisted of 

stacking all seven images adaptively without phasing the mirror. The final experiment 

was performed by masking off all but two of the mirrors and closing both the tilt and 

piston control loops. In this last experiment, the desired goal was to show increased 

Strehl ratio as well as a stabilized fringe pattern in the image. Such a pattern 

demonstrates that the basic method of relative piston sensing for atmospheric wavefront 

correction is a viable technique. In all these experiments the mirror had its pupil mask in 

place (Figure 7.27), and all data was corrected for camera and thermal background effects 

using a dark frame, a flat-field frame, and a sky frame. 

7.8 Results 

Experiment 1 - Closing the tilt loop on individual segments 

In this test, a global focus mode was applied to the segmented mirror, which spread out 

the images from each individual mirror on the camera. The star being observed was 

Alpha Scorpius (ex Seo, a.k.a. Antares), which is a magnitude 0.96, Ml star. Figure 7.24 
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shows an exposure of the spread images, at 2.2 micron wavelength, when the tilt control 

loop was not operating. The average FWHM of the images is 3.4 pixels, or 0.91 arc

seconds. Assuming the FWHM is the quadrature sum of the diffraction spot size (AID = 

0.795 arc-seconds, where D is the projected diameter of the segment aperture, 57.6 cm), 

and the seeing spot size (A/ro), rO is given by 

(7.9) 

Equation 7.9 yields an atmospheric coherence length of 87 em at a wavelength of 2.2 

microns, which corresponds to 14.8 cm at a wavelength of 0.5 microns. This represents 

good seeing conditions for Kitt Peak. The wavefront error over one segment for these 

conditions is given by Table 2.1, and is 0.577 radians2 (D/ro = 0.70). This corresponds 

to a Strehl Ratio of 0.56. This represents advantageous seeing conditions for the 

experiment because it is good enough that the mirror can provide some noticeable 

10 

5 

o~ ______ ~ ____ ~~ ____ ~~ ____ ~~ ____ ~~ 

Figure 7 .24~ a SeD wisth the images trom e~ch ot the i~gments ipread out. 
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The tilt control loop was first closed on only the central segment, which corresponds to 

the central spot in the spread image, in order to show the improvement within the same 

frame. This test was performed in order to show unambiguously that the tilt correction 

loop was working. If the loop was closed on all segments simultaneously, the resulting 

image could be interpreted as having been taken during a time when the atmosphere was 

more stable, rather than demonstrating improvement due to the adaptive optics system. 

This was not performed in order to demonstrate the veracity of the experimenter, but 

rather that the atmospheric statistics are capable of changing over a fairly short period of 

time, and this test removed this concern. Figure 7.25a shows the 3-D representation of 

the spread image with the tilt loops open, while 7.25b shows the same image, but with the 

tilt loop closed on the central segment. 

The central spot is noticeably improved The peak intensity improved by a factor of 1.41. 

Measurement of the other spots showed that they improved by a factor of 1.06, even 

though they were not being corrected. This type of variability in the data could be caused 

by the light cirrus clouds that were in the sky during these observations (i.e .• the 

atmospheric transmission was a variable). By dividing the improvement in the central 

spot by the overall improvement of the uncorrected spots, the tilt correction of the central 

spot still provided an improvement of 1.32; corresponding to a Strehl Ratio of 0.74. 

Thus, the mean square error (MSE) is only 0.30 radians2• This is better than was 

predicted in the error budget, but the seeing conditions were quite good and the errors 

from ro and the system bandwidth requirements were correspondingly reduced. In fact, 

knowledge of the error terms can lead to an estimate of the Greenwood frequency. The 

uncorrectable wavefront for D/ro equal to 0.7 (i.e., aU the aberrations other than the two 

tilt terms from Table 2.1) is 0.08 rad2, and the wavefront sensor error is at its lower limit 

0.08 rad2 for the star a Seo (i.e., the WFS readings were at their maximum value); 
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(a) 

(b) 

(c) 

Figure 7.25. 3-D plots of spread images. a) all segments open loop. 

b) Only central segment tilt loop closed. c) All segment tilt loops closed. 
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therefore the error due to system lag (Equation 2.19b) must be less than 0.14 rad2. This 

corresponds to a Greenwood time of> 31milliseconds, or a Greenwood frequency of <4.3 

Hz. 

The FWHM of the central image was only reduced to 0.84 arc-seconds, but this is not 

surprising in that the image is being dominated by diffraction effects rather than seeing 

blur; therefore the FWHM is going to be rather insensitive to improvements in the peak 

intensity in this regime. In other words, light is being pumped out of the wings of the 

point spread function (PSF) and into the diffraction peak which is growing in amplitude, 

but is not changing shape. 

Figure 7.2Sc shows the seven images all being corrected for tilt. The average 

improvement in peak intensity is 1.30, which corresponds to the correction for one 

segment given above. The seven spots are noticeably more distinct from each other than 

in 7.2Sa. This is caused both by the improved imaging due to tilt correction and to the 

fact that the tilt correction slightly moved the position of each of the spots; therefore, the 

appearance of much better resolving capability may be a somewhat exaggerated, but still 

exists. 

Experiment 2 - Adaptive stacking without piston correction 

The second experiment performs closed loop tilt correction on all of the segments with 

the seven images co-stacked (adaptive stacking). This is done without attempting to 

phase the segments; therefore, the image should represent an incoherent addition of the 

seven images. One would expect the corrected image to show the same improvement as 

the individual segments (Le., a peak improvement of approximately 1.3). Figure 7.26a 

and 7.26b shows the image before and after correction, respectively. At the fIrst look at 
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the data, the corrected image showed an improvement in the peak intensity of over 200%. 

This was an exciting result in that it was thought that some aspect of adaptive stacking 

gave greater performance than was expected, or that some of the mirrors were providing 

panially coherent constructive interference. Upon further examination after the 

observing run was concluded, it was noted that the FWHM of the corrected image is not 

very different from the uncorrected one. In other words, the total amount of light 

collected was different for the two images, as opposed to having much better 

performance, most likely due to clouds. Figure 7.26, shows the two images after the 

corrected image was normalized so that the total amount of light collected was equal for 

both images. 

(a) 

(b) 

Figure 7.26. Adaptively co-stacked images. a) open loop. b) closed loop - normalize for 

the same amount of light as in (a). 
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This performance of the system in this experiment was unexpected. The FWHM in the x

direction improved from 1.06 arc-seconds to 0.87 arc-seconds, but in the y-direction, the 

image was actually degraded from 0.92 arc-seconds to 1.03 arc-seconds. The peak 

intensity improved by only 8%. This was probably caused by the WFS offsets not being 

perfectly calibrated (Le., when the tilt loop was closed, the images were stable, but were 

moved slightly away from the perfect co-stacked position, which spread the image more 

than was expected). Because this was not discovered until after the observing run was 

completed (i.e., the apparent factor of two increase in Strehl provided a false sense of 

security that encouraged progress onto the next experiment), no opportunity to rerun the 

test was available. 

Experiment 3 - tilt and piston control with two segments 

The final experiment that was performed consisted of phasing up two of the segments in 

the telescope and then performing adaptive tilt correction while keeping the segments 

phased with the edge sensor. A white light Twyman-Green interferometer was set up in 

front of the adaptive mirror and the segment was moved with 80-pitch screws until white 

light fringes were evident on both mirrors. The PZT actuators were then used to fme tune 

the phasing so that the central fringe was continuous across the segment boundary. The 

edge-sensor reading was measured and stored in the control computer. The 

interferometer was removed and an artificial light source was used to illuminate the WFS 

so that the WFS offsets for an interferometrically flat mirror could be measured. 

a Sea had had moved below the horizon by this point; therefore, the telescope was moved 

to Alpha Piscis Austrini (a PsA. ak.a Fomalhaut), which is a magnitude 1.15. Type-A3 

star. While this star has almost the same magnitude as a Sea, the WFS signal was much 
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reduced (e.g., peak pixels values of approximately 50 counts compared to 200 for a SeD ). 

This is a much hotter star than a SeD (8700K versus 2400K); therefore, more of the light 

is in the bluer part of the spectrum where the CCD is less responsive. Unfortunately, 

dawn was swiftly approaching and there was not enough time to both find another star 

and be assured of getting any data; therefore, the testing was completed with a PsA. 

The mirror had a mask that covered all but the two segments being used for this 

experiment (Figure 7.27), and the mirror was set so that the segments were both at the 

same angle and were phased. Figure 7.28 is the image of the star before correction. The 

seeing had degraded somewhat at this point. The FWHM of the image is 1.42 arc

seconds. This corresponds to an ro of only 38 cm at a wavelength of 2.2 microns. 

Because ro is a function of the zenith angle [7.6], which is 52° for this star, the actual ro at 

zenith is 52 em, which is closer to the earlier measured value of 87 em, but is still 

significantly degraded. 

Figure 7.27. Seven segment mirror with mask plate. 
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The fIrst set of data with both tilt and piston correction, which was not saved, apparently 

had the mirror phased up, but it was difficult to determine if the phasing was working, 

based on the camera real-time video display; therefore, the edge sensor offset was slowly 

changed until the fringe pattern showed a minimum at the center of the PSF that was 

readily observable. In other words, rather than operating the mirror at the perfectly 

phased position, where it was hard to visually determine how well the mirror was 

performing, the mirror was operated with approximately /../2 piston wavefront error 

between the segments. The fringe pattern was quite noticeable on the camera monitor as 

a set of vertical fringes. Figure 7.29 shows the corrected image. The vertical structure, 

which shows that the interference fringes were stabilized is quite evident. 

25 

Figure 7.28. a PsA image for two segments (open loop) 
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Figure 7.29. a PsA with edge sensor and tilt loops closed. Vertical alternating columns 

of bright and dark pixels are interference fringes (10 second exposure). 

Figure 7.30 shows a I-D slice through the corrected image. The points represent actual 

data and the line is the best fit Gaussian with sinusoidal modulation. The equation for 

fitting function is 

(7.10) 

where A is the amplitude, V is the visibility, f is the fringe frequency, e is the offset angle 

of the fringes from the peak of the Gaussian, which has mean xo and variance 0'2. The 

visibility of the fringes from this data is 0.23, and the frequency of the fringes is 0.39 

pixel-I. Because we are near the Nyquist sampling rate (f=O.5), a sinusoid will show 

some effects of the sampling. In that the sampling of the sinusoidal part of the image 
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is being performed with relatively large pixels, the integration of a sine wave will show a 

reduction in amplitude (i.e., it will never get to a value of zero or one). By performing a 

numeric integration to determine the extent of the reduction in visibility due to pixel 

sampling, the actual visibility was determined to be 0.28. Figure 7.31 shows the data 

plotted against the function with the true visibility. 
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Figure 7.30. 1-0 horizontal slice through image with 

best rms fit sinusoidally modulated Gaussian 
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25 

Figure 7.31. I-D horizontal slice with true visibility (correction for pixel sampling has 

been applied to fitted function only). The data points have not been changed. 



141 

Figure 7.32 shows I-D slices through the data for both the corrected and uncorrected 

images. The uncorrected image shows no signs of any coherence effects in that its ~ta is 

very well fitted to a Gaussian with no sinusoidal modulation. Table 7.3 shows the fitted 

values of the coefficients in Equation 7.10 for the corrected and uncorrected images. 

Parameter Uncorrected ima~e Corrected ima~e 

Amplitude (A) 578 999 

[arbitrary units] 

Visibility (y) <0.01 0.23 

(0.28 corrected for sampling) 

Spatial Frequency (0 N/A .39 

[frin~es/pixel] 

Cosine "~unction Offset (8) N/A 11.85 

[pixels] 

Gaussian Function Offset 8.89 11.94 

(xo) [pixels] 

Gaussian Standard 1.96 1.21 

Deviation (cr) [pixels] 

Table 7.3. Fitted coefficients from Equation 7.10 for corrected and uncorrected images. 

Figure 7.33 shows the uncorrected image compare to a theoretical best-phase image with 

the edge-sensor offset set to the point where the mirrors are in phase, but with all other 

parameters the same (i.e., e in Equation 7.10 set to Pi). An improvement in the peak 

intensity of 190%, with a change in the FWHM from 1.48 arc-seconds to 0.60 arc

seconds would have been achieved. As can be seen from the figure, the FWHM 

improvement is somewhat artificial because the PSF broadens considerably just below 
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the half-maximum point. The FWHM in the vertical direction, which is parallel to the 

fringes. is improved from 1.48 to 0.92 arc-seconds. 
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Figure 7.32. Comparison of corrected and uncorrected images 
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Figure 7.33. Theoretical PSF if the edge-sensors were set to best phase position. 
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The MSE of the corrected image can be evaluated in two ways. First, the improvement in 

the image width along its vertical axis can be evaluated much as was done for the ftrst 

experiment in which the tilt loop was closed for single segments; this yields a SR of 0.73 

based on the FWHM of the corrected image, 0.92 arc-seconds, being 1.17 times larger 

than the diffraction limited FWHM, 0.79 arc-seconds. This SR corresponds to an MSE of 

0.31 radians 2. The second method consists of looking at the improvement along the 

horizontal axis by comparing the best-phase function shown in Figure 7.33 to the 

diffraction limited image. The data from the horizontal shows that the best-phase 

function, which has correct edge-sensor offsets, has a peak value that is 64% of the peak 

value of the diffraction limited image of the two segments (MSE = 0.45 radians2). The 

decrease in the SR for the horizontal case can be attributed to the additional errors 

associated with keeping the segments phased. 

Using Equations 5.6a and 5.6b, the expected piston error for two segments under these 

conditions corresponds to the difference between the two equations, which is 0.38 

radians2 for Dsubaperture/ro = 1.6. Adding this in quadrature to the 0.31 radians2 error for 

the vertical direction yields a total phase error of 0.69 radians2, which is larger than what 

was measured. Note, however, that Equations 5.6a and 5.6b were based upon an over

constrained system (i.e., more sensor signals than degrees of freedom), and a fully 

populated mirror - not just two segments; therefore, the case was sufficiently different to 

warrant some additional modelling with just two segments. Using the same type models 

that were developed in Chapter 5, the total piston error is 0.16 radians2 under these 

conditions. This corresponds to a total MSE of 0.47 radians2, which is very close to the 

measured value of 0.45 radians2; therefore, the models developed in Chapter 5 appear to 

be accurate to a relatively high degree, although it should be noted that the models and 



144 

experiments were performed with small numbers of segments, and that scaling to higher 

quantities of segments should be accompanied by further modeling and tests. 

Table 7.4 gives the fitting parameters for the corrected and uncorrected images with the 

camera plate scale applied (i.e., the number of arc-seconds/pixel). The FWHM comes 

from the (}"2 term in Equation 7.10 (i.e., FWHM = J21i (}"). Note that the fringe spacing 

was not exactly what was expected. The difference is probably due to errors in the fitting 

the fringes in the presence of data with noise. 

Parameter Uncorrected Corrected 

Fringe visibility 0 0.28 

Fringe spacing N/A 0.69 arc-seconds* 

FWHM 1.48 arc-seconds 0.6 - 0.92 arc-seconds 

Strehl Ratio 0.28 0.64 -0.73 

* The fringe spacing for the segment geometry is 0.74 arc-seconds at A = 2.2 microns. 

Table 7.4. Uncorrected versus corrected image parameters. 

Significant improvement has been achieved with a segmented mirror utilizing relative 

piston sensing. With 28% fringe visibility, the performance was better than expected 

when compared to Table 7.1. The original error budget accounted for segment fitting 

error, wavefront sensor noise error, edge-sensor noise error, and the error due time delays 

in the system. The fact that the system performance was better than expected can most 

likely be attributed to a lower than expected Greenwood frequency. This was the largest 

term in the error budget, and is the only term in the error budget which could not be 

easily measured. 
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8.0 Conclusion 

A new kind of segmented mirror for adaptive optics has been successfully demonstrated 

to have the capability to correct for atmospheric turbulence. Utilizing relative piston 

sensors in order to match the edges of the segments offers a new way to correct and 

maintain the piston errors in a segmented mirror. Several models were presented that 

showed its utility for correcting atmospheric wavefronts, along with a number of options 

in how to control such a mirror. Finally, a set of experiments were conducted in which 

the ability of the mirror to correct for atmospheric piston, even though it does not sense 

such piston directly, were successfully concluded. The data and the models correlated 

quite well. and. therefore. can be used to calculate the performance of an edge-matched 

segmented mirror adaptive optics system with a relatively high degree of accuracy. 

The equipment used in the experiment is of the same size and type as would be used for 

an adaptive secondary mirror for an astronomical telescope; therefore, all of the aspects 

of building an adaptive secondary have been successfully demonstrated with the only 

exception being the fabricating the segmented aspheric optical surface. Viable techniques 

for performing this last step were discussed, leading to the conclusion that the capability 

to fabricate segmented adaptive secondary mirrors is now available. These adaptive 

secondary mirrors can have a significant impact on the field of astronomy in that they can 

be easily installed in most existing telescopes and they reduce the complexity, thermal 

background, and cost of installation that are normally associated with adaptive optics 

systems. 
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