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In recent years astronomers have been pushing to build larger ground-based 

telescopes with apertures greater than 5 m in order to see deeper into space and 

resolve smaller objects. Realistically, while a larger telescope aperture allows more 

l igh t  t o  be  co l l ec t ed ,  a tmosphe r i c  t u rbu lence  caused  by  the rma l  g rad ien t s  i n  t he  

atmosphere limits the achievable resolution to a level comparable with apertures on 

the order of half a meter or less. Adaptive optics (AO) can be used to counteract 

the degrading effects of the atmosphere in real time and recover diffraction-limited 

resolution. With the help of .A.0, better science can be done, and as more large 

ground-based telescopes are built, the need for reliable AO systems grows. 

The 6.5 m upgrade to the Multiple Mirror Telescope (MMT) on .Vlt. Hopkins 

is an example of a large telescope project. .A.n infrared adaptive optics system 

for this telescope is currently under construction at Steward Observatory in the 

Center for Astronomical Adaptive Optics. This dissertation reports on the design, 

cons t ruc t ion ,  and  t e s t ing  o f  va r ious  componen t s  o f  t h i s  AO sys t em wi th  wh ich  t he  

author was involved. These components include the deformable secondary mirror, 

the wave front sensor, a laboratory testing system, and wavefront reconstruction 

algorithms. 
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CHAPTER 1 

INTRODUCTION 

And God said, ''Let there be lights in the expanse of the sky to 
separate the day from the night, and let them serve as signs to mark 
seasons and days and years, and let them be lights in the expanse 
of the sky to give light on the earth. " And it was so. God made two 
great lights... He also made the stars. 

Genesis 1:14-16 

1.1 The Night Sky 

What is it about the heavens which so utterly captivates the minds of men? The 

position of the sun tells us the time of day and the phase of the moon tells us the 

day of the month. Constellations mark the passing of the seasons. They tell us 

when to plant and when to harvest. The stars help us find our way. Sea captains 

and explorers have used the stars to travel great distances and to make their way 

back home. The expanse of the heavens holds great beauty and the fireworks of a 

falling star bring awe to the eyes of children ?ind adults alike. However, while these 

things are all wonderful, they do not really answer the question. The allure of the 

stars goes beyond these things. 

From the beginning of time the heavens have held mankind's attention because 

they tell a story. They hold answers to our past. "Where did we come from?" "Why 

are we here?" And they hold hope for our future. "Where are we going?" In an 
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effort to read the story written across the sky, astronomers have built telescopes. 

Over the years these telescopes have gotten bigger and better, bringing the depths 

of space closer and closer. With large mirrors polished to near perfection, and low-

noise. large-format cameras, the mysteries of space are being examined. Yet the 

fine details still elude us because we must look at the stars through a turbulent sea 

of air. 

1.2 The Need for Adaptive Optics 

Generally, a larger collecting aperture would produce better imaging resolution and 

bring the details of the heavens into sharper focus. Unfortunately, an ocean of 

turbulent air lies between us and the heavens. The turbulence in the Earth's at

mosphere arises from random variations in temperature and pressure which alter 

the air's index of refraction, both spatially and temporally.[1-3] As light from a dis

tant astronomical object propagates through the atmosphere, it is aberrated by these 

fluctuations in refractive index. This phenomenon, called "seeing," is responsible for 

the twinkling of the stars at night and the shimmering mirages seen on hot summer 

days. To the frustration of astronomers, atmospheric seeing also causes information 

about the fine details of astronomical objects to be lost by imposing a fundamental 

limit on the angular resolution that can be achieved with standard ground based 

telescopes. For telescopes Icirger than 10-20 cm this resolution limit can be severely 

degraded from the diffraction limit for the telescope's imaging optics. Consider, 

for example, the simulated star images shown in figure 1.1. The leftmost image is 

the difiEraction-limited image in the absence of atmospheric turbulence and system 

aberrations. The degradation of image resolution due to atmospheric turbulence 

is demonstrated in the other two images which show examples of long and short 

exposures obtained with the same telescope in the presence of turbulence. The an-
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Figure 1.1 Simulated star images for a 6.5 m telescope at 2.2 /xm. The 
leftmost image represents the diffraction limit in the absence of atmospheric 
turbulence and telescope aberrations. The center and rightmost images are 
sample long and short exposures with atmospheric turbulence included. The 
atmospheric turbulence conditions represent slightly worse than median seeing 
at Mt. Hopkins in southern Arizona. The atmospheric coherence length, TQ, is 
70 cm at 2.2 /zm. For medicUi conditions TQ is about 89 cm. 

gular resolution of these images is about ten times worse than the diffraction-limited 

image. 

Attempts to overcome the resolution limits imposed by the atmosphere have 

taken three basic forms: minimize the turbulence, image post-processing, and adap

tive optics. Up until the last two decades or so, the only recourse was to look 

through as Uttle turbulence as possible. Observatories have been built on the high

est mountain tops all over the world for this very reason. The ultimate example of 

rising above the turbulence is the Hubble Space Telescope (HST). While the HST 

is completely above the atmosphere, its maintenance problems and greater than 

$2 billion price tag illustrate the difficulty and expense associated with space based 

astronomy. In comparison, ground based telescopes several times larger than HST 

can be built at less than a tenth of the cost. The effects of atmospheric turbulence 

can also be reduced by imaging at longer wavelengths. Since the strength of the 

turbulence scales inversely with wavelength, longer wavelengths are less affected by 

the index fluctuations in the atmosphere. However, for imaging wavelengths be
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tween ultraviolet to infrared, large ground based telescopes are nearly always seeing 

limited, regardless of the altitude of the observatory. 

Another way to compensate for the effects of atmospheric turbulence is through 

image post-processing.[4] These techniques attempt to improve the resolution of 

images aberrated by turbulence by recovering diffraction-limited information hidden 

within the image data. Post-processing leapt to the forefront beginning in 1970 

when Labeyrie demonstrated that very short exposure images, called specklegrams 

due to their speckled look, contain diftaction-limited information.[5] This effect 

can be seen in the short exposure image in figure 1.1. Upon examination, this 

image can be viewed as the sum of many randomly-positioned, diffraction-limited 

images. Since Labeyrie's discovery, several image processing algorithms based on 

speckle imaging have been developed, such as the Knox-Thompson method[6], the 

bispectrum method[7], and deconvolution from wave-front sensing.[8,9] While post

processing techniques can greatly improve image quality, their usefulness is limited 

by the signal-to-noise ratio of the original image. Faint objects, many of which are 

of interest to astronomers, are almost impossible to recover using these methods. 

Something else is needed for these types of objects, and that something is adaptive 

optics. 

.\daptive optics (AO) is a hardware based solution to the resolution problem 

created by atmospheric turbulence. Unlike post-processing methods which attempt 

to improve image quality after the image data have been taken, AO compensates 

for the effects of turbulence in real-time as the data are collected. Therefore, the 

quality of images recorded with the help of AO can be many magnitudes better 

than those recorded without it. As a side benefit, the signal-to-noise ratio (SNR) 

of AO-compensated images is better, so post-processing techniques can be applied 

to further improve the images. A diagram of a generic AO system is shown in 
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Figure 1.2 A simplified diagram of an adaptive optics system. Light from a dis
tant object, which has been aberrated by atmospheric turbulence, is collected 
by the primary mirror and directed into the imaging system. The fast steering 
mirror (FSM) corrects the overall tilt of the aberration, and the deformable mir
ror (DM) corrects the high spatial frequencies. After reflection from the DM, 
the camera records a compensated image. A beam splitter is used to deflect 
light from a reference source into the wave front sensor (WFS) which gathers 
information about the shape of the wave front aberration. This information is 
used by a computer to control the FSM and DM. 

figure 1.2. The three basic components of an AO system are a wave front sensor 

(WFS), deformable optical elements, and a control computer. These components 

work together to measure and correct for the phase aberrations picked up by a wave 

front as it propagates through the atmosphere. By looking at a bright star, which 

is close to the astronomical object of interest, the WFS is able to measure the wave 

front phase aberrations induced by the atmosphere. The bright star required by 

the WFS serves as a reference for determining the wave front aberrations because 
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the unaberrated shape of the star's wave front, a plane, is known. The information 

gathered by the WFS is then sent to the control computer which calculates how to 

best compensate for the measured aberration. Once the required correction is deter

mined, the computer sends control commands to the deformable optical elements, 

such as a fast steering mirror (FSM) and a deformable mirror (DM). After interact

ing with these deformable elements, the aberrations in the wave front are reduced 

and the quality of the image recorded by the camera is improved. This control loop. 

WFS to control computer to DM, executes continually in order to keep up with the 

changes in the atmosphere. 

The level of correction which can be obtained with an AO system depends on 

atmospheric conditions and the order of the AO system. Atmospheric turbulence 

is a stochastic, random process with statistics that depend strongly on wavelength 

and which vary spatially and temporally in a continual manner. The performance 

of an AO system is determined by the degree to which it can keep up with and 

compensate for these changes over the wavelength range of interest. Low-order AO 

systems, which attempt to correct for only a few wave front aberrations, such as 

the first few Zemike modes, do not need to operate at high bandwidths because 

the temporal variation of these aberrations is gradual in nature. In comparison, 

high-order AO systems, which try to compensate for large numbers of aberration 

modes, must operate with cycles times on the order of a few milliseconds in order 

to keep up with changes in the atmosphere. 

Adaptive optics system performance is also highly dependent on the character

istics of the reference star used by the WFS. The specifications for the reference 

source are generally more stringent for higher-order AO systems. The accuracy 

and reliability of the WFS measurements depend on the SNR of the WFS data 

which, in turn, depends on the number of photons detected from the reference star. 
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Therefore, the reference star must be bright enough for the WFS to collect enough 

photons to produce measurements with good SNR. The reference source must also 

be close to the astronomical object of interest, otherwise VVFS measurements based 

on light from the reference will not accurately represent the aberrations in the wave 

front from the object being imaged. This effect, called anisoplanatism, occurs be

cause light from the reference and light from the object propagate along different 

paths through the atmosphere, picking up different amounts of turbulence along 

the way.[10,ll] The limiting angle of separation is known as the isoplanatic angle. 

For high-order AO systems, the isoplanatic angle can be as small as a few arcsec-

onds. For separation angles this small, there are not enough bright stars suitable 

as reference sources to allow entire sky coverage.[12,13] To compensate for this lack 

of bright natural stars, lasers have been used to create artificial stars, called laser 

beacons, or laser guide stars.[14-16] The laser light is projected into the sky and. 

either through Rayleigh backscatter from molecules in the lower atmosphere (below 

15-20 km) or resonant scattering from sodium atoms in the upper atmosphere (be

tween 90-120 km), an artificial star is created which returns light to the telescope's 

VVFS. Using laser beacons, AO systems can observe faint objects virtually anv^where 

in the sky. 

•A-daptive optics was first proposed in 1953 by Babcock.[17] Due to hardware 

limitations not much was done with his ideas for several years. Since then, advances 

in detectors, computers, and lasers have brought Babcock's dream to reality. [17,18] 

Adaptive optics has proven its worth on several telescopes.[19-23] Today almost 

every major astronomical telescope has an AO system in operation or on the drawing 

board.[24] .As these systems come online, new discoveries will be made, new mysteries 

will be uncovered, and man's fascination with the heavens will only grow in intensity 

as the pages of space are laid open even further. 
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Figure 1.3 A simplified diagram of the adaptive optics system for the MMT. 
Light from a distant object is collected by the primary mirror. The secondary 
mirror serves as the deformable mirror (DM) and is used to correct the aber
rations in the incoming wave front. The science camera is located at the focal 
plane of the secondary, avoiding the need for any additional imaging optics. A 
dichroic beamsplitter located at the entrance of the science dewar picks off vis
ible light from a reference source and sends it to the wave front sensor(WFS). 
Information from the WFS is used by a computer to control the DM. 

1.3 The MMT Gets a New Look 

The Multiple Mirror Telescope (MMT) is one of the major astronomical facilities 

which has big plans for an AO system and I have been involved with some of them. 

After nearly two decades of stellar service, the MMT is getting a face lift. The 

old optical support structure, with its six 1.8 m mirrors, has been removed and 

a new structure for a single 6.5 m primary is being installed.[25] Polishing of the 

primary mirror has been completed and the mirror will be put in place during the 
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first half of 1999.[26] The AO system is expected to see first light a few months after 

the telescope comes online. A simplified diagram showing the components of the 

system is given in figure 1.3. This diagram can be contrasted with the one found in 

figure 1.2. 

Many components of the AO system for the new MMT are pushing the cur

rent state of the art in technological development. The most distinguishing and 

complex component of the system is the secondary mirror which serves as the DM 

and FSM.[27,28| By using the telescope's secondary in this manner, the number of 

optical surfaces in the imaging light path is minimized to three—the primary, the 

secondary, and the dichroic window to the science dewar. For an IR imaging system, 

this feature translates into a higher throughput and lower thermal emissivity so that 

fainter objects can be imaged with higher SNR. The deformable reflecting surface 

of the secondary is a thin glass shell whose shape is controlled by 336 voice-coil ac

tuators operating at a 1 kHz update rate. An ultra low expansion (ULE) glass plate 

polished to the same radius of curvature as the thin shell, serves as the reference 

surface from which capacitive sensors, which surround each actuator, monitor the 

figure of the secondary and provide feedback to the actuators.[29] 

The Shack-Hartmann WFS designed for the AO system is also an advance over 

current technology. The WFS serves as the eyes of the AO system, collecting infor

mation about the wave front aberration which is used by the reconstructor to control 

the DM. The two main components of the WFS are a subaperture lenslet array and 

a new, low-noise, fast-readout CCD camera. Since the telescope's imaging system 

operates in the near infrared (H and K wavelength bands), visible light is sent to 

the WFS. In normal use the CCD is binned by a factor of 2 or 3 to provide standard 

quad cell operation and to increase the readout rate of the WFS to 1 kHz. The 

lenslet and CCD have been custom built so that the pitch of the lenslet array is an 
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integer multiple of the CCD pixel size. This design made it possible to permanently 

fix the registration of the lenslet to the CCD by precisely aligning the components 

and bonding them together with epoxy. To our knowledge, assembling a VVFS in 

this fashion has never been done before. 

While the Shack-Hartmann WFS will be used to measure the high frequency 

wave front aberrations, measurement of the global wave front tilt will be accom

plished with an infrared camera located in the science dewar. As mentioned earlier, 

compared to visible light, infrared wavelengths are less perturbed by atmospheric 

turbulence. By measuring global tilt in the infrared instead of in the visible, the 

natural star which is used as the global-tilt reference can be farther away from the 

science object and still provide accurate tilt information. In addition, by placing 

the global-tilt camera after the DM, the width of the spot on the camera's quad cell 

is minimized. The smaller spot helps maximize the sensitivity of the quad cell and 

improve the quality of global tilt correction. 

The readouts from the WFS and global-tilt camera are sent to a control computer 

which contains the reconstruction algorithm that estimates the wave front errors and 

computes the necessary corrections to the shape of the DM. Because the choice of 

the reconstnictor is key to the performance of any AO system, much effort has 

been expended over the years trying to develop optimal algorithms. [30-32] For the 

MMT, a modal approach to developing reconstructors is being considered.[33-35] 

In addition, predictive techniques will be applied in order to compensate for the 

temporal delay between measurement of the aberrated wave front by the WFS and 

application of the correction to the DM. [36-39] 

To obtain more complete sky coverage, the MMT AO system will employ a 

sodium laser and a beam projection system. The laser is a solid state design cur

rently under development and is expected to deliver 10 W at 0.589 /im.[40] The 
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beam projector system has been designed and is in the construction phase.[41] The 

laser will be mounted on the base of the telescope support structure so that it ro

tates with the telescope. The laser beam is relayed by several optical elements to 

a launching telescope located above the secondary mirror. Monitoring of the laser 

and projection system is done to ensure frequency stability of the laser light and 

coaxial alignment of the beam with the telescope. 

1.4 My Contribution to the Project 

The MMT facility will have the first .A.0 system which uses an adaptive secondary 

of this complexity.^ Final completion of this project depends on the development of 

practical solutions to many interesting design issues. Some of these issues are the 

accurate construction of the thin shell mirror[42]. the determination of the number 

and placement of the VVFS subapertures and DM actuators[34], the removal of heat 

from the actuator and capacitive sensor electronics so additional seeing is not created 

in the telescope's pupil due to the power dissipated by these electronics[43}, and the 

deve lopmen t  o f  t he  ha rdware  and  so f tware  mechan i sms  fo r  s t ab l e  con t ro l  o f  t he  th in  

shell[44,45]. 

A project of this magnitude, which covers so many scientific and engineering 

disciplines, can only be accomplished with the effort and cooperation of a very large 

group of people. However, since this is my dissertation it must necessarily focus on 

my contribution to the MMT project. During the last few years I have been involved 

in various aspects of the design, testing, and construction of several components of 

the MMT AO system. While I have attempted to give a complete reckoning of my 

activities, the scope of the work I have been involved with seems somewhat disjointed 

unless viewed as part of the whole picture. For that reason, I have included brief 

^ Other telescope systems, including the six mirror version of the MMT, have used secondaries 
to compensate for global tilt and defocus so, in a sense, these mirrors were adaptive secondaries. 
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descriptions of the work of others where it seems appropriate. 

The presentation of this dissertation generally follows the chronological order of 

my activities. The first project I was involved with examined the thermal charac

teristics and design of the reference plate for the adaptive secondary. My work in 

this area is described in chapter 2, including the construction and calibration of a 

temperature data acquisition system as well as the thermal and optical testing of 

an adaptive secondary prototype. This work was instrumental in helping establish 

the final design of the adaptive secondary reference plate. 

Chapter 3 describes the turbulence generator assembly (TGA) being built for 

controlled testing of the AO system. The TGA is part of a test facility which is 

being constructed to allow complete testing of the AO system in the laboratory 

and in situ on the telescope.[27] The final design of the TGA consists of a pair of 

well-characterized, static phase plates which produce atmospheric-like aberrations 

in light waves which pass through them. The plates can be held stationary for static 

testing or rotated at different speeds for testing the temporal response of the .\0 

system. 

Chapter 4 deals with the testing of the WFS components and the process used 

to glue the lenslet array to the CCD package. Chapter 5 describes a laboratory 

AO system designed for initial testing of the WFS hardware and AO system control 

software. The DM in this system is a silicon-based, electro-static actuated adaptive 

mirror built by OKO Technologies, the Netherlands. 

Chapter 6 looks at the design of the reconstruction algorithm that will be used 

by the control computer to estimate the wave front aberrations from the WFS data 

and calculate the required DM commajids. Due to the nature of the WFS and DM 

geometries, a modal approach has been taken for developing the reconstructor. 

In scientific research nothing is ever completely done. There will always be more 
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to do. Hardware can be tweaked and optimized. Theory can be improved and 

expanded. Answers to old questions produce new ones. So is the case with the work 

I have done at the Center for Astronomical Adaptive Optics. While I have diligently 

worked to finish the tasks asked of me, there is still much to do. As my time at the 

Center has come to an end, the responsibility of continuing this research has been 

passed on to others. To these chosen few I wish the very best. 
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CHAPTER 2 

ADAPTIVE SECONDARY MIRROR 

2.1 Adaptive Secondary Design Issues 

The adaptive optics (AO) system for the MMT is unique in that the secondary 

mirror of the telescope also serves as the deformable mirror (DM).[27.46,28] Using 

the secondary as the DM has several advantages compared to conventional AO 

systems. Most importantly, the number of optical surfaces in the imaging light path 

is greatly reduced. For the MMT's infrared imaging system this feature translates 

into higher optical efficiency and lower thermal background, making it possible to 

obtain higher signal-to-noise images. This feature also allows the system to be more 

compact. In addition, the larger size of the DM reduces the requirements on the 

size of the mirror components and makes it possible to obtain a higher density of 

actuators. 

While making the secondary mirror the deformable element of the AO system is 

attractive, its realization presents many challenges. Two of these challenges are the 

removal of heat generated by the DM actuators and their associated electronics, and 

the stable control of the DM surface. This chapter looks at the thermal behavior of 

the adaptive secondary mirror (ASM) and how it relates to the stable control of the 
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DM surface. 

The reflecting surface of the adaptive second£iry mirror (ASM) is a 64.2 cm 

diameter, 1.6 mm thick, convex glass shell whose shape is controlled by 336 voice-

coil actuators and monitored by 336 capacitive sensors. In early designs of the 

ASM, the actuator and capacitive sensor electronics were to be embedded in a 

10 cm thick, convex aluminum substrate which also served as the reference surface 

for the capacitive sensor plates that monitor the shape of the DM. 

Due to the stiffiiess of the glass shell and the spatial and temporal nature of 

atmospheric turbulence, the actuators and capacitive sensors are expected to dis

sipate heat into the substrate at a rate of 0.5-0.8 W per actuator.[47,48] Because 

of the total amount of heat generated by these components, the thermal behavior 

of the aluminum reference plate (RP) and the design of the cooling system become 

important issues. For the AO system to maintain optimal performance, three issues 

must be resolved. First, heat transfer from the RP to the thin-shell mirror must 

not occur. Second, the thermal distortion of the RP must be kept well within the 

approximately 40 operating range of the actuators and capacitive sensors so 

the actuators have enough stroke to compensate for atmospheric turbulence, and so 

the capacitive sensor measurements are reliable. Lastly, the temperature difference 

between the RP and ambient must be kept within a few tenths of a degree Celsius so 

the thermal gradient does not create additional turbulence in the telescope's pupil 

plane. [49,50,1] 

To solve the first problem, contact between the thin shell and the RP has been 

minimized. The only direct contact between these elements will be at the central 

hub attachment, so the heat transferred by conduction is minimal. The actuators 

do not physically touch the mirror. Magnets glued to the back to the shell provide 

the field against which the current in the voice coils work. In addition, the back 
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Figure 2.1 Initial design of the adaptive secondary reference plate for the 
MMT's AO system. Figure (a) shows the mirror, or convex, side of the reference 
plate. The large, medium, and small circles indicate the locations of the holes 
for the capacitive sensor plates, actuators, and capacitive sensor electronics, 
respectively. Channels are milled into the surface to provide paths for the 
wires which connect the capacitive sensor electronics to the capacitive sensor 
plates. These channels, as well as the gaps around the capacitive sensor plates, 
will be filled with an insulating epoxy prior to the polishing of the reference 
plate surface. Figure (b) shows the electronics and plumbing, or concave, side 
of the plate. The large, med.ium, and small circles indicate the locations of 
the holes for the capacitive-sensor electronics, cooling system, and actuators, 
respectively. Figure (c) is a cross section of the reference plate. The reference 
plate is made from aluminum and is 64.2 cm in diameter and about 10 cm 
thick. 
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Figure 2.2 A sample cross section of the initial design for the adaptive sec
ondary reference plate. The diagram indicates the relative size and depth of 
the various holes that must be drilled into the plate for the actuators, capaci-
tive sensor plates and electronics, and cooling system. The size and shape of 
the holes are drawn to scale relative to the 10 cm plate thickness. For viewing 
purposes, the gap between the mirror and reference plate has been exaggerated 
and the separation and placement of the holes were arbitrarily chosen. 

surface of the thin-shell will be aluminized. This procedure is necessary to create a 

common ground plane for the capacitive sensors but it also creates a reflective heat 

shield which blocks radiative heat transfer from the RP to the mirror. To solve the 

remaining two problems, cooling fluid will be pumped through holes drilled into the 

back of the RP close to each actuator. A diagram of the initial RP design, with 

only 330 actuators, is shown in figure 2.1. A large number of holes must be drilled 

into the reference plate for the cooling system (330 holes) and the miniature circuit 

boards, which contain the voice coils (330 holes) and capacitive sensor electronics 

(165 holes, 1 for each pair of capacitive sensor plates). Figure 2.2 shows a sample 

RP cross section indicating the relative size and depth of the various holes. 

The following sections discuss a series of experiments which examined the ther

mal chaxacter of the RP and its affect on the controllability of the thin shell. The 
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temperature data acquisition system I built for these experiments is described in 

section 2.2. Section 2.3 presents the experiments in chronological order. Section 2.4 

discusses how the thermal response of the RP affects the stability of the actuator 

control system. The results from these experiments were instrumental in establish

ing the current design of the 336-actuator RP and cooling system. This design is 

outlined in section 2.5. 

2.2 Temperature Data Acquisition System 

A temperature data acquisition system was built to assist with the evaluation of the 

design of the ASM. The design and calibration of this system is presented below. 

2.2.1 Data Acquisition Electronics 

A multi-channel, temperature data acquisition system was built to collect temper

ature data during the thermal experiments discussed later in this chapter. Initially 

the system contained 24 channels but it was later expanded to 48. A schematic of 

the final form of the electronics is shown in figure 2.3 and pictures of the system are 

shown in figure 2.4. 

The temperature probes were made from thermistors placed in voltage dividers 

with RN55C precision resistors. Thermistors were chosen because they tend to 

be stable, are very sensitive, and the voltage signals can be made large (tens of 

millivolts) compared to thermocouples. The thermistors were Keystone Thermetrics 

mini sensors with a nominal resistance of 5 kf2 at 25° C and the precision resistors 

were 60.42 kQ ± 1%. The probes were approximately spherical with roughly a 

0.1 inch diameter. The top of each voltage divider was tied to an AD588 high 

precision voltage reference configured to supply a +5 V output. 

A 2-stage multiplexer (MUX) circuit provided individual access to the 48 ther

mistor channels. The voltages across the 48 thermistors were input into 6 precision. 
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Figure 2.3 Schematic of the electronics for the temperature data acquisition 
system. The final version of the electronics contained 48 thermistor channels 
which were individually accessed through 2 stages of 8-to-l multiplexers. The 
multiplexer channels were selected using the digital output channels from a Na
tional Instruments Lab-PC+ data acquisition board (not shown). The system 
also contained a precision 5 V reference source and an operational amplifier. 
The output of the amplifier was fed into the analog input of the data acquisi
tion board for measurement and storage. All of the thermistor channels and 
multiplexers are not shown in order to minimize the space required for the 
drawing. 
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(b) 

Figure 2.4 Pictures of the temperature data acquisition electronics. All the 
components external to the computer are shown in figure (a). The board on 
the right holds the multiplexers, 5 V reference source, instrumentation ampli
fier, and the precision resistors for the voltage dividers. The thermistors are 
located at the end of the cabling on the left. Each of these cables contain 24 
thermistor channels. The wiring connecting the thermistors to the multiplex
ers and ground are about 7 feet long. The ribbon cable coming in from the 
right of the picture connects to the data acquisition board in the computer and 
also supplies the -1-15 V and —15 V needed to operate the IC chips seen here. 
Figure (b) is a close up of the thermistor probes. 
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S-channel, high performance, CMOS analog MUXs (MAX308). The outputs from 

this first stage of MUXs were input into another 8-channel MUX, whose output was 

connected to the positive input of an AD624 precision instrumentation amplifier. 

Two reference voltages were connected to the remaining inputs of the second 

stage MUX. The reference voltages were created using voltage dividers composed 

of two precision resistors tied to the AD588 voltage source. The same 60.42 kf2 

resistors used with the thermistors were placed at the top of these voltage dividers 

and two reference resistors were used on the bottom. The reference resistors are 

labeled Ri and R2 in the schematic. The first reference resistor was chosen to 

match the thermistor resistances in the middle of the temperature range of interest. 

The voltage across this resistor was compared to the output of the second stage 

MUX by connecting it to the negative input of the AD624 amplifier. The gain 

of the amplifier was then applied to the voltage diflFerence between its two input 

voltages. Initially, the gain of the amplifier was set to 100 by using one of the 

internal, laser-trimmed precision resistors as shown in figure 2.3. The gain w^as later 

changed to about 50 using an external precision resistor in order to increase the 

measurable temperature range. The first reference voltage was also input to the 

second stage MUX in order to test and correct for any zero offset of the electronics. 

The second reference resistor was chosen to create a voltage a few tens of millivolts 

different from the first reference voltage so the actual gain of the electronics could be 

determined. The values of the two reference voltages were measured to an accuracy 

of 10 fiV using a Hewlett-Packard precision multimeter. 

Temperature data were acquired and stored by a computer using a National 

Instruments data acquisition board (DAQ), the Lab-PC+. Two of the board's digital 

output channels were connected to the first and second stage MUXs, respectively, 

in order to select which thermistor channel was input to the AD624 amplifier. Two 
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analog input channels were used in differential mode to measure the voltage output 

from the amplifier. This voltage was digitized by a 12-bit analog-to-digital converter 

(ADC) that had an input voltage range of —5 V to +5 V. 

The DAQ had its own input amplifier, but it was not used. The AD624 instru

mentation amplifier, which served as a current buffer between the AD588 voltage 

source and the DAQ, was chosen to perform the amplification because it was located 

closer to the thermistors. Having the amplifier closer to the thermistors made signal 

noise less of a problem. In addition, the gain of the AD624 could be arbitrarily 

set using either the amplifier chip's internal resistors or external precision resistors. 

While the first reference voltage determined the center of the measurable temper

ature range, the size of the temperature range was determined by the gain of the 

electronics. For the first experiments discussed below, a gain of 100 was used to 

cover a little more than a 5°C. For later experiments, the gain was lowered to about 

50 and the temperature range increzised to more than 10°C. 

Data acquisition was controlled by a computer program that was written in 

C with the help of the National Instruments library routines. After initializing 

the hardware, the program would continuously cycle through all of the thermistor 

channels at a specified rate and time interval. During each cycle the gain and 

offset of the electronics were recalibrated to account for drift due to heating of the 

components. Whenever a channel voltage was read, 100 samples of the voltage were 

taken. At the end of each cycle, the mean and variance of each channel's voltage 

were written to a file. The format of the output file was designed so it could be 

directly read into Matlab for plotting and analysis. 

In designing this system, the goal was to have 0.01°C temperature precision. 

The temperature coefficient for the thermistors was —4.43%/°C at 25°C, so a 0.01°C 

change in temperature would correspond to a resistance change of 2.2 f2. This change 
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in resistance would produce a 0.16 mV change in the input to the instrumentation 

amplifier. With a gain of 100, the change in the signal measured by the DAQ 

would be 16 mV and the ADC output would change by 6.6 counts. The accuracy 

of the Lab-PC+ ADC is listed as no worse than ±1.5 in the least significant bit, 

so a 0.01°C change in temperature is easily detectable. The self-heating error of 

the thermistors was also within the desired measurement precision. With a 5 V 

source and a 60.42 kfi resistor in series with the thermistors, the nominal voltage 

drop across the thermistors at 25°C was about 382 mV, so the nominal power 

dissipated in each thermistor was about 29/iW. The still air dissipation constant for 

the thermistors was 1.4 mW/°C, which corresponds to a 0.02°C self heating error. 

However, when the thermistors are in thermal contact with metal, as was the case 

for the experiments presented below, the dissipation constant can be as much as 10 

times higher.[51] Therefore the measurement error due to self heating should have 

been well within the precision goal. In addition, from the specifications given for the 

components of the data acquisition system, the electronics were capable of providing 

an accuracy of 0.01°C. 

2.2.2 Calibration of Data Acquisition System 

Individual calibration of each thermistor was necessarv' to achieve the desired tem

perature precision of 0.01°C. The off-the-shelf temperature accuracy of the Keystone 

thermistors is specified to be ±1°C due to variations in the manufacturing process. 

However, if each thermistor is individually calibrated, the accuracy can be much 

better. The variation of thermistor resistance with temperature is nonlinear, but a 

good model of the relationship is given by the Steinhart-Hart equation 

^  = a  +  blnRT + c{\nRTf,  (2 .1)  
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where T is in degrees Kelvin, Rx is the thermistor resistance, and a, b, and c are 

curve fitting constants. When the data points used to calculate these constants 

span no more than 100°C within the nominal center of the thermistor's temperature 

range, this equation can be accurate to 0.01°C or better. 

To calibrate the thermistors, they were attached to a 6 x 6 x 1.5 inch^ aluminum 

block. The thermistors were either placed in holes drilled into the block or they were 

attached to the block with aluminum tape. Thermal grease was used to provide 

better thermal contact between the block and the thermistors. .After attaching the 

thermistors, the block was placed in a Styrofoam box with 2 inch thick walls, as 

shown in figure 2.5, in order to insulate the system from ambient room temperature. 

Four 10 W power resistors were attached to the comers of the block to control its 

temperature and an ASTM-56C bomb calorimeter glass thermometer, shown coming 

out of the top of the block in the figure, was used to measure the temperature. The 

thermometer covered the temperature range from 19°C to 35°C and had 0.02°C 

scale gradations which could easily be read to 0.01°C. The thermometer was placed 

into a 5.75 inch deep hole in the aluminum block that was filled with mineral oil to 

assist with heat transfer into the thermometer. Since the thermometer was designed 

as a total immersion thermometer and it was only used at partial immersion, the 

following correction to the temperature reading was required 

R = TP + 0.00016 {Tr - R„) N, (2.2) 

where T is the corrected temperature, Tr is the temperature read from the ther

mometer, Ta is the ambient temperature, N is the number of degrees of the ther

mometers scale emergent from the aluminum block, and all of the temperatures are 

given in degrees Celsius. 

The accuracy of the thermometer was listed at ±1 division of scale, or 0.02°C. 

Unfortunately, I was unable to find a precision thermometer with better accuracy. 



Figure 2.5 A picture of the aluminum block used to calibrate the thermistors. 
The thermistors were attached to the block along with four power resistors that 
were used to control the blocks temperature. A bomb calorimeter thermometer, 
seen coming out of the block at the top, was used to measure the temperature. 
The block was insulated from ambient on all sides by 2 inches of Styrofoam. 

Therefore, the precision of the calibration was not guaranteed to meet the desired 

value of 0.01°C. 

Before taking calibration data, the aluminum block with heaters and thermistors 

attached was placed in its Styrofoam box, and with the box lid off, this bundle was 

placed in a freezer for a few minutes to lower its temperature a few degrees below 

room temperature. After taking the bundle out of the freezer, the Styrofoam lid was 

tied on with string, the thermometer and mineral oil were inserted, and all of the exit 

holes for the thermistor wires and thermometer were stuffed with tissue. This entire 

system was then placed in a larger cardboard box which was filled with Styrofoam 

peanuts. Only enough of the thermometer was left sticking out so temperatures 
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could be read. 

The power resistors were then used to slowly raise the block temperature about 

0.5°C every 5 minutes. Resistance data were collected approximately every 0.5°C to 

1.0°C increase in temperature depending in the size of the measurable temperature 

range. Before taking data, the voltage to the power resistors was shut off and I waited 

several minutes to allow the thermal gradients in the aluminum block to dissipate 

and the temperature to stabilize. At this point the thermometer temperature was 

read and 2 or 3 sets of 100 voltage samples were taken for each thermistor and 

used to calculate the thermistor resistances. The variance of the resistance data was 

used as a metric to determine if the aluminum block's temperature had actually 

stabilized. When the temperature was stable, the variance of the resistances was 

less than 0.5 If the temperature was changing during the data acquisition, the 

variance tended to be 1 or greater. In this case the data were discarded and I 

waited longer for the temperature to reach equilibrium. Data were taken in this way 

over the entire measurable temperature range. 

Calibration data for one of the thermistors are shown in figure 2.6. In this exam

ple, the gain of the electronics was set to about 51 using an external precision resistor 

of 845.0 Q between the RGl and RG2 pins of the AD624. The first precision refer

ence resistor, which created the voltage against which the thermistor voltages were 

compared, was chosen to be 5361 Q. and produced a reference voltage of 0.40786 V. 

The second reference resistor, used to calculate the system gain, was chosen to be 

4221 Q and produced a reference voltage of 0.32694 V. Data points were collected 

at roughly 1°C intervals firom 22°C to 29.5°C. These data are shown in figure 2.6(a) 

along with a least-squares fit of the Steinhart-Hart equation (equation 2.1). The 

second graph in the figure shows the temperature calibration error from the first 

graph. The average absolute error is 0.012°C with a maximum of 0.023°C. since 
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Figure 2.6 Example calibration data for one thermistor. Figure (a) shows 
the raw calibration data (circles) and the least-squares Steinhart-Hart fit to 
the data (dashed line). Figure (b) shows the initial calibration error using the 
Steinhart-Hart fit (circles) and the cubic correction (dashed line). 

the maximum error was larger than desired a cubic adjustment factor was used 

T = cq + ci Tsh + C2 + <^3 (--3) 

where T is the adjusted temperature, is the Steinhart-Hart approximation, and 

the c„'s, n = 0,1,2,3, are curve fitting constants. After the cubic correction was 

applied the average absolute error was 0.002°C with a maximum of 0.006°C. 

2.3 Thermal Experiments 

This section describes and presents the results from three experiments which ex

amined the thermal properties of the initial design for the ASM. Section 2.3.1 de

scribes some initial thermal and optical experiments performed with the RP for a 

60-actuator prototype ASM (P60). Section 2.3.2 describes a set of hardware simula

tions designed to examine the thermal properties of the variation on the P60 design. 

Section 2.3.3 describes further thermal experiments performed with P60. 
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2.3.1 Initial Experiments with the 60-Actuator Prototype 

As an intermediate step in the development of the hardware required for the 336-

actuator ASM, a 4 inch thick, 21 inch diameter, concave prototype reference plate 

with 60 actuators (P60) was constructed in order to test and refine various aspects of 

the design.[52,53,46] The radius of curvature of the prototype plate was the same as 

the design for the final RP. However, for ease of testing, the prototype was concave 

instead of convex as required in the final RP design. A diagram of the front, or 

concave, side of P60 is given in figure 2.7. The prototype had four rings of actuators 

containing 6, 12, 18, and 24 actuators with radii of 5.1 cm, 11.5 cm, 17.6 cm, and 

23.9 cm, respectively. The holes for the capacitive sensor electronics and cooling 

system were alternately placed between the actuators in each ring. The actuator 

and capacitive sensor holes passed all the way through the RP while the cooling 

holes were drilled into the back side of the plate and stopped about 0.2 inches short 

of the front surface. This configuration is demonstrated in figure 2.2. 

.A. simple experiment was initially performed with P60 to characterize the thermal 

behavior of the plate and cooling system. Pictures of the experimental setup are 

shown in figure 2.8. In order to dump heat into the RP, simulated actuators with 

1 kfi power resistors were placed in the RP at the positions indicated in figure 2.7 by 

the large dots labeled "A" and "B." .A. picture of an actuator is shown in figure 2.9. 

Cooling of the RP was accomplished by pumping tap water through 6 parallel cooling 

lines with each line connecting 5 cooling holes in series. To make sure the coolant 

flowed through each cooling hole, the water was pumped to the top of the 1/3 inch 

diameter holes through a small, 1/8 inch OD, inlet tube and then flowed back 

around the inlet tube and out of the cooling hole. The cooling system was designed 

to provide roughly uniform coverage of the RP by intermingling the cooling holes 

connected by the various cooling lines and appropriately choosing the direction of 



41 

o O O 

•B 
4. 

.o 

o o o 

Figure 2.7 Diagram of the front, or concave, side of the 60-actuator prototype, 
P60. The large, large-bold, and small-bold circles indicate the locations of the 
holes for the capacitive sensor electronics, actuators, and cooling system, re
spectively. The large dots, labeled "A" and "B," indicate the actuator positions 
where power resistors were placed as heat sources during the experiments. The 
small dots, numbered I through 9, indicate the locations at which thermistor 
pairs were placed to collect temperature data. Each thermistor pair consisted 
of one thermistor on the front of the plate and one on the back. 

flow in the lines. 

A set of the thermistor probes described above were attached to the RP to 

monitor temperature changes. The probes were placed at the locations indicated by 

the small, numbered dots in figure 2.7. Each dot in the figure corresponds to a pair 

of thermistors, with one thermistor located on the front of the plate and one on the 

back directly behind its partner. The thermistor positions were offset 17 mm from 

the center of the neighboring actuator, cooling, or capacitive sensor electronics hole. 

To create good thermal contact with the RP, the thermistors were placed in 7 mm 

deep holes that were filled with thermal grease. 
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(a) 

(b) (c) 

Figure 2.8 Pictures of the setup for the first P60 experiment. Figure (a) 
shows the front, or concave, side of the reference plate with the 60 capacitive 
sensor plates. The wires running across the RP surface were the leads for the 
thermistor temperature probes. Figure (b) shows the back of the reference 
plate with the plumbing for the cooling system. Figure (c) shows the Shack 
cube interferometer used in the experiment with the prototype reference plate 
at the other end of the optics table. 



Figure 2.9 A simulated actuator used to diunp heat into P60 is shown at the 
top of the picture. The actuator was made from a 1 kS7 power resistor like 
the one shown in the middle of the picture. The resistor was epoxied into a 
threaded bar which has been cored out. The actuator was attached to the P60 
reference plate using the threads for the real actuators. 

In addition to the temperature measurement system, a Shack-cube interferometer 

was used to optically measure the displacements, due to thermal expansion, of the 

capacitive sensor plates in the region around the heat sources. [54] The capacitive 

sensor plates were made from 1 inch diameter, 3/16 inch thick, glass pucks that 

were bonded to the aluminum plate. After bonding the pucks to the RP, their 

surfaces were polished so as to match the curvature of a concave, thin-shell mirror 

that had been made for the prototype system. The metallic coatings forming the 

actual capacitor electrodes were applied after the initial tests described here were 

completed, but the polishing created good reflective surfaces whose displacement 

could be measured with the interferometer. Thermal and optical data were collected 

simultaneously every 10 seconds during each of the two heating scenarios that were 

examined during this experiment. 

During the first heating scenario, 6.5 VV of heat was dumped into the RP using 

only actuator A and tap water was pumped through the cooling lines at a total flow 

rate of 0.65 liters/min. Data were collected over a period of 31 minutes—1 minute 

with power off, 20 minutes with power on, and 10 minutes with power off. During 

the experiment the ambient room temperature was 24.0°C ±0.1°C. Figure 2.10 
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shows the temperature changes recorded by the 9 thermistor pairs located near the 

heat source and one-fourth the way around the plate relative to the temperature at 

the start of data collection. The data in the figures have been scaled for 1 VV of 

input power. The graphs show the temperature difference between the thermistors 

in each pair {ATp) levels off quickly while the average temperature change between 

each thermistor pair and ambient (ATa) does not level off during the power-on 

period. 

A thermal time constant for ATp can be calculated by applying an exponential 

model to the data. 

where r is the thermal time constant, t is the time variable, and to marks the 

time when the input power experienced a step change. The first equation is for a 

positive step change in power and the second is for a negative step change. Using 

the data for thermistor pair 2, which is closest to the heat source, the thermal time 

constant for ATp was calculated to be 25.6 seconds after the power was turned on 

and 27.2 seconds when it was turned off. 

The amount of thermal expansion which occurred in the aluminum plate can be 

estimated from the temperature data by using the equation of thermal expansion 

and assuming linear temperature gradients between the thermistors in each pair 

where the integral is over the thickness of the plate L, a = 25 /im/m/°C is the coef

ficient of thermal expansion for alumiuum, and AT{z) is the change in temperature 

of the plate as a function of depth into the plate. The last step in the equation is 

ATp{to + t) = A T p { t ^ ) { l - e - ' / ^ ) ,  

\Tp{to^t) = Arp(fo)e-'/\ (2.4) 

(2.5) 
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Figure 2.10 Temperature changes recorded by thermistors attached to P60 
during the first heating scenario. The data have been scaled to 1 W of input 
power for the active actuator. The solid and dashed curves are the thermistor 
temperature on the front and back of the reference plate, respectively. The 
dash-dot curves show ATp, the temperature gradient between each thermistor 
pair. The thermistor pair numbers correspond to the labels given in figure 2.7. 
Thermistor pair 2 is closest to the heat source and pair 9 is one fourth of the 
way around the plate from the source. 
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thermistor 
pair 

approx. distance from 
actuator A (mm) 

ATp 
(°C/W) 

Ar„ 
(°C/W) 

Ar 
i f i m / W )  

1 37 0.012 0.073 0.18 

2 17 0.038 0.087 0.22 

3 37 0.015 0.073 0.18 

4 65 0.001 0.065 0.16 
5 46 0.009 0.070 0.18 
6 65 0.004 0.063 0.16 
7 108 0.000 0.062 0.16 

8 95 0.000 0.058 0.15 

9 225 -0.001 0.046 0.11 

Table 2.1 Measured temperature changes for the first P60 heating scenario at 
the end of the 20 minute power-on period. The data have been scaled to 1 W 
of input power. The columns show ATp, the temperature difference between 
the thermistors in each pair, AT),, the average temperature change between 
the thermistor pairs and ambient, and Az, the expected thermal expansion 
of the plate's thickness assuming linear temperature gradients between the 
thermistors in each pair. 

made by approximating the average AT with ATa. Values for ATp, ATa, and Az 

are given in table 2.1 for the end of the 20 minute power-on period. 

A typical interferogram captured by the interferometer is shown in figure 2.11 

where simulated actuators A and B are located in the center of the two capacitive 

sensor plates in the middle of the image. Interferograms were recorded every 10 sec

onds to create a movie of the motion of the capacitive sensor plates. The temporal 

evolution of the piston and tip-tilt of the plates were determined by thresholding 

the resulting interferograms, ordering the fringes, and fitting a least-squares plane to 

the data. An interactive, mouse-driven program was written in Matlab for this task. 

Figures 2.12 and 2.13 show the piston and tip-tilt results for the 9 capacitive sensors 

closest to the heat source. The data have been scaled to 1 W of input power. The 

orientation of the graphs in these figures matches the orientation of the capacitive 
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Figure 2.11 A typical interferogram captured by the Shack cube interferom
eter. The simulated actuators are located in the center of the two capacitive 
sensor plates labeled "A" and "B." 

sensor plates in figure 2.11. 

The amount of piston over the roughly 6 inch x 6 inch region surrounding the 

heat source ranges from 0.20 to 0.28 /xm/W at the end of the power-on period. For 

the bottom six capacitive sensor plates shown in the figure, the piston is nearly 

uniform at about 0.27 //m/W. The piston of the three plates at the top of the figure 

is slightly less than the other six because cooling holes are located between these 

groups of plates. The piston values are about 50% greater than the estimated values 

given in table 2.1. The discrepancies in the two results are most likely due to the 

simplicity of the calculation used to determine the values listed in the table. That 

calculation assumed linear temperature gradients between the thermistors and did 

not account for the effects of stress and strain in the plate. Thermal expansion of 
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Figure 2.12 Piston displacements measured during the first heating scenario 
for the capacitive sensors surrounding simulated actuator A scaled to 1 W 
of input power. The orientation of the plots matches the orientation of the 
capacitive sensors shown in figure 2.11. 
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Figure 2.13 Tilt displacements measured during the first heating scenario for 
the capacitive sensors surrounding simulated actuator A. The data have been 
scaled to 1 W of input power. The solid (dashed) curves correspond to the 
x-tilt (y-tilt) of the sensor plates. The orientation of the plots matches the 
orientation of the capacitive sensors shown in figure 2.11. 



50 

the RP mount or the optics table, or the other system components, and drift of the 

optical components may be other sources of error. The tilt of the capacitive sensor 

plates was oriented away from the heat source but was never greater than 10 nm 

across any of the 25 mm diameter plates. The noisiness of the tilt data is mainly a 

result of the binary thresholding of the interferogram data during analysis. 

Using the tilt and piston data given in figures 2.12 and 2.13, the thermal dis

tortion of the region around the heat source was estimated. To create the surface 

estimate, each capacitive sensor plate was replicated with its respective piston and 

tilt values at the end of the power-on period. Then the mean of the plate surfaces 

was subtracted. The regions in between the plates were then filled in by applying a 

Gaussian low-pass filter to the Fourier transform of the surface. The width of the 

filter was chosen to provide a good level of smoothing without significantly changing 

the piston or tilt of the capacitive sensor plates. The result of this process is dis

played in figure 2.14. The filter used to create the figure produced only a 3 nm rms 

change in the surfaces of the capacitive sensor plates. A thermal bump is clearly 

seen around the active actuator. The peak-to-valley of the surface is only 83 nm/W. 

During the second heating scenario, 13.0 W of heat was dumped into the RP 

using actuators A and B, with each dissipating 6.5 W, and tap water was pumped 

through the cooling lines at a total flow rate of 0.66 liters/min. Data were collected 

over a period of 19 minutes—1 minute with power off, 12 minutes with power on, 

and 5 minutes with power off. During the experiment the ambient room temperature 

was 24.0°C ± 0.1°C. Figure 2.15 shows the temperature changes recorded by the 

9 thermistor pairs relative to the temperature at the start of data collection. The 

data shown in the figures are scaled for 1 W per actuator of input power. Table 2.2 

lists values for ATp and ATa at the end of the 12 minute power-on period for this 

scenario. An estimate of the thermal expansion which occurred in the aluminum 
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Figure 2.14 Estimated surface distortion of P60, due to thermal expansion, 
at the end of the power-on period of the first heating scenario. The small 
black and white squares mark the centers of the capacitive sensor plates in the 
region around simulated actuator A. The orientation of the plates matches the 
orientation shown in figure 2.11. The peak-to-valley of the surface is 83 nm/W. 

plate, based on equation 2.5, is included in the table. For comparison, the table 

also lists the corresponding values for ATp, ATa, and Az after 12 minutes with the 

power on in the first heating scenario. 

Figures 2.16 and 2.17 show the piston and tip-tilt results scaled to 1 VV per actu

ator of input power for the 12 capacitive sensors surrounding the heat sources. The 

orientation of the graphs in these figures matches the orientation of the capacitive 

sensor plates in figure 2.11. The amount of piston over the roughly 6 inch x 9 inch 

region surrounding the heat sources is not as uniform in this scenario. In the center, 

at the points where the heat is generated, the piston rises close to 0.30 /zm/W. The 

piston for the other capacitive sensors varies from about 0.10 fim/W at the top to 

0.25 /zm/W along the bottom and sides. These values do not match well with the 

estimated expansion listed in table 2.2. The discrepancy is possibly a result of the 

assumption of linear temperature gradients in the calculation of A2. However, the 



52 

0.08 
pairs 

0.06 

0.04 

0.02 

10 15 

0.08 
pair 1 

0.06 

0.04 

0.02 

5 15 

0.08 
pair 2 

0.06 

0.04 

0.02 

5 10 15 

no 
0.08 

pair 4 

~ 0.06 u 

I 0.04 

0.02 

Q. 

0.08 
pair 6 

0.06 

0.04 

0.02 

10 15 

0.08 
pair 5 

0.06 

0.04 

0.02 

10 

5 10 15 
time (minutes) 

Figure 2.15 Temperature changes recorded by thermistors attached to P60 
during the second heating scenario. The data have been scaled to 1 W of input 
power per active actuator. The solid and dashed curves are the thermistor 
temperature on the front and back of the reference plate, respectively. The 
dash-dot curves show ATp, the temperature gradient between each thermistor 
pair. The thermistor pair numbers correspond to the labels given in figure 2.7. 
Thermistor pair 1 is between the two heat sources and pair 9 is about a fourth 
of the way around the plate from the sources. 
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thermistor approx. distance from ATp ATa Az 
pair actuator A and B (mm) (°C/W) ("C/W) i f i m / W )  

1 37, 37 0.027 0.048 0.12 
(0.012) (0.060) (0.15) 

2 17, 66 0.044 0.054 0.14 
(0.038) (0.074) (0.18) 

3 37, 96 0.017 0.036 0.09 
(0.016) (0.060) (0.15) 

4 65, 46 0.014 0.036 0.09 
(0.003) (0.052) (0.13) 

5 46, 65 0.016 0.038 0.09 
(0.010) (0.057) (0.14) 

6 65, 100 0.007 0.025 0.06 
(0.005) (0.051) (0.13) 

7 108, 136 0.000 0.023 0.06 
(0.000) (0.049) (0.12) 

8 95, 149 0.001 0.019 0.05 
(0.001) (0.047) (0.12) 

9 225, 270 0.000 0.001 0.00 
(0.000) (0.036) (0.09) 

Table 2.2 Measured temperature changes for the second P60 heating scenario 
at the end of the 12 minute power-on period. The data have been scaled to 
1 W of input power per actuator. The columns show ATp, the temperature 
difference between the thermistors in each pair, ATa, the average temperature 
change between the thermistor pairs and ambient, and Az, the expected ther
mal expansion of the plate's thickness assuming linear temperature gradients 
between the thermistors in each pair. For comparison, AT),, ATa, and Az are 
given in parenthesis for the first heating scenario after 12 minutes with the 
power on. 
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Figure 2.16 Piston displacements measured during the second heating scenario 
for the capacitive sensors surrounding simulated actuators A and B. The data 
have been scaled to 1 W of input power per actuator. The orientation of the 
plots matches the orientation of the capacitive sensors shown in figure 2.11. 
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Figure 2.17 Tilt displacements measured during the second heating scenario 
for the capacitive sensors surrounding simulated actuators A and B. The data 
have been scaled to 1 W of input power per actuator. The solid (dashed) curves 
correspond to the x-tilt (y-tilt) of the sensor plates. The orientation of the plots 
matches the orientation of the capacitive sensors shown in figure 2.11. 
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majority of the discrepancy is most likely due to mechanical drift in the experimen

tal setup. This conclusion is supported by a comparison of figures 2.15 and 2.16. At 

the end of the data sequence the thermistor temperatures were very close to their 

initial values. For a mechanically stable system, I would expect the piston of the 

capacitive sensor plates to have the same trend. However, this is not the case, so 

it is likely that mechiinical drift occurred during the collection of data. The exact 

nature of the drift is not known but it could have been a result of thermal expansion 

or settling of the experimental components. It should be noted that, for the first 

heating scenario, a comparison of the thermal and piston data shown in figures 2.10 

and 2.12 does not clearly indicate a problem with mechanical drift. 

.A.S in the first heating scenario, the tilt of the capacitive sensor plates was ori

ented away firom the heat sources but was never greater than about 15 nm across any 

of the 25 mm diameter plates. From the tilt and piston data for this scenario, the 

thermal distortion of the region around the heat sources was estimated. The same 

reconstruction process as described above was used and figure 2.18 shows the results 

of the calculation. The filter used to create the figure produced only a 3 nm rms 

change in the surfaces of the capacitive sensor plates. Agfiin a thermal bump is seen 

near the heat sources. The peak-to-valley of the surface is 164 nm assuming both 

active actuators dissipate 1 W of heat. 

The data from this experiment provide good insights into the thermal gradients 

which exist in the RP and cooling system and, consequently, what can be done to 

refine the design of the system. The results from this experiment are very positive. 

The temperature distribution in the system can be divided into two components: 

the temperature differences within the RP (ATp) and the temperature difference 

between the RP and ambient (ATa). Figures 2.10 and 2.15 show the temperature 

differences within the RP reach steady state after only a couple of minutes and are 



Figure 2.18 Estimated surface distortion of P60, due to thermal expansion, at 
the end of the power-on period of the second heating scenario. The small black 
and white squares mark the centers of the capacitive sensor plates in the region 
around simulated actuators A and B. The orientation of the plates matches the 
orientation shown in figure 2.11. The peak-to-valley of the surface is 164 nra 
assuming both active actuators dissipate 1 W of heat. 

very localized in extent. For example, in the first scenario, at a distance of 17 mm 

from the heat source ATp = 0.04°C/W, but at 95 mm away it is basically zero. In 

comparison, the temperature difference with ambient does not reach steady state 

before the end of the power-on period in either scenario and its region of influence 

is large. In the first scenario thermistor pair 7, which was more than 10 cm away 

from both heat sources, had a ATa of about 70% of the ATa right next to the heat 

source. In the second scenario, pair 7 had a ATa of about 40% of the ATa right next 

to the heat source. The high thermal conductivity of aluminum allows the heat to 

spread quickly, making it difficult for gradients to build up within the RP. 

In the first heating scenario only one actuator was used to dump heat into the 

RP. As a first order approximation, the results from this scenario can be extended 

to account for multiple active actuators by linearly adding the individual effects of 

each single actuator together. Due to the configuration of the cooling system and 
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the physical extent of the RP, this approximation is only good to first order. [50,55] 

This approximation is supported by the data shown in table 2.2. For example, 

the value of ATp at thermistor pair 1, which is directly between the two simulated 

actuators, roughly doubled when actuator B was turned on along with actuator .A.. 

In addition, the physical orientation of thermistor pair 4 to actuator A is similar to 

the orientation of pair 5 to actuator B and the ATp results of the second scenario for 

these two thermistor pairs is roughly the sum of the first scenario results for these 

pairs. This approximation can be used to get an idea of the temperature gradients 

in the RP when all of the actuators are dissipating 1 W of heat. After a few minutes 

of operation the ATp at each actuator would be 

ATp ~ 0.04°C + 8x0.01°C = 0.12°C. (2.6) 

where it has been assumed that each actuator contributes 0.04°C/W, as indicated by 

thermistor pair 2, and its 8 nearest neighbors contribute 0.01°C/W. as indicated by 

thermistor pair 5. As seen from the data, actuators farther away do not contribute 

significantly to ATp. In general, the distribution of power to the actuators will not 

be exactly uniform but it is expected to be roughly uniform. In this case. ATp would 

vary slightly from actuator to actuator depending on the local power distribution but 

the average value would still be about 0.12°C/W times the average power dissipated 

by each actuator. As far as tip-tilt is concerned, if the distribution of power to the 

actuators is uniform, tip-tilt will be negligible. If the distribution is not uniform, the 

capacitive sensor plates will tilt away from hotter actuators but the amount of tilt 

across any plate will never be more than a few nanometers as long as neighboring 

actuators are not putting out drastically different amounts of power. 

The analysis given in equation 2.6 is dependent on the actuator density and 

is, therefore, specific to P60. However, the basic principles of the analysis are 

independent of actuator density. For the 336-actuator version of the ASM, the 
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actuator density will be 5.5 times greater. The average actuator spacing will be 

about 30 mm, compared to roughly 60 mm for P60. In this case, the first ring 

of nearest neighbor actuators will contribute about 0.015°C/W, as indicated by 

thermistor pairs 1 and 3, and the second ring will contribute about 0.01°C/W. The 

resulting ATp would be 0.25-0.30°C/W times the average power dissipated by each 

actuator. From equation 2.5, the thermal expansion should be less than 1 /xm for 

an average power per actuator of 1 W. 

It is not reasonable to use the above approximation to extend the results shown 

in figures 2.15 and 2.16 for ATa and the capacitive sensor piston since these vari

ables are strongly dependent on the input coolant temperature. In general, ATa 

can be arbitrarily set by properly choosing the coolant temperature. This fact is 

demonstrated by the differences in ATa for the two heating scenarios. The value of 

ATa in the second data set was much lower because the coolant temperature dur

ing the second scenario ranged from 1.1-1.3°C colder than the coolant temperature 

during the first scenario. The input coolant temperatures for the two scenarios were 

not measured directly but were inferred from measurements of the output coolant 

temperature and temperatures recorded by thermistor pair 9. 

The input cooling line was connected directly to a faucet and the output line 

emptied into a sink. Due to time constraints, I was unable to splice a temperature 

probe into the input cooling line but I was able to put one in the output flow. 

In the first heating scenario the output coolant temperature started at 25.0°C and 

was slowly increasing in temperature as demonstrated by the first minute of data 

in figure 2.10. Since the actuator was not on at this point, the output coolant 

temperature should be the same as the input temperature. .A.t the end of this 

scenario, after the power had been off for 10 minutes, the output coolant temperature 

was 25.2°C, indicating the input coolant temperature continued to rise during the 
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experiment. In the second heating scenario the input coolant temperature started 

at 23.9°C and was slowly decreasing in temperature as demonstrated by the first 

minute of data in figure 2.15. At the end of this scenario, after the power had been 

off for 5 minutes, the output coolant temperature was 23.9°C indicating the input 

coolant temperature did not change much during the experiment. 

In conjunction with the output coolant temperature data, an estimate of the 

input coolant temperature can be determined from the data for thermistor pair 9. 

Because this pair of thermistors was far away from the heat sources, it is likely that 

the temperatures reported by these probes followed the input coolant temperature. 

The connection between the input coolant temperature and the temperatures for 

pair 9 is tenuous but not unreasonable under the circumstances. The trends in the 

data should at least be similar. Upon analysis, the data from this thermistor pair 

support the conclusions that the input coolant temperature increased during the 

first scenario and remained roughly constant during the second scenario. 

From an optics standpoint the results from this experiment are encouraging. 

Thermal expansion should be roughly uniform across the RP. In addition, the resid

ual thermal distortion of the plate's surface, which is defined as the piston-removed 

thermal expansion and is caused by variations in ATp, should be less than a couple 

of microns. By controlling the input coolant temperature, ATa can be kept within 

acceptable limits so as not to create additional turbulence in the pupil. 

There are several things that can be done to improve the cooling system and lower 

ATa.[50,55] First, more cooling holes could be drilled into the plate and they could 

be placed closer to the actuators. These two refinements in the design would also 

further localize and reduce the ATp variations caused by a single actuator. Second, 

the convective heat transfer from the RP to the cooling system could be improved 

by increasing the coolant velocity and the surface area of the cooling holes. Lastly, 
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the input coolant temperature could be lowered below ambient, and the number of 

cooling holes per cooling line could be decreased in order to lower the global value 

of How far below ambient the coolant temperature needs to be will depend 

on the surface area of the cooling holes and the coefficient of heat transfer between 

the RP and the coolant.[50,55] 

In theory, ATp and ATa can be reduced to almost nothing, but there are practical 

limits to what can be done. The size of the cooling holes zmd their distance from 

the actuators is limited by the space requirements of the holes for the actuators and 

capacitive sensor electronics. These requirements are shown in figures 2.1 and 2.2. 

In addition, the size and number of the cooling holes and the number of holes per 

cooling line are limited by the available flow rate. The RP must eventually be 

installed on the telescope and the number and size of the tubes which transport the 

cooling to and from the RP are limited. Also, the motion of the coolant as it flows 

through the RP may cause vibrational problems which would be made worse by 

increasing the flow rate. Finally, the input coolant temperature cannot be lowered 

too far below ambient because it affects the temperature of the cooling lines which 

trajisport the coolant to the RP. Since these cooling lines run across the aperture of 

the telescope, they can also generate atmospheric turbulence. 

After these initial experiments with P60, all of the above suggestions and consid

erations were incorporated into the RP design. For the 336-actuator RP, a cooling 

system with 336 cooling holes—33 lines, each connecting 10 or 11 cooling holes—and 

a total flow rate of 16.5 liters/minute was proposed. The coolant for the system will 

be a 50% water, 50% glycol mixture. 

2.3.2 Single-Actuator Hardware Simulations 

After concluding the initial P60 experiments described above, we considered re

designing the geometry of the RP so a cooling hole was located directly behind each 
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Figure 2.19 A diagram of the simulated actuator and cooling hole unit. 

actuator. In order to test the thermal properties of this new actuator and cooling 

system design, single actuator and cooling hole units were simulated using aluminum 

plugs like those shown in figures 2.19 and 2.20. 

The dimensions of the plugs were chosen to match the area-per-actuator ratio 

and thickness of the final RP. Each plug was 1.5 inches in diameter and 4 inches long 

with a 3.8 inch deep cooling hole drilled down the center. Two cooling hole diameters 

were tested, D = 0.33 inches and D = 0.50 inches. Heat was generated at the top of 

each plug using a 10 W, 130 Q power resistor which had a contact area with the plug 



Figure 2.20 A picture of tlie simulated actuator and cooling hole unit. 

of 0.75 inch x 0.45 inch. Thermal grease was used to assist the heat transfer between 

the resistor and the plug. The sides of the plug were insulated with 3/8 inch thick 

pipe insulation in order to simulate an infinitely repeated pattern of actuators.[50] 

Therefore, the results from this experiment already contain the cumulative effect 

of multiple actuators dissipating power into the RP. The top of the plug was also 

insulated to model the presence of the thin shell mirror. The bottom of the plug 

and the cooling lines were not insulated. 

Coolant from a 4 gallon reservoir, either water or a mixture of 50% water and 

50% ethylene-glycol-based antifreeze, was pumped to the end of each cooling hole 

through a 1/8 inch plastic tube and exited out the bottom through a 1/4 inch plastic 

tube. The two plugs were placed in series into the closed-loop cooling system such 

that the plug with the smaller cooling hole was located upstream of the other. 

Temperature data were collected with the thermistor probes described above. The 

probes were attached to the outside of the aluminum plugs, but inside the insulation, 

using aluminum tape and thermal grease. The dots shown in figure 2.19 indicate 

the locations and labeling of the 10 thermistor probes attached to each plug and the 
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scenario 
flow rate 

(liters/min) coolant type 

1 0.73 tap water 

2 0.50 tap water 

3 0.50 50% water, 50% antifreeze 

Table 2.3 Test scenarios for the single-actuator, hardware simulations. 

power (watts) 0 1 2.5 5 1 0 

time (minutes) 5 12 12 12 12 7 

Table 2.4 Input power timing sequence for the test scenarios. 

thermistors spliced into the coolant line before cind after each cooling hole. 

The aluminum plugs were tested under the three different cooling scenarios de

scribed in table 2.3. Scenario 3 is similar to the coolant mixture and flow rate which 

are planned for the actual RP. Data were collected every 10 seconds during each sce

nario while the input power was stepped between 0 and 5 W as shown in table 2.4. 

Sufficient time was allowed after each step change in power for the temperature to 

reach steady state. Figure 2.21 shows sample data sets obtained during the first 

cooling scenario for thermistors 1 and 3. As expected, the change in temperature 

was directly proportional to input power. For the data shown in the figure, the 

change in temperature with input power is linear to within 2% rms. This level of 

linearity is typical for all of the data sets. 

The temperature data for the two plugs were referenced to the input coolant 

temperature for each plug, respectively. As each test proceeded, it was discovered 

that the input coolant temperature gradually increased. The amount of increase 

ranged from 0.6-1.2°C over the 60 minutes of testing depending on the coolant type 

and flow rate. The increase in temperature occurred because the coolant reservoir 

was too small and the cooling system did not include a chiller. To compensate for 
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time (minutes) time (minutes) 

(a) (b) 

Figure 2.21 Sample data from the first cooling scenario. The solid (dashed) 
curve is for the aluminum plug with a cooling hole diameter of D = 0.33 inches 
(D = 0.50 inches). The graphs show temperatures recorded by (a) thermistor 1 
and (b) thermistor 3. The temperature data have been referenced to the input 
coolant temperature. 

this effect, the input coolant temperature for each plug was used as a reference for 

all other temperatures corresponding to that plug. In addition, any offset, or bias, of 

the thermistor temperatures was accounted for by assuming each test started with 

the aluminum plug and coolant at the same temperature. For this assumption to be 

reasonable, water was pumped through the plugs for many minutes with no voltage 

across the power resistors before starting each test. 

Figure 2.22 shows the thermistor temperatures for all three test scenarios as a 

function of position and scaled to 1 VV of input power. These data were obtained by 

averaging the temperature samples from the last few minutes of each input power 

setting. The data show that neax the heat source the temperature gradients within 

the plug (ATp), and the difference between the plug temperature and the input 

coolant temperature (ATpi), can be quite large but that they drop off quickly with 

distance from the actuator. Table 2.5 lists values for ATp across the top and down 

the sides of the plugs as well as the average value of ATp, (ATpi) along the side of 
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Figure 2.22 Temperature differences as a function of position for the plugs 
with cooling hole diameters of (a) D = 0.33 inches and (b) D = 0.50 inches. 
T h e  t h r e e  d i f f e r e n t  c u r v e s  c o r r e s p o n d  t o  t h e  t h r e e  t e s t  s c e n a r i o s :  1  ( o ) ,  2  ( x ) ,  
and 3 (*). The dashed portion of the curves shows the temperature across the 
top of the plug and the solid portion shows the temperature down the side. The 
thermistor positions are referenced to the top edge of each plug. The positions 
of the thermistors on the top of the plug are shown as negative distances so 
they do not get mixed up with the thermistor data down the side of the plug 
and so, from left to right, the data points are progressively farther from the 
heat source. The data have been referenced to the input coolant temperature 
and scaled for 1 VV per actuator of input power. 

the plugs for each of the test scenarios. The temperature gradients close to the heat 

source are somewhat higher than would be expected in an actual RP of the design 

being considered. In the actual RP, the actuators will be embedded in the plate and 

the contact area between them and the aluminum will be several times larger than 

it was for these experiments. Spreading the heat transfer over a larger contact area 

should create smaller gradients near the actuators. 

The data in table 2.5 indicate ATp is relatively independent of coolant type and 

flow rate. Because alumintmi is an excellent conductor of thermal energy, as far as 

thermal gradients within the RP are concerned, it does not seem to matter what 

fluid is used as the coolant. The bottle neck in the energy transfer process will occur 
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top side side 
ATp (°C/W) ATp i°C/W) ATpi (°C/W) 

test D = 0.33" D = 0.50" 0.33" 0.50" 0.33" 0.50" 

1 0.576 0.519 0.101 0.066 0.076 0.055 

2 0.580 0.524 0.107 0.071 0.100 0.075 

3 0.570 0.510 0.115 0.100 0.210 0.166 

Table 2.5 Temperature gradients within the aluminum test plugs and between 
the plugs and coolant for 1 W per actuator of input power. Columns 2 and 3 
list the temperature gradient ATp between thermistors 1 and 3 across the top 
of each aluminum plug. These two thermistors are separated by 0.5 inches. 
Columns 4 and 5 list the temperature gradient ATp between thermistors 3 
and 10 down the side of each plug. These two thermistors are separated by 
3.5 inches. The last 2 columns list the average difference between the input 
coolant temperature and the thermistor temperatures along the side of each 
plug, ATpi. 

at the boundary between the aluminum and the coolant, not within the aluminum 

itself. In contrast, ATp is dependent on the size of the cooling holes, indicating the 

geometrical design of the cooling system is important. Increasing the surface area 

of the cooling hole by 50%, by increasing the diameter, decreased the temperature 

gradients in the plugs by 10-35%. However, as will be shown below, increasing the 

cooling hole diameter also slows the temporal response of the system. 

The data in table 2.5 also indicate ATpi strongly depends on both coolant type 

and flow rate. The transfer of heat from one material into another is strongly 

dependent on the properties of the materials involved and the geometry of the 

cooling system. It is expected that ATp, should depend on these parameters as well. 

In steady state, the heat transfer between the RP and the coolant is given by 

Pin=hAATpi, (2.7) 

where Pi„ is the input power, h is the heat transfer coefficient, and A is the surface 

area of the cooling holes. By looking at the data in the table, several conclusions can 
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be drawn. First, the data show A7)„ decreased by 25% for a 50% change in the flow 

rate. Increasing the coolant flow rate must have increased the value of h so 

was reduced. Second, increasing the surface area of the cooling hole, by increasing 

the diameter, also allowed to decrease. However, increasing the cooling hole 

surface area by roughly 50% only decreased ATpi by 25%. Therefore, the change 

must have also decreased the value of /i, probably because the larger hole diameter 

created a lower coolant velocity within the cooling hole. Third, adding antifreeze to 

the coolant caused ATpi to increase by more than a factor of 2. As discussed below, 

adding antifreeze to the coolant reduced its heat capacity by 25%, making it harder 

for the coolant to absorb heat from the RP. This reduction in heat capacity created 

a corresponding reduction in h so AT)^ increased by more than a factor of 2. 

By looking at the change in coolant temperature (ATc) between the cooling hole 

inputs and outputs, information can be obtained about actuator-to-actuator tem

perature variations. Table 2.6 lists the steady-state, coolant temperature changes 

for the different input power levels and coolant flow rates. .A. simple check of the 

experimental design can be performed by calculating the expected change in coolant 

temperature from the rate of energy storage in the cooling fluid. This relationship 

is given by 

Pin = mcp ATc, (2-8) 

where Pin is the input power, m is the mass flow rate, and Cp is the specific heat of 

the coolant. For pure water at 25°C, the specific heat is about 4200 J/kg/°C and 

the density is 1 kg/liter. Although tap water was used in the experiment, its specific 

heat and density should be close to the values for pure water. Using these values, the 

expected ATc was calculated for the first two scenarios and the agreement with the 

measured temperature changes was very good for all input power ranges. This result 

showed the experiment was designed well and validated the results obtained from 
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scenario 
input power level 

scenario 0.0 W 1.0 VV 2.5 W 5.0 VV 1.0 W 0.0 VV 
expected 

1 0.000 0.020 0.049 0.098 0.020 0.000 

2 0.000 0.029 0.071 0.143 0.029 0.000 
3 0.000 0.036 0.089 0.179 0.036 0.000 

D = 0.: 3 inches 

1 0.000 0.020 0.049 0.098 0.020 0.000 

2 0.000 0.029 0.075 0-150 0.029 0.007 
3 0.000 0.036 0.089 0.179 0.034 -0.002 

D = 0.50 inches 

1 0.000 0.020 0.048 0.098 0.019 -0.001 

2 0.000 0.029 0.077 0.151 0.030 0.001 

3 0.000 0.036 0.091 0.181 0.031 -0.007 

Table 2.6 The chajige in coolant temperature ATc in degrees Celsius for the 
different input power levels and coolant flow rates. The expected temperature 
values were calculated using equation 2.8. The specific heat of water, the 
coolant for the first two scenarios, is about 4200 J/kg/°C. For the 50% water, 
50% antifreeze coolant mixture, a specific heat of 3050 J/kg/°C was calculated 
using least squares. 

it. For the water-antifreeze mixture the value of the specific heat was not known. 

Using the recorded temperature data and the density of the mixture, which was 

measured at 1.1 kg/liter, Cp was found to be 3050 J/kg/°C. This value is reasonable 

considering it is roughly half way between the value of Cp for water and the value 

for antifreeze, which is generally about 2100 J/kg/°C. 

In the final design of the RP, the coolant is expected to be a 50% water, 50% an

tifreeze mixture. Each of the approximately 33 cooling lines is expected to connect 

10 cooling holes in series and to have a 0.5 liter/min flow rate. If each actuator 

dissipates 1 W of heat, table 2.6 indicates the region around the tenth cooling hole 

in each cooling line will be about 0.32°C hotter than the first cooling hole due to the 

change in input coolant temperature. In actuality this number will be somewhat 
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smaller due to interaction between neighboring regions and because gradients of this 

size are difficult to maintain in aluminum when the heat is input in a semi-uniform 

manner. This temperature difference can be mininaized by intermingling the cooling 

holes connected to the various lines and appropriately choosing the direction of flow 

in each line. Along with table 2.5, this analysis shows the temperature difference 

between the RP and ambient air can be minimized by making the input coolant 

temperature a few tenths of a degree below ambient. 

A thermal time constant for the entire actuator and cooling hole system can be 

calculated for each cooling scenario by fitting equation 2.4 to the temporal data. 

The average result when this calculation was done for thermistors 1 and 2 is given 

in table 2.7. As shown in the table, increasing the cooling hole diameter or adding 

antifreeze to the coolant slowed the temporal response of the system. From the data 

available, the time constant appears to be mainly dependent on the heat capacities 

and relative volumes of the aluminum and coolant. The heat capacity of aluminum 

is about 9000 J/kg/°C, compared to 4200 J/kg/°C for water and 3050 J/kg/°C for 

the water-antifreeze mixture. When antifreeze was added to the coolant or when 

aluminum was removed and replaced by coolant, the combined heat capacity of 

the system decreased. The decrease in Cp made it more difficult for the system as a 

whole to absorb heat, resulting in a slower thermal response for the system. Coolant 

velocity also appears to have some effect on the time constant but, for the scenarios 

studied, the effect was minor. 

An estimate of the thermal expansion of the aluminum plugs can also be calcu

lated using equation 2.5 and the data from figure 2.22 and tables 2.5 and 2.6. In this 

case the parameter ATa in the equation is replaced by [ ATp^ -I- (N-1) ATc], where 

N is the position of the cooling hole on its cooling line. This calculation estimates 

the amount of expansion relative to the case when the actuators are turned off and 
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test 

r 
(seconds) 

estin 

A^i 

lated 

[fzm) 
estimated 

A2io(^m/W) 
test D = 0.33" D = 0.50" 0.33" 0.50" 0.33" 0.50" 

1 18.6 26.5 0.19 0.14 0.64 0.59 

2 19.2 28.4 0.25 0.19 0.90 0.84 

3 26.1 47.4 0.53 0.42 1.34 1.23 

Table 2.7 Thermal time constants, r, and estimated thermal expansion, Az, 
for the three cooling scenarios. The subscripts on Az indicate the position 
of the cooling hole on its cooling line. In calculating Az the values given for 
ATc in table 2.6 were used, making the estimates for A^io slightly higher than 
expected. The data shown in the table are scaled to 1 W per actuator of input 
power. 

the coolant is flowing. The results of this calculation for the first, iV = 1, and last, 

iV = 10, cooling holes in a cooling line are also included in table 2.7. 

The results from the single-actuator hardware experiments are also encouraging. 

For an average of 1 VV per actuator and with a 50% water, 50% antifreeze coolant 

mixture, the thermal gradients in the RP should be below 1°C and the temperature 

difference between the RP and ambient should be less than 1°C as well, assuming the 

input coolant temperature is optimally set. Also, the amount of thermal expansion 

should remain well within the range of the actuators so the operation of the actuators 

for correcting atmospheric turbulence should not be hindered. 

After performing this set of experiments, it was decided not to place the cooling 

holes directly behind the actuators because it limited access to the actuators and 

made the actuator assemblies more diffictilt to install and maintain. The RP design 

shown in figure 2.1 was chosen instead. Although that design has the cooling holes 

off to the side of the actuators, the holes are just as close to the actuators and the 

thermal gradients are expected to be comparable to those measured here. 
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2.3.3 Final Experiments with the 60-Actuator Prototype 

After completing the initial thermal tests with P60 described in section 2.3.1. the 

prototype was sent to ThermoTrex in San Diego where the voice-coil actuators were 

placed in the RP, a prototype thin-shell mirror was attached, and the local feedback 

control loop between the capacitive sensors and actuators was closed.[52,56.53,46] 

This setup made it possible to more completely test the ability of the cooling system 

to remove heat from the RP and control local heating. 

The mirror was a 53 cm diameter, 2 mm thick, //3 concave spherical shell made 

of Zerodur. It was attached to the RP in the center using an invar hub and a 

perforated steel flexure. The central hub assembly was designed to constrain the 

in-plane translation and rotation of the shell, while exerting no axial forces on the 

mirror. 

During testing, P60 was mounted so the plane of the mirror was horizontal. 

Holding P60 in this orientation, as opposed to vertical as was done in the first set of 

tests, more uniformly distributed the weight of the mirror amongst the actuators. 

A test stand, shown in figure 2.23, was built to suspend the prototype from a 

large optical table on which a phase shifting interferometer and imaging optics were 

placed. The interferometer was used to measure the shape of the mirror at its 

center of curvature. A large turning flat was held above the prototype to relay the 

measurement leg of the interferometer onto the thin-shell mirror. 

Before doing any thermal testing, an optimized set of actuator displacement com

mands, which produced a good surface that could be used for optical measurements, 

had to be found. This process and its results are described in the next section along 

with other actuator control issues. The set of commands used for the thermal tests 

described below produced a surface with a residual error of 60 nm rms. This was not 

the lowest surface error that was eventually obtained, but it was the best we had at 



Figure 2.23 A picture of the 60-actuator prototype in the mount used for 
optical testing. The prototype is seen in the lower portion of the figure with a 
large turning flat suspended above it. 

the time of these experiments. After the actuator displacements were determined, 

thermal tests were performed similar to those described in section 2.3.1 but with 

rezil actuators and with a thin-shell mirror. The previous set of tests gave us an idea 

of how the surface of the RP deformed when heat was dumped into it. By using 

real actuators in this more recent set of tests, the heat dissipation pattern became 

more realistic. In addition, the local feedback control loop made it possible to lock 

the thin shell to the surface of the RP so we could see how the deformation of the 

RP affected the surface quality of the mirror. When the control loop was turned on. 

it adjusted the current through the actuator voice coils in an attempt to maintain 

the target displacements as measured by the capacitive sensors. 

Twenty four thermistors were attached to the RP at the locations shown in 
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figure 2.24. Two thermistors were also used to measure the coolant input and 

output temperatures. The majority of the thermistors were attached to the back 

of the RP with only 4 on the front edge. The thermistors on the back of the RP 

were placed in 7 mm deep holes with thermal grease to establish good thermal 

contact. The thermistors on the front were attached along the outer edge of the 

RP surface using thermal grease and aluminum tape. Taking the thin shell oflf the 

RP in order to put thermistors on the front was deemed to be too risky in terms 

of time since we were trying to collect data for a conference. In addition, previous 

experience showed the electric field between the thin shell and the RP adversely 

affected the thermistor probes. Generally, the standard deviation of the thermistor 

temperature measurements was less than 0.01°C but for a thermistor under the thin 

shell, the standard deviation ranged from 0.1°C to 0.7°C depending on how much 

of the thermistor's lead wires were under the shell. With these issues in mind, the 

somewhat uniform placement of the thermistors on the back of the RP along with 

the 4 thermistors on the front was deemed to be sufficient. 

For the thermal tests, the timing sequence shown in table 2.8 was used. Cooling 

of the RP was accomplished by pumping a mixture of water and glycol, in roughly 

equal parts, through 5 parallel cooling lines with each line connecting 6 cooling 

holes in series. The flow rate was approximately 2.3 liters/min. To create uniform 

coverage, the cooling holes connected to each line were intermingled and the direction 

of flow in each line was carefully chosen. The configuration was only slightly different 

from the one used in the first set of experiments. Temperature data were collected 

by the thermistors every 10 seconds over the 20 minute period. Optical data were 

only collected during the actuator on periods and was collected every 15 seconds. 

During these on periods the actuators tried to maintain the target capacitive sensor 

displacements which produced the surface with 60 nm rms error mentioned above. 
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time (minutes) 1 3.5 4 3.5 8 

actuator state off on off on off 

Table 2.8 Timing sequence for the final thermal experiments with P60. 

Figure 2.24 Diagram of the front, or concave, side of the 60-actuator pro
totype. The large, large-bold, and small-bold circles indicate the locations of 
the holes for the capacitive sensor electronics, actuators, and cooling system, 
respectively. The small dots, labeled 1 through 20, indicate the locations at 
which thermistors were placed on the back side of the plate to collect temper
ature data. The x's, labeled 21 through 24, indicate the locations on the front 
of the plate at which thermistors were placed. 

Figure 2.25 shows the temperature changes recorded by the thermistors. As was 

done in section 2.3.2, these data were referenced to the input coolant temperature 

and it was assumed the RP and coolant were initially at the same temperature. A 

number of things were learned from the plots in this figure. First, the maximum 

gradients in the plate are on the order of 0.15°C to 0.2°C, as seen by the tempera

ture spread in the figure. This estimate of the gradients may be slightly low since 

temperatures on the front of the RP were not well known and because of the as

sumption concerning initial temperatures just mentioned. Figure 2.26 displays the 
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Figure 2.25 Temperature data from the final thermal experiment with P60. 
Figures (a) and (b) show the temperature changes recorded by the thermistors 
on the front and back of the RP, respectively. Figure (c) shows the change in 
output coolant temperature. The temperature data have been referenced to 
the input coolant temperature. 



^0.147 

0.302 

0.305 • 

0.167L 0.150 

•0.234 

0.152 0.193 

. 0.180 

0.1: 0.184 

0.194 
• 0.161 

0.164 

0.157 

Figure 2.26 The maximum temperature differences recorded by the ther
mistors during the first on period in degrees Celsius. The dots indicate the 
locations of the actuators. The plus signs and circles indicate the positions of 
the thermistors on the back and front of the RP, respectively, and the asterisk 
denotes to the output coolant thermistor. The view shown in the diagram is 
from the front of the RP. 

maximum temperature changes during the first on period as a function of position 

on the RP. These data occurred at the end of the on period when the input power 

was about 172 W. This diagram shows the local temperature gradients are relatively 

small, generally less than about 0.05°C. In addition, the temperature changes on 

the back of the RP and at the coolant output lag behind the actuator on and off 

time points by about 1 minute and 1.5 minutes, respectively, while the temperature 

changes on the front of the RP lag by 10 seconds or less. Therefore, the data shown 

in figure 2.26 do not necessarily correspond to the same sample time. 

The data in figure 2.25 also show the temperature changes in the RP did not 

reach steady state during the 3.5 minutes when the actuators were on. This result is 

mostly due to the fact that the power dissipated by the actuators was not constant. 

When the actuators were on, their heat dissipation caused the temperature of the 

RP to increase, resulting in thermal expansion of the aluminum. To compensate 
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for the change in the RP shape, the feedback loop adjusted the current in the voice 

coils in an attempt to maintain the target capacitive sensor outputs. As the current 

changed, so did the power dissipated by the actuators. This effect is demonstrated 

in figures 2.27 through 2.29. Figure 2.27 shows the actuator commands and power 

dissipation at the beginning and end of each on period. The differences between 

the data for the two periods were very small so the average of the two data sets is 

shown in the figure. Figure 2.28 shows the distribution of the actuator forces at the 

beginning and end of each on period. The actuator force is linearly proportional 

to the actuator commemd value. Initially the force pattern is quite uniform and 

the weight of the mirror is evenly distributed between the actuators. However, just 

before the actuators were turned off, the force pattern resembled a checkerboard, as 

if neighboring actuators were working against each other. 

Figure 2.29 estimates the heating pattern in the RP based on the data in fig

ure 2.27. This figure was created by assuming a Gaussian influence function for the 

heat dissipated by each actuator. The nearest-neighbor actuator spacing was used 

to define the point of the Gaussian. The estimated pattern for the end of the 

on period matches well to the data shown in figure 2.26. These figures show a dra

matic change in the actuator commands during the on periods. At the start of each 

on period the total power dissipation was 50 VV, but at the end it was 172 W. In 

fact, the reason we made the on periods only 3.5 minutes long was that the control 

loop would become unstable a short time after that and the mirror would oscillate 

frantically. The reasons for this behavior are discussed in the next section. 

Interferometric measurement of the thin-shell mirror surface was done every 

15 seconds while the actuators were on. Data collection started 15 seconds after 

the actuators were turned on since it took the control loop about 15-20 seconds to 

initially stabilize. Figure 2.30 gives an analytical breakdown of the optical results 
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Figure 2.27 The actuator control commands and power dissipation for the fi
nal P60 thermal experiment. The plots on the top show the actuator controller 
outputs at the beginning (left) and end (right) of the 3.5 minute on period. 
The minimum and maximum controller output values have been scaled to — 1 
and +1, respectively, where negative values correspond to pushing the mirror 
away from the RP. The plots on the bottom show the corresponding power dis
sipation in the actuators. The first 24 actuator numbers are for the outermost 
ring of actuators, the next 18 are for the third ring, the next 12 are for the 
second ring, and the last 6 are for the innermost ring. The data are basically 
the same for both on periods of the experiment so the average data are shown 
here. 
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Figure 2.28 The actuator force pattern at the beginning (left) and end (right) 
of the 3.5 minute on period based on the data in figure 2.27. The actuator force 
is linearly proportional to the actuator command value. Black corresponds to 
an actuator pulling on the mirror and white corresponds to an actuator pushing. 
The background gray color corresponds to zero force. 

Figure 2.29 The estimated heating pattern at the beginning (left) and end 
(right) of the 3.5 minute on period based on the data in figure 2.27. 
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obtained with the phase-shifting interferometer. The upper-left plot in the figure 

shows the tilt-removed variance and tilt-removed peak-to-valley of each surface mea

surement in units of microns. This plot is set up with the scale for the variance on 

the left and the scale for the peak-to-valley on the right. The five remaining plots 

show a breakdown of each measured surface into the Seidel aberrations of tip, tilt, 

defocus, spherical, astigmatism, and coma in units of waves at 0.6328 /xm. The data 

in these plots were calculated from a decomposition of the surface data into Zemike 

polynomials assuming an aperture radius scaled to unity. The plot for tilt shows 

the x-tilt with diamonds and the y-tilt with squares. The plots for astigmatism 

and coma label the aberration magnitudes with diamonds and the angles with plus 

signs. A complete set of optical data could not be collected for the second on period 

due to computer memory limitations. 

A major characteristic of the plots in figure 2.30 is the similarity of the data 

for the two periods when the actuators were on. Another characteristic, and the 

one which is the most disturbing, is the large fluctuations in the residual surface 

error and the aberration magnitudes. The thermal gradients in the RP are only 

a few tenths of a degree Celsius and the peak-to-valley distortion of the thin-shell 

mirror was only a few microns. At its worst, the mirror distortion at the end of the 

first on period was only 8 ^m, including global tilt. This level of thermal distortion 

should easily have been within the operational range of the actuators. However, after 

3.5-4 minutes of operation the control loop would become unstable. The saturation 

of the actuator commands and the repetitive nature of the thermal and optical data 

indicate the instability may be caused by thermal feedback into the control system. 

Indeed, this appears to be the case, as outlined in the next section. 
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Figure 2.30 Optical results obtained with the phase-shifting interferometer. 
For the graphs with multiple curves, the left y-axis applies to the o's and the 
right axis applies to the -l-'s. See the text for more details. 
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2.4 Controlling the Thin-Shell Mirror 

In conjunction with the last round of thermal testing, two quasi-static actuator 

control tests were performed with P60.[46] For these tests, as well as the thermal 

tests described above, a purely local servo control loop was formed around each 

actuator and capacitive sensor pair. When the system was turned on, each feedback 

loop for each actuator tried to maintain the target displacement for its actuator by 

adjusting the current through the actuator voice-coil. The controller was designed 

to be very stable with a closed-loop bandwidth near 0.1 Hz. I was not involved in 

the design or construction of the control system so a complete description of the 

system is not included here. More detailed information about the control system 

can be found in the literature. [53,46] My contribution to these tests was limited to 

the integration of the interferometer into the experimental setup and the collection 

and analysis of the optical data collected with the interferometer. 

The first test consisted of finding the set of actuator displacement commands, 

as measured by the capacitive sensors, which produced the optimal D.VI surface. To 

accomplish this task a very slow AO loop was closed between the interferometer and 

the actuator control system. Using the phase shifting interferometer, the DM surface 

shape was measured. From these data, corrections to the target displacements were 

calculated. Once these corrections were applied the process started again. The 

difficulty was that the interferometer computer was not linked to the actuator control 

computer. Data transfer between the computers which controlled the interferometer 

and the actuators was performed using floppy disks and one iteration of the AO loop 

took about 2 minutes. 

After two dozen or so iterations of our AO loop, the rms surface error of the 

mirror was reduced to 31 nm. This value was obtained after subtracting tilt and 

balancing defocus. Figure 2.31 shows the measured surface of the thin-shell mirror 
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(a) (b) 

Figure 2.31 The surface of the thin-shell mirror after optimal adjustment of 
the actuators. Figure (a) shows the mirror surface recorded by the interferom
eter after subtracting tilt and defocus. Several data points are missing from 
the mirror surface, especially around the edge, because the interferometer was 
unable to reliably determine the mirror position. Figure (b) shows a synthetic 
interferogram of the surface at 0.6328 /zm. 

along with a synthetic interferogram at 0.6328 ^m. The bumps in the mirror surface 

due to gravity sag around the individual actuators are easily seen. At the MMT's 

imaging wavelengths, 1.6-5 /zm, the mirror is completely diflfraction limited with a 

Strehl ratio greater than 98%. 

We did not expect to be able to flatten the mirror perfectly. First of all, during 

the manufacture of the thin-shell mirror, after polishing but before removal from 

the blocking body, the surface error was 20 nm rms.[42] Secondly, since the mirror 

is supported at a finite number of points in the P60 system, its surface can never be 

perfect due to the effects of gravity. The surface distortion due to gravity sag can be 

estimated using the theory of thin plates. When the point support analysis presented 

by Nelson for a 36-actuator mirror is extended to 60 actuators, the minimum rms 

surface error is found to be 17 nm.[57] When these two independent sources of error 



85 

are combined, the minimum surface error becomes 27 nm. With this in mind, the 

stirface quality obtained with P60 is very impressive and it will only get better when 

336 actuators are used. 

The second control test examined the bending force and stiffness of the actu

ators. As described earlier, by using voice-coil actuators, heat transfer from the 

actuator electronics to the thin-shell mirror is minimized. Typically, voice coils are 

force actuators with very low stiShess, making it difficult to drive them at high con

trol bandwidths.[45,28] For the MMT system, the stiffness problem is exacerbated 

by the fact that many of the natural bending modes for the thin shell have reso

nant frequencies below the frequency at which the actuators will be operated.[45] 

The voice coils must be converted to position actuators with very high stiffness in 

order to get the optimal performance out of the MMT AO system. This conversion 

is accomplished with the capacitive sensors and the local feedback control system. 

Figure 2.32 shows the striking difference between operation with ajid without feed

back from the capacitive sensors. A single actuator in the third ring was commanded 

to output its maximum force of 0.63 N while the other actuators were set to their 

optimal value as determined in the first test. When the capacitive sensor feedback 

was not used, the dominant effect was global tilt and astigmatic bending. The tilt 

component had to be removed by tweaking the interferometer alignment in order 

to reduce the fringe density so the interferometer could measure the surface. The 

peak-to-valley of the tilt-removed surface shown in the figure is about 8.5 /xm. 

On the other hand, when the feedback loop was turned on, the influence of the 

actuator was localized. The surface peak-to-valley was about 0.75 /^m, most of 

which was localized around the poked actuator. Since the actuator spacing of P60 

is about twice the spacing of the final adaptive secondary, the measured response 

in this case is greater in magnitude than what can be expected in the final design 
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(a) (b) 

Figure 2.32 A single actuator influence function with (a) and without (b) feed
back firom the capacitive sensors. The poked actuator is in the third actuator 
ring. 

for a single actuator pushing with a force of 0.63 N. The measured surface profile 

closely matches the profile predicted by finite element analysis; a result which gives 

credibility to the finite element predictions for the final adaptive secondary. 

The results from these tests validate the design of the adaptive secondary and 

its components. The voice-coil actuators are able to control the shape of the mirror 

and the local feedback from the capacitive sensors can be used to add stiffness 

to the actuators. However, there are still some issues which must be addressed, 

particularly the instability seen during the thermal testing described in section 2.3.3. 

As mentioned above, the actuator control system would go unstable after only a few 

minutes of operation. Upon evaluation of the data from the thermal experiments, 

the instability was determined to be caused by thermal expansion of the RP. 

On a localized level, each actuator tried to maintain a target displacement be

tween its capacitive sensor and the thin-shell mirror. If an actuator had to push on 

the mirror in order to create and maintain the target displacement, thermal runaway 
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could develop. If the cooling provided by the cooling system was not sufficient, the 

heat generated by the actuator would cause the alimxinum around it to expand. The 

expansion, in turn, would decrease the size of the gap measured by the capacitive 

sensor. To compensate for the change in gap size, the actuator would push harder. 

Pushing harder would generate more heat, causing the aluminum to expand further. 

This cycle would continue until the actuator saturated, at which point it would lose 

control of the mirror. 

As shown in the single actuator poke test, an actuator pushing with its maximum 

force could only bend the mirror about 0.75 fxm. However, the amount of heat 

generated by that actuator was over 6 W. The first set of thermal tests showed, 

for an actuator dissipating this cimount of power, thermal expansion on the order 

of 1.0 ^m can be produced rather easily. For the thin-shell mirror used with P60, 

the ratio of actuator force to power dissipation was simply too much for the cooling 

system to handle and actuator saturation occurred in only a few minutes. 

In terms of the control system, the thermal expansion was feeding back with a 

positive gain, a situation which is inherently unstable. Although the rolloff frequency 

of the local feedback loop was well below the natural resonant frequencies of the 

mirror, as more and more actuators saturated, the mirror became less and less 

controlled. Nonlinear effects came into play. Power leaked into the natural resonant 

frequencies of the mirror and could not be completely damp out by the control 

system. Without sufficient damping, the end result was that the mirror began to 

oscillate dramatically. 

The actuators most susceptible to thermal runaway are the ones which are ini

tially pushing the haxdest. It is possible for the actuators located next to one of 

these rogue actuators to end up in a semi-stable state. Since the rogue actuator is 

pushing so hard, the capacitive sensor displacements at the neighboring actuators 
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will tend to increase. Even if the neighboring actuators are initially pushing, the 

mirror gap eventually becomes too large and they begin to pull down. As these 

actuators pull down, they generate heat and thermal expansion occurs. In this case 

the thermal expansion is helpful and the actuators will begin to pull less hard. How

ever, this state is short-lived as the gap will again begin to increase, either from the 

actuators cooling down or from the rogue actuator pushing harder. The resulting 

force pattern begins to look like a checkerboard as demonstrated in figure 2.28. The 

time scale for this cycle of events depends on the gain of the feedback control loop 

and the thermal time constant of the P60 system. From section 2.3, the thermal 

time constant was seen to be about 30 seconds. 

The thermal expansion problem can also be viewed from a global perspective. 

.A.S the actuators dissipate heat into the RP, the overall temperature of the plate 

increases. On a global scale, the thermal expansion of the plate will tend to increase 

the radius of curvature of the RP. In response, the actuators will try to increase the 

radius of the thin shell. For the P60 system, which had a concave mirror facing up, 

creating this change in mirror shape required the inner actuators to push harder on 

the mirror. Initially, the outer actuators had to push less, but eventually some of 

them began pulling on the mirror instead. .Again, this was a feedback mechanism 

with positive gain, so actuator saturation eventually occurred. This scenario is 

demonstrated in figures 2.27 and 2.28. Initially all of the actuators were pushing 

on the mirror with roughly uniform force. However, by the end, many of the inner 

actuators had saturated at their maximum pushing force while many of the outer 

actuators were actually pulling down on the mirror. 

After looking at all of the data, we understand the dynamics of the thermal 

runaway problem which caused the instabiUty of the P60 system. The problem is a 

combination of local and global thermal effects discussed above. As a confirmation 
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Figure 2.33 Partial schematic of the most current design for the adaptive-
secondary RP and actuator assembly. 

of our understanding of the problem, some of these effects have been successfully 

modeled by finite element analysis. [58] 

After completing the last round of P60 experiments and analyzing the results, 

the decision was made to once again redesign the reference plate. It was decided that 

the thermal and optical components of the ASM should be separated even further. It 

was at this point my involvement with the RP design for the final adaptive secondary 

ended. The next section presents the latest iteration of the RP design. It is only 

provided to give a more complete description of the design process. 

2.5 Final Design of the Reference Plate and Cooling System 

The experiments described in the previous sections led to the conclusion that the 

RP and cooling system design needed to be reformulated. It was decided that the 

best approach was to thermally isolate the reference plate as much as possible from 

the heat generated by the actuators.[48,59] A partial schematic of the most current 

design of the adaptive-secondary RP and actuator assembly is given in figure 2.33. 

The RP will be a 50 mm thick, convex plate of ultra-low expansion (ULE) glass, 
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polished to a spherical surface with the same radius of curvature as the back side of 

the thin-shell mirror. Holes for the 336 voice-coil actuators will be drilled through 

the RP and the metal for the capacitive sensor plates will be deposited around 

these holes directly on the reference surface. The coeflScient of thermal expansion 

of ULE is very low so any thermal distortion of the reference surface should be 

minimal. The only direct contact between the actuators and the ULE plate is by 

small spring contacts which provide the electrical connection between the capacitive 

sensor plates and their electronics. The heat dissipated by the actuator electronics 

will be transferred through a cold finger to an aluminum heat exchanger which has 

coolant pumped through it. This design separates the thermal and optical aspects 

of the RP design and I believe this is the best approach. 

When the 336-actuator RP is built, thermal tests similar to those described in 

this chapter will be performed to ensure the thermal constraints are met. Some re

finements in the cooling system, such as flow rate, coolant temperature, and number 

of holes per cooling line, will be determined at i;hat time. 
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CHAPTER 3 

TURBULENCE GENERATOR ASSEMBLY 

3.1 Motivation 

The adaptive optics (AO) system for the MMT upgrade is very complex with many 

new technological elements. Before spending the effort to put the AO system on 

the telescope, it is necessary for the system to be fully tested and verified in the 

laboratory. By doing this, many of the problems with the system can be diagnosed 

and corrected without wasting valuable telescope time. For the MMT AO system a 

test facility, called the Shimmulator, is being built to allow complete testing of the 

system in the laboratory and, eventually, in situ on the telescope.[27,60] 

A small but important component of the Shimmulator is the turbulence generator 

assembly (TGA) which will allow the AO system to be tested in the presence of 

turbulence. The TGA had two design requirements: 1) the temporal and spatial 

statistics had to be controllable and similar to the statistics observed at the MMT 

facility on Mt. Hopkins[37] and 2) the TGA had to operate simultaneously at two 

wavelengths, 0.594 fim and 1.550 ^m, such that the distortion incurred at both 

wavelengths matches in optical path difference (OPD), in microns not waves, to the 

extent it would after propagation through the atmosphere. 
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Over the years, several different methods of producing atmospheric-like turbu

lence have been developed.[61] By far the most popular method utilizes the forced 

motion of heated air.[62,63] This approach most closely mimics what actually occurs 

in the atmosphere and is the simplest to set up. A fan is used to force air across 

a heating element so thermal gradients and, therefore, fluctuations in the air's re

fractive index are created. More complicated architectures could have counter- or 

co-propagating flows of different temperatures. [64,65] For air, the change in refrac

tive index with temperature, dn/dT, is on the order of 10~®/°C.[2] Therefore, to 

create atmospheric-like wave front distortions, which have an OPD peak-to-valley 

of severed microns, either the path length through the turbulence must be quite long 

or large temperature gradients of several degrees must be created. Unfortunately 

for the MMT system, the TGA will eventually be integrated into the instrumenta

tion box on the telescope and this prospect limits the size of the assembly and the 

amount of heat it can dissipate into the surrounding environment. 

A similar approach to creating turbulence uses water, or some other fluid, as the 

turbulent medium instead of air. [66,67] The change in refractive index with temper

ature, dn/dT, is on the order of 10~"*/°C for water. This reduces the requirements 

on path length and temperature gradient magnitude but creates a heavier assembly 

and introduces the risk of leaks developing. 

Aside from using heat to generate turbulence, there are a number of techniques 

which can be used to manufacture static turbulence phase plates. These include 

binary diffractive optics, plastic mold optics, computer generated holography, and 

Near-Index-Match optics. [68-70] Once a phase plate is made, a motorized assembly 

c£m be used to translate the plate across the light path to simulate temporal evolu

tion of the turbulence. In addition, adaptive elements, such as liquid crystal spatial 

light modulators or deformable mirrors, can be used as turbulence generators. [71] 
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The advantages of these turbulence generators are that they do not generate much, 

if any, heat which might interfere with nearby optical elements, the exact shape of 

the turbulence can be independently determined, and the speed of the turbulence 

can be easily controlled. These characteristics allow for more controlled testing of 

the AO system. The major drawback of these techniques is that they are potentially 

more expensive than building a wind tunnel or an aquatic tank. In addition, their 

wavelength dependence does not, in general, match the atmosphere. 

In designing the TGA, my initial efforts were directed at building an enclosed 

wind tunnel system. The system was relatively simple and inexpensive and initial 

tests met with moderate success. However, changes in the TGA design goals re

questing a more controlled environment for testing the MMT AO system, made it 

necessary to set aside the heated, air flow approach in favor of a static phase plate 

design. 

This chapter describes the TGA design process. In the next section a discussion 

of the Kolmogorov approximation for atmospheric turbulence is given as a primer 

for the discussions on the TGA design and testing which follow, as well as computer 

simulations of AO system performance in later chapters. The sections after the 

theory cover the design and testing of the wind tunnel TGA, followed by the design 

of the static phase plate TGA. 

3.2 Kolmogorov Model of Turbulence 

Turbulence in the Earth's atmosphere is caused by random variations in temper

ature and pressure which alter the air's index of refraction, both spatially and 

temporally. [1-3] As electro-magnetic radiation from distant astronomical objects 

propagates through the atmosphere the waves of light are distorted by these fluctu

ations in refractive index and the information stored in the wave fronts is corrupted. 
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For astronomers this loss of information manifests itself as a degradation in the an

gular resolution that can be achieved with a ground based telescope. As shown in 

figure 1.1, images captured by the telescope £ire bltirry compared to the diffraction 

limited resolution of the telescope's imaging optics. 

This phenomenon, called "seeing," has frustrated astronomers for centuries. For 

many years, astronomers had a lot of questions but few answers. In order to defeat 

their longtime nemesis, they needed an accurate model of the underljdng workings of 

atmospheric turbulence and its effects on wave front propagation. Astronomers were 

not alone in their search for answers. Since atmospheric turbulence affects all optical 

systems which rely on light that propagates through long atmospheric paths, such 

as satellite and laser communication systems, optical physicists and communication 

engineers soon joined in the quest. 

During this century, modeling the effects of turbulence on wave propagation has 

received a great deal of attention. Much has been written on this topic regarding 

the various theories and their experimental verification.[1,72,4] These theories are 

based on statistical analyses since the character of the real atmosphere is beyond 

any deterministic prediction. The emphasis on building a statistical model of the 

atmosphere has resulted in several useful theories. The most widely accepted of these 

theories, due to its consistent agreement with observation, was first put forward by 

Kolmogorov in 1941. [73] 

Differential heating and cooling of the Earth by sunlight and the diurnal cycle 

cause large scale variations in the temperature of the air. This process, in turn, cre

ates the wind. As the air begins to move, it becomes turbulent when its Reynolds 

number exceeds a critical value. The Reynolds number. Re, depends on the geomet

rical structure of the flow and is given by 

= (3.1) 
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where VQ is the characteristic velocity, LQ is the characteristic size of the flow which 

is usually between 10-100 m, and VQ = 1.5x10"^ m^/s is the kinematic viscosity 

of air.[2] For UQ = 1 m/s and LQ = 20 m the Reynolds number becomes 1.3 x 10®. 

corresponding to fully developed turbulence. 

As the wind becomes turbulent, air of diflferent temperatures begins to mix. This 

mixing creates randomly distributed pockets of air, called turbulent eddies, which 

have different characteristic sizes and temperatures. Since the density of air. and 

thus its index of refraction, is dependent on temperature, the atmosphere has a 

random index of refraction profile. The eddies act somewhat like lenses, perturbing 

wave fronts that propagate through them. Although for air the change in index 

with temperature is not large, dn/dT ~ 10~®/°C, the cumulative effect over several 

kilometers can be significant. 

In 1941 Kolmogorov suggested that in fully developed turbulent flow, the kinetic 

energy in large turbulent eddies is transferred to smaller turbulent eddies. .As the 

scale size Z, of an eddy decreases so does the Reynolds number. At some point in 

the reduction process, turbulent motion stops and the remaining kinetic energj* is 

dissipated into heat by viscous friction. By applying conservation of energy and 

assuming steady state, Kolmogorov formulated a law describing the statistical dis

tribution of energy stored in atmospheric turbulence as a function of eddy size. 

In developing his theory Kolmogorov assumed the turbulent motion at small 

scales was homogeneous and isotropic. Homogeneity implies the statistical nature 

of the turbulence is independent of location within the turbulent flow. Isotropy 

implies the higher order statistical moments of the turbulence depend only on the 

radial separation of two points in the flow axid not their directional orientation. 

In reality, these assumptions are never completely accurate as large site-specific 

objects, such as trees, buildings, or mountains, affect the local seeing conditions. 
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However, at good astronomical observing sites, these local effects are minimal and 

these assumptions are reasonably accurate. 

In Kolmogorov's formulation the largest turbulent eddies which begin to produce 

turbulence have a scale size of Lo, called the outer scale, and the smallest have a size 

of /o, czdled the inner scale. Near the ground, LQ is on the order of the height above 

the ground and at higher altitudes it is believed to be between 10 and 100 meters. 

In comparison IQ, the scale at which eddies disappear and dissipate their energy 

as heat, is on the order of a few millimeters. Within the range of wavenumbers 

defined by LQ and IQ Kolmogorov's theory predicts a spatial power spectral density 

for refractive index fluctuations of 

$„(k) = 0.033 ^ (3.2) 
LQ IQ 

where /c is a three dimensional wavevector of magnitude k, is called the structure 

constant and has units of and the subscript n indicates a property of the 

refractive index fluctuations. Equation 3.2 characterizes the statistical distribution 

of the size and number of the turbulent eddies. The homogeneity and isotropy 

fissumptions made by Kolmogorov are evident in the fact that is dependent only 

on the magnitude, and not the orientation, of the wavevector K. Outside the range 

of wavenumbers specified in the equation, no mathematical form is predicted for 

While Kolmogorov's model is not perfect, it has stood the test of time, matching 

reasonably well to observation. 

The structure constant is an important parameter because it specifies the 

integrated strength of the atmospheric turbulence. Studies have shown varies 

with altitude, location, and even time of day. [4] Typically, the turbulence strength 

drops to a minimum just after sunrise and just after sunset. The turbulence along 

the entire optical path that a wave front travels through the atmosphere contributes 

to the magnitude of the structure constant. Over the years severzd models have been 
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developed for determining this parameter but their application is somewhat limited 

due to site-to-site variations in seeing. 

Using Kolmogorov's model, other scientists have been able to make useful pre

dictions regarding the imaging performance of ground-based telescopes and the im

provements that are possible with adaptive optics. In 1966 Fried derived a simplified 

expression for the phase structure function, D^, based on the work of Kolmogorov. 

where is the phase perturbation function at position r, Ar is the vector separa

tion of the two phase points, Ar = | Ar|, and TQ is the atmospheric coherence length, 

also known as the Fried parameter. [74] The coherence length can be considered as 

the nominal size of the turbulent eddies. It is related to the structure constant by 

the expression 

where A is the wavelength of light and L is the thickness of the turbulence. In the 

visible (A ~ 0.55 //m), TQ generally lies between 2-30 cm. The nominal value for 

To at the MMT is about 16 cm. Using his phase structure function, Fried derived 

expressions for the long-exposure (/e) atmospheric optical transfer function (OTF) 

and the short-exposure (se), or tilt-removed, OTF.[74] These transfer functions are 

expressed as 

D^(Ar) = ([i/;(r)-T/;(r-Ar)]^), 

(3.3) 

(3.4) 

= exp|-3.44(^) '  ]}.  

(3.5) 

(3.6) 

(3.7) 
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where u is the spatial frequency vector of magnitude u, A is the wavelength, and 

F and D are the effective focal length and aperture size of the imaging system, 

respectively. Fried obtained his results by assuming the phase structure function 

is stationary. While this assumption is reasonable for the long-exposure case, it is 

no longer true when global tilt is removed from the wave fronts.[75] None the less. 

Fried's tilt-removed result is a good approximation. 

Noll later extended Fried's work and developed a Zemike representation of the 

Kolmogorov turbulence model.[76,77] In this effort Noll derived an expression for 

the expected mean square wave front error contributed by each Zemike mode. For 

instance, a wave front falling on a telescope aperture of size D will have an aperture-

averaged, mean square phase error due to Kolmogorov turbulence of 

/£) \  5/3 
£2 = 1.0299 f—j , (3.8) 

where the error hsis units of rad^ and the subscript 0 indicates the nominal wave 

front phase error. The contributions to the phase error due to tilt and focus are 

/  £)  \  5/3 

= i-HU = 0.448 (^-j , (3.9) 

/£) \  5/3 
= 0.023 . (3.10) 

The higher order Zemike modes contribute less and less to the wave front error. If 

an AO system only corrected for tilt, the resulting residual wave front error e would 

be 0.134 (D/ro)^^^ rad^, an improvement of about 87% over the nominal value. 

A widely accepted metric used to evaluate imaging systems is the Strehl ratio.[72] 

This metric is defined as the ratio of the peak intensity of an actual point spread 

function (PSF) recorded by an imaging system relative to the peak intensity of the 

theoretical, unaberrated PSF for the same system. For small wave front errors. 
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Figure 3.1 Strehl ratio as a function of mean square phase error. The solid 
line is the estimated Strehl ratio obtained from numerical simulations of Kol-
mogorov turbulence. The dash-dot curve is a polynomial approximation to the 
simulation results and the dashed curve is the standard exponential approxi
mation for the Strehl ratio. 

1 rad^, the Strehl ratio can be approximated by 

5 = exp(-e^), (3.11) 

where ^ is the residual phase error in rad^. For non-small phase errors, the rela

tionship between the Strehl ratio and the mean square phase error can be estimated 

from numerical simulations of Kolmogorov turbulence.[78] The results from one such 

set of simulations are shown in figure 3.1. These results can be reasonably modeled 

by the equation, 

S = (3.12) 
1 e2 + e4/6.5 

The fitting error is better than 0.01 over the entire range shown in the figure. 

For comparison, equations 3.11 and 3.12 are also shown in figure 3.1. With the 

Strehl ratio as a metric, Noll's results can be used to help determine the expected 

performance of an AO system. 

Models describing the temporal evolution of atmospheric turbulence have also 

been developed. The most commonly used models rely on Taylor's frozen flow 
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hypothesis which states that over short time intervals, the shape of the turbulence 

remains fixed except for translation at some uniform wind velocity Vu,.[2] Under this 

approximation the temporal statistics are determined from the spatial statistics and 

the space-time structure fimction is 

where Ar and At are the spatial and temporal separation of two phase points in the 

turbulence field, •0(r, t). In addition, the resulting power spectrum for a single phase 

point is flat at low temporal frequencies, /, and rolls off as at high frequencies 

because the telescope aperture acts like a low-pass filter.[79,72,80] Two parameters, 

atmospheric coherence time TQ and Greenwood frequency fg, have been developed 

to describe the temporal variation of atmospheric turbulence. The coherence time 

is given by the expression 

where TQ is the Fried parameter and is the nominal wind speed.[81] The coher

ence time delineates the approximate boundary between short-exposure and long-

exposure images. In the visible (A « 0.55 /xm), To generally lies between 1-10 ms. 

The nominal value at the MMT is about 6 ms. In comparison, the Greenwood 

frequency is given by 

Due to temporal delays, aberrated wave fronts compensated by an AO system have 

a nominal mean squared phase error after correction of 

(3.13) 

(3.14) 

(3.15) 

(3.16) 
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where is the 3 dB bandwidth of the AO system. [72j The Greenwood frequency 

generally varies between a few tens and a few hundreds of Hertz. The atmospheric 

coherence time and Greenwood frequency are related by the expression 

_ _ 0.134 1 
To — -Z ~ ^ r • (3 .1 ' )  

fg J g 

As Stated earlier, much has been written on the modeling and analysis of at

mospheric turbulence and much more could be written here. Kolmogorov's theory 

has been used to evaluate all aspects of an AO system's performance, including 

tilt anisoplanatism, focus anisoplanatism, DM fitting error, and reconstructor er-

ror.[72,81,4] However, coverage of these anedyses is not necessary at this point. The 

spatial and temporal models of atmospheric turbulence given above will be used in 

the following sections to help design and test the TGA. 

3.3 Wind Tunnel 

Initial efforts at constructing a TGA focused on forced, heated air flow. It was 

decided to try this approach first because of its simplicity and low cost. It also 

most closely models what actually occurs in the atmosphere and perfectly satisfies 

the second design requirement. In addition, a few years ago I worked as a research 

assistant in a lab where a wind tunnel turbulence generator was built and tested. [62] 

Therefore, I felt confident I could put together a similar apparatus that would meet 

the design goals. 

In order to minimize the thermal disturbance of the assembly on the neighboring 

optical components, an enclosed wind-tunnel system was designed. A silhouette of 

the TGA wind tunnel design concept is shown in figure 3.2 along with a picture 

of the assembled wind tunnel. The design followed basic guidelines for building 

wind tunnel testing systems.[82,83] The design is modular, making it easy to add, 

rearrange, or take out components without having to rebuild entire sections. 
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(a) 

» 

(b) 

Figure 3.2 The design of the TGA wind tunnel assembly. The top figure is 
a silhouette of the wind tunnel and the bottom is an actual image. From left 
to right, the modular design consists of the following components: a) 4 inch 
inlet hose connector, b) fine mesh screen, c) 4 inch square inlet box, d) difiFuser, 
e) heating element, f) perforated metal screen, g) test chamber, h) condenser, 
and i) 4 inch outlet hose connector. The dashed circle in the test chamber of 
the top figure shows approximately where the optical beam passes through the 
test chamber. The order of components b and c are swapped between the two 
figures. 
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3.3.1 Wind Tunnel Design 

The first component of the TGA wind timnel was a connector for a 4 inch insulated 

inlet hose. The next five components were used to condition the flow of air. A 

fine mesh screen reduced pressure and smoothed out the flow so it could be better 

controlled by later modules. The next module, a square box with a 4 inch x 4 inch 

cross-section, allowed the flow to expand to a rectangular shape so it completely 

filled the entrance of the difiuser. The diffuser further expanded the flow up to the 

5.67 inches x 5.67 inches cross-sectional dimensions of the test chamber. Following 

the dififuser was a heating element which dumped power into the air flow and a 

perforated metal plate which helped create turbulent eddies in the test chamber. 

After the test chamber a condenser reduced the flow back down to 4 inches so it 

could exit the wind tunnel through a second insulated hose. 

Besides the heating element and the test chamber all of the wind tunnel modules 

were made from 0.25 inch thick acrylic sheet. Acrylic cement was used to assemble 

the individual components. In addition, all of the modules had end brackets which 

allowed them to be firmly bolted together. Vinyl foam weather stripping was used 

between the modules to seal the connections. 

A fan, a 115 VAC axieil fan made by Sunonwealth, was used to push air into 

the insulated inlet hose. The fan's power cord was connected to a variac so its 

speed could be controlled. At the maximum input voltage the fan was capable of 

producing an air flow of 105 ft^/min. This flow rate corresponds to a wind speed of 

about 2.4 m/s in the test chamber. 

In designing a dififuser, the angle between the walls should not be greater than 

about 6 degrees, otherwise the flow will separate from the wails and the exit aperture 

will not be completely filled. The diSiiser for the wind tunnel was 4 inches long with 

an angle between the outside walls of about 24 degrees. Therefore, it was divided 
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into a 4 X 4 grid of sub-diflFiisers using thin metal sheeting. 

The heater module had about 15 feet of 19 gauge nichrome wire strung back 

and forth across the flow path. A high voltage power supply was used to generate 

heat in the wire. The heater bracket which held the wire was made from a cotton-

fabric based phenolic in order to withstand the heat. After the heater, a perforated 

metal plate helped break up the heated air into turbulent eddies. Several samples of 

perforated plate, with round and square holes of different sizes and densities, were 

supplied by Diamond Manufacturing. 

The test chamber was 6.5 inches long with a 5.67 inch x 5.67 inch cross section 

(144 mm x 144 mm). The windows were made of glass and the end brackets were 

polycarbonate. The test chamber was designed to have the optical beam travel 

across its width, perpendicular to the axis of the wind tunnel, and centered with 

respect to the chamber height. Although it would have been preferable to have a 

longer optical path through the chamber, the size of the TGA was limited by the 

available space in the Shimmulator system. 

In the Shimmulator setup, the TGA will be placed in a diverging beam between 

a fiber-optic source and a computer generated hologram (CGH) which corrects for 

spherical aberration in the Shimmulator system. The distance between these two 

components is about 280 mm and the maximum beam diameter is 48.5 mm. It was 

decided the outside width of the test chamber could be 6 inches (152 mm), and still 

leave a large enough buffer between the TGA and the optics. After accounting for 

the 4.7 mm thickness of the optical side windows, the inner width of the chamber 

was 144 mm. The surfaces of the optical windows were polished flat and parallel 

at the Mirror Lab from 5 mm thick plates of BK7. To hold the two side windows 

parallel with respect to each other, two Borofloat glass spacers were precision cut for 

the top and bottom windows of the test chamber. The four glass plates were aligned 
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and epoxied together. The end brackets for the test chamber were then attached 

with silicon. 

3.3.2 Wind Tunnel Testing 

To test the TGA wind tunnel, the assembly was placed in a 48 mm diameter, 

collimated laser beam at 0.6328 /xm. After passing through the test chamber the 

laser beam was captured by an //48 imaging system. The large focal ratio made 

the non-turbulated image large enough for its structure to be resolved by an Ed-

mimds video camera, which had 6 fxva. pixels, and an Electrim camera, which had 

15.6 iim X 13.6 pixels. 

The initial tests of the wind tunnel focused only on measuring the spatial prop

erties of the turbulence generated by the assembly. However, from a temporal 

standpoint the fan speed could not realistically be set at maximum if the MMT's 

AO system hoped to follow the temporal evolution of the turbulence. At maximum 

voltage the velocity in the test chamber is about 2.4 m/s. This speed converts to 

330 m/s when the 48 mm beam size is projected to the 6.5 m pupil size of the 

MMT. For the diverging beam configuration that will be used in the Shimmulator 

system, the projected speed would be about twice as high, approximately 650 m/s, 

because the beam diameter is, on average, smaller by about a factor of two. The 

MMT WFS has 12 subapertures across the pupil and the integration time is about 

1 ms. If the maximum allowed translation of the turbulence is generously chosen 

at a quarter of a subaperture per integration time, then the maximum allowed air 

velocity in the test chamber is 1.0 m/s for a 48 mm beam diameter, corresponding 

to 135 m/s in the MMT pupil. The wind speed as a function of variac setting was 

never calibrated. However, at this point in the testing, a variac setting around 50% 

seemed reasonable. 

Using the video camera, the effects of adjusting the fan input voltage and the 
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heater power dissipation were observed. Initial observation showed that spatially 

the turbulence was rather weak and inconsistent. At sporadic intervals, regzirdless 

of heater power and wind speed, the PSF of the system would appear completely 

unaffected. At other times, the PSF was disturbed, but never significantly. Either 

the choice for the perforated plate was bad, or the heater was not making a large 

enough impact on the flow even though a maximum of 360 W could be dumped into 

the heater module by the power supply. 

It was likely that the surface area of the nichrome wire was too small to eflBciently 

transfer heat to the air. Therefore, a different heat source needed to be developed. 

To explore different perforated plate choices and approaches to heating, the test 

chamber and heater were removed from the assembly and a testbed was put in their 

place as shown in figure 3.3. Due to their large surface area, toaster heating elements 

were chosen for the heat source. They were used to dissipate as much as 450 VV of 

heat into the test chamber. A cardboard box was made to cover the testbed and 

create an enclosed system. Holes for the optical beam were cut into the sides of 

the box and overhead transparency sheets were placed over the cutouts. With this 

setup, the test chamber was about 6 inches wide, 8 inches high, and 10 inches long. 

.\fter a little tweaking of the components, the turbulence became stronger and more 

consistent. 

After making visual observations of the effects of different orientations of the 

heaters, the orientation shown in figure 3.3 was chosen. Likewise, after trying all of 

the perforated plate samples and a few other things lying around the lab, two of the 

perforated plates were found to work best: A) a plate with 1/8 inch square holes, a 

square grid spacing of 3/16 inches, and an open area of 45%, and B) a plate with 

1/4 inch diameter circular holes in a hexagonal pattern with a 5/16 inch center-to-

center spacing and a 58% open area. With perforated plate A after the diffuser, 
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(b) 

Figure 3.3 The testbed used to experiment with different heating configura
tions and perforated plate geometries. Toaster elements were used to dissipate 
heat into the test chamber and perforated plates were used to help break up 
the flow as it entered the test chamber. A cardboard box was used to cover 
the testbed to create an enclosed structure. 
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Figure 3.4 Images from the wind tumiel testbed experiments. From left to 
right, the images are: non-turbnlated PSF, short-exposure image (3 ms), and 
long-exposure image (750 ms). The image contrast is inverted to better show 
the low intensity portions of the images. The PSF is not an ideal Airy pattern 
due to aberrations induced by the testbed window material. 

the images in figure 3.4 were recorded. These images are similar to figure 1.1. The 

fan was operated at 50% of its maximum voltage and 450 W was dissipated by 

the heating elements. After deconvolving the non-turbulated PSF from the long-

exposure image, the long-exposure, atmospheric OTF was determined.[84] Figure 3.5 

shows the results of the OTF calculation. 

Using the E~' point of the atmospheric OTF and equation 3.6, TQ was calculated 

to be 1.16 mm in the test chamber. When the 48 mm diameter of the test beam 

is scaled to the MMT pupil size, the wind-tunnel turbulence strength corresponds 

to the observed median seeing conditions at Mt. Hopkins for visible wavelengths. 

To = 16 cm. This result was encouraging. However, in the Shimmulator test system, 

the average beam diameter in the wind tunnel will only be 24 mm. In this case, the 

target value for the test-chamber TQ would be about 0.6 mm in order to simulate 

median seeing. To simulate more severe conditions, the value of TQ would have to 

be smaller. 

By adding perforated plate B to the setup directly before the condenser, TQ values 

between 0.96-1.03 mm were obtained. These results were still 50% larger than the 
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Figure 3.5 Radial profiles of the long-exposure, atmospheric PSF and OTF 
calculated firom the wind tunnel images. Figure (a) shows the PSF and fig
ure (b) shows the OTF. In figure (b), the solid line is the experimental data 
and the dashed curve is the theoreticzd OTF for a test-chamber TQ of 1.16 mm. 

median target value of 0.6 mm. At this point, it did not seem likely that the target 

value of To would be reached with the current wind tunnel design. The first problem 

was the wind tunnel was operating in a transitional regime of unstable laminar flow. 

For a wind speed of 1 m/s the Reynolds number was about lO'*, which generally 

does not correspond to fully developed turbulence. The flow was unable to maintain 

turbulent eddy sizes smaller than 1 mm.[83] The second problem was the amount 

of heat being generated within the wind tunnel. While the turbulence strength 

could be increased by dumping more power into the system, the 450 W dissipated 

during these tests was already too much. It was enough to raise the temperature 

of the wind tunnel noticeably above room temperature within a few minutes. The 

third problem was that the strength of the turbulence was strongly coupled to the 

air velocity in the test chamber. Increasing the wind speed by turning up the fan 

voltage would have helped create stronger turbulence. However, for the current 

state of the system, TQ « 1 mm and « 1 m/s, the atmospheric coherence time 
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was 0.3 ms, which is less than the WFS integration time. The MMT AO system 

had no chance of keeping up with the turbulence. 

Various solutions were put forth. It was suggested that an oscillatory flow, 

created by placing one or more heated rods across the flow, could be used for gen

erating pseudo-turbulence. This phenomenon is well understood so the statistics 

could be predicted quite accurately. [83] Another suggestion called for counter prop

agating flows of hot and cold air that could be used to create a shear layer of tur

bulence. [65,64] Finally, it was pointed out that a static turbulence generator would 

allow more controlled testing of the MMT AO system since the exact shape of the 

turbulence could be known, not just the statistics, and the strength of the turbulence 

could be controlled by sliding the turbulence generator along the diverging beam 

between the fiber-optic source and the CGH. In addition, the spatial and temporal 

components of the turbulence would be completely decoupled. A time sequence of 

turbulence could be exactly repeated over and over and the speed of the turbulence 

could be controlled with a precision motor. These capabilities would be immensely 

useful in debugging the system and in comparing dififerent wave front reconstruction 

algorithms. With these advantages in mind, the decision was made to put away the 

wind tunnel and pursue a static phase plate design. A more complete characteriza

tion of the wind tunnel was not performed due to this change in direction for the 

TGA design. 

3.4 Static Phase Plates 

As mentioned above, various methods exist for creating static phase plates, such as 

binary optics, holography, molded optics, and index matching. The major drawback 

to binary optics and molded optics is the cost. In addition, the transverse resolution 

of binary optics, which is on the order of a few microns, is much finer than this 
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application required while the size of the manufactured piece, which is generally 

limited to less than 4 inches, is a bit small. On the other hand, computer generated 

holography is potentially the cheapest approach if film is used instead of a CGH 

writer. However, the wavelength dependence of a single hologram is quite different 

from the atmosphere. There axe methods for combining multiple holograms on 

the same plate, one for each wavelength of interest, but this would complicate the 

alignment of the Shimmulator system and could require more optical components to 

be added to an already tight space. For these reasons, an approach based on index 

matching was adopted. [68] 

The idea behind near index matching is simple. A sample phase profile of atmo

spheric turbulence, defined by fix), where x is a 2-dimensional position vector, is 

machined into the surface of an optical quality plastic, like acrj'lic or polycarbonate. 

This surface is then coated with an optical polymer and the two outer surfaces of 

this sandwich are polished flat and parallel so the finished piece looks something 

like figure 3.6. The OPD for rays incident normal to an external surface is given by 

OPD(x) = (na-ni)(/(x)-7), 

= AnA/(x), (3.18) 

where rii and n2 are the refractive indices of the materials and / is the average 

deviation of the interface. A copy of the interface function, scaled by An, will be 

imprinted on the phase of any beam which passes through the sandwich. 

Wave fronts aberrated by atmospheric turbulence have an OPD peak-to-valley 

of only a few microns. This scale of OPD variation can be produced with good 

resolution by choosing materials for the substrate and polymer which differ in re

fractive index by only a small amount. The actual physical deviation of the profile 

machined into the substrate could then be several hundred microns. Commercial-

grade milling machines can produce surface variations of this scale with a height 
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Diagram of a Neax-Index-Match optical element. 

resolution of 5-10 //m, making it possible to manufacture Near-Index-Match (NIM) 

sandwiches at a reasonable cost. Compared to binary optics, the transverse resolu

tion is much larger, about 250 /im, but equation 3.2 indicates wave front aberrations 

are composed mainly of low spatial frequencies so this transverse resolution should 

be fine as long as the diameter of the optical beam passing through the plate is not 

too small. 

The next few subsections discuss the development of the static turbulence phase 

plates for the TGA. First, the algorithm used to generate sample Kolmogorov phase 

screens is described. This algorithm was used to generate the surface profiles which 

were machined into the substrates. Next, the construction and testing of a prototj-pe 

turbulence plate made with acrylic and mineral oil is described, followed by the 

description of a phase plate design which pairs acrylic with an optical polymer. 

3.4.1 Generating Atmospheric-Like Phase Screens 

Several algorithms have been developed in recent years for generating pseudo- ran

dom, atmospheric phase screens which have Kolmogorov statistics.[85-88] The phase 

screens machined into the static phase plates for the TGA were generated with a C 
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program developed at the Center for Astronomical Adaptive Optics (CAAO).^ This 

program models the atmosphere as a sum of turbnlent layers. In turn, each layer 

is created as a sum of weighted sinusoids of different spatial frequency. The layers 

all have Kolmogorov statistics but each is allowed to have different spatial (ro) and 

temporal (TQ) properties. 

The algorithm which calculates the radian phase at position x and time t is 

given by 

-Vt. iV„ 

i'(x, 0 = C" sin [kij • (x + + 0o.J , (3.19) 
1=1 j=i 

where C is a scaling factor, and Vj are the atmospheric coherence length and 

wind speed vector for layer i, is the j'th spatial-frequency wavevector for layer 

i, 0Oij is the phase offset at x = 0 and t = 0 for layer i and wavevector j, is the 

number of layers, and iVu» is the number of wavevectors. The program expects most 

of these parameters to be specified by the user. Some of the parameters, such as the 

directions associated with the wind speeds and wavevectors and the phase offsets, 

are random numbers chosen from a uniform distribution over the range 0 — 2 tt. 

The scaling factor C depends on iVi and iVw and is chosen so the structure func

tion has the proper magnitude. The program contains a routine which helps select 

the value of C. The structure function magnitude is determined using equation 3.3 

and the effective coherence length 

= 
iVt -3/5 

(3.20) 
. i = l  

Similarly the temporal statistics of t )  are determined using equation 3.14. The 

effective coherence time is 

To^/f = 0.314 
/Vt / I I \ 5/3l m) (3.21) 

department of Steward Observatory, University of Arizona. 
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The set of wavevectors {kjj} depends on user specified values for the inner scale 

IQ, outer scale LQ, and the number of wavevectors to sample per decade on a log

arithmic scale. With these parameters, the wavevector magnitudes are determined 

using 

where is the number of samples per decade. This equation produces a uniform 

logarithmic sampling of wavevectors. The same wavevector magnitudes are sampled 

in each atmospheric layer but their orientations in the different layers are randomly 

chosen. 

The algorithm given in equation 3.19 was used to generate the phase profiles for 

the turbulence phase plates discussed in the following sections. 

3.4.2 Oil-Filled Phase Plates 

When we began considering a NIM approach to making turbulence phase plates, the 

initial focus was on using an NIM fluid sandwiched between two plates of optical 

plastic. Figure 3.7 shows a schematic diagram and a picture of a small prototj'pe 

that was created following this design concept. Optical grade acrylic was used for 

the outer plates of the prototype and white, heavy mineral oil^ was used for the 

.\crylic was chosen as the substrate material because of its machinability. While 

polycarbonate is stronger and less brittle than acrylic, it has a fibrous composition 

which makes it diflBcult to machine with fine precision. On the other hand, acrylic 

is softer and more homogeneous and wears less on the machining tools. Also, the 

index of acrylic, n = 1.491, was found to match very well with mineral oil, n ss 1.48. 

^ParaflSn oil, liquid petrolatum, Mallinckrodt Specialty Chemiccils Company, lot #6357. 

(3.22) 

fluid. 
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Figure 3.7 A schematic drawing and actual image of the small prototype static 
phase plate. Figure (a) shows a top view and a centrzd cut of the 3/8 inch thick 
acrylic substrate which had the phase screen machined into it. The turbulence 
surface was filled with mineral oil and a thin acrylic plate, 1/8 inches thick, 
was used as a cover to provide a flat outer surface and keep the oil from spilling 
out. Figure (b) shows the assembled turbulence plate. Bolts and duct tape 
were used to hold the acrylic plates together and seaJ the interface between 
them. A piece of tape, seen in the upper left comer of figure (b), covered the 
hole the oil was injected into. The ring in the substrate was initially intended 
for an o-ring, but the ring caused warping of the thin cover plate so it was 
removed. 

The index difference between the mineral oil and acrylic was measured to be 

An = 0.0092 ±0.0002 using a simple experiment. For this experiment, a flat surface 

was machined into a 0.5 inch thick acrylic plate. Within this flat region, a sloped 

surface was machined as shown in figure 3.8. The angle between the flat and sloped 

surfaces was 0.02 radians. These features were then filled with mineral oil and 

placed in the measurement leg of a Twyman-Green interferometer. Initially, surface 

tension in the mineral oil made the air-oil interface curved and this curvature added 

an excessive amount of power to the test beam. To neutralize this effect, a glass 
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Figure 3.8 Diagram of the acrylic plate used to measure the index of the 
mineral oil. The dashed line shows the flat surface that was first machined into 
the acrylic plate. The sloped surface was machined into this region. Mineral 
oil was poured onto the plate and a microscope slide was used to cover the oil. 

microscope slide was place on top of the oil. The optical tilt between the flat and 

sloped surfaces was then determined by comparing the fringe spacings on the two 

surface. Finally, an estimate of An was calculated by comparing the optical angle 

with the physical angle that was machined into the acrylic. From the data, the 

refractive index of the mineral oil was determined to be less than acrylic, so it had 

a value of n = 1.482. 

Making an Oil-Filled Phase Plate 

To make the first prototype phase plate, the phase-screen-generation routine de

scribed above was used to generate a set of 2 inch x 2 inch square phase screens 

which had a sample spacing of 0.01 inches. The atmospheric coherence length and 

inner and outer scales were set to 0.04, 0.01, and 10® inches, respectively. A single 

turbulence layer was simulated with 350 wavevectors sampled between ZQ and LQ. 

When the 2 inches is scaled to the MMT's 6.5 m aperture, the value of TQ becomes 

16.25 cm, corresponding to average seeing conditions in the visible. 

One of the generated phase screens was selected and, after converting phase 

to distance for a wavelength of 0.6328 ^m, the phase profile was machined into 

a 0.375 inch thick, acrylic substrate using a 1/16 inch ball endmill. A computer 
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program was written to generate the command sequence required to control the 

computer numeric£il control (CNC) milling machine. The peak-to-valley of the ma

chined turbulence profile was 0.038 inches. A 0.125 inch thick plate of acrylic was 

cut to serve as the opposing window to the substrate. Mineral oil was placed be

tween the two plates and they were bolted together. Initially, an o-ring was used as 

a seal between the two acrylic plates but it caused the thinner plate to bend when 

the bolts were tightened. This bending added a lot of astigmatism to the phase 

profile so the o-ring was removed and duct tape was used to seal around the edge 

of the plates. The mineral oil was then injected between the plates through a small 

hole in the thin window and the hole was covered with small square piece of tape. 

After assembly, the phase plate was measured with a Mach-Zender interferometer 

using a HeNe laser at 0.6328 A comparison between the target and measured 

turbulence surface profiles is given in figures 3.9 and 3.10. The two phase profiles 

match very well. The major differences between the two surfaces in figure 3.9 are 

mostly large scale variations. These variations may have been caused by thermal 

expansion of the acrylic or the milling machine during machining, a calibration error 

in the milling machine, residual warping of the acrylic cover window left over by the 

o-ring, or large-scale variations in the thickness or refractive index of the acrylic 

material. Whatever the reason, it is of little concern since the resulting phase 

profile is still pseudo-random and it exhibits Kolmogorov statistics of the proper 

magnitude. In fact, the variations were such that the actual surface matched better 

to the theoretical model than the target surface did. 

Concerns with the Oil-Filled Prototype 

While the test results for the oil-filled phase plate verified our ability to machine 

phase profiles into acrylic, some concerns did arise regarding the design. Of primary 
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Figure 3.9 The taxget and measured turbulence phase profiles for the small 
prototjrpe oil-filled phase plate. The image on the left is the target surface and 
the image on the right is the measured surface. Overall tilt has been removed 
from both images. 
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Figure 3.10 The tilt-removed structure function for the smail prototype oil-
filled phase plate. Graph (a) on the left corresponds to the phase structure 
function for the target surface and (b) on the right is for the measured surface. 
The solid lines denote the tilt-removed Kolmogorov structure function for the 
designed TQ of 0.04 inches and the dashed curves are for the target and measured 
phase surfaces. 
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concern was the temperature dependence of the refractive index of mineral oil rel

ative to acrylic. For many oils dn/dT is around —3.46 x while for acrylic 

dn/dT is —8.46 x 10"^/°C. When I measured An to be 0.0092, the temperature 

in the lab was about 24°C. However, at the MMT the temperature can range any

where from —20°C to 30°C. Over this range An would vary from -0.002 to 0.010. 

The strength of the turbulence created by the plate would be very temperature de

pendent. This problem can be solved by either controlling the temperature of the 

phase plate or mapping the dependence of An with temperature. Neither solution is 

preferable since the first adds unnecessary and unwanted complexities to the TGA 

and the second lessens the amount of control we would have over AO system testing. 

A better solution would be to find a material with a dn/dT that matches better to 

acrylic. 

The testing of this phase plate produced only one concern regarding the machin

ing process and that was the scalloping which resulted from using a ball endmill. 

This scalloping effect is illustrated schematically in figure 3.11. A ball endmill was 

used to machine the phase profiles into the acrylic substrate by passing it back and 

forth in a raster pattern across the substrate, adjusting the mill height as specified 

by the CNC command file. When adjacent passes of the mill cut at different depths 

scalloping occurs as shown in the figure. For a given endmill diameter and step size 

between rows, the scallop height can be calculated by solving 

where Zs is the scallop height, Az is the height difference between adjacent milled 

rows, de is the diameter of the ball endmill, and Ay is the separation of the rows. The 

results of this calculation for several choices of dg and Ay are shown in figure 3.11(c). 

Scalloping cannot be avoided because neighboring phase points will, by nature, 

have height differences between them, but it can be minimized by choosing appro

(3.23) 
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priate values for and Ay. For the small oil-filled phase plate these values were 

de = 1/16 inches and Ay = 0.005 inches. For the chosen phase profile. An value 

(0.009), and wavelength (A = 0.6328 fim), the average height difference between 

neighboring points was 0.00034 inches and the maximum wcis 0.0019 inches. The 

chosen value of Ay did not allow height differences larger than 0.0004 inches so the 

resulting phase profile was slightly smoother than designed, with the exception of 

the scalloping. A better choice of Ay could have been made but then the scalloping 

would have been worse in some places. 

Another consequence of scalloping is that a diffraction grating is created in the 

phase plate. This grating will scatter light into several different orders. Fortunately, 

the scattering efficiency is low for all but the zeroth order. At the grating, the 

scatter angle for each order is given by 

where is the angle for the Tn"* order, A is the wavelength, and Ay is the grating 

spacing. For A = 0.594 ^m and Ay = 0.01 inches, the first diffraction order is 

displaced by an angle of ai = 8 arcmin. This angle is well outside the field of 

view of the Shimmulator optical system so only the zeroth order will be seen by the 

imaging camera. 

A third concern with the oil-filled design is the problem of keeping the oil sealed 

between the two acrylic plates and keeping bubbles out. The air bubble in the upper 

right portion of the phase plate shown in figure 3.7(b) indicates how hard this can be. 

I did not expend a lot of effort to solve this problem with the prototype but I did work 

at it enough to understand it is not easy. Leaking mineral oil on any nearby optical 

components is not allowed. The problem lies in the fact that pressure changes due 

to variations in temperature and altitude must be accommodated without creating 

stresses which would waxp the acrylic surfaces. 

arcsin (3.24) 
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Figure 3.11 The scalloping effect produced by the ball endmill used for the ma
chining of the acrylic substrate for the small prototype phase plate. Figure (a) 
illustrates the effect schematically. Figure (b) shows a 3/8 inch x 3/8 inch 
section of one of the interferograms obtained while testing the prototype. The 
vertical striping of the Mnges is evidence of scalloping. Figure (c) shows a calcu
lation of the scallop height, 2^, as a function of the difference in height. A2 = dz, 
between adjacent milled rows, the separation, Ay, between the rows, and the 
endmill diameter, d^. From lower-left to upper-right the curves correspond to 
(dashed) At/ = 0.005 inches and de = 1/8 inches, (dash-dot) Ay = 0.005 inches 
and de = 1/16 inches, (solid) Ay = 0.01 inches and de = 1/8 inches, and 
(dash-dot-dot-dot) Ay = 0.01 inches and de = 1/16 inches. 
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Still another concern with this design is the possible difference in dispersion 

between the two materials. However, this concern was not fully addressed with 

these materials because the focus of the design shifted to using an optical polymer 

as the NIM material instead of mineral oil. 

3.4.3 Polymer-Filled Phase Plates 

Once it was decided to use an optical polymer as the NIM material, a search was 

made to find candidate materials. The goal was to locate a material which had prop>-

erties similar to acrylic. Mechanically the coeflScient of thermal expansion (CTE) 

should closely match acrylic in order to reduce stress and warping in the plate as 

a result of temperature changes. Optically, the material should have a refractive 

index close to acrylic and the dispersion and dra/dT characteristics should be close 

as well. 

The An between the polymer and acrylic should be less than about 0.05 in 

order to  a chieve a reasonable level of resolution in the milling process. For a. D/TQ 

of 40, corresponding to average seeing at 0.594 fim at the .MMT, the standard 

deviation of the atmospheric turbulence OPD, tTopd, is about 2 fixn as determined 

by equation 3.8. Using six standard deviations as an estimate of the OPD peak to 

valley, and 0.00025 inches as the resolution of the CNC milling machine, a An of 

0.05 provides about 50 height resolution elements. 

The dispersion of the optical polymer should closely match acrylic. The VVFS in 

the Shimmulator system will operate at 0.594 fim but the science camera will record 

images at 1.55 ^m. The An at these two wavelengths should be within a few percent 

of each other in order for the DM correction, which is based on the 0.594 ^m WFS 

measurements, to be valid at 1.55 /xm. For instance, say An(1.55^m) differs from 

Ara(0.594^m) by 10%, 0.055 compared to 0.050. If the phase plate creates a cXopd of 

2 /im at 0.594 /xm and this wave front is perfectly corrected by the DM, the 1.55 fim 
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wave front will still have a residual error of 0.2 /xm. This amount of OPD error 

corresponds to a mean square phase error of = 0.66 rad^ and a Strehl reduction 

factor of 0.52. This reduction is too much. A more acceptable Strehl factor is 0.9 

which corresponds to a 4% difference between the An's. 

The Search for Materials 

During the search for materials I found several companies, each offering dozens of 

varieties of opticcd polymers, resins, and epoxies. Unfortunately, while the choices 

of materials seemed almost limitless, the amount of optical and mechanical data 

available for most of them was generally limited to color, index of refraction at one 

wavelength, and bonding strength. The task ahead seemed arduous until I was 

directed to a company, Lexitek Inc., which specializes in NIM optics. 

Lexitek identified eight candidate materials with properties similar to acrylic. 

However, while the optical properties of the polymers were well characterized at 

visible wavelengths, they had not used the materials in the infrared. Experiments 

had to be performed to determine the index and transmission of the materials at 

1.55 jim as well as their suitability for making turbulence plates. For these exper

iments, three NIM positive lenses were fabricated using acrylic matched with the 

three most promising candidate materials. These materials are listed in table 3.1. 

The lenses were 1.0 inches in diameter and 0.5 inches thick with planar exterior 

surfaces. At the acrylic-polymer interface, a spherical boundary with a physical 

radius of 2.0 inches was machined over the central 0.75 inches of each lens. The 

optical polymer layer for each lens was made as thin as possible, about 0.045 inches 

at its thickest point, a value which is only slightly larger than the surface sag of 

0.038 inches. A picture of the lenses is shown in figure 3.12. 

The sample lenses were tested by simply measuring their focal lengths and evaJu-



124 

material rid Vd CTE (10-V°C) Arid AVd AVd/Arid 

acrylic 1.491 59.1 72 0 0 
1 1.463 53.3 64 0.028 5.8 207 

2 1.540 47.2 ~ 63 0.049 11.9 243 

3 1.515 56.5 65 0.024 2.6 107 

Table 3.1 Properties of candidate polymers for the TGA phase plates. The 
index of refraction, Abbe number, Vj, and CTE are listed for the three can
didate materials that were examined for making the turbulence phase plates. 
The last three columns provide a comparison between the three optical poly
mers and acrylic. The ratio ZlVi/Arid provides a measure of the variation of 
An with wavelength, where a smaller number is better. 

Figure 3.12 The three NIM lenses fabricated using acrylic matched with 
the Lexitek's three most promising optical polymer materials. The lenses are 
1.0 inch in diameter and 0.5 inches thick. 
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polymer 1 2 3 

expected 
0.588 fim 71.4 40.8 83.3 

(An) (0.028) (0.049) (0.024) 

preshipment 
0.6328 lira 92 42 103 

(An) (0.022) (0.048) (0.019) 

shipment + 1 week 

0.594 fim 120±2 44.25±0.25 88.75±0.5 
(An) (0.0167±0.0003) (0.0452±0.0003) (0.0225±0.0002) 

shipment 5 weeks 
0.594 /zm 100±2 41.5±0.5 71.5±1 

(An) (0.0200±0.0004) (0.0482±0.0006) (0.0280±0.0004) 
1.65 /xm — 43.0±0.6 74.0±1.1 

(An) — (0.0466±0.0006) (0.0270±0.0004) 

Table 3.2 Focal length measurements, in inches, for the acrylic-polymer sample 
lenses and the corresponding index differences between the optical polymer and 
acrylic substrate. The wavelengths for each test are given in the first column. 
Laser sources were used for the tests done in the visible. For the IR test a 
tungsten light was used as the source and an H-band filter, with a spectral 
width of about 0.3 /xm, was placed before the camera. 

ating the quality of the images they formed. The lenses were tested three times over 

a period of several weeks. The focal length measurements for each test are shown in 

table 3.2. The first focal length measurement was a casual test performed at Lexitek 

before shipment to the CAAO. A collimated laser beam was passed through each 

lens, with the polymer side away from the laser, and best focus was determined with 

a hand-held card. The test was not meant to be precise so the results are only rough 

estimates. At this point, Lexitek noted the quality of lenses 2 and 3 was quite good 

while lens 1 was not so good due to inhomogeneities in the polymer. Also, while 

polymers 2 and 3 were clear, polymer 1 had a light-yellowish cast which previous 

experience indicated would turn water-white as it aged. 
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The first test performed at CAAO was done about one week after the sample 

lenses were received. This test was performed with attention to accuracy and in

volved using two different techniques to measure the focal length. The first test was 

similar to the test done by Lexitek except a video camera was used to determine 

the position of best focus. The camera was moved away from focus ajid back again 

several times to determine the error bars for the measurements. The spot quality for 

lenses 2 and 3 was very good and best focus was easy to determine. In comparison, 

the spot qucility for lens 1 was poor and best focus was difficult to determine as in

dicated by the large error for this measurement. The second technique used to test 

the lenses was autocollimation. A collimated laser beam was passed through each 

lens and best focus was determined by positioning a mirror after the lens such that 

the reflected light was recollimated after passing back through the lens. Collimation 

of the incoming and return light was checked with a shear-plate, collimation tester. 

This test could not be used for lens 1 due to its poor quality. However, the results 

for lenses 2 and 3 matched the first test almost exactly. The differences between 

these first measurements at CAAO and the measurements at Lexitek was somewhat 

disconcerting but was believed to be a result of the casualness of the Lexitek tests 

and the poor quality of lens 1. 

About one month later, the lenses were retested in the visible and tested for the 

first time in the IR. The tests in the visible used a collimated laser beam and a video 

camera to determine focus as before. For the IR tests, a simple optical system was 

setup for each sample lens. This system imaged a tungsten light bulb filament with 

each sample lens onto an IR camera which had an H-band spectral filter in front of 

it. The focal length was then determined from the thin lens imaging equation. [89] 

Lens 1 was not tested in the IR since it had already been disqualified for use with the 

TGA phase plates due to inhomogeneities in the polymer. Comparing the results 
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at the two wavelengths shows for lenses 2 and 3, the index differences vary by less 

than 3.5% which is quite acceptable. However, table 3.2 also shows, when compared 

to previous measurements, the focal lengths were again shorter, corresponding to 

larger An's. In addition, the image quality of lens 3 had deteriorated, making the 

determination of best focus more difficult. 

After talking with Lexitek, the observed changes are believed to be due to the 

polymers undergoing additional curing which could change the density, and hence 

the refractive index, of the materials. This belief was corroborated by observing 

that the exterior surfaces of the polymers for lenses 2 and 3, which were initially 

flat, were now slightly convex and concave, respectively. This result was obtained by 

looking at the lens surfaces with a Twyman-Green interferometer. Figure 3.13 shows 

the interferograms captured with the interferometer. Lens 2 had about 2 waves of 

curvature at 0.6328 ^m and lens 3 had about 5 waves. This amount of curvature 

is not enough to account for the observed changes in the focal lengths but it does 

show the polymers had undergone further curing after their surfaces were initially 

replicated. Lexitek felt confident they could adjust the fabrication process with 

these materials so as to reduce any subsequent variation in either the index of the 

material or shape of the outer surface. 

Design of the Polymer-Filled Phase Plates 

After the last round of testing with the sample lenses, polymer 2 was chosen as 

the best material for making the TGA phase plates. Although this polymer had the 

largest An, which reduces the number of height resolution elements in the machined 

surface, it demonstrated the most stability in index, surface figure, and image quality 

over time. Once the optical pol3aner was selected, a design for the turbulence phase 

plates was established in cooperation with Lexitek's engineers. This design in shown 
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Figure 3.13 Interferograms showing the surface curvature of the polymer side 
of sample lens 2, on the left, and lens 3, on the right. By pushing on the 
reference mirror in the interferometer and watching the motion of the fringes, 
the curvatures were determined to be convex for lens 2 and concave for lens 3. 

in figure 3.14. 

In the Shimmulator testing system, the TGA phase plates will be placed in a 

diverging beam between the CGH and two closely placed, fiber-optic sources, one 

emitting light at 0.594 /xm and the other at 1.55 ^m. The maximum diameter of the 

beam at the CGH is 48.5 mm. It was decided the phase plates should be 8 inches in 

diameter with a 2.25 inch wide annular ring of Kolmogorov turbulence which could 

be rotated through the Shimmulator optical beam by a motor. The motor assembly 

allows the plates to be held stationary for static testing or rotated at different speeds 

for testing the temporal response of the AO system. 

The hatched annular region in figure 3.14 marks the area where the turbulent 

phase profile was machined into one side of the acrylic substrate and a symmetrical 

flat groove was machined into the opposite side. The depth of this symmetrical 

groove was chosen to match the average depth of the turbulent surface, so by coating 
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Figure 3.14 A scale diagram of the design for the polymer-filled phase plates. 
The plates were 8 inches in diameter and about 0.5 inches thick. The hatched 
region marks the area where the turbulence profile was machined into one side 
of the acrylic substrate. The holes in the middle are used for mounting the 
plate to a rotary motor and the notches on the outer edge act as fiducials. The 
raised rings were used as reference surfaces during the polymer coating process. 
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both sides of the acrylic substrate, any warping of the plates due to a CTE difference 

between the acrylic and optical polymer were minimized. The plates were made 

about 0.5 inches thick to fiirther minimize problems with warping. 

The holes in the middle of each plate were used for mounting the plates to a 

rotary motor and the notches on the outer edge acted as fiducials to mzirk the ori

entation of the machined Kolmogorov surface. The raised rings shown in the figure 

were used as reference surfaces during the polymer coating process to determine 

coating thickness and parallelism between the two sides of the plate. 

To have more control over the spatial and temporal characteristics of the turbu

lence, we chose to put two plates into the Shimmulator system. In all, four TGA 

phase plates will be made, each with a different Kolmogorov phase profile. In order 

to make the plates interchangeable, the magnitude of the turbulence will be made 

the same in all of them. Equations 3.8 and 3.20 were used to determine the value 

of To for the plates 

where dcgh is the 48.5 mm beam diaxneter at the Shimmulator CGH, is the 

effective atmospheric coherence length at the CGH, di and d2 are the beam diameters 

at the two phase plates, and TQ is the coherence length of the phase profiles machined 

into the phase plates. Choosing the nominal values of di and da to be dcgh/^ and 

^d.cgh/3 and dcghlro^/j to be 40 at 0.594 /im, produces a value for tq of 0.95 mm. 

By moving the plates closer to the fiber sources, the turbulence strength can be 

decreased, and by moving them closer to the CGH, the strength can be increased. 

In addition, by controlling the rotation speed of the motor attached to the plates, 

the coherence time of the turbulence can be made as short or as long as desired. 

In order to test the manufacturing process, a prototype plate of this tj^je was 

made. The most difficult specification for the fabrication process was the wedge 

5/3 

(3.25) 
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specification. We did not want the wave front tilt to exceed the available range 

of the DM. The MMT's adaptive secondary mirror operates with a nominal gap of 

40 nm between the capacitive sensors and the thin-shell mirror. We allotted ±10 /zm 

of this gap for tilt correction which allowed for a wedge in the plates of 0.004 inches 

over the 8 inch diameter. The second most important specification for the phase 

plate was the flatness of the external poljoner surfaces. This was set at A/10 and 

was easily met by replicating the polymer surfaces against an 8 inch, A/10 optical 

flat obtained from Newport. 

The phase-screen-generation routine was used to create a set of phase screens 

sampled on an 8 inch x 8 inch square grid at a sample spacing of 0.01 inches. The 

atmospheric coherence length and inner and outer scales were set to 0.0374 inches 

(0.95 mm), 0.0004 inches, and 4000 inches, respectively. A single turbulence layer 

w a s  s i m u l a t e d  w i t h  3 5 0  w a v e v e c t o r s  s a m p l e d  b e t w e e n  I Q  a n d  L Q .  

One of the phase screens was selected from the set and the 2.25 inch annular 

ring needed for the phase plates was extracted. Two modes of tilt were subtracted 

from the phase profiles in order to loosen the wedge specification on the fabricated 

plates. First, global tilt was removed by subtracting the best fit plane to the annu

lar phase region. Since the phase plates will rotate through the optical beam the 

xy-orientation of the plate would be constantly changing with respect to the xy-

orientation of the beam. It was decided the average tip and tilt seen by the beam 

should be zero. Therefore, a radial tilt mode also had to be subtracted from the 

phase. This mode was defined as 

R{v)  = c r, (3.26) 

where r is a 2-dimensionaJ position vector whose origin is the axis of rotation, c is 

the magnitude of the tilt mode, and r = |r| is the distance of the phase point from 

the center of rotation. The resulting phase profile is shown in figure 3.15. 
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Figure 3.15 Phase profile for the prototype polymer-filled phase plate. The 
inner and outer radii for the phase profile are 1.28 inches and 3.53 inches, 
respectively. 

After subtracting the tilt modes, the phase profile was converted to distance for 

a An of 0.049 and a wavelength of 0.594 fim. The computer program previously 

written was used to generate the command sequence file required to control the CNC 

machine. Then the phase plates were machined and sent to Lexitek for coating. 

Lexitek applied the polymer coating to the acrylic substrate, meeting all of the 

design tolerances. Unfortunately, the product was unusable. The first test of the 

phase plate showed that light which passed through it experienced an immense 

amount of scattering. A simple measurement of the effective TQ produced a value of 

0.002 inches, which is almost 20 times smaller than the target value. This value is 

also smaller than the sample spacing of the phase profile sent to the CNC milling 

machine. 

Upon investigation, we determined the scattering was caused by the roughness 

of the machined acrylic surface. There were two components to the problem. First, 

the An for the polymer phase plate was about five times larger than for the oil 

filled prototype, so small defects on the machined surface had a much greater effect 
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on the optical quality. After looking at a sample raw machined surface with an 

interference microscope, we found the surface was not nearly as clean or smooth 

as we would have liked. However, the roughness, coupled with the value of An. 

was not enough to completely account for the observed level of scattering. This 

result led us to the second component of the problem. In its liquid state, the optical 

polymer is rather viscous. It appears that, unlike the mineral oil, the viscosity of the 

polymer was too high to allow it to flow into the smallest surface features. During 

the coating process, very small pockets of air were probably trapped between the 

acrylic and optical pol3aner. These pockets act as scattering centers for any light 

passing through the phase plate. 

Although the results with this first phase plate were discouraging, we have not 

given up on this approach. The sample NIM lenses described above show this 

polymer coating technique works. In conjunction with Lexitek, we are working to 

overcome the scattering problem. A couple of solutions have already been proposed. 

First, the viscosity of the polymer can be decreased by heating it slightly just before 

it is applied to the acrylic substrate. Second, better machining tools and methods 

can be used so the acrylic surface is initially not as rough. Third, the acrylic surface 

can be smoothed further by applying a light polish. Lastly, a search has begun for 

a low viscosity polymer suitable for this project. 

3.5 8 inch Oil-Filled TGA Phase Plates 

As a result of the difficulties with the optical polymer prototype, production of the 

polymer-filled phase plates has been delayed. However, initial laboratory testing 

of the Shimmulator system cannot be pushed back. Therefore, as a temporary 

measure, 8 inch oil-filled phase plates are being built. A picture of the first of these 

plates is shown in figure 3.16. 
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Figure 3.16 Picture of the 8 inch oil filled phase plate. The picture shows the 
phase plate mounted on the test stand used during initial testing of the plate. 

The design of the 8 inch oil-filled phase plates is a mixture of the designs for 

the small oil-filled prototype and the 8 inch polymer-filled plates. The mineral oil 

was sandwiched between two 0.25 inch thick, circular acrylic plates after an annular 

ring of turbulence had been machined into one of them. The machined surface was 

designed to produce turbulence with an TQ of 1.4 mm. As seen in the figure, several 

bolts were used to hold the plates together. In addition, two o-rings, one outside the 

turbulence ring and one inside, were used to seal the oil between the plates. Lastly, 

a rotation axis was attached to the phase plate through a hole in the plate's center. 

After assembling the first plate, two simple tests were performed to charac

terize the turbulence produced by it. For the first test, a collimated laser beam 

(A = 0.6328 /xm) was passed through the phase plate and then focused onto a cam

era by an optical system which had a focal length of 1110 mm. The phase plate 

was held stationary and images were recorded for several different beam diameters 
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Figure 3.17 Speckle images obtained from the 8 inch oil-filled phase plate for 
different diameters of the incident beam. From left to right, top to bottom, 
the images correspond to beam diameters of 2, 4, 8, and 16 millimeters. For 
comparison, the images have been scaled to a uniform focal ratio. 

in order to simulate the effect of sliding the phase plate back and forth between 

the CGH and fiber-optic source in the Shimmulator system. Four of these images, 

corresponding to beam diameters of 2, 4, 8, and 16 millimeters, are shown in fig

ure 3.17. For comparison, the images have been scaled to a uniform focal ratio so 

the image resolution, in terms of A/£>, was the same for all of them. These images 

show the effect of increasing the D/ro ratio of the imaging system by changing the 

value of TQ. From the data, the oil-filled phase plate appears to have an TQ value 

which is close to the target. This conclusion was confirmed with the next test. 

From the second test, specklegrams were recorded using different regions of the 

phase plate. The same setup was used as in the first experiment except the beam 

diameter was held constant at 21 mm. Figure 3.18 shows the set of images that were 

recorded. Using these data, an estimate of the average short-exposure image was 

obtained by shifting and adding the specklegrams. During the shifting process the 

image centroids were determined by calculating the first moment of the intensity 

profiles. The result of adding the shifted images is shown in figure 3.19. From 
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Figure 3.18 Specklegrams obtained from diflFerent regions of the 8 inch oil-filled 
phase plate. 

this image, the tilt-removed OTF was calculated using equation 3.7. The result of 

this calculation is also shown in the figure. Using the e~^ point of the OTF, the 

value of To was estimated at 1.12 mm. [84] Theoretical OTFs, based on this estimate 

of To and the target value of 1.4 mm, are given in figure 3.19 as well. Based on 

the estimate of TQ, the turbulence was slightly stronger than expected, but it was 

not too far from the target value. The discrepancy could easily be due to the fact 

that only nine images were used to estimate the structure function and the 21 mm 

diameter regions of the phase plate that were used did not completely sample the 

phase profile. 

This oil-filled phase plate, and others like it, will be used for the initial laboratory 

testing of the MMT's AO system with the Shimmulator. We hope to have the design 

and fabrication of the polymer-filled phase plates worked out by the time the AO 

system is ready for installation at the telescope. 
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Figure 3.19 Figure (a) is the average short-exposure image calculated from 
the speckle images shown in figure 3.18. Figure (b) is the radial profile of the 
short-exposure image. The solid curve in figure (c) shows the radial profile of 
the OTF obtained from figure (a). The dashed and dash-dot curves correspond 
to the theoretical, tilt-removed OTPs for ro values of 1.12 mm and 1.4 mm, 
respectively. 
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CHAPTER 4 

WAVE FRONT SENSOR 

4.1 Shack-Hartmann Wave Front Sensor 

The wave front sensor (WFS) serves as the eyes of the adaptive optics (AO) sys

tem. [90] It collects information about the phase aberrations in an incoming wave 

front which is then used by the reconstruction algorithm to control the deform-

able mirror (DM). Several techniques have been developed for wave front sensing, 

including the Shack-Hartmann WFS, the shearing interferometer, and curvature 

sensing. [91-98] 

The most popular WFS used in real-time AO systems, including the AO system 

for the new 6.5 m MMT, is the Shack-Hartmann WFS. A diagram of this type 

of WFS is shown in figure 4.1. A major reason for the popularity of the Shack-

Hartmann is its simplicity of construction and operation. It only has two basic 

components, a lenslet array and a CCD camera, that work together to measure 

the slope of an incoming wave front. The lenslet array, which is generally placed 

optically conjugate to the DM, spatially divides the incident wave front into regions 

called subapertures. Each subaperture lens focuses a spot onto the CCD which is 

positioned in the lenslet's focal plajie. The location of the spot, Xc, on the CCD is 
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Figure 4.1 Diagram of a Shack-Hartmann wave front sensor. 

related to the average wave front slope, s, across the subaperture by the equation 

2 TT / I 1 \ s = -r-r 
^ J L  

where A is the wavelength and fc is the focal length of the subaperture lens. The 

spot location is determined by calculating the centroid of the spot on the CCD. One 

of the most common detector configurations uses a 2 x 2 quad cell. In this case the 

centroid is estimated by taking the difference in counts between the two halves of 

the quad cell 

_ L { h - h )  L  
(4.2) 

2 (/i + /?) 2 

where Xc is the x-component of the centroid position, L is the quad cell quadrant 

size, Ii and I2 are the total number of counts in the positive and negative halves 

of the quad cell, respectively, and Ax is the energy imbalance across the x-direction 

of the quad cell. For each subaperture, the slope can be simultaneously determined 

for two orthogonal axes. An expression similar to equation 4.2 is used for yc, the 

y-component of the centroid position. By combining the data from all of the sub-

apertures an estimate of the wave front can be determined. This estimate is then 

used to adjust the shape of the DM. 

The next two sections present an overview of the CCD camera and lenslet array 

that were used for the MMT's WFS. The final two sections of the chapter discuss 
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Figure 4.2 The EEV CCD39a device. Figure (a) depicts a diagram of the 
chip structure with the arrows showing the direction of readout for the four 
frame quadrants. The unshaded regions in the middle correspond to the image 
quadrants. The shaded regions on the top and bottom of the chip are the 
frame-transfer storage areas and the shaded regions on each side are the 7 
overscan rows. Figure (b) is an image of the device. 

the assembly and initial testing of the WFS components. 

4.2 CCD Camera 

The camera for the WFS for the MMT's AO system is a CCD39a device manufac

tured by EEV.[99] This detector is a thinned, back-illuminated device with a square 

80 X 80 array format and 24 /im x 24 /im pixels. The active area is 100% and 

the quantum efficiency in the visible is greater than 80%. The 4-port, split-frame 

transfer architecture has been optimized for high frame rates, up to 1 kHz, and low 

read noise, 3 to 6 electrons, when operated at —70°C. A diagram and picture of the 

chip are shown in figure 4.2. 

The CCD39a is a 3-phase device. Each phase electrode is approximately 24 ^m 

by 8 /xm in size so a "pixel" is defined by a set of three electrodes. The boundary 
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between the top and bottom quadrants is defined by a common <63 electrode with 

a 1,2,3 phase sequence progressing in each direction to allow synchronous readout 

of the quadrants. In order not to have a spatial discontinuity across the middle 

of the image, this shared 03 electrode must be centered between charge collection 

regions by integrating under the 01 and 02 electrodes. Therefore, each pixel is 

approximately defined by neighboring 01 and 02 electrodes plus half of each of the 

03 electrodes on either side. 

4.3 Lenslet Array 

For the first generation of the AO system, the WFS geometry consists of a 12 x 12 

square array of square subapertures. At the telescope's 6.5 m primary mirror the 

subapertures are 54.2 cm on a side. This geometry produces 108 subapertures which 

are at least 50% illuminated, resulting in 216 slope measurements. The actual lenslet 

array was manufactured by Adaptive Optics Associates (AOA) and consists of a 

50 X 50 square array of epoxy lenses stamped from a precise master and mounted 

on one side of a 6 mm thick, BK7 glass substrate. From this array the best 12 x 12 

lenslet group was chosen. The lenses have a focal length of about 3.4 mm and a 

144 /xm pitch, which is commensurate with a 6 x 6 subarray of CCD pixels. For an 

unaberrated input wave front in the visible, each lens produces a spot on the CCD 

which has a FWHM of about 13 /xm so the spot is slightly larger than a single pixel. 

This is demonstrated in figure 4.3 where the focused spots have been centered on 

individual pixels. Most of the light falls on the pixels chosen as spot centers, but 

the neighboring pixels also receive a significant amount of illumination. The superb 

registration between the detector array and the lenses is also shown in the figure. 
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Figure 4.3 The WFS CCD illuminated through the AOA lenslet array with a 
collimated HeNe laser beam at 0.6328 ^lax. The size of the subaperture lenses 
has been tailored to match the size of 6 CCD pixels. The focused spots have 
been centered on the individual CCD pixels. 

4.4 Assembling the Wave Front Sensor Components 

A unique feature of the WFS for the MMT's AO system is that the lenslet array 

was bonded directly to the CCD package, thus avoiding the need for any reimaging 

optics. To my knowledge this approach has never been accomplished before. While 

this approach simplifies the WFS hardware, its biggest drawback is that after gluing 

the components together the alignment cannot be adjusted. Therefore, the initial 

positioning of the lenslet array with respect to the CCD must, by necessity, be very 

good. The specifications for the gluing procedure are listed in table 4.1.[78] These 

tolerances were determined with two basic goals in mind. First, in order to take full 

advantage of the limited linear region of the WFS transfer curve, the lenslet spots 

should be within 5 nm. of their respective quad cell centers. Second, in order to 

maximize the sensitivity of the WFS, the distance from the lenslets to the detector 

should be within 50 nm of the focal length of the lenslet array. 

To accomplish the task of gluing the lenslet to the CCD package, a simple op-
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lenslet center with respect to quad cell center (xy-translation) ±5 /xm 
lenslet xy-axes with respect to CCD xy-axes (xy-rotation) ±0.5° 

lenslet plane with respect to CCD detector plane (z-tilt) ±5.0° 

lenslet-to-detector separation with respect to 
lenslet focal length (z-translation) ±50 ^m 

illuminating beam collimation ±0.5° 

illuminating beam FWHM > 3 mm 

Table 4.1 Tolerances for the WFS lenslet and CCD alignment. All of the 
specifications, except the last, are upper limits. The coordinate system for 
these tolerances uses the detector plane as the xy-plane with z pointing out of 
the detector. 

ticaJ system was constructed to provide collimated illumination at 0.6328 and 

allow adjustment of the various alignment degrees of freedom. The system had four 

main sections. The first section consisted of a laser source, a spatial filter, and 

an achromatic doublet which created a one inch diameter, collimated laser beam. 

The FWHM of the intensity profile was much larger than the beam diameter and 

collimation was determined to better than a few arcminutes using a shear-plate, 

collimation tester. 

The remaining three sections of the setup are shown in figure 4.4. The collimating 

lens was positioned about 1.25 m in front of the assembly shown in the figure. The 

second section of the system was composed of a bracket which held three flat, tip>-tilt 

mirrors for adjusting the location and angle of the beam on the CCD. The third 

section was an xyz-translation stage and tip^tilt mount used to hold and position 

the lenslet array with respect to the CCD detector plane. The xy-translation of the 

stage was controlled by New Focus, picomotor-driven actuators which had submicron 

resolution. The final section of the system was a bracket which held the CCD dewar 

about 17 inches above the optics table. This bracket sat on a rotation stage which 

had an angular resolution of about 10 arcseconds. The CCD was held so it was 
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facing up and was approximately centered on the rotation axis of the rotating stage. 

The initial alignment of the system was quite basic. With the lenslet out of the 

system, a small aperture, roughly 1 mm in diameter, was placed in the center of the 

collimated beam approximately 1.9 m from the detector. The three tip>-tilt mirrors 

were then adjusted to position the beam on the detector such that the reflected light 

passed back through the small aperture. The return spot was positioned to within a 

couple of millimeters indicating the beam was normal to the detector plane to within 

a couple arcminutes. Next, the lenslet was placed in its alignment bracket and its 

tip and tilt were adjusted so that the light reflected from the lenslet substrate also 

passed back though the small aperture. The lenslet substrate had a few arcminutes 

of wedge so two return spots were seen at the aperture, one from the substrate's 

front surface and one from the back. The orientation of the substrate was set so the 

spot which passed back through the small aperture corresponded to the lenslet side 

of the substrate. Finally, the position of the lenslet with respect to the CCD was 

coarsely adjusted so the focused spots were contained within their own respective 

subapertures. 

Once the initial alignment of the system was complete, it had to be fine tuned 

in order to meet the specifications given in table 4.1. A program written in IDL 

was used to assist with this portion of the alignment. The script for this program is 

described in appendix A. During execution the script initiated a separate program 

which recorded CCD images to a file. After reading the images into memory, the 

script used the data to calculate the alignment errors between the lenslet array and 

the CCD. The results were then used to make adjustments to the alignment. 

Before the lenslet could be permanently attached to the CCD, the required height 

of the lenslet array above the CCD package had to be determined. The measurement 

of this distance was necessary so a spacer could be made to hold the lenslet at the 
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(a) 

(b) 

Figvire 4.4 The alignment assembly used for gluing the WFS components. 
Figure (a) shows the alignment mirrors and translation and rotation stages 
for the lenslet array and CCD. The collimated laser source was just to the 
right of the figure. Figure (b) gives a close-up of the CCD, lenslet, and lenslet 
alignment bracket. 
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proper distance from the detector plane. The CCD detector plane was required 

to be within 50 nm of the lenslet focal plane. Near focus, the size of the lenslet 

spots W21S about the size of one CCD pixel, so determining the correct position 

visually by simply looking at CCD images, was difficult. Therefore, to determine the 

proper spacer thickness, CCD data were recorded at several lenslet height positions. 

-A.fter each change in height, the lenslet alignment was adjusted so the focused spots 

were centered on individual pixels. Figure 4.3 is an example of data taken at one 

height position. Once the alignment was fine tuned, 50 CCD images were collected 

and averaged. From these data two metrics were calculated. The first metric, the 

average spot FWHM, was estimated using cubic interpolation between the pixel 

data in each subaperture. The second metric was called an intensity distribution 

factor (IDF). The IDF was calculated as the ratio of the sum of the counts in the 

8 pixels surrounding the peaJc pixel in each subaperture relative to the counts in 

the peak pixel. Both of these metrics were designed to be minimums at the desired 

lenslet height. Figure 4.5 shows the results of the metric calculations as a function 

of spacer thickness. Using these results the thickness of the spacer was chosen to be 

0.100 inches (2.54 mm). 

After the proper CCD-lenslet separation was determined, a steel washer with the 

desired thickness was obtained for use as the spacer. Using an epoxy recommended 

by the CCD research group at Steward Observatory, the lenslet was glued to the 

washer.^ After the epoxy was fully cured, a process which took about 24 hours, the 

lenslet was placed back into its alignment bracket. Before gluing the spacer to the 

CCD package, the lenslet alignment was adjusted so the focused spots were centered 

on the subaperture quad cells. During this process, the bracket holding the lenslet 

*^The adhesive was selected based on past CCD research. It was shown to make reliable silicon 
to Kovar bonds down to LN2 temperatures, and the bonds held through many cycles between 
room temperature and LN2. It was cdso shown to be non-electrically conductive. 
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Figure 4.5 The results of the metric calculations for determining the VVFS 
spacer thickness. The squares denote the measured data and the solid curve is 
the cubic polynomial that was fit to the data using least-squares. 

was loosened slightly so the lenslet and spacer rested on the CCD package but so 

their xy-positioning could still be controlled by the bracket. With the spacer resting 

on the CCD package, the z-tilt between the CCD and lenslet was checked using the 

alignment procedure with the small aperture that was discussed above. It was found 

to be 3 arcmin, well within the specification. Once the alignment was fine tuned, 

two small dots of epoxy were placed on each side of the CCD package at the junction 

with the spacer. For the next several hours while the epoxy cured, the alignment of 

the CCD and lenslet array was monitored and adjusted as necessary. The largest 

shift of the lenslet occurred about 1.5 hours into the curing process and was believed 

to be caused by the epoxy flowing into the CCD-spacer junction. The size of the 

shift was about 1.4 fim across the short dimension of the CCD package and it was 

easily compensated with the picomotor actuators. After this bit of excitement, the 

alignment was seen to drift at a very slow rate, about 0.1 fim/hr, and could have 
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been as much a result of settling of the alignment system components as motion of 

the lenslet with respect to the CCD. This type of drift was corrected only after a 

significant buildup of about one micron. 

Roughly twenty four hours after the epoxy was first placed on the CCD package, 

the alignment bracket was removed from the lenslet array. Pictures of an assembled 

WFS are given in figure 4.6. The final alignment between the lenslet and CCD 

is demonstrated in figure 4.7. The WFS iniage shown in the figure was obtained 

after averaging 90 WFS frames and applying dark and flat correction. The vector 

plot shows an estimate of the residual centroid offsets for the focused spots in each 

subaperture. The randomness of the offset vector orientations is evidence the best 

alignment was achieved. Due to a shadowing effect by the CCD frame transfer mask 

which affected the top 3 rows of the CCD, the offsets for the top row of subapertures 

were ignored and set to zero in the vector plot.^ Initially the worst offset vector was 

2.73 ^m long. However, after the average xy-offset was removed, about 0.25 nm in 

each axis, the worst offset was only 2.50 //m, the mean was 0.90 //m, and the rms 

was 1.05 urn. 

Using the calculated offsets and a least-squares reconstructor, the residual wave 

front profile was estimated. For a wavelength of 0.6238 //m, the residual phase error 

was calculated to be 0.267 radians. With this result the Strehl reduction factor was 

estimated at 0.93 using the exponential approximation given in equation 3.11. In 

the H band (A = 1.65 /xm) the Strehl factor is 0.99, an excellent result. If desired, the 

Strehl reduction can be compensated for during AO system operation by subtracting 

the baseline offsets from the WFS output. 

After assembling this first prototype WFS, an important oversight in the con-

^The frame transfer mask was created by depositing aluminum directly onto the CCD detector 
plane. The process used to deposit the alimiintma is difficult to control so the edges of the mask 
were not sharp. 
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Figure 4.6 An assembled WFS after the lenslet has been bonded to the CCD 
package. Figure (a) displays a cross sectional diagram of the CCD, spacer, 
and lenslet. Figure (b) shows the WFS after assembly. The picture shows the 
second WFS that was glued together. Instead of steel, a BK7 spacer was used 
for this version. 
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(a) (b) 

Figure 4.7 Wave front sensor alignment after the lenslet was bonded to the 
CCD package. Figure (a) shows the WFS image and figure (b) shows the 
estimated centroid offsets for the spots in each subaperture. The largest offset 
is 2.50 /zm and the mean offset is 0.90 fim. The units for the axes in figure (b) 
are subapertures, where one subaperture is 144 //m across. However, the vectors 
have been scaied so the longest vector has a length of 1.0 on the graph. 

struction was recognized. The problem had to do with the mismatch in the coef

ficient of thermal expansion (CTE) between the component materials. While the 

steel spacer has a CTE of about 12 ppm/°C, the lenslet substrate, which is made of 

BK7 glass, and the CCD chip carrier, which is made of gray alumina, have CTE's 

of 7.1 and 6.7 ppm/°C, respectively. The CTE differences would cause very large 

stresses to build up in the materials if the WFS package were cooled down to its 

operating temperature of —70°C. Although the steel and epoxy are able to with

stand fairly laxge stresses, the lenslet and chip carrier cannot, and it is possible they 

would fracture before the epoxy bonds gave out. Not only would this destroy the 

superb WFS alignment, it would be costly to replace the lenslet or CCD should 

they fracture. Fortvmately this problem Ccin be remedied by simply using a different 
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material for the spacer, such as BK7. This is what will be done for the next WFS. 

Finally, before closing this section it should be noted that during the above 

alignment procedure, the lenslet spot centroids were calculated using a weighted 

sum of the CCD subaperture pixel counts, with the weights based solely on pixel 

position within each subaperture. Due to the shape of the focused lenslet spots 

and the relative size of the spots to the CCD pixels, this method is not completely 

accurate. Measurements of the WFS transfer curves, which are presented below, 

show that for offsets less than about 6 //m, this method overestimates the centroid 

offset by 8%. Therefore, the alignment of the lenslet to the CCD is slightly better 

than indicated above. 

4.5 Initial Wave Front Sensor Testing 

A series of three experiments were performed with the prototype WFS in order to 

determine its expected performance. The first experiment was performed before the 

lenslet and CCD were bonded together. This test examined the crosstalk between 

neighboring CCD pixels and used these data to estimate the WFS transfer curves 

under different conditions. The second test confirmed the estimation results from 

the first experiment by actually measuring the WFS transfer curves after the WFS 

components were assembled. The third, and last, experiment attempted to recon

struct a known phase profile from the measured WFS slopes. These experiment are 

described in the remainder of this chapter. 

4.5.1 Pixel Crosstalk and WFS Transfer Curves 

Crosstalk between neighboring CCD pixels degrades the performance of the WFS. In 

order to get a handle on the amount of pixel crosstalk in the WFS CCD and its effect 

on the performance of the WFS, two complimentary experiments were carried out. 

The first experiment was done before the WFS components were glued together and 
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the second was done after. The first experiment examined the CCD pixel crosstalk 

by moving a smzill, focused laser spot along the rows and columns of the CCD and 

recording the response of the iUimiinated pixels. The collected data were then used 

to estimate the WFS transfer curves. The second experiment directly measured the 

transfer curves of the assembled WFS described above by changing the incidence 

angle of a collimated laser beam falling on the WFS. A comparison of the results 

from these two experiments is presented below. 

The setup for the first experiment was simple. A collimated HeNe laser beam at 

0.6328 fjLva was created using a spatial filter assembly and an achromatic doublet. A 

portion of this beam was then focused onto the WFS CCD using an infinity-corrected 

microscope objective which had a 5.0 mm focal length and 3.0 mm aperture. The 

microscope objective was placed in front of the CCD on a translation stage which 

allowed the objective to be moved laterally with a resolution of 1 ^m. The distance 

between the objective and the CCD was controlled by a second translation stage. 

A variable aperture was used to limit the size of the beam entering the objective 

to a diameter of about 1.5 mm. Initial measurements taken without this aperture 

indicated a problem with scattered light falling on the detector. The aperture elim

inated this problem. It also increased the FWHM of the focused spot from l.I ^m 

to 2.2 nm. The objective and CCD portions of the setup are shown in figure 4.8. 

Focusing of the laser on the CCD was accomplished with the help of a telescope 

focused at infinity. Some of the light falling on the CCD detector surface was 

reflected back through the microscope objective. While viewing this reflected light 

through the telescope, the separation between the CCD and objective was adjusted 

until an Airy spot was observed, indicating proper focus. Once the system was 

aligned, the laser spot was moved across a row or column of CCD pixels at 2 nm 

intervals and images were recorded at each position. For this discussion, a CCD row 
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Figure 4.8 The experimental setup for measuring the CCD pixel crosstalk. 
The EEV39a CCD was held in the dewar backplate at the right of the picture 
and the microscope objective sat on a xz-translation stage in front of the WFS 
CCD. The collimated laser beam entered from the left. The aperture shown in 
front of the objective was replaced with a variable aperture during testing. 

is defined by the serial readout direction of the CCD data and a column is defined 

by the parallel readout, or frame tremsfer, direction. The readout directions are 

indicated in figure 4.2. Figure 4.9 shows the pixel response for three adjacent pixels. 

This figure can be thought of as the probability that a photon will register in pixel 

n if it lands at position x. The amount of crosstalk between pixels is significant. 

For instance, a photon that lands 6 fj.m, or one quarter of a pixel width, from the 

center of a CCD pixel has about a 12% chance of registering in the adjacent pixel 

whose center is 18 fim away. 

The eflfect of the CCD pixel crosstalk depends on the width of the spot on the 

CCD. By deconvolving the Airy spot created by the microscope objective from the 

pixel response curves, the lower limit on the crosstalk was found. Since the spot was 

quite small compared to CCD pixel size, the results were not much different from 

the curves shown in figure 4.9. The pixel transfer fimctions were then calculated 
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Figure 4.9 Normalized pixel response curves in the serial direction for three 
adjacent CCD pixels showing the amount of crosstalk between pixels. Each 
pixel is 24 iim wide. 

from the deconvolution results using equation 4.2. The average, normalized pixel 

transfer functions, showing the energy imbalance between pixels as a function of 

spot location, are displayed in figure 4.10. The transfer functions that would have 

been obtained with perfect pixels having no crosstalk are also shown in the figure. 

Since the MMT AO system will bin the CCD pixels by a factor of 3 in order to 

increase the readout rate and reduce the effects of read noise, binning has been 

accounted for in this calculation. The slow rolloff and noisiness of the curves at the 

edges of the graphs were a result of division in equation 4.2 by the total number 

of counts in the pixels, which was smail and noisy at the plot edges. In the serial 

readout direction, the slope of the transfer curve at the quad cell boundary' is 0.218 

per micron of centroid offset. In the parallel direction it is 0.167 per micron. The 

slopes are slightly different in the two directions because of the integration scheme 

required by this device that was discussed above. This integration scheme caused 

the boundary between pixels in the parallel readout direction to be fuzzier than in 

the serial readout direction. 
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Figure 4.10 Pixel transfer ctxrves between CCD pixels after binning by a factor 
of 3. The dashed line is for a perfect CCD with no pixel crosstalk and the solid 
line was calculated from the measured pixel responses. The top (bottom) graph 
shows the transfer curves for the serizil (parallel) readout direction of the CCD. 
The units for the x-axes are pixel widths. The pixels are 24 across. 

Using the above results, the expected WFS transfer curves were estimated. The 

WFS transfer curve is defined as the relationship between the incident wave front 

tilt and the resulting energy imbalance sensed by the WFS. This function can be 

calculated by convolving the average point spread function (PSF) of the WFS sub-

apertures with the CCD pixel transfer curves. This operation produced the curves 

shown in figure 4.11. The average PSF for this calculation was estimated by the the

oretical, focal-plane, diflTraction pattern created by the square WFS subapertures. 

Since the MMT AO system is expected to operate with a sodium laser guide star, 

the PSF was calculated for a wavelength of 0.589 ^lxa. so the FWHM of the focused 

spot was 12.3 //m. These curves give the upper limit on the quad cell performance 



156 

serial direction on CCD 

" 0.5 

-8 -6 -2 0 2 

parallel direction on CCD 

" 0.5 

-8 -2 0 2 
wave front tilt (in waves) 

-6 

Figure 4.11 Estimated WFS transfer curves in the absence of turbulence for a 
pixel binning factor of 3. The diffiraction limited PSF for the WFS subapertures 
was used to calculate the curves. The dashed line is for a perfect CCD with 
no pixel crosstalk and the solid line was calculated from the meEisured pixel 
responses. The top (bottom) graph shows the transfer curves for the serial 
(parallel) readout direction of the CCD. The units for the x-axes are waves of 
tilt across a WFS subaperture at 0.589 ^J.m. 

since, in the presence of turbulence, the focused spots on the WFS will be somewhat 

larger than the diffiraction limit. Once again, due to the CCD integration scheme 

mentioned above, the transfer curves are slightly different in the two directions. 

In the presence of turbulence at the MMT, a more reasonable estimate of the fo

cused WFS spots is a Gaussian with a FWHM of about 43 ^m, corresponding to 0.7 

arcseconds seeing. Transfer curves based on this model for the WFS spots are shown 

in figure 4.12. Compared to the diffiraction limited case, the discrepancy between the 

curves for perfect pixels and actual pixels is much less, indicating crosstalk between 

pixels is less of an issue. However, since the WFS's sensitivity is proportional to the 
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Figure 4.12 Estimated WFS transfer curves in the presence of turbulence for 
a pixel binning factor of 3. A Gaussian WFS spot with a FVVHM of 43 /xm 
was used to calculate the curves. The dashed line is for a perfect CCD with 
no pixel crosstalk and the solid line was calculated from the measured pixel 
responses. The top (bottom) graph shows the transfer curves for the serial 
(parallel) readout direction of the CCD. The units for the x-axes are waves of 
tilt across a WFS subaperture at 0.589 /xm. 

slope of the transfer curves at the quad cell center, the larger spot size also reduces 

the sensitivity of the WFS. Unfortunately, the loss in sensitivity is unavoidable since 

it is dependent on atmospheric conditions. 

The curves in figure 4.11 level off at about 2 waves of tilt, indicating the focused 

spot is mostly on one side of the quad cell for tilts greater than this value. At 

roughly 5 waves of tilt, the spot centroid will be on the boundary between two 

subapertures. Therefore, the dynamic range of the WFS will be about ±3 waves of 

tilt per subaperture at best. Tilts greater than this will produce crosstalk between 

neighboring subapertures. At the MMT, the expected wave front tilt over a single 
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subaperture at visible wavelengths is 1-2 waves in median seeing and 2-3 waves in 

lousy seeing. However, since the AO system will be operating in closed loop at a 

bandwidth near 100 Hz, the WFS will rarely see tilts greater than one wave except 

at system startup and during the worst seeing conditions. Therefore, crosstalk 

between subapertures should generally not be a problem once the AO loop is closed 

and stable. 

Once the WFS lenslet was attached to the CCD, the VVFS transfer curves were 

directly measured by changing the tilt of a wave front incident on the lenslet array 

and recording the WFS outputs. The setup for this experiment was a little more 

complicated than for the first experiment. An "unaberrated" colliinated HeN'e laser 

beam at 0.6328 /xm with a one inch diameter was created using a spatial filter 

and an achromatic doublet. After the doublet, a Physik Instruments (PI), 2-axis 

fast steering mirror was placed in the collimated beam at an angle of 45 degrees. 

The mirror was computer operated and was used to direct the laser beam onto the 

WFS and to control the beam's angle of incidence. The angular resolution of the 

steering mirror was about 1 ^rad. Unfortunately, its angular range was only about 

4 mrad, which was only enough to move the spots on the WFS CCD about half of a 

pixel. Therefore, an afocal lens system with a transverse magnification around 0.1 

was placed between the steering mirror and the WFS. With this relay system each 

lenslet spot could be scanned across most of its respective CCD subaperture. 

After the system was setup and operational, the alignment of the components 

was fine tuned. The alignment was set so the WFS spots were centered on the 

appropriate CCD quad cells when the actuator commands for the PI mirror were 

zero. Once this alignment was accomplished, transfer curve data were collected for 

the serial and peirallel readout directions of the WFS CCD. During setup the tip-tilt 

axes of the PI mirror had been aligned with the rows and columns of the CCD. 
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Therefore, to scan the incident angle of the laser bezim along one VVFS direction, 

the tilt command for one of the PI mirror's axes was stepped from one end of its 

range to the other while the actuator command for the other axis was held constant. 

During the scan, the mirror paused at 151 uniformly spaced tilt positions in order for 

200 unbinned WFS images to be collected and averaged. The same procedure was 

used to collect data for the other WFS direction, but the roles of the PI actuators 

were reversed. In order to simplify the data collection process, a computer program 

was written to coordinate the scanning of the steering mirror and the collection of 

WFS images. 

The WFS transfer curves were calculated from the average images collected using 

the above procedure. The results of this calculation for a binning factor of three are 

shown in figure 4.13. To obtain these plots, the transfer curves for each subaperture 

were independently calculated. The average transfer curves were then determined 

by averaging the individual curves. For comparison, transfer curve estimates based 

on the data collected during the first experiment is zilso shown in the figure. These 

estimated curves were calculated for a diffraction limited spot at a wavelength of 

0.6328 ^m. The agreement between the estimated and measured curves is quite 

good. The level of agreement validates the other results derived from the first 

experiment. 

The determination of the wave front tilt from the PI actuator commands was 

accomplished by using the unbinned CCD pixel response curves. These curves looked 

similar to the ones shown in figure 4.9, except they were slightly broader due to the 

larger spot size. The PI actuator commands at which the curves for neighboring 

pixels crossed were known to correspond to spot centroids that were 24 nm apart. 

Using this information, the average change in the actuator command. A, required 

to move the lenslet spots 24 /xm was determined. Assuming the PI mirror had a 
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Figure 4.13 Measured WFS transfer curves in the absence of turbulence for 
a pixel binning factor of 3. The solid line is the measured transfer curve from 
the second experiment and the dashed line is the estimated curve based on the 
data from the first experiment. The top (bottom) graph shows the transfer 
curves for the serial (parallel) readout direction of the CCD. The units for the 
x-axes are waves of tilt across a WFS subaperture at 0.6328 fim. 

linear response to the actuator commands, the conversion from actuator command 

to wave front tilt was then given by 

24/im L K = 
A / A  

(4.3) 

where K is the conversion factor in waves per unit change in the actuator command, 

L = 144 ^m is the size of the WFS subaperture, / = 3.37 mm is the previously 

measured lenslet focal length, and A is the wavelength of the illuminating laser beam. 

An analysis of the transfer function data shown in figures 4.10-4.13 is given in 

table 4.2. The table lists the gradients of the WFS transfer curves at the quad cell 

center for perfect pixels and the measured pixel responses. The table also lists the 
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transfer curve gradient noise sensitivity 
serial (x) pEirallel (y) serial (x) parallel (y) 

estimated curves for zero size spot 
"perfect" pbcels oo oo 0 0 
measured pixels 3.00 2.30 0.332 0.435 

estimated curves for dif Taction limited spot at 0.589 f im 
"perfect" pbcels 2.00 2.00 0.500 0.500 
measured pixels 1.33 1.24 0.750 0.808 

estimated curves br 0.7" seeing at 0.589 fzm 
"perfect" pixels 0.60 0.60 1.661 1.661 
measured pixels 0.56 0.55 1.780 1.803 

measured curves for collimated input )eam at 0.6328 /im 
"perfect" pbcels 2.00 2.00 0.500 0.500 

measured pixels 1.33 1.34 0.753 0.744 

Table 4.2 The WFS transfer curve gradients at the quad cell boundaries and 
the resulting noise sensitivity. Results axe listed for the transfer curve estimated 
in the first experiment and measured in the second. The units for the gradients 
are change in WFS output per wave of tilt across the subaperture. The CCD 
pixels have been binned by a factor of 3. 

WFS noise sensitivity which is defined as the inverse of the gradient. This parameter 

is important because the WFS measurement uncertainty is directly proportional to 

the noise sensitivity.[100,81] As shown in the table, the noise sensitivity has an ideal, 

lower limit of 0.5 in the difl&raction limited case. In real life, this limit will never be 

reached for two reasons. First, atmospheric turbulence will cause the WFS spots to 

be larger than the diffiraction limit. Second, real CCD pixels are never "perfect." 

Both of these factors will increase the WFS's sensitivity to noise. 

In some respects, the results listed in table 4.2 are not quite as good as similar 

results reported for a currently operating AO system at the Starfire Optical Range 

(SOR).[101] That system reported gradients of 1.5 and 1.3 for WFS transfer curves 

estimated by a method similar to the first experiment presented above. However, on 
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the flip side, the SOR AO system required additional relay optics to image the lensiet 

spots onto the WFS CCD. Due to alignment errors between the lensiet and CCD, the 

actual measured transfer curves were significantly worse than the predicted results. 

As indicated by the comparison of the two experiments presented above, bonding 

the lensiet and CCD together avoids this type of error. 

4.5.2 Known Incident Wave Front 

The last experiment designed to measure the performance of the WFS was performed 

after the WFS components were bonded together. This test used the smail, oil-filled 

prototype turbulence plate presented in chapter 3 to create a known phase profile 

at the WFS. Then WFS images were recorded and the data used to reconstruct an 

estimate of the wave front. 

This test was also performed after the WFS had been placed in the laboratory 

.A.O system presented in chapter 5. It seemed reasonable to use the laboratory system 

for this test since the alignment and magnification between the entrance aperture 

and the WFS were well defined. Before placing the turbulence phase plate into the 

system, the AO loop was closed around the system optics in order to compensate for 

any system aberrations and null the WFS outputs as best as possible. .A.t this point 

the phase plate was placed into the collimated laser beam (A = 0.6328 /xm) about 

35 mm after the entrance aperture and oriented so the 24 mm diameter beam passed 

through the center of the phase plate's turbulence profile shown in figure 3.9. .\t 

the WFS the beam diameter was reduced by a factor of 20.75 so the beam almost 

completely covered the central 7x7 grid of subapertures of the WFS, with the 

exception of the 4 subapertures in the comers of the grid. Figure 4.14 shows the 

WFS images obtzuned with and without the turbulence phase plate in the system. 

The CCD pixels were not binned in this test in order to increase the dynamic range 

of the measurements. 



(a) (b) 

Figure 4.14 WFS images with and without the turbulence phase plate. 

From the WFS image data, the wave front slopes were calculated using equa

tion 4.1 and a modified form of equation 4.2 which accounted for the 6x6 pixels 

per subaperture sampling. The slopes were easily calculated for the image recorded 

without the phase plate in the system. However, some adjustments were required 

in order to accurately calculate the slopes for the image recorded with the phase 

plate in the system. Figure 4.14(b) shows the major aberration introduced by the 

turbulence plate was global tilt. In fact, this tilt was large enough to create crosstalk 

b e t w e e n  a d j a c e n t  s u b a p e r t u r e s .  I n  o r d e r  t o  p r o d u c e  m o r e  a c c u r a t e  r e s u l t s ,  t h e  6 x 6  

pixel groups which made up the subapertures were shifted two pixels to the left and 

one pixel down. While this did not completely solve the crosstalk problem, as seen in 

the subaperture in the third row from the bottom and second column from the right, 

it eliminated most of it. The eflfect of the phase plate on the WFS was then isolated 

by subtracting the two sets of slopes and removing the global tilt. Figure 4.15 shows 

the results of this calculation. 
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Figure 4.15 Estimated WFS slopes induced by the turbulence phase plate 
after removal of global tilt. The average and rms slope magnitudes are 0.78 
and 0.91 waves of tilt across a subaperture at 0.6328 /zm, respectively. The 
maximum slope is 2.37 waves of tilt. The units for the axes are subapertures, 
where one subaperture is 144 fim across. However, the vectors have been scaled 
so the longest vector has a length of 1.0 on the graph. 

A reconstruction of the incident wave front, calculated from the slopes shown in 

figure 4.15, is given in figure 4.16 along with the actual incident turbulence phase 

profile. The phases were reconstructed at the comers of each subaperture using a 

least-squares reconstructor based on the Fried geometry.[30] Figure 4.16(b) shows 

the results of this calculation. The four phase points in the corners of the image were 

not included in the reconstruction process since the comer subapertures were not 

illuminated enough to be used. The phase points between the reconstmcted points 

were estimated by applying cubic interpolation. The interpolation results are shown 

in figure 4.16(c). Table 4.3 gives some statistics of the incident and reconstmcted 

wave fronts. After comparing the data, the reconstmcted wave front was seen to have 

the same general stmcture as the actual incident wave front but it did not have the 

proper amplitude. The amplitude scaling problem was caused by the overdetermined 
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minimum 

(radians) 
maximum 
(radians) 

variance 
(radians^) 

average absolute 
value (radians) 

actual wave front -16.4 11.9 27.5 — 

reconstructed wave front 
after cubic interpolation -8.8 13.5 17.3 

difference between 
actual and reconstructed -10.8 10.1 12.0 2.74 

Table 4.3 Comparison of the incident and reconstructed wave fronts. Piston 
and global tilt have been removed from the wave fronts. 

nature of the chosen reconstruction process and the finite spatial sampling of the 

wave front by the WFS. The slight nonlinearity of the centroid calculation could have 

also contributed to this problem. However, since the reconstructed wave front has 

the same structure, the closed-loop performance of the WFS should be acceptable. 
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(c) 

Figure 4.16 The incident eind reconstructed turbulence wave fronts. Figure (a) 
shows the incident phase profile from the center of the small, oil-filled turbu
lence phase plate. Figure (b) shows the reconstructed wave front. To create 
this image, the phase points at the subaperture comers were reconstructed from 
the measured WFS slopes. This reconstruction is shown in figure (c). Cubic 
interpolation was then used to fill in between these reconstructed points and 
create figure (b). 
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CHAPTER 5 

LABORATORY ADAPTIVE OPTICS 

SYSTEM 

5.1 Introduction 

The adaptive optics (AO) system for the MMT has many complex elements. Before 

the AO system can be installed on the telescope, it must be fully tested and verified 

in the laboratory. Besides the Shimmulator test facility mentioned in chapter 3, a 

second laboratory AO system was constructed to perform tests with the MMT wave 

front sensor (WFS) hardware and AO control software. This system was dubbed 

"T37" where the "T" stands for "Troy" and the "37" comes from the fact that the 

deformable mirror (DM) used in this system had 37 actuators. 

The reasons for building this system were two-fold. First, it provided a testbed 

for the WFS hardware prior to the construction of the Shimmulator. It was hoped 

this independent test facility for the WFS would make it easier to have the WFS 

hardware and software ready for integration into the Shimmulator. Second, this 

system can be used for continued testing of wave front reconstruction algorithms 

even after the MMT AO system comes online. 
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lens lens type 
approximate 

focal length (mm) 
laser illumination system 

LO singlet -35 

aperture image relay systems 
LI doublet 250 
L2 doublet 400 
L3 doublet 180 
LA singlet 250 
L5 singlet 250 
L6 doublet 610 
L7 doublet 60 

open- and closed-loop imaging system 
L8 doublet 500 
L9 doublet 500 
LIO singlet -500 

Table 5.1 Lenses used in the T37 adaptive optics system. 

This chapter presents a discussion of my accomplishments in regard to T37. 

Due to time constraints, my involvement with T37 was limited to the design, con

struction, and initial testing of the system. The application of the system and the 

delineation of its operational limits were tasks passed on to my successor. 

5.2 System Design 

A diagram of the T37 AO system is shown in figure 5.1 and images of the setup 

are given in figures 5.2-5.4. The system had five major components: 1) the laser 

source, 2) the global tilt mirror (GTM), 3) the DM, 4) the WFS, and 5) the imaging 

camera. Optical relay systems were used to connect these elements together to create 

a working AO system. The lenses used for these relay systems are listed in table 5.1. 

A 5 mW HeNe laser with a wavelength of 0.6328 (xm was used as the illuminating 
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Figure 5.1 Diagram of the T37 laboratory adaptive optics system. 
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(a) 

(b) 

Figiire 5.2 Components of the T37 laboratory adaptive optics system. Fig
ure (a) shows the area around the global tilt mirror (GTM) and figure (b) 
shows the laser source and coUimating optics. 
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(b) 

Figiire 5.3 Components of the T37 laboratory adaptive optics system. Fig
ures (a) and (b) show the area around the deformable mirror (DM) from the 
direction of the GTM and from above. 
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(a) 

cameras 

(b) 

Figure 5.4 Components of the T37 laboratory adaptive optics system. Fig
ure (a) shows the WFS and figure (b) shows the open-loop and closed-loop 
imaging systems. 
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source for the system. The beam from the laser was cleaned up by a spatial filter 

assembly and coUimated by lens LI before it passed through the entrance aperture 

of the imaging system. The entrance aperture was defined by a variable aperture 

with a maximum diameter of 24.15 mm. A set of neutral density filters {NDl). 

placed before the spatial filter, allowed the intensity of the beam to be adjusted to 

proper levels for the WFS and imaging cameras. 

The output from the WFS was used to control two adaptive mirrors. A micro-

machined DM with 37 actuators was used to correct the residual wave front errors 

after overall tip-tilt was corrected by the GTM. The GTM, a Physik Instruments 

S-340 tilting mirror, was a necessary addition to the system because using the DM 

to correct for full-aperture tilt would have limited its effective dynamic range. All 

three of these components, WFS, DM, and GTM, were located at system pupils. 

The WFS and DM were operated at normal incidence but the GTM was operated 

at a nominal incidence angle of 45 degrees. 

Three relay imaging systems of two lenses each, connected the entrance aperture 

to the GTM, the GTM to the DM, and the DM to the WFS. The first relay system 

was an afocal system consisting of two achromatic doublets (L2 and L3) which 

imaged the aperture onto the GTM and reduced the size of the beam by a factor 

of 0.445. The next relay system was composed of two identical singlet lenses (L4 

and L5) producing a one-to-one imaging system between the GTM and the DM. 

This system was not quite afocal, but presented a wave front to the DM which 

matched the DM's nominal radius of curvature. The last relay system consisted of 

a cube beamsplitter {BS3), so the DM could be operated at normal incidence, and 

two achromatic doublets (L6 and L7), which imaged the DM onto the WFS lenslet 

array with a magnification of 0.108. 

The output beam from L7 was collimated so when the DM was at its nominal 
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position, the three relay systems produced an afocal system with a scaling factor 

of about 0.048. Since all of the lenses in this system were operating on-axis at 

greater than //16, and since achromatic doublets were used at the critical points, 

the aberrations introduced by the relay lenses were small. The beamsplitters were 

another story. Broadband hybrid cube beamsplitters were bought from Melles Griot. 

The surface flatness over the one inch clear aperture of these beamsplitters was only 

guaranteed to A/2 at 0.6328 fxra. In the T37 system, the beam size at the cubes was 

less than 11 mm so the effective flatness was probably better than A/2. However, 

multiple cubes were used in the system so the cumulative effect was significant. 

With the system entrance aperture set to a diameter of 21 mm, the DM actu

ators extended slightly beyond the beam and reasonable aberration control could 

be achieved over the entire wave front. In addition, this entrance pupil diameter 

produced 37 VVFS subapertures that were at least 50% illuminated. These subaper-

tures were positioned within the central a 7 x 7 block of subapertures on the VVFS. 

The three subapertures in each comer of this block were not used. This geometry 

produced an overdetermined system with twice as many slope measurements (74) 

as actuators (37) resulting in good noise reduction and system stability. .A. diagram 

of the AO geometry is shown in figure 5.5. 

The imaging system was designed so both the open-loop ajid closed-loop images 

could be placed on the same camera with the same scale. This system consisted of 

two cube beamsplitters {BSl and BS2), a set of neutral density filters {ND2), two 

mirrors (M2 eind M3), and three lenses (L8, L9, and LlO). Beamsplitter BS2 picked 

off the closed-loop wave front after it returned from the DM while BSl picked off the 

open-loop wave front before the GTM. The open-loop wave front passed through a 

neutral density filter so its intensity could be more closely matched to the closed-loop 

wave front. Lenses L8 and L9 were positive lenses which focused the closed-loop 
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Figure 5.5 The T37 AO system geometry. The DM actuators and WFS 
subapertures have been projected onto the entrance pupil. The large circle 
represents the beam diameter. The hexagons are the DM actuators and the 
squares are the WFS subapertures. The small circles mark the centers of the 
actuators. 

and open-loop beams, respectively, onto the same focal plane. Separate lenses were 

needed because the closed-loop wave front was converging while the open-loop wave 

front was collimated. The location of the final focal plane of the imaging system was 

determined by the negative lens LIO. By moving this lens with respect to the two 

lenses preceding it, effective focal lengths from 0.5 m to more than 10 m could be 

created. This design made it possible to scale the resulting images so their diffraction 

limit was several pixels in diameter and reasonable sampling was achieved. 

5.2.1 The Deformable Mirror 

The DM for the T37 system was a silicon, micromachined adaptive mirror with in

tegrated, electro-static actuators. The device was manufactured in The Netherlands 

by OKO Technologies.[102-106] It was fabricated using silicon bulk micromachining 

technology which made it relatively inexpensive. The mirror package was small with 

a clear aperture of 15 mm and a mass of about 10 grams. In addition, the entire 
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Figure 5.6 Simplified schematic of the cross-section of the OKO adaptive 
mirror. [106] 

system, mirror and control electronics, consumed only 10 VV of power. A simplified 

schematic of the adaptive mirror device is shown in figure 5.6. 

The reflective surface of the DM was a thin membrane of cduminum-coated sili

con nitride. The membrane was suspended about 100 //m above a hexagonal array 

of electrodes and was only supported along its circular outer boundary. The elec

trodes served as the actuators and were individually addressable. The aluminum 

coating allowed for operation over a broad wavelength range, although a monochro

matic laser source was used with the T37 system. Figure 5.7 shows the layout 

and numbering convention for the 37 hexagonal-shaped electrodes. Electrode 1 was 

approximately centered within the 15 mm clear aperture of the mirror. The center-

to-center spacing of the electrodes was 1.75 mm and the whole actuator structure 

fit within a 12 mm circle. With the diameter of the T37 entrance aperture set to 

21 mm, the beam size on the DM was 9.35 mm so the actuators extended slightly 

outside the beam as shown in figure 5.5. Having the size of the beam smaller than 

the extent of the actuators allowed aberration control over the entire aperture and 

reduced the influence of the fixed membrane boundziry. 

The shape of the reflective membrane was controlled by applying voltages to the 

actuator control electrodes. Each voltage created an electro-static force between the 
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Figure 5.7 Layout of the actuators for the OKO adaptive mirror. The actuator 
electrodes were hexagonal in shape. [106] 

mirror membrane and the corresponding electrode. The magnitude of this force was 

given by 

r  , - , 1  (0.1) 

where F is the force, eo is the dielectric constant of air, which was the intermediate 

medium, Vc is the control voltage, S is the surface area of the electrode, and d is 

the separation distance. The mirror deflection was proportional to the square of 

the applied voltage and inversely proportional to the square of the separation. The 

mechanical sensitivity, dFfdVc, was proportional to the applied voltage. 

This DM was designed for correcting low order aberrations, such as the first 

few Zemike modes. The level of correction was expected to be best for the lowest 

order aberrations, especially defocus and spherical which are eixially symmetric.[105] 

Since atmospheric turbulence is dominated by the lower order modes, this DM was 

expected to perform well in the T37 system. In practice, while the mirror was 

quite capable of correcting for global tilt, using it for this purpose would have 

greatly reduced the actuator stroke available for higher-order aberration correction. 

Therefore, a separate GTM was used for this purpose. 

With zero voltage applied to the actuators, the mirror surface was roughly flat 
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with about three-quarters of a wave of astigmatism over the 15 mm aperture. When 

a membrane of this type is in a relaxed state, the tension in the membrane only allows 

azimuthal aberrations, which depend on the contour of the membrane support, to 

be present.[103] Since astigmatism is the lowest order azimuthal aberration, it is 

usually the dominant aberration in these membranes. However, since astigmatism 

is low order, the DM was able to compensate pretty well for this "zero-voltage" 

shape. 

In the T37 system, the mirror surface was shorted to ground, thus it could only 

be deflected toward the electrodes by electro-static attraction. To correct for positive 

and negative wave front aberrations, a bias was applied to the actuators to set the 

nominal operating position of the mirror halfway between the undeflected, zero-

voltage surface and the surface of maximum deflection. Theoretically, the mirror 

would have a perfect parabolic shape when the same voltage was applied to all of 

the actuators. In practice, the biased figure was distorted by actuator misalignment, 

cross-talk between actuators, and non-uniformities in the membrane stiffness, the 

membrane-to-actuator distance, or the actuator control voltages. These sort of 

problems created low order spatial aberrations so the DM was able to compensate 

for them reasonably well. 

Besides the mirror package, the OKO DM system consisted of personal-computer 

(PC) interface electronics and high-voltage amplifiers. These electronic components, 

also manufactured by OKO, were used to control the DM actuators. Two 24-channel, 

digital ISA PC boards provided 8-bit resolution for the voltages applied to the DM 

actuators. Each charmel was controlled by a separate digital-to-analog converter 

(DAC) whose output was trimmed to a 0-3.25 V range. The DAC outputs were 

connected to two 20-channel high-voltage driver boards which applied the control 

voltages to the DM actuators. Each of these boards contained 20 non-inverting DC 
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amplifiers. Each amplifier had a gain of 59 which produced an output voltage range 

of 1-190 V. An external, stabilized, and filtered DC power supply capable of at least 

220 V and 75 mA was needed to operate the amplifiers. A power supply of this type 

was obtained from Xantrex. While these electronics could operate at more than 

1 kHz, the mechanical settling time of the figure of the DM membrane was about 

1 ms. Therefore, the maximum update rate for the T37 system was limited to about 

500 Hz since it was desired that the mirror figure be stable during WFS integration. 

After receiving the DM system, some adjustments to the configuration were re

quired. The meiximum allowed deflection of the DM center was specified at about 

9.5 /zm, which corresponds to a focal length of about 1.3 m or 30 waves of curva

ture across the whole mirror when viewed with an interferometer in reflection at 

0.6328 /xm. Beyond this point the mirror could be severely damaged. With the fac

tory settings on the PC interface boards, it was possible to pull the mirror membrane 

beyond this point. If all the actuators were set at their maximum allowed voltages, 

the mirror would experience a sure death. It was possible to compensate for this 

problem in software by limiting the maximum allowed DAC value to less than 255. 

However, this approach would reduce the number of available voltage levels and 

future programmers might not realize the necessity of the software adjustment, so 

a hardware fix was deemed more appropriate. 

Correcting for this problem in hardware was accomplished by trimming the out

put voltage range of the DACs. The DM was placed in a Twyman-Green interfer

ometer and the same DAC setting was sent to all of the actuators. This uniform 

DAC setting was increased from zero until 30 waves of curvature were observed on 

the mirror. At this point the mirror was disconnected, the maximum allowed D.A.C 

setting was input to all of the actuators, and the outputs of the DAC channels and 

the high voltage drivers were recorded. These voltages ranged from 3.21-3.25 V and 
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186.1-189.8 V, respectively.^ After recording the voltages, variable trim resistors 

were attached to the voltage references on the two PC interface boards. With the 

maximum value of 255 input to all the DACs, the trim resistors were adjusted until 

the maximum allowed output voltages were obtained. These variable resistors were 

then replaced with constant resistors of the required magnitude. Once this hardware 

adjustment was complete, all of the actuators had 8-bit resolution and any set of 

DAC control values could be sent to the mirror without fear of damaging it. 

Although ein extensive model of the DM had already been developed, the mirror 

needed to be characterized for use with the T37 system. [102] This characterization 

was done by measuring the influence functions of the actuators with a phase-shifting 

interferometer. It would have been best to measure the influence functions as per

turbations from the nominal operating position of the mirror. Since the mirror 

response was proportional to the square of the actuator voltages, the uniform DAC 

input value for the mirror's nomineil operating position was 180 (si 255/\/2). This 

setting deflected the mirror center about 4.75 ^m corresponding to a surface radius 

of curvature of about 6 m. Due to limitations in the design of the interferome

ter, curvatures of this magnitude could not be measured. Therefore, the influence 

functions were measured from the undeflected mirror position. 

To measure the influence fimction of each actuator, the DAC inputs for all the 

actuators were set to zero, except for the actuator of interest whose DAC value was 

stepped uniformly in force from 0 to 255. Interferometric surface measurements for 

all actuators were made at DAC settings of 0, 128, 180, 221, and 255. These settings 

corresponded to approximately 0%, 25%, 50%, 75%, and 100% of the maximum 

actuator force. In addition, surface data were collected at additional DAC settings 

of 90, 156, 202, and 239 for one actuator at each unique actuator position. Due to 

^The variation in the voltages was due to variations in the electronic components for the different 
channels. 
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Figure 5.8 Sample actuator influence functions. Sjmthetic interferograms of 
the influence functions for actuators 1, 5, 10, and 35 are shown from left to 
right for DAC inputs of 255. The zero DM surface, which is slightly astigmatic, 
has been subtracted. The interferograms show the central 12 mm of the mirror 
surface in double-pass at a wavelength of 0.6328 /xm. 

the symmetry of the actuator configuration, there were only six unique positions. 

The actuators chosen to represent these positions were actuators 1, 2, 12, 15, 22, 

and 35. Influence functions for four of the actuators are shown in figure 5.8. Because 

these actuators are force actuators, as compared to position actuators such as piezo

electric stacks, the influence functions are non-local and very broad in extent. 

Besides providing information for developing reconstruction algorithms for the 

T37 AO system, the data collected in this experiment were used to verify several 

aspects of the mirror's structure and operation. The amount of actuator misalign

ment was characterized by finding the minimum of the influence function for each 

actuator. After these minimums were found in the acquired camera images, the 

centration, scaling, and rotation of the images had to be determined. Actuator cen-

tration was determined by simply choosing actuator 1 to be at the origin. It turned 

out that the location of actuator 1 coincided with the physical center of the mirror 

as seen on the camera to within 0.1 mm. Scaling and rotation were determined by 

minimizing the rms diffierence between the expected actuator locations and the cal

culated influence function minimums. The amount of rotation was less than 1 degree 

and the resulting x- and y-scale factors matched within 3.3% of values calculated 
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Figure 5.9 The locations of the OKO adaptive mirror actuators. The 
signs mark the expected locations of the actuator centers and the "o" symbols 
mark the positions of the actuator centers calculated from the influence function 
minimums. In aligning the two sets of symbols, the marks for actuator 1 were 
assumed to be at the same position and rotation was removed. 

by separate means. Figure 5.9 shows the results of the actuator misalignment cal

culation. The rms ofiset between the expected and calculated actuator locations is 

0.13 mm, or about 7.5% of the actuator spacing. 

The variation in actuator stroke and the square-law relationship between actu

ator deflection and control voltage was also examined. Figure 5.10(a) shows the 

max-min deviation of the 37 actuator influence functions for different DAC inputs. 

The four curves in the figure correspond to uniform force increments of the actuator 

control voltages, from 0 to 100% based on equation 5.1. These data show the region 

of the mirror surrounding actuator 13 has a much weaker response to the actuator 

control voltages. The voltages at the mirror were measured to be uniform to within 

2% when a uniform DAC setting was applied to all of the actuators. Therefore, 

it appears either the mirror was stiffer in this region or the membrane-to-actuator 

distance was greater. 
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Figure 5.10 Actuator dynamic range analysis for the OKO adaptive mirror. 
Figure (a) shows the variation in actuator stroke across the mirror. The differ
ent curves correspond to different DAC inputs. From bottom to top the curves 
correspond to a DAC input of 128, 180, 221, and 255. Figure (b) demonstrates 
the square-law relationship between actuator deflection and DAC input value. 
The signs denote the calculated scaling factors and the solid curve is the 
expected square-law. 

Equation 5.1 indicates a square-law relationship may exist between mirror de

flection and actuator control voltage, and the data in figure 5.10(a) seem to indicate 

this is true. The validity of this assumption was tested by calculating each actuator's 

influence function scale as a function of DAC setting. The results of the analysis 

are shown in figure 5.10(b). The scaling factors were determined by minimizing the 

rms difference between an actuator's influence function for a D.AC input value of 

255 and that same actuator's influence function for other DAC settings. By defini

tion, the scaling factor is exactly 1.0 for a DAC input value of 255. Tilt removed 

influence functions were used for this calculation. This figure shows the square-law 

relationship holds true. 

A minor drawback of the OKO DM is that it was a nonlinear device. Almost 

all AO systems use linear reconstruction algorithms. These types of algorithms are 
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Figure 5.11 Compaxison of simultaneous, multiple actuator pokes to the sum 
of the individual pokes. The S3Tithetic interferograms on the left of each column 
are the measured surface deflections for the scenarios described in table 5.2. 
The interferograms on the right of each column are the surfaces calculated 
by summing the corresponding individual actuator pokes. The scenarios are 
shown from top to bottom with 1, 2, and 3 on the left and 4, 5, and 6 on 
the right. Global tilt has been removed from the surfaces. The interferograms 
show the central 12 mm of the mirror surface in double-pass at a wavelength 
of 0.6328 /xm. 
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scenario actuator DAC setting scaling factor 

1 1-37 90 1.05 

2 2-7 180 1.11 

10 221 
3 14 180 1.37 

18 128 

4 20-37 128 1.61 

5 1 180 
5 180 1.43 

2 128 
6 17 221 1.20 

36 180 

Table 5.2 Comparison of simultaneous, multiple actuator pokes to the sum of 
the individual pokes. Columns 2 and 3 list the actuators that were simultane
ously activated and their DAC inputs. The last column lists the scale factor 
that must be applied to the individual-poke sum in order to minimize the rms 
difference between it and the actual measured surface. 

very fast because they can be realized by a matrix-vector multiply where the ma

trix reconstructor is constant. Device nonlinearities complicate the reconstruction 

process and add processing time delays. The diflBculty with the OKO DM was not 

so much the square-law dependence discussed above. The problem was the result 

of poking multiple actuators at the same time was not equal to the sum of the in

dividual pokes. This nonlinezirity is demonstrated by the data shown in figure 5.11 

and table 5.2. The major difference between the image pairs shown in the figure 

is not in the shape, but in the magnitude of the mirror's deflection. This problem 

is characteristic of this type of membrane-actuator system. It was mainly due to 

the fact that when the membrane deflected, the membrane-to-actuator separation 

changed by as much as 9.5 ^lm. out of roughly 100 /zm, or about 10%. As the applied 

force was inversely proportional to the square of the separation distance, the non-



186 

linearity from this dependence could reach 20%. Another cause of the nonlinearity 

could have been cross-talk between actuators. There appears to be some evidence of 

cross-talk in the interferograuns for multiple poke scenarios 5 and 6. The additional 

structure seen in the measured surfaces for these two scenarios seems to indicate ad

ditional actuators were active. Fortunately, the nonlinearities were small for small 

perturbations of the actuator control voltages and linear control still produced good 

results in a closed-loop system like T37.[I07] 

Lastly, it has been reported that micromachined adaptive mirrors have negligible 

hysteresis.[105] To verify this statement, the DAC setting of actuator 1 was cycled 

several times between 0 and 255. For this actuator, at least, no significant hysteresis 

was observed. Figure 5.12 shows some results from this test. 

5.2.2 T37 Hardware and Software Control System 

A diagram of the hardware and software that controlled the T37 AO compon

ents—the WFS, DM and GTM—is shown in figure 5.13. Two computers were used 

in the control system. The main computer was a VME system running VxWorks. 

The VME was used to initialize and interface with the WFS controller through a 

fiber optic link. Since this hardware and software interface was already in place and 

operational, it was decided to build the rest of the system around it. 

Unfortunately, the computer interface cards that controlled the DM actuators 

were built for a PC. Therefore, a second computer, a 486 PC running DOS, was 

needed to interface with the DM and this PC had to talk to the VME. The VME-PC 

connection was established through digital input-output ports. This connection was 

not very fast due to the handshaking requirements. Therefore, the VME was used 

as the main processing and control unit because pushing a 37 element vector of 8-bit 

actuator commands across the connection was faster than pushing an 80 x 80 array 

of 16-bit WFS data. In this design the PC simply acted as a relay box and storage 
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Figure 5.12 Hysteresis test results for the OKO adaptive mirror. Figure (a) 
shows the mirror locations monitored during the hysteresis test. The points 
spirEil out from the center of the mirror at uniform increments in radius and 
azimuthal angle. Figure (b) shows the deflection of the monitored points from 
a zero mean as the DAC input value for the central DM actuator was cycled 3 
times from 0 up to 255 and back down to 0 in uniform force increments. The 
deflection for the monitored points is plotted in the order the data were taken. 
The zero-voltage DM surface, which was slightly astigmatic, was not subtracted 
when these results were determined. The symbols used for the monitored points 
are the same in both plots. For the two points labeled with signs, the 
topmost curve in figure (b) corresponds to the monitored point at the largest 
radial position. 
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Figure 5.13 The hardware and software control system for the T37 AO com
ponents. 



189 

facility for the DM actuator commands. 

The GTM was a Physik Instruments (PI) 2-axis, fast steering mirror with a 

resolution of 1 /irad and a range of about ±2 mrad. Due to the angular magni

fication of the relay optics, the range of the GTM almost completely covered the 

measurement range of the WFS. The GTM was controlled by a PI low-voltage PZT 

driver connected to two 16-bit, 10 V DACs located in the VME crate. The two DAG 

outputs were connected to the PZT drivers with coax cables. The GTM could have 

been controlled just as easily from the PC but a VME DAG module was available. 

Although the GTM was not controlled by the PC, the two GTM command values 

were sent to the PC for storage along with the other actuator commands. 

Flow diagrams for the three major software units are also shown in figure 5.13. 

The top level unit, aoxt^ initiaJized the WFS, set up the WFS storage memory, 

and acquired WFS data. The raw WFS data, along with some command-line-input 

control parameters, were simply fimneled to the next code unit, aoxt-troy, where the 

actual data processing occxirred. When this second unit returned, aoxt waited a user-

specified delay period before acquiring the next WFS image. This data acquisition 

loop executed a specified number of times and then exited. 

The brains of the control system were contained in aoxt-troy. Upon receipt of 

the raw WFS data this function adjusted the data for dark and flat field effects, cal

culated the subaperture slopes, reconstructed the wave front, calculated an updated 

set of actuator commands, and output these commands to the DM and GTM. The 

many variables required by this routine, such as the reconstruction matrix, were 

initialized and read from file the first time aoxt-troy was called. 

The third program unit, pcaoxt, ran on the PC. This program executed an infinite 

loop that read the actuator coramands from the VME and output these commands 

to the DM. The loop could be broken by simply pressing a key on the PC keyboard. 
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The handshaking between the VME and PC was such that the transfer of data 

between the two computers had to occur without error before either computer could 

properly continue. In addition, pcaoxt contained a routine which saved the actuator 

commands to a file. This routine was made active or inactive through a command 

line input parameter. 

Closed-loop, linear control was used for the T37 system. Wave front reconstruc

tion was realized by a matrix-vector multiply between the reconstructor matrix and 

the vector of WFS slopes. A separate global tilt sensor was not used, so the actuator 

commands for the DM and GTM were both derived from the WFS slope data. The 

command updates determined from the reconstruction were added to the existing 

values using 

Cfi — Cn —I 4" k&ni (^-2) 

where c is the vector of actuator commajid values with the subscript denoting the 

current control loop iteration, e is the vector of estimated updates, and A: is a gain 

factor. Different gain factors were used for the separate mirrors since they were 

controlled by different subsystems. After the application of equation 5.2, c„ was 

filtered to produce a new set of DM and GTM control voltages. For the DM, the 

elements of c were linear force commajids maintained in the range 0 to 1.0 with initial 

values of 0.5. Values outside this range were clipped to the limiting values. Using 

the square-law relationship shown in figmre 5.10, these commands were mapped to 

discrete DAC input values. The initial DM control commands of 0.5 created DAC 

inputs of 180 so the nominal DM surface had a radius of curvature of about 6 m. 

For the GTM, the elements of c were simply the input values for the 16-bit DACs. 

These commands were held between the limits of 0 and 65535 with initial values 

near 32768. 

The control system was designed to be flexible and easily adaptable so different 
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control schemes could be tested. This first realization of the control software was 

kept as simple as possible while still creating a working AO sjrstem. Only the 

basic computational structures, such as equation 5.2, the reconstruction matrix-

vector multiply, and the square-law mapping, were hard-coded into the program. 

Most of the system control parameters, such as the DM and GTM gain factors, 

the reconstruction matrix, the WFS integration time, and the WFS slope reference, 

were supplied to the program at startup either through the command line or in data 

files that were read during initialization. None of the control parameters could be 

altered while the program was running, but it was expected this feature would be 

added in the future. 

5.3 Closing the Loop 

After aligning the optical components and verifying the operation of the control 

hardware and software, it was time to close the loop on the T37 system. A "'simple" 

least-squares reconstructor was created for this purpose. Once the AO control loop 

was closed, some initial testing was performed. 

A least-squares reconstructor is simple because it is based on the geometry of 

the AO system.[30] .A.ssuming a linear model for the AO system, the WFS slope 

measurements can be related to the DM actuator commands by the expression 

s = Gc, (5.3) 

where s is the vector of WFS slopes, c is the vector of actuator commands, and 

G is the geometry matrix. The geometry matrix is also called the poke matrix 

because it explains how poking the DM actuators affects the WFS output. least-

squares reconstructor Eu, which minimizes the rms difference between s and Gc, is 

constructed by calculating the inverse of G. The actuator commands can then be 



192 

determined from the WFS slopes using the expression 

c = s = Els s, (5.4) 

where the superscript denotes the Moore-Penrose pseudo inverse. The pseudo 

inverse is required because the problem is overdetermined. There are more elements 

in s than there are in c. 

In order to account for any residual alignment or registration errors between 

the DM and WFS, the system's poke matrix was experimentally determined. The 

elements of the matrix were measured by setting all of the actuators to their nominal 

position, using DAC input values of 180, and then poking individuzd actuators one 

at a time. Each actuator was poked with a DAC setting of 221 which corresponded 

to a 25% increase in actuator force. The WFS slopes were recorded before and 

after each poke. The diflference between the before and after slope vectors was then 

assigned to the appropriate column of the poke matrix. After filling in all of the 

elements of G, Eu was calculated using singular value decomposition. [108] 

Once the reconstructor was created, the AO control loop was closed on the T37 

system. An actuator update rate of about 5 Hz was used. Some quick trial and 

error showed that gain factors of 0.1 for the DM actuator commands, and 1500 

for the GTM commands, produced stable operation. No quantitative analysis was 

performed to optimize the control bandwidth. The update rate and gain settings 

were set using qualitative observations. Initially, only system aberrations were con

sidered; no external aberrations were added to the system. Simply setting the DM 

commands to their nominal DAC values of 180 did not produce a perfect spherical 

shape on the DM surface. The nominal surface had about half a wave of astig

matism over the 10 mm central aperture. Aberrations were also introduced by the 

system's other optical components, but the DM's astigmatism was by far the dom

inant one. The effect of closing the AO control loop was to compensate for these 
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system aberrations and clean up the closed-loop image. 

-A.fter verifying the operation of the AO loop, some simple tests were performed. 

The first test looked at the error imposed by the system's optical components in 

the absence of turbulence. This test had two parts. In the first part, the DM was 

blocked off with an opaque card and a flat mirror was placed on the unused side 

of BS3. The beam reflected from this mirror was sent through the imaging system 

and brought to focus on an Apogee KAF-1000 AX-6 camera. This camera contained 

24 ^m square pixels in a 1024 x 1024 array format and had 16-bit resolution. The 

captured image and its optical transfer function (OTF) are shown in figure 5.14 

along with their theoretical, difl&raction limited counterparts. Figures 5.15 and 5.16 

show the radial PSFs and OTFs after averaging over the azimuthal angle-

There was some question concerning the //# of the imaging system used for this 

test. Using the lens powers and measured separations, the system was calculated 

at //108. However, the average radial OTF for the measured PSF indicated a 

smaller //# was more appropriate since the OTF for the measured PSF extended 

beyond the theoretical limit for an //108 system. Therefore, figure 5.16 shows 

three examples of the theoretical OTF for //102, //105, and //108 systems. The 

theoretical results shown in figures 5.14 and 5.15 are for an //105 system. From 

these data, and assuming an //# of 105 ± 3, the Strehl ratio for the T37 optical 

components was determined to be 0.56 ± 0.03. Using the simulation results for the 

Strehl ratio discussed in chapter 3 and presented in figure 3.1 and equation 3.12, the 

wave front rms error was estimated at 0.84 ± 0.05 radians, or about one-eighth of a 

wave. This amount of wave front error seemed reasonable considering the number, 

and quality, of the surfaces included in the system. 

The second part of the first WFS test further examined the error imposed by 

the optical components by closing the AO control loop in the absence of external 
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(b) 
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Figure 5.14 The error imposed by the T37 opticcd components. The DM 
was not included in the system. The figures show images of the PSF and 
OTF for the T37 optical system and their corresponding diffraction limited 
counterparts. The square root of the PSFs is displayed in order to better show 
their structure. The bottom two images show the OTF magnitude. 

aberrations. The DM was unblocked and the extra flat mirror was removed for this 

portion of the test. In addition, the imaging system was refocused. Figure 5.17 

shows the recorded images from the open-loop and closed-loop light paths before 

and after closing the loop. The open-loop image was captured with the same camera 

and at the same time as the optimized closed-loop image. The corresponding OTF 

magnitudes are also shown in the figure. Figures 5.18 and 5.19 show the radial 

PSFs and OTFs after averaging over the azimuthal angle. The theoretical PSF and 

OTF shown in these figures were calculated for an //HO system. This //# was 

calculated from the lens powers and spacings for both of the open-loop and closed-
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Figure 5.15 Average radial PSF for the T37 optical system. The DM was 
not included in the system. The solid curve is the system PSF and the dashed 
curve is the diffraction limited PSF. Cubic interpolation was used to fill in 
between the sampled points of the measured system PSF. 
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Figure 5.16 Average radial OTF for the T37 optical system. The DM was 
not included in the system. The solid curve is the system OTF and the dashed 
curves are diffiraction limited OTFs. The different dashed curves correspond to 
systems with different //#'s. The lower, middle, and upper curves correspond 
to //108, //105, and //102 systems, respectively. The plot shows the magni
tude of the OTF radial average. The phases of the OTFs were included in the 
averaging process after their overall tilt had been removed. 
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Figure 5.17 The top row of images shows the open-loop and closed-loop images 
from the T37 AO system. Closed-loop images are shown before and after closing 
the AO control loop. The "before" closed-loop image was recorded after setting 
all of the DM actuator commands to their nominal value of 180. In order to 
better show their structure, the square root of the PSF images is displayed. 
The bottom row of images shows the corresponding OTF magnitudes. 

loop light paths. Unlike the problem that occurred when the DM was not in the 

system, the OTF plots indicate this //# is appropriate. The portions of the OTFs 

which extend beyond the theoretical limit are due to high-spatial-frequency noise in 

the images. 

From the data shown in figure 5.17, and assuming an //# of 110 ± 1 for the 

imaging systems, the Strehl ratios for the three images were determined. The open-

loop PSF had a Strehl ratio of 0.65 ± 0.01. In comparison, the closed-loop PSF 
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Figure 5.18 Average radial PSFs for the T37 optical system when the DM 
was included. From bottom to top the curves correspond to the closed-loop 
PSF with the DM actuators at their nominal values of 180 (dash-dot-dash), 
the optimized closed-loop PSF (solid), the open-loop PSF (dotted), and the 
theoretical difiraction limited PSF (dash-dash). 
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Figure 5.19 Average radial OTFs for the T37 optical system when the DM 
was included. From bottom to top the curves correspond to the closed-loop 
OTF with the DM actuators at their nominal values of 180 (dash-dot-dash), 
the closed-loop OTF after closing the AO loop (solid), the open-loop OTF 
(dotted), and the theoretical diffraction limited OTF (dash-dash). The phases 
of the OTFs were included in the averaging process after their overall tilt had 
been removed. 
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had a Strehl of 0.31 ± 0-01 before the control loop was closed, and 0.55 ± 0.01 after 

optimization. The improvement resulting from closing the control loop is quite 

good. However, the fact that the optimized closed-loop image is not as good as 

the open-loop image is disconcerting. One explanation for this result is the closed-

loop light path had more components than the open-loop path and some of these 

components were not sensed by the WFS. One of the unsensed components was the 

singlet lens, LIO. Due to the nature of the imaging system, the axes of the open-loop 

and closed-loop beams did not pass through the center of LIO. It is possible the 

open-loop beam passed through a better portion of this lens and did not pick up as 

much aberration. 

A second, and more reasonable explanation, is the DM was simply unable to 

correct the wave front any better. This explanation appears to be more plausible 

after comparing the expected and measured wave front errors. The Strehl ratio 

of 0.55 for the optimized closed-loop PSF indicated an rms wave front error of 

0.86 radians. This compares well to the wave front reconstructed from the residual 

WFS slopes which had an rms error of 0.73 radians. The reconstruction process used 

here was similar to the one used in chapter 4. Furthermore, in similar closed-loop 

experiments performed by the manufacturers of the DM, wave front fitting errors 

on the order of 0.5-1.0 radians were reported.[105] 

The second test performed with the AO system looked at the ability of the 

system to correct for external aberrations. The small prototype oil-filled phase 

plate, discussed in chapter 3, was used for this experiment. The turbulence plate 

was centered on the optical axis about 25 mm after the pinhole of the spatial filter 

assembly. The plate was placed at this location so the amount of turbulence added 

to the beam was not excessively large. The beam diameter at the turbulence surface 

was 3.0 mm so the ratio of D/tq was about 3. Figure 5.20 shows the portion of the 
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Figure 5.20 An image of the external turbulence added to the input beam by 
the turbulence plate. The peak to valley of the surface is about half of a wave 
at 0.6328 ^m. 

oil plate that was used. After removing tilt, the peak to valley of the turbulent 

surface was about half of a wave and the surface rms was about 0.55 radians. 

Because the turbulence plate was placed before LI, it also added defocus to the 

beam. The collimating lens, 1,1, was adjusted to compensate for most of the defocus 

created by the turbulence plate. The mount which held LI did not have enough 

range to fully take out the defocus and about 2.6 waves of defocus was left in the 

beam.^ However, enough defocus was removed in order to demonstrate the AO 

system's ability to correct for the added aberration. Figure 5.21 shows the recorded 

images from the open-loop and closed-loop light paths before and after closing the 

AO loop. The corresponding OTFs are also shown in the figure. Figures 5.22 

and 5.23 show the radial PSFs and OTFs after averaging over the azimuthal angle. 

^The amount of residual defocus was determined by looking at the DM surface with an inter
ferometer. A flat mirror was placed on the imused side of BSZ. A pellicle was used to pick off the 
beam just before L6 and a lens was used to image the DM surface onto a camera. After closing 
the loop on the system alone, an interferogram was recorded. Comparing that interferogram with 
the one collected eifter closing the loop on the oil plate showed a difference of 2.6 waves of defocus. 
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Figure 5.21 The top row of images shows the open-loop and closed-loop images 
from the T37 AO system after external turbulence has been added. Closed-loop 
images are shown before and after closing the AO control loop. The "before" 
closed-loop image was recorded after setting all of the DM actuator commands 
to their nominal value of 180. In order to better show their structure, the 
square root of the PSF images is displayed. The bottom row of images show 
the corresponding OTF magnitudes. 
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Figure 5.22 Average radial PSFs for the T37 optical system when external 
turbulence was added to the system. The curves correspond to the closed-loop 
PSF with the DM actuators at their nominal values of 180 (dash-dot-dash), 
the optimized closed-loop PSF (solid), the open-loop PSF (dotted), and the 
theoretical diffiraction linaited PSF (dash-dash). 
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Figure 5.23 Average radial OTFs for the T37 optical system when external 
turbulence was added to the system. The curves correspond to the closed-loop 
OTF with the DM actuators at their nominal values of 180 (dash-dot-dash), 
the closed-loop OTF after closing the AO loop (solid), the open-loop OTF 
(dotted), and the theoretical diflEraction limited OTF (dash-dash). The phases 
of the OTFs were included in the averaging process after their overall tilt had 
been removed. 
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The imaging system was not altered after the previous test, so the theoretical PSF 

and OTP results were calculated for an //HO imaging system. 

From the data shown in figure 5.21, the Strehl ratios for the three images were 

determined. The open-loop PSF had a Strehl ratio of 0.012 ±0.001. The closed-loop 

PSF had a Strehl of 0.040 ± 0.001 before closing the control loop, and 0.32 ± 0.01 

after optimization. The improvement resulting from closing the control loop is very 

good in this case. 

The level of improvement is mostly due to the fact that the wave front aberration 

is dominated by defocus and the DM is able to fit defocus fairly well.[105] The Strehl 

ratio of 0.32 for the optimized closed-loop PSF indicated an rms wave front error of 

1.30 radians. In comparison, the wave front reconstructed from the residual VVFS 

slopes had an rms error of 1.68 radians. The discrepancy between the expected 

and measured rms values is probably a combination of two things. One of the 

WFS tests discussed in chapter 4 showed that while the reconstructed wave front 

resembled the wave front incident on the WFS, it was not an exact match. The 

degree of mismatch is worse for larger wave front aberrations. In addition, the 

Strehl ratio estimate based on the Kolmogorov simulations presented in chapter 3 

is simply that—an estimate determined by averaging many "image" frames. It is 

possible for a single image to deviate from the average by a significant amount. In 

actuality, the error was probably somewhere between 1.30 and 1.68 radians. 

A summary of the T37 tests is given in table 5.3. The table lists the Strehl ratios 

calculated from the recorded images and provides two estimates of the wave front 

error. The simulation wave front error was calculated using the Strehl ratio approx

imation given in equation 3.12. The reconstructed wave front error was obtained 

by reconstructing the residual WFS slopes. The one reconstructed error which is 

listed for an open-loop image was calculated based on a wave front with 2.6 waves 
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image Strehl ratio 
simulation rms 
error (radians) 

reconstructed 
rms error (radians) 

image from closed-loop light path without DM 

closed-loop 0.56 ± 0.03 0.84 ± 0.05 — 

closing the loop on the system alone 
open-loop 0.65 ± 0.01 0.71 ± 0.02 — 

closed-loop 

nominal 0.31 ± 0.01 1.32 ± 0.03 
closed-loop 
optimized 0.55 ± 0.01 0.86 ± 0.02 0.73 

closing the loo 3 on external turbulence 
open-loop 0.012 ± 0.001 4.48 ±0.11 4.72 
closed-loop 
nominal 0.040 ± 0.001 3.11 ± 0.03 
closed-loop 
optimized 0.32 ± 0.01 1.30 ± 0.03 1.68 

Table 5.3 Summary of the T37 test results. The Strehl ratios were calculated 
from the recorded images. The simulation wave front error was calculated from 
the Strehl ratio approximation given in equation 3.12 and the reconstructed 
wave front error was calculated from the residual WFS slopes or, in the open-
loop case, from an interferometric analysis of the DM surface. 

of defocus. The magnitude of the defocus for this particular image was determined 

from an interferometric analysis of the DM surface. 
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CHAPTER 6 

WAVE FRONT RECONSTRUCTION 

ALGORITHM 

6.1 Wave Front Reconstruction 

All adaptive optics (AO) systems have three fundamental components. These in

clude a wave front sensor (WFS) to mecisure the wave front aberrations, a deform-

able mirror (DM) to correct for these aberrations, and a wave front reconstruction 

algorithm which converts the WFS measurements into DM commands. Some sys

tems also contain a fourth component, a laser guide star (LGS), which is used to 

create an artificial reference source. In the absence of a suitable natural reference 

stax, this artificial "star" can be used by the WFS for measuring the atmospheric 

turbulence.[15,109,41,23] 

Figure 6.1 illustrates the type of reconstruction algorithm used in nearly all 

existing AO systems. An incident wave front, aberrated by atmospheric turbulence, 

falls on the telescope aperture. The aberrations in the wave front are at least 

partially corrected after reflection from the DM and the residual wave front error 

is sensed by the WFS. Using the WFS measurements, the residual wave front is 
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Figure 6.1 Block diagram of a standard AO control system. 

reconstructed and temporally filtered by a servo control law to determine an updated 

set of actuator commands which are applied to the DM. The cycle proceeds in this 

fashion over and over again. Because the WFS comes after the DM in the optical 

path and sees the corrected wave front, the AO system is said to operate in closed-

loop. 

The reconstruction algorithm is a key contributor to the performance of the AO 

system. For this reason, much effort has been expended over the years trying to 

develop optimal reconstnictors. The development of reconstruction algorithms has 

generally followed a linear systems approach where the wave front reconstruction is 

realized by a matrix-vector multiply and the temporal filtering is carried out as a 

discrete integrator. In this approach the two steps in the reconstruction process are 

described by the expressions 

Cn = ESn, (6.1) 

Cn = CT,_i+Ke„, (6.2) 

where s is the vector of closed-loop WFS measurements, E  is the reconstruction 
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matrix, e is the estimated residual wave front error, c is the vector of DM actuator 

commands, « is the servo loop gain, and the subscripts indicate the time step. In 

the case of a Shack-Hartman WFS, s is a vector of local wave front slopes. 

The earliest approaches to wave front reconstruction took the form of the least-

squares pseudo-inverse 

Ei, = iG'^G)-'G'^, (6.3) 

where Eis is the reconstructor which minimizes the mean-square difference (s —Ge), 

G = ds/dc is the Jacobian matrix which describes the first-order variations in s 

due to changes in c, and the superscripts "-1" and "T" indicate the matrix in

verse and matrix transpose operations, respectively.[30,110-112] The matrix G is 

also called the geometry, or poke, matrix. Sometime later, minimal variance re-

constructors were developed in an effort to improve upon the least-squares ap

proach, particularly for more complex AO systems which might have multiple VVFSs, 

DMs, or LGSs.[31,11,32,113] These algorithms generally perform better than the 

simple least-squares technique. However, while creation of a least-squares recon

structor only requires knowledge of the AO system design, minimal variance algo

rithms require knowledge of the second-order statistics of the atmospheric turbu

lence. In recent years, other approaches to wave front reconstruction have also been 

examined.[114,33,115-119,35] Some of these algorithms have been simple while oth

ers have been quite complex. Some have taken a zonal approach to the influence of 

the actuators and others have taken a modal approach. 

Due to the nature of the MMT AO system design, a modal approach to develop

ing reconstructors is being considered.[34] The reasons for choosing this approach, 

and a possible technique for developing reconstruction matrices, are discussed in the 

following sections. 
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6.2 The MMT AO System Geometry 

Overviews of the hardware for the adaptive secondziry mirror (ASM) and the WFS 

have been presented in chapters 2 and 4, respectively. In this section the design of 

these components as they relate to the development of reconstructors are discussed. 

6.2.1 The Adaptive Secondary Mirror 

The ASM is the distinguishing feature of the AO system for the new MMT.[27,46.28] 

The main advantage in using the secondary as the DM is that the toted number of 

optical surfaces in the telescope's light path can be minimized, thereby reducing 

the amount of thermal backgroimd seen by the infrared imaging camera. However, 

making the secondary mirror the DM creates some interesting design issues with 

regards to the AO geometry. The physical size of the ASM and the nature of its 

support structure create two problems. First, they limit the available locations for 

placing actuators. Second, the natural bending modes of this type of thin shell tend 

to have low resonant frequencies. 

Since the secondary is the stop of the imaging system, it cannot be oversized 

without increasing the thermal background, a consequence which is contrary to the 

primary goal for creating the adaptive secondary. Because of this constraint, wave 

front control at the pupil's outer edge is a serious concern. Actuators cannot be 

placed beyond the secondary's outer radius in order to provide additional boundary 

constraints. Neither can actuators be placed too close to the mirror's edge because 

the actuator assemblies and the capacitive sensors which encircle them cannot extend 

beyond the edge of the reference plate. These components require a certain buffer 

region around each actuator in order to function properly. A similar, although less 

severe, boundary control problem exists at the center of the ASM, where the hub 

attachment assembly limits the placement of actuators and potentially adds stiffness 

to the central region of the mirror. 
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The second design issue encountered when working with thin-shell, adaptive 

secondaries pertains to the flexible dynamics of the mirror. [45] Voice coils are inher

ently force actuators and the mirror's thickness is small compared to its diameter. 

The combination of large mirror size and low-stifl5iess actuation results in a number 

of natural, vibrational modes having resonant frequencies less than the proposed 

1 kHz update rate for the DM actuators. This problem was encountered during the 

thermal experiments described in chapter 2. The modal oscillation problem can be 

reduced by proper design of the control system and by reducing the gap between 

the thin shell and the reference plate to about 40 jivn. in order to take advantage of 

air dampening effects. [46,28] 

These two design issues, along with the general desire for low wave front fitting 

error, influenced the selection of the ASM's actuator geometry. The actuator layout 

chosen for the MMT's first generation AO system is shown in figure 6.2. This actua

tor pattern has been chosen to provide low fitting error across the entire aperture. In 

addition, the six-fold symmetry will be helpful in designing a global, multiple-input-

multiple-output controller for the actuator control and capacitive sensor feedback 

systems. [45] The actuator pattern is comprised of 10 concentric rings, having two 

distinct regions. The first 8 rings are uniformly spaced in radius and contain 216 

actuators starting with 6 in the innermost ring and increasing by 6 actuators per 

ring out to the 8th ring. The two outermost rings are closely spaced in radius and 

they each contain 60 actuators. These rings contain a high density of actuators in 

order to provide better edge control and to help reduce resonant oscillations when 

correcting global tilt at the secondary. 

6.2.2 The Wave Front Sensor 

The Shack-Hartmann WFS acts as the eyes of the AO system, collecting information 

about the wave front aberrations. The choice of the WFS subaperture geometry is 
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Figure 6.2 AO geometry for the first generation MMT AO system. The small 
circles in figure (a) show the locations of the 336 voice coil actuators. The 
squares in figure (b) indicate the wave front sensor subapertures which axe 
at least 50% illuminated. Although the 4 subapertures in the center axe more 
than 50% illuminated, they are not used. Figure (c) demonstrates the combined 
actuator and subaperture geometry. For all three diagrams the dimensions have 
been projected onto the 6.5 m primaxy mirror. The two laxger circles indicate 
the telescope aperture (6.5 m diameter) and obscuration (642 cm diameter). 
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just as important as the positioning of the DM actuators. And, as with the DM, 

there are many issues and tradeofis which should be taken into consideration when 

designing the WFS geometry. The subapertures should be large enough to collect 

a sufficient amount of light within the VVFS integration time to produce measure

ments with a high signal to noise ratio (SNR). They should also be small enough to 

sample the wave front at a high enough resolution so reasonable performance can 

be achieved. To minimize the size of the pixel array required for the WFS cam

era and to maximize the WFS sensitivity, each subaperture lenslet should focus an 

unaberrated wave front down to a spot located at the center of a CCD quad cell. 

If quad cells are not used, then the CCD must suflBciently oversample the lenslet 

focal plane in order to accurately determine the spot centroids. However, this dras

tically increases the number of pixels required on the CCD, and thus reduces the 

readout rate of the WFS. It is also desirable for the subapertures and actuators to 

have a high degree of coupling so actuator displacements can be easily sensed and 

controlled, and so the number of unsensed wave front modes, such as waffle, is mini

mal. Financial constraints are also an important factor in designing the subaperture 

geometry. There are several more issues which must be considered during the WFS 

design process. The list presented here is only a sampling of the more important 

ones. 

Although one might envision a multitude of possibilities for dividing up the 

MMT pupil, such as concentric circles divided into wedges or hexagonal or triangular 

apertures, the 12 x 12 square array of subapertures shown in figure 6.2 has been 

chosen for the first generation AO system. This subaperture geometry produces 108 

subapertures which are at least 50% illuminated. The subapertures which are not 

at least 50% illuminated are neglected due to noise considerations. In addition, due 

to the central obscuration, the four subapertures in the center are not used even 
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though they are more than 50% iiluminated. As a first-generation design choice, 

square subapertures have several benefits. First and foremost, square subapertures 

match better to square CCD pixel formats as discussed in chapter 4. Second, they 

are easier to manufacture compared to other subaperture shapes and thus cost less. 

Third, many operational AO systems use this type of design so it is fairly well 

understood, which should initially make it easier to get the system up and running. 

As for the other design issues, with typical tq values at the MMT of 80 cm at 

2.2 /im, the 54 cm subaperture size more than adequately samples the wave front. 

Furthermore, the collecting area of each subaperture is quite large. From sodium 

guide star experiments performed at the MMT, the average number of detected 

photoelectrons from the LGS was measured to be 

where T is the atmospheric transmission, r is the VVFS integration time in millisec

onds, P is the laser power in Watts projected onto the sky, .4 is the collecting area in 

square meters, and TJ is the quantum efficiency of the detector.[120] Assuming 90% 

atmospheric transmission, 1 ms integration, 2.5 W of laser power^, 90% detector 

quantum efficiency, and a WFS detector read noise of 5.75 electrons^ the SNR for 

a fully illuminated subaperture is 

*^The sodium laser being developed for the new MMT AO system is expected to deliver about 
10 W of power of which about 6.5 W will be transmitted through the beam projector to the sky. 
The value of 2.5 W used in this example is conservative and more representative of some currently 
available lasers. 

^This value for the read noise was measiured with a two stage thermo-electric cooler. The read 
noise at LN2 temperatures is just over 3 electrons. We hope to get closer to this noise level using 
a three stage thermo-electric cooler 

IVP = 1200(±300) T^ TPA TJ, (6.4) 

SNR 

23.1, (6.5) 
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where is the detector read noise. The WFS SNR is an important metric because 

is it inversely proportional to the noise in the WFS slope measurements.[100,81] 

The major drawback of the chosen subaperture geometry is illustrated in the 

third diagram of figure 6.2 which combines the actuator and subaperture geome

tries on the same diagram. This diagram shows the local subaperture-actuator 

configurations, or neighborhoods, are nonuniform across the pupil. In some ways 

this is a good feature because it lowers the possibility of there being global DM ac

tuator modes which are unsensed, or weakly sensed, by the WFS. However, in some 

cases actuators fall almost in the center of a subaperture, making it difi&cult for the 

WFS to sense the displacement of these actuators. Work is already under way on 

the design of a second generation subaperture geometry which couples better to the 

chosen actuator geometry. Hexagonal and tricuigular subapertures are among the 

geometries being considered. 

6.3 A Reconstructor for the New MMT 

Once the WFS measures the residual wave front slopes, the slope vector s is operated 

on by the reconstructor E as shown in equation 6.1. The result of this matrix-vector 

multiply is then used as shown in equation 6.2 to produce the updated actuator 

command vector c. It is easy to see that the choice of the reconstructor is critical 

to the performance of the AO system. 

For the MMT AO system there are 216 WFS measurements—2 orthogonal slope 

measurements for each of the active 108 subapertures—and 336 actuators. While 

this design achieves the desired goal of at least two actuators per subaperture, the 

resulting system is underdetermined making it particularly susceptible to noise in 

the WFS data. For this reason, and because of the non-optimal coupling between 

some of the actuators and subapertures, a modal approach appears to be the best 
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way to develop reconstnictors. 

In order to develop a modal reconstructor, a set of DM modes must be selected. 

To start with, any reasonable set of modes will do. The modes can be measured 

experimentally or calculated using finite element analysis. If the DM has Na actua

tors, as many as Na unique modes can be formed by the DM. However, if there are 

only Ns slope measurements, where < Na, then, at most, only Ns modes can be 

sensed and controlled by the AO system. 

Once a mode set has been chosen, two matrices relating the modes to the actuator 

commands and the WFS slopes can be determined. These matrices satisfy the 

following relationships, 

c = Lcin, (6.6) 

s = L^m, (6.7) 

where m is a vector containing the mode amplitudes. If the vector of actuator 

commands which produces the ith mode is denoted by c^, then the columns of Lc 

are simply the vectors Q. Similarly, if the vector of WFS slopes which results from 

the application of the modal command vector Ci is given by s^, then the columns of L, 

are the vectors Sj. In addition, the operator which takes the mode amplitude vector 

and determines the shape of the DM phase in the telescope's entrance aperture, 

must be determined. This operator, H^, transforms discrete space into continuous 

space as shown in the expression 

^ (x )  =  rr i i  ili(x), 
t=i 

= m, (6.8) 

where Phi{x.) is the DM phase displacement at position x, mi is the ith element of 

m, Ri{x.) is the displacement of the ith mode, and Nm is the number of modes in 



214 

the chosen set. For simplicity, each Ri(x )  is assumed to be zero outside the entrance 

aperture. 

As mentioned above, the MMT's AO system is underdetermined and, therefore, 

susceptible to noise in the WFS measurements. When the wave front modes are 

reconstructed from noisy WFS data, some modes will have a better SNR associated 

with them than others. By decreasing the servo loop gain for the noisiest modes, the 

performance of the AO system can be improved. Reconstruction techniques of this 

type have recently been presented in the literature.[116,115,35] This approach, called 

modal equalization, allows the gain for each mode to be adjusted on an individual 

basis, similar to an equalizer on an expensive stereo system.[34] The general form 

of a modal equalization reconstructor is given by 

The term in brackets on the far right side of the expression operates on a slope vector 

s and decomposes it into a least-squares mode amplitude vector m, as seen by using 

least-squares techniques to invert equation 6.7. The middle term diag{k} is a square 

matrix with nonzero elements only along its main diagonal. The values along the 

diagonal are given by the elements of k, which is called the modal gain vector 

because its elements provide the gains for the corresponding elements of m. This 

gain vector works in conjunction with « from equation 6.2 to affect the overall gain 

of the diflferent modes. After application of the gain vector, the matrix Lc converts 

the reconstructed modes to actuator commands as shown in equation 6.6. If all of 

the elements of k are set to 1.0, the result is the basic least-squares reconstructor 

Although this reconstructor may not perform as well as fancier reconstructors, its 

value is in its simplicity. It is derived solely from the AO system's subaperture 

E™ = t,diag{k} [{LIL.)-'LY\ . (6.9) 

E,. = [{L^.L.R'LJL. (6.10) 
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and actuator geometries, which are constant, and does not require knowledge of the 

atmospheric turbulence, which is constantly changing. For this reason, the least-

squares reconstructor will be used as a baseline in the simulations presented below. 

Now that the gain of each DM mode can be uniquely controlled, a method for 

choosing the values of the modal gain vector k is required. The accuracy of the 

reconstructed mode amplitude vector m depends on the reliability of the VVFS mea

surements. In addition, the modes most affected by noise will be those which tend 

not to have much atmospheric energy associated with them. In terms of the atmo

spheric statistics, the probability of the existence of these modes in the atmospheric 

turbulence will be small. Therefore, the elements of k should be dependent on the 

expected amplitude of the various modes as well as the level of noise in the VVFS 

measurements. 

It is highly desirable that the technique used to determine the elements of k be 

simple. Unlike a stereo equalizer which has relatively few channels for which the 

gain can be adjusted, the MMT AO system has as many as 336 gain coefficients, one 

for each of the possible DM modes. It is unreasonable to require a person to make 

adjustments to this many "knobs." The number of adjustable parameters should be 

limited to just a few. 

There are a number of functions which can be used for determining the modal 

gain coefficients. One function which fits the criteria given above is 

ki = 

(6.11) 
a} 
+  1 '  

where ki is the zth modal gain coefficient, (af) and (af) are the expected turbulence 

amplitude variance and noise amplitude variance of the ith mode, respectively, and 

= \/(ai)/(cr?) is the mode SNR. The magnitude of (a^) depends on the chosen 
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Figure 6.3 Examples of the functions used to calculate the modal gain coef
ficients. Figure (a) is the function given in equation 6.11 and figure (b) is the 
function given in equation 6.12. The four curves in figure (b) correspond to 
different gain widths: w = 0.5 (dashed), w = 1 (solid), w = 2 (dash-dot), and 
li; = 10 (dotted). 

set of modes and the statistics of the atmospheric turbulence while the magnitude of 

{af) depends on the WFS geometry and the WFS noise. Therefore, this expression 

for ki is completely deterministic. A plot showing ki as a. function of the mode SNR 

is shown in figure 6.3. 

Another function which fits the above criteria is 

fci = i + - arctan [w logio(Q:,^)], (6.12) 
^ TT 

where the parameter w  is called the gain width. While ( o f )  and ( a f )  are determin

istic, the gain width w is left as an adjustable parameter. The logarithm term in 

this equation is called the relative mode amplitude. Examples of this gain function 

are also shown in figure 6.3. The effect of the gain width w on the value of ki is 

demonstrated in the figure. 

Both of the gain functions mentioned above limit the modal gains to values 

between 0 to 1. Modes which have a SNR of 1 receive a gain of 0.5. This is a 

reasonable feature since half the time the reconstructed amplitude of these modes 
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will actually be present in the measured wave front and the other half of the time 

it will be a result of measurement noise. Modes with good SNR receive gains closer 

to unity and modes with poor SNR receive gains closer to zero. For equation 6.11, 

the rate at which the gain roUs off from 0.5 is predetermined, but for equation 6.12, 

the slope of the roll off can be selected by the choice of w. As w approaches infinity 

the gain curve approaches a step fimction which jumps from 0 to 1.0 at an SNR of 

1, and as w approaches zero the curve flattens out at a value of 0.5. 

In order to apply either of the two equations given above, the values for ( a f )  and 

(a?) must be determined. Assuming the WFS noise is statistically independent from 

the wave front slopes created by the atmosphere, the reconstructed mode amplitude 

vector m will have two independent components, a and cr, given by 

m = E j n S ,  

— Em So "i~ Em H, 

= a + cr, (6.13) 

where Em reconstructs the mode amplitudes from the WFS slope vector s. The 

slope vector has a component So due to turbulence and an additive noise term n. 

The vector a is the turbulence mode amplitude vector and a is the vector of modal 

noise. 

From equation 6.13 the covariance of the modal noise is 

S = (aa^), 

= Em(nn.^}E^. (6.14) 

If the WFS measurement noise is assumed to be uncorrelated and white, with zero 

mean and a variance of then 

S = 

= oifALjl,)-'. (6.15) 
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The second step in the equation follows from equation 6.9. At this point the calcu

lation can be simplified and the noise crosstalk can be eliminated by assuming the 

matrix Ls is square zmd orthonormal. With this assumption the covariance matrix 

becomes diagonal 

S = (6.16) 

where / is the identity matrix, and the noise amplitude variance needed to calculate 

k is simply 

{(Ti)=crlf,. (6.17) 

If L, is not orthonormal to begin with, it can be made orthonormal with the help 

of singular value decomposition (SVD).[108] Using SVD, L, can be decomposed into 

Ls = USV'^, (6.18) 

where U and V are orthonormal matrices and 5 is a diagonal matrix containing the 

singular values. After the decomposition is obtained, a new set of the operators Ls. 

Lc-, and can be created 

U,  

L c V S - \  

(6.19) 

If the initial modes were chosen reasonably well and if the number of modes Nm 

was larger than the number of slope values iV,, then the number of nonzero singular 

values contained in S will equal iV,. The new L, can be made square by only 

keeping the columns of U and V which correspond to the nonzero singular values. 

The resulting set of modes, with Nm = Ns, will completely span the space of WFS 
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measurements. Making Ls orthonormal also simplifies the expressions for Eme and 

Els given in equations 6.9 and 6.10, 

= Lediag{k}Lr, (6.20) 

E,. = L,LJ. (6.21) 

Going one step further, since piston in the modes does not affect the WFS slope mea

surements, the modes can be made zero mean without affecting the orthonormality 

of Ls- This operation affects both the matrix Lc and the operator Subtracting 

piston firom the modes is used below to simplify the calculation of (a?). 

Calculating ( o f )  is a bit more complicated since its magnitude depends on the 

statistics of the atmospheric turbulence.[76,77,121] The covariance matrix of turbu

lence mode amplitudes, also referred to as the Noll matrix, is given by 

A=(aa^). (6.22) 

If 0(x) represent the piston-removed phase of a wave front incident on the telescope 

entrance aperture, then the turbulence mode amplitude vector can be determined 

by inverting equation 6.8 

a = Hj0(x), (6.23) 

where is the inverse of the operator H^. The first step in deriving an expression 

for A requires the definition of the variable bi. This variable is defined as 

= y dxi2,(x) 0(x), (6.24) 

where the integration is carried out over the aperture of the telescope. The covari

ance of the biS is given by 

S = (bb^>, (6.25) 
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where the elements of the vector b axe the hi- The elements of B can be calculated 

from 

Bij = {hibj), 

= J die J dyRi{x)Rj{y){(f>{x.)(l>{y)),  

= dy/2j(x)i2,(y)D(x-y), (6.26) 

where £>(x) is the phase structure function describing the turbulence. In order to 

accomplish the last step shown in the above equation, the modes must be zero mean 

as mentioned above. The next step in deriving A requires the definition of another 

matrix C, whose elements are given by 

Cij = J dxRiix.)  Rj{x).  (6.27) 

Finally, using the B and C matrices, the covariance of the turbulence amplitude is 

expressed as 

A =  C- 'BC-K (6.28)  

The turbulence amplitude variance needed for the calculation of k is given by 

(af> = Ai^, (6.29) 

where the subscript i i  indicates selection of the zth diagonal covariance element. 

Unfortunately, a potential problem exists in ending the derivation of (a^) at 

equation 6.29. The covariance matrix A may not be diagonal. Blindly applying 

equation 6.29 ignores any information stored in A which is not contained on the 

diagonal. While this approach will still generate fimctional reconstructors, it is not 

the optimal solution. Fortunately, this problem can be remedied by applying a 

unitary transformation to the modes. Since the matrix A is real and symmetric, it 
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can be decomposed into the form 

A = UAU'^, (6.30) 

where U  i s  a  unitaxy matrix and A is diagonal. Using this result, a second new set 

of the operators L5, Lc, and can be created 

Ls <r— LsU, 

Lc <— LcU, 

R^U. (6.31) 

While this operation does not orthogonalize the RiX. functions, it eliminates the 

crosstalk between the Oj's and makes A diagonal. The (a?) are now given by 

(af) = Ai,. (6.32) 

In addition, since U  is unitary, L, is still orthonormal and equations 6.16 and 6.17 

still hold true. 

6.4 Numerical Simulations 

Using the algorithm presented in the previous section, numerical simulations were 

carried out to examine the effectiveness of modal equalization reconstructors. Due 

to the timing of this research, an older version of the AO system geometry was 

used for the simulations. The actuator pattern and WFS configuration presented 

in figure 6.2 are fairly recent modifications to the AO system design. The earlier 

design, on which the simulations are based, had 330 DM actuators and a 13 x 13 

grid of WFS subapertures of which 136 were illuminated enough to be used. The 

layout for this earlier design is shown in figure 6.4. 
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Figure 6.4 The AO geometry used for the reconstructor simulations. The 
small circles show the locations of the 330 DM actuators and the squares mark 
the boundaries of the used portion of the 13 x 13 grid of WFS subapertures. In 
figure (b) the 13 x 13 subaperture grid is combined with the actuator layout. 
In both of these diagrams, the dimensions are projected to the 6.5 m primary 
mirror aperture and the two larger circles indicate the telescope aperture (6.5 m 
diameter) and obscuration (642 cm diameter). 

6.4.1 Finite Element Model 

In order to determine the response of the ASM to a given set of actuator commands, 

a finite element model (FEM) was created using ANSYS. The ASM's convex thin-

shell mirror was modeled with plate elements and the mesh was locally refined 

around the actuators to model the effects of the actuator magnets which are bonded 

to the shell. Including the 330 actuator nodes, the basic mesh of the FEM contained 

5904 nodes. The nodes were distributed approximately uniformly over the surface of 

the mirror with aji average spacing of roughly 7 mm. After local refinement around 

the actuators, the total number of mesh elements was 19144. This model was run 

through ANSYS to determine the natural bending modes for the .A.SM. Because 

there were Na = 330 actuators, 330 unique vibrational modes were determined. 
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The vibrational modes were orthonormal in actuator space within machine precision, 

meaning for i, j = I.. .Na, 

(6.33) 
n=l 

where is(x) is the ith FEM mode, and x„ is the xy-position vector for actuator 

node n. 

One modification had to be applied to the FEM modes before they could be 

input into the reconstniction algorithm. Because the angle of incidence for light 

rays at the secondary varies as a fimction of radius, the optical path difference 

(OPD) created by a displacement of the mirror experiences a gain which depends 

on radius. The correction required to compensate for this effect is given by 

Ri{^) = f{x)F,M, (6.34) 

where the Ri{-x.),i = are the set of phase modes needed to initiate the 

reconstructor calculation, f { x )  is called the OPD gain function, and x  is the mag

nitude of X. The position vector x is assumed to have its origin at the center of the 

aperture. The function f{x) is shown in figure 6.5. It is expressed by the function 

n x )  =  [ c o s  [^ctan + arctan - 7x^1} 

where Vs = 1.7946 m is the nominal radius of curvature of the secondarv*, 

Kc = -1.4091 is its conic constant, L = 9.5935 m is the nominal distance from 

the secondary to the focal plane, and 7 is defined as 

7 = \/r2 - (1 -I- K c )  x ^ .  (6.36) 

After applying the correction /(x), the Ri{x) functions were no longer orthogonal. 

The variation in gain across the DM created a slight coupling of the modes. However, 
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Figure 6.5 The correction factor required to convert DM displacement to 
optical path difference. 

the modes are not required to be orthogonal in order to start the reconstruction 

algorithm. 

Beginning with the set of 330 corrected phase modes, the optimized set of 272 

phase modes and the corresponding turbulence amplitude covariance matrix. A, were 

calculated using the method outlined in the previous section. In order to calculate 

the covariance matrix, the Kolmogorov model for the atmosphere was assumed. The 

phase structure function describing the statistics for this model is given by 

where TQ is the atmospheric coherence length. Figure 6.6 shows the optimized tur

bulence amplitude variances scaled by (D/ro)^^^, where D is the diameter of the 

telescope aperture. In the figure, the modes have been numbered in descending or

der according to the magnitude of {af). This curve looks similar to data presented 

by Noll for a Zemike polynomial mode set.[77] However, the optimized phase modes 

only slightly resemble the Zemike modes. 

Figure 6.7 shows a comparison of the turbulence amplitude variance and the noise 

amplitude variance for an AO scenario with D/tq = 8.125 and A^jfa = 1.51 rad/m. 

(6.37) 
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Figure 6.6 Turbulence amplitude variance for the optimized FEM mode set 
assuming Kolmogorov statistics. In the graph the magnitude of (a^) has been 
normalized by the turbulence strength (D/ro)^^^. 

The value for cTjo/s corresponds to a guide star with a combined magnitude of 12.5 

over the V and R wavelength bands (0.4 /zm ^ A ^ 0.8 /xm). The method for 

calculating (7^fs is given below. Using equations 6.11 and 6.12, gain curves were 

calculated for this scenario. These curves are also shown in figure 6.7. 

6.4.2 Simulation Results 

A first order simulation for natural guide star, closed-loop AO systems was devel

oped to study the expected performance of the least-squares and modal-equalization 

reconstructors discussed above. Atmospheric phase screens were generated with the 

algorithm presented in section 3.4.1. The simulated atmosphere consisted of three 

separate turbulent layers with Kolmogorov power spectra. Temporal evolution was 

modeled by assuming Taylor '^ozen flow" with the three layers propagating at dif

ferent speeds and in different directions. Simulation parameters for the three layers 

are given in table 6.1. The effective Tq and TQ in the telescope's pupil were 0.80 m 

and 36 ms, respectively, at 2.2 fim. At 0.55 ^m these same parameters were 0.15 m 

and 7 ms. These values represent typical conditions at the MMT observatory on Mt. 

Hopkins. Additional parameters for the simulations are given in table 6.2. These 
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Figure 6.7 Example modal gain curves for the optimized phase modes. The 
turbulence amplitude and noise amplitude variances are given in figure (a). 
The solid and dashed curves correspond to the turbulence amplitude (a?) and 
the noise amplitude {Oi), respectively. Typical values of DJtq = 8.125 and 
'^wfs ~ 1 .51 rad/m were chosen for this example. The value for corresponds 
to a star with a V+R magnitude of 12.5. Figures (b) and (c) display the 
corresponding gain curves calculated with equations 6.11 and 6.12, respectively. 
A gain width of it; = 2 was used to calculate the curve in figure (c). 
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layer To (2.2 /im) To (0.55 ^m) wind speed wind direction 

1 2.106 m 0.40 13.4 m/s CO
 0 

2 1.755 m 0.33 6.7 m/s 272° 

3 1.170 m 0.22 3.4 m/s 191° 

effective 0.80 m 0.15 7.0 m/s — 

Table 6.1 Parameters for the simulated atmospheric layers. The observation 
wavelength was 2.2 fim, the WFS wavelength was 0.55 fim, and the inner and 
outer scales for all 3 layers were 1 mm and 100 m, respectively. 

parameters, except for the servo lag, were chosen to match the AO system for the 

new MMT. The servo lag is the time delay from when the WFS measurements are 

taken until the corresponding DM correction is applied. The servo lag is expected 

to be about 1 ms for the MMT AO system. However, since the reconstructors dis

cussed above do not attempt to compensate for the servo lag, the delay was set to 

zero in order to better isolate the performance of the reconstruction algorithms. 

Simulations were run with different guide star magnitudes. The different magni

tudes correspond to different levels of noise in the WFS slope measurements. Using 

the theory developed by Tyler and Fried[100], the WFS centroid uncertainty is given 

by 

where a is the WPS slope sensitivity discussed in chapter 4, L = 0.5 m is the size of 

the WFS subapertures, X^js is the average wavelength used for wave front sensing, uj 

is the fiill-width-at-half-maximum of the spots on the WFS in units of the diffraction 

limited spot size, Xju/afL, and the SNR is calculated using equation 6.5. The WFS 

slope measurement error and the centroid error are related according to 

^wfs ~ ^cen T i (6.39) 
^img 
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value parameter 

3.25 aperture radius in meters 
0.321 obscuration radius in meters 
0.125 pupil sample spacing in meters 
2.2 imaging wavelength in microns 
0.55 Xyjjs, nominal WFS wavelength in microns 
0.9 Ta, atmospheric transmittance 
0.9 Too, AO system transmittance 
0.9 T}, WFS quantum efficiency 
0.8 a, WFS noise sensitivity 
3.0 cTrrH, WFS detector noise in electrons 
0.001 r, WFS integration time in seconds 
1.0 K, AO servo loop gain 
0 AO servo lag time in seconds 
1000 total number of images 

Table 6.2 Additional parameters for the nmnerical simulations. 

where Ximg is the imaging wavelength for which the DM correction is applied. A 

reasonable approximation for w is 

\ L/roi 
u,= { - when r„(A„f,) > L, 

'^)(Au,/s) when ro(A,„/5) < L 

where ro(Au,/s) is the effective atmospheric coherence length at the VVFS wavelength. 

Combining this approximation with the previous two equations creates 

2  T T  O i  ^ w f s  ^  41^ 
min(L,ro(A,„/s)) Ximg SNR' 

where min(-) is an operator which returns the minimum value from its arguments. 

The average number of photons Np detected by each WFS subaperture during the 

WFS integration period was calculated using 

Np = 2.268 X 10^° Ta T^r Arj 10"'"/", (6.42) 
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guide star magnitude (m) 0.0 7.5 10.0 12.5 

o-wfs (rad/m) 0.0040 0.1260 0.4130 1.696 
Np (photons) 4.3e6 4100 410 41 

Table 6.3 WFS slope measurements noise for the guide star magnitudes used 
in the simulations. The nimiber of detected photons per subaperture per WFS 
integration is also listed. These results were calculated with equations 6.41 
and 6.42. In calculating L and A were set equal to 0.5 m and 0.25 m^. 
respectively. The other parameters in the equations were set to the values 
shown in tables 6.2 and 6.1. 

where Ta is the atmospheric transmittance, Too is the transmittance of the telescope's 

AO system, r is the WFS integration time, A is the subaperture area, t] is the 

WFS detector quantum efficiency, and m is the guide star magnitude. The value 

2.268 X 10^° is the number of V band and R band photons per square meter per 

second arriving at the telescope from a magnitude 0 guide star.[122] The resulting 

WFS slope measurement noise for the guide star magnitudes used in the simulations 

a r e  l i s t ed  i n  t ab l e  6 . 3  a l ong  w i th  t he  co r r e spond ing  number  o f  de t ec t ed  p h o t ons  N p .  

For comparison, according to equation 6.4, a sodium LGS which projects 2.5 W of 

power onto the sky would have a magnitude of about 10.5. 

The results from the simulations are shown in table 6.4. These tables list the 

Strehl ratios obtained with the different reconstruction schemes. The Strehl ratios 

shown in the table only describe the effects of fitting error, reconstructor error, 

and measurement noise. Temporal delays in the servo loop, anisoplanatism, and 

other sources of error were not included in the simulations.[81] The listed Strehls 

are probably a little high due to undersampling of the very highest spatial frequency 

turbulence in the simulated phase screens. 

The results from the simulations are very encouraging. As expected, in all cases 

the modal-equalization reconstructors performed as well as or better than the least-

squares baseline. In particular, the performance achieved with modal equalization 
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gtiide star 
magnitude 

m 

detected 
photons 

N, 

least 
squares 

(eq. 6.10) 

modal equalization gtiide star 
magnitude 

m 

detected 
photons 

N, 

least 
squares 

(eq. 6.10) 
ki 

(eq. 6.11) 
k2 (eq. 6.12) 

gtiide star 
magnitude 

m 

detected 
photons 

N, 

least 
squares 

(eq. 6.10) 
ki 

(eq. 6.11) w = I w = 2 u; = 10 

Nm = 272 

0.0 4.3e6 0.772 0.772 0.772 0.772 0.772 
7.5 4100 0.6750 0.728 0.711 0.718 0.7346 

10.0 410 0.250 0.397 0.373 0.383 0.397 

12.5 41 0.003 0.043 0.030 0.035 0.041 

Table 6.4 Simulation results for dififerent reconstruction schemes. The details 
of the simulations are given in the text. 

approach for the magnitude 10 guide star case is about 60% better than the standard 

least-squares reconstructor. This result is reassuring considering the MMT sodium 

LGS should have a magnitude near 10. 

There does not appear to be much difference between the two gain functions 

that were examined. Equation 6.11 generally performed a few percent better than 

equation 6.12 except in the case of u; = 10, where it performed equally well. Due to 

the similarities in the shapes of the two curves, this result was not unexpected. On 

the other hand, the results for the second gain function indicate that the choice of w 

is not all that important, although higher values for w are slightly more preferable 

than small values. This result was unexpected due to the relatively large difference 

between the curves for w = \ and w = 10. 

Further research needs to be done in the area of reconstructor development. 

While the work presented here is a good start, there are other approaches that 

should be studied. One of the current "hot topics" in this area is the application of 

predictive techniques to compensate for the degradation resulting from the temporal 

delay required for the WFS integration and wave front reconstruction steps.[123] 

This approach is on the list of things to do for the MMT system. 
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APPENDIX A 

FINE TUNING THE WFS ALIGNMENT 

A.l WFS Alignment 

A unique feature of the wave front sensor (WFS) for the MMT's adaptive optics 

(AO) system is that the lenslet array was bonded directly to the CCD package. 

The assembly of the WFS was presented in chapter 4. Since the alignment between 

the CCD and lenslet cannot be adjusted after the gluing process, the positioning 

of these components during assembly was critical. A program written in IDL was 

created to assist with the fine tuning of the alignment before the epoxy was applied 

and during the initial phase of the curing process. The algorithms executed by the 

program are described in this appendix. 

The IDL alignment program was used to calculate the lenslet and CCD posi

tioning adjustments required to achieve the first three alignment tolerances listed 

in table 4.1: xy-translation (±5^m), xy-rotation (±0.5°), and z-tilt (±5.0°). The 

effects of these types of alignment errors are demonstrated in figure A.l. The figure 

shows how the alignment errors affect the positions of the lenslet spots on the CCD 

detector. By calculating the positions of the spot centroids, the IDL program was 

able to determine the positioning adjustments required to null out these errors. 
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Figure A.l WFS alignment errors. The figures show how the locations of the 
lenslet spots on the CCD are affected by translation, rotation, and tilt errors 
between the WFS lenslet and CCD. The o's mark the desired locations of the 
spot centroids and the x's mark the locations resulting from the alignment 
errors. 
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Before utilizing the IDL program, the alignment between the lenslet and CCD 

had to be coarsely adjusted so the spot firom each lenslet was contained within its 

respective CCD subaperture. This initial adjustment had to be done in order for 

the results obtained from equation A.l to be meaningful. Coarse alignment was 

not a problem. It was fairly easy to accomplish by visually observing WFS images 

and then adjusting the lenslet and CCD positions. However, since the focused spots 

were smaller than the CCD pixels, the fine tuning of the alignment required the 

assistance of the IDL program. 

The alignment program stcirted by calling a second program which captured CCD 

images and saved them to a file. The IDL program then read these images from 

the file, corrected them for dark frame bias and flat field effects, and calculated the 

average image. The locations of the spot centroids in each of the WFS subapertures 

were then estimated from the average image. For a given subaperture, the centroid 

location was calculated using the formulas 

where (xcVc) is the estimate of the centroid location, (x„,y„) is the position of the 

center of the nth subaperture pixel relative to the center of the CCD image frame. 

In is the ntimber of photon detected by the nth pixel, and Itot is the total number of 

photons detected by the pixels in the subaperture. The summation is carried over 

the 6x6 grid of pixels in the given subaperture. With this data in memory, the 

translation, rotation, and tilt of the lenslet with respect to the CCD pixels were 

calculated, in that order. 

(A.l)  

36 

Itot 
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A.2 Calculating the XY-Translation Error 

Translation was the first, and easiest, alignment error that was determined. Using 

the center of the CCD image array as the origin of the system, the xy-translation 

error was calculated as the average centroid location 

Ax = ^ X c , ,  
i=l 
N 

Ay = Vc, ,  (A.2) 
i=l 

where {xa, y c i )  is the centroid location for the zth subaperture, and N  is the number 

of subapertures used in the calculation. Due to the problem of shadowing by the 

frame transfer mask that was mentioned in chapter 4, not all of the subapertures 

could be used. Once the offsets were calculated and reported to the user, an adjusted 

set of centroid positions was determined 

Xi — Xc — Ax, 

yx = Vc- Ay. (A.3) 

This set of centroid positions was sent to the next program module. 

A.3 Calculating the XY-Rotation Error 

Rotation between the xy-axes of the lenslet and CCD was the second alignment 

error that was determined. The rotation angle was calculated by fitting a least-

squares line to the centroid data for each column and row of WFS subapertures. 

For a column, the line had the form 

y = TTlaX + ba, (A.4) 
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where nia is the slope of the line and 6q is the oflFset. The slope of the line was 

calculated using least squares 

TUa = Ts . (A.O) 

where M is the number of subapertures in the column. Expressions similar to 

equations A.4 and A.5, with the roles of x and y reversed, were used for the rows. 

After calculating the slopes for all the columns and rows, the rotation angle was 

estimated by averaging the arctangents of the least-squares slopes 

a = (arct£m(7nQ)). (A.6) 

Once the angle was calculated and reported to the user, a second adjusted set of 

centroid positions was determined 

X2 = Xi COS(Q:) — yi sin(a!), 

y2 = xisin(Q:)+ yiCOs(Q:), (A.7) 

This set of centroid positions was sent to the next program module. 

A.4 Calculating the Z-tilt Error 

Tilt between the lenslet and CCD was the last alignment error determined by the 

IDL program. This type of error shows up as a "magnification" of the centroid 

location 

= Ix  ̂ 2 ,  

y' = 7yy2, (A.8) 

where (x', y') is the desired location of the spot and 7i and 7j, are the magnifications 

for the X and y directions, respectively. The magnifications were calculated using 



236 

least-squaxes 

Tx — 

7y = 

where N  is the number of subapertures used in the calculation. The z-tilts in the 

xy-directions were then determined from the expressions 

Px = arccos(73:), 

Py = arccos(7j,). (A. 10) 

This result was also reported to the user. 

Unfortunately, the calculation of the /3's was very sensitive for small z-tilts so 

the results of equation A. 10 were not very useful. This problem was believed to be 

caused by small nonuniformities in the manufacture of the lenslet array and CCD 

pixels. Therefore, the alignment procedure with the small aperture presented in 

chapter 4 was used to confirm that the z-tilt alignment tolerance had been met. 

Ell ̂ 2.. < 

f 
n=l y^n Vn 

E36 * „=l y2n J/2„ 
(A.9) 
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