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Abstract 

In order to increase sky coverage, adaptive optics (AO) systems for large telescopes 

will require laser systems to provide artificial reference beacons. The most prominent 

method for creating an artificial beacon is to project laser light tuned to the 589nm, D; line 

of sodium onto the mesospheric sodium atoms at an altitude of 90km. 

When correcting with AO, the best wavefront measurements are obtained when the 

image of the sodium beacon is as bright and sharp as possible. Blurring occurs due to spot 

elongation, as a result of sub-aperture displacement fi-om the projector axis, and from 

diffraction and seeing effects on the projected beam. Mounting the projector in the center 

of the telescope minimizes the effect of elongation. 

Simulations were conducted that show that matching the beam waist to -2 times the 

atmospheric turbulence parameter ro minimizes the beacon size. For ro=15cm and a 48cm 

projector, calculations show the optimum projected waist is 29cm. A prototype projector 

has been built and operated. Recent experiments have shown that this projector is capable 

of producing 0.75arcsec beacons under good seeing. In addition, spot elongation of 

0.5arcec was observed corresponding to a sodium layer thickness of 10km. 

The first experimental evidence for optical pumping in the mesospheric layer were 

obtained. They show a non-thermal profile for the sodium hyperfine structure (3.5:1 line 

ratio as opposed to 5:3) when projecting circularly polarized light. This profile indicates 

that the maximum return per watt is obtained by pumping the F=2 level with a narrow 
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bandwidth compared with pumping both F=2 and F=1 with a broad bandwidth. In 

addition, evidence shows a 30% increase in beacon brightness when pumping the sodium 

layer with circularly polarized light over linear. 

A projector for the 6.5m MMT conversion has been designed based on experience 

gained with the prototype. Analysis of the Strehl reduction due to wavefront 

reconstruction error shows a reduction in Strehl of <1% for the optimal operating 

parameters at the MMT. This less than the fundamental limit of 0.79 for focus 

anisoplanatism. 
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Chapter 1 

Introduction 

1.1 The Challenge 

Our fascination with the heavens is as old as we are. Not satisfied with merely 

listening to its music, we have long sought to understand its workings, and thereby in no 

small measure to understand ourselves. In our drive to understand, we have built ever 

more precise instruments, peeling back the layers of the onion, looking deeper and in 

more detail. Larger telescopes brought greater light gathering power and increased 

resolution, up to a point, and herein lies the rub. 

We live at the bottom of a great ocean, a turbulent sea of air. Thus we are obliged to 

view the heavens through it, and while the effects of this turbulence are aesthetically 

pleasing, in that it adds the twinkle to the stars, adding to the music, it is downright 

maddening to the astronomer. Rays of light from distant astronomical objects are bent or 

refracted from their original path by the atmospheric turbulence, destroying much of the 

information about the fine details of the object of interest. And, as the sea is never still, 

neither is the atmosphere, constantly changing the pattern of distortion. The phenomenon, 

called 'seeing', is very similar to the distortions one sees over a road on a hot day. 

Someone once compared ground based astronomy to bird watching from the bottom of a 

lake. All that information, perfectly preserved in the wavefront as it transits the void for 
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untold eons only to be degraded in the last 30|is. It's enough to drive one to distraction, 

or drinking, or both. 

1.2 The Response 

There are three remedies. The first is to look through as little turbulence as you have 

to. This is done by placing telescopes on the tops mountains, above the thickest part of 

the atmosphere, and the majority of the water vapor. This not only improves seeing, but 

light transmission as well. The Hubble Space Telescope is an extreme example of this. 

While the HST is above the atmosphere completely, its resolution is still somewhat 

limited because of its restricted size. In addition, orbital telescopes are very expensive to 

build and maintain. 

Sites for large telescopes are selected partially on the basis of seeing conditions. 

These conditions vary greatly from site to site due to local sources of turbulence such as 

differential heating and cooling of the surrounding terrain and the disrupting effect of 

trees and landforms on the wind. Wind cannot be avoided, however smooth laminar flow 

is much preferred over disrupted, swirling conditions. 

The experiments discussed in this dissertation were conducted at the Multiple Mirror 

Telescope (MMT) located on Mt. Hopkins in Southern Arizona at an elevation of just 

over 8,000ft. The telescope is located on the very peak of the mountain. The prevailing 

winds are fi-om the west, and, since there are no tall mountains in that direction, the winds 

are usually quite uniform and laminar, leading to very good seeing. 
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The second remedy for reducing the effects of turbulence is to observe in longer 

wavelengths. As we shall see in the next chapter, the effects of turbulence go as the 

wavelength to the -6/5ths power This means that longer wavelengths are less 

affected by turbulence than shorter ones. While increasing the observation wavelength 

decreases the diffraction-limited resolution of the telescope (linearly with wavelength), 

uncorrected, large telescopes are nearly always seeing limited. As an example, the 

diffraction limit for a single 1.8m mirror on the MMT in the visible is --0.06arcsec. 

whereas good seeing at the MMT produces resolution around 0.4arcsec, nearly an order 

of magnitude greater. 

The third remedy is to correct for whatever atmospheric distortion is left. This can 

either be done by post-processing techniques, known as speckle imaging, or in real time, 

known as adaptive optics. Speckle imaging is an established technique capable of 

extracting diffraction limited data after the fact from 'specklegrams' (Labeyrie, 1970; 

Knox, 1976; Jefferies, Christou 1993). The drawback to speckle imaging is the need for 

very short exposures in order to freeze the speckle pattern. This means that the object of 

interest must be sufficiently bright to provide an adequate signal to noise ratio (SNR). 

This eliminates many interesting objects because they are far too dim. To view these 

objects requires real time correction. 
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1.2.1 Adaptive Optics Overview 

Horace W. Babcock in 1953 (Babcock, 1953, 1958, 1990, 1992; Hardy 1991) first 

proposed adaptive optics. Not much was done in the astronomical community until the 

mid-1970's when Buffington and his collaborators (Buffington et al 1977a, b) and Hardy 

(Hardy 1978, 1980, 1987; Hardy et al 1977) made some initial attempts at adaptive 

instruments (Beckers. 1993). Since then the revolution in computing power, and the 

development of fast, efficient detectors has made real time correction with adaptive 

systems practical. 

The basic idea has not changed much since 1953 (figure 1.1). An adaptive optics 

system measures the errors in the incoming wavefront from a reference source, such as a 

bright star, with a wavefront sensor. This information is then processed by a control 

computer, which then sends instructions to the adaptive mirror(s). These mirrors then 

introduce the exact opposite error thus correcting the wavefront. Since the atmosphere is 

not stable, corrections must be made within the coherence time of the atmosphere to-

These values typically run between 4nis for the visible to 30ms for the near infrared 

(Colluci, 1993). As with speckle imaging, the measurement of the reference wavefront 

must be on very short time scales in order to 'freeze' the atmosphere. However, unlike 

speckle imaging, the reference source need not be the science object since correcting for 

the wavefront of the reference source will also correct the wavefront for nearby objects. 

As the angle between the reference source and the science object becomes larger, the 

correction becomes less effective (figure 2.1). The isoplanatic angle, 0o, is defined as that 
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Figure 1.1 Schematic of a generic adaptive optics system. The Fast Steering Mirror 
corrects for overall tilt while the Deformable Mirror corrects for high spatial 
frequency wavefront distortions. The beamsplitter is typically a dichroic that sends 
one wavelength band to the wavefront sensor and another to the science camera 
(corrected image), (adapted from Colucci, 1993) 

angle at which the residual mean square phase error in the wavefront is Irad^. This angle 

runs approximately 20 - SOarcsec for observations at 2.2^m at the MMT. This angle 

restriction limits the area of the sky, known as the isoplanatic patch, that can be covered 

by a reference star. 

Unfortunately, there are not enough bright stars suitable as reference sources to cover 

all the objects of interest (Roddier, 1995; Lena, 1996; Brandl et al 1996). There is, 

therefore, a need to create an artificial star that can be placed within the isoplanatic patch 
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Figure 1.2 A diagrammatic representation of the generation of a sodium laser guide 
star (adapted from Jeys, 1991) 

of the object of interest. The use of lasers has been proposed in the past to create such an 

artificial beacon (Happer, MacDonald 1983; Foy and Labeyrie 1985). 

There are two basic approaches to doing this. The first involves using the light from 

the Rayleigh backscatter of a powerful laser at the top end of the Rayleigh column at 

about 10 - 15km. This backscatter is the same effect that causes searchlights to be visible 

when they are pointed into the sky. The wavefront sensor requires a finite object for 

centroid determination. So, in order to use this technique a sophisticated gating system 

must be used. The laser must be chopped, and the shutter must be timed so that the 

camera observes the pulse of light as it passes through the 15km altitude. Thus the 



Figure 1.3 Photographs of a sodium laser beam produced at the MMT. The 
photograph on the left shows the Rayleigh column and some of the MMT's structure 
in the foreground. The photograph on the right was taken with an 8inch telescope and 
shows the end of the Rayleigh column (I0-I5km) with the sodium beacon (~90km) at 
the top of the picture. The bright flare on the Rayleigh column is the result of thin 
cirrus clouds greatly increasing the Rayleigh scattering, (photographs by Don 
McCarthy). 

camera will see a finite source as opposed to a continuous column. This technique has 

been successfully employed within the U.S. DoD (Fugate et al., 1991; Primmerman et al.. 

1991). The facility at the Starfire Optical Range (SOR) in Albuquerque, NM uses a 

copper vapor laser that is projected out of the telescope itself in a time sharing 

arrangement with the science camera. Due to its size and complexity, the entire system is 

located in a large Coude room with an adjoining laser room. As is discussed in the next 

chapter, the principal drawback to this method is that it does not sample higher altitude 
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turbulence as well as a more distant beacon would. In fact, it does not sample any 

turbulence above the beacon itself (15k.m) at all. 

The second method was proposed by Happer and MacDonald (1983), and Foy and 

Labeyrie (1985). It involves utilizing resonant scattering firom a layer of mesospheric 

sodium atoms. This layer is 10 - 15km thick with an average altitude of -95km 

(Simonich et al., 1979). By projecting a laser, tuned to the Di transition of sodium 

(589.0nm), onto this mesospheric layer, resonant scattering can be induced, and an 

artificial beacon created (figure 1.2, 1.3). This beacon is over six times as high as the one 

produced by the Rayleigh column, and does not require any range gating. Such a system 

has been tested at SOR by Fugate, Kibblewhite (1992), Olivier et al. (1995), and as an 

ongoing project by the Center for Astronomical Adaptive Optics (CAAO) at Mt. Hopkins 

(Jacobsen, Angel, 1997; Groesbeck et al, 1996; Lloyd-Hart et al, 1995, Jacobsen et al.. 

1994). In addition, a sodium guide star system is being installed at the Keck Observatory 

(Friedman et al., 1997). 

The projection system used to produce such a guide star is non-trivial. Small spot 

sizes and the maximum possible beacon brightness are essential to the quality of 

correction that can be provided. Laser wavefront quality degradations due to errors in the 

optics or alignment must be kept to a minimum. In addition, the laser profile should be 

matched to the optimum waist size for the prevailing atmospheric conditions. The 

polarization state needs to be controlled as does the image location and pupil filling. For 

large telescopes, the placement of the projector with respect to the rest of the telescope is 
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also key since it effects the apparent spot size. The whole package should be as 

automated and as maintenance free as possible. 

The work presented here was done in close association and cooperation with a large 

team of researchers. Oftentimes the MMT staff was nearly overwhelmed by the shear 

numbers of people and equipment needed for the early AO runs. However, since this is a 

dissertation, I feel that I should delineate my part in the larger picture. 

My primary work has been with the concept, design, installation, maintenance and 

operation of the laser projector. While much, though not all, of the mechanical design and 

fabrication was done by the Steward support staff, I have been responsible for the 

ultimate design. As a part of this responsibility, I have been intimately involved in the 

early laser work, including the optical pumping and sodium return measurements 

presented in chapter 2. In addition, the calculations presented in chapter 4, and the 

numerical simulations presented in chapter 5 were part of my work, as was the 6.5m 

system design presented in chapter 6. Finally I have been responsible for the concept, 

design, fabrication and operation of the Co-Focal Box. 

Though I have been generally involved in the operation of the FASTRAC II system 

as a resident optical engineer/gopher, it has not been part of my main responsibility. The 

specifications are provided in chapter 3 for background only. 
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1.3 Organization Overview 

This dissertation will detail the concept, development, and prototype development 

and performance of a sodium laser projection system developed for the 6.5m telescope 

destined to replace the current MMT. What follows is a brief overview of the 

organization of the rest of the document. 

Chapter 2 deals with atmospheric turbulence, and the Kolmogorov statistical 

formulation used to model the atmosphere as well as measurements of the optical 

pumping effect, and the sodium column density measurements. These measurements 

relate sodium column density and output laser power to the strength of the beacon 

produced. Chapter 3 covers generic adaptive optics systems and specific implementation 

at the MMT. 

Chapter 4 covers the tradeoffs between side mount and center mount projector 

designs. Chapter 5 details numerical simulations that were conducted to determine the 

effects of projected beam profile on wavefront performance. The results of the 

simulations yield an optimal profile for the prevailing conditions at the MMT. 

Chapter 6 covers plans for the proposed system to be built for the 6.5m telescope 

adaptive optics system. Design of this system was based on physical constraints of the 

telescope and building, considerations presented in earlier chapters, as well as several 

years of experience with a similar prototype in use at the current MMT. 

The first part of Chapter 7 covers early laser experiments, and early projector designs. 

The remainder of the chapter covers the existing prototype design. This prototype is a 
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working projector that has provided invaluable experience in projector design and 

operations, as well as its primary task of providing a sodium beacon for the FASTRACII 

adaptive optics system. 

Finally, Chapter 8 presents recent results from the latest laser experiments at the 

telescope. These results report on the production of a sub-arcsecond beacon, initial 

verification of some of the numerical results covered in Chapter 5, and observational 

verification of the spot elongation calculations covered in Chapter 4. 
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Chapter 2 

Atmospheric Turbulence and Mesospheric Sodium 

2.1 Introduction 

Of central concern to those involved with adaptive optics is the characterization of 

atmospheric turbulence, and by extension, its effects on passing electromagnetic 

radiation. If we are to make useful predictions about the performance of adaptive optics 

systems, or if we are to model our systems using computer simulations, we must have a 

model of the effects of turbulence on incoming wavefronts. In 1954 Kolmogorov (1954) 

developed such a model that described random velocity variations as a function of 

separation in a homogenous media. Tatarski (1961) later expanded upon this work. 

This chapter will outline the formalization of Kolmogorov statistics that form the 

basis of the numerical simulations presented in Chapter 5. While no model is perfect, the 

Kolmogorov model is the one most commonly used in modeling turbulence for 

astronomical sites since it best matches observed data. In addition, this chapter will 

discuss the mesospheric sodium layer. Experimental evidence will be shown for the 

effects of optical pumping with circularly polarized light. Lastly return data will be 

presented establishing the relationship between projected power, return flux and sodium 

column density. 
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2.2 Kolmogorov Theory 

Atmospheric turbulence is the result of wind. As the wind velocity increases is pushes 

the Reynolds number of the air beyond the critical point, and the even, lanunar flow 

breaks down. This breakdown forms large eddies in the air. The size of these largest of 

eddies is known as the 'outer scale' Lo (Kolmogorov, 1954), typically from I to 100m. 

Energy is passed down from these largest eddies through progressively smaller ones. The 

lower limit on the eddy sizes, known as the 'inner scale' lo, is typically a few millimeters. 

It is at this point that the Reynolds number decreases sufficiently so that the energy can 

be dissipated as heat energy. The Reynolds number is given by: 

V • 1 
R e = —  ( 2 . 1 )  

V 

where v is the wind velocity, 1 is the eddy size, in this case lo, and v is the kinetic 

viscosity (-1.5x10'^mVs) (Dai, I995)(Ryan, 1996). 

This description of turbulence, and the subsequent statistics, depends on two basic 

assumptions. First, that the turbulence is locally homogeneous. That is to say that the 

statistical variation of the turbulence does not vary with a change in location. Second, that 

the turbulence is isotropic. That is to say that the statistical variation of the turbulence 

does not vary with a change in direction. To put it another way, there is no preferred 

direction. 

In reality, prevailing seeing conditions are very site specific. The presence of trees or 

large landforms can cause local effects that break the two previous assumptions. 
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Differential heating or cooling of the surrounding terrain and vegetation, as well as 

turbulence caused by the dome itself can all add to the local seeing. However, major 

astronomical sites are selected so as to minimize these local effects. At such sites, such as 

the MMT site, the seeing is good and the turbulence follows Kolmogorov statistics fairly 

closely. 

Turbulent mixing of air at different temperatures gives rise to variations in the index 

of refraction. It is these variations that distort the wavefronts passing through the 

turbulent layer. The Kolmogorov model describes the statistical variation of the index of 

refraction in the atmosphere in terms of a structure constant Cn. 

Cn is a function of altitude and depends on the particular conditions at hand. It is 

given by the rms index difference between two separated points. As such it is a measure 

of the strength of the turbulence. The stronger the turbulence, the greater the index 

variations between points, and the larger the magnitude of C„ will be. 

There have been some attempts at creating a predictive model of Cn" such as the 

Hufnagel-Valley model (Valley and Wandzura, 1979). However, in reality Q" varies 

considerably with geographic location and time. It can vary quite dramatically over the 

span of a single evening. Thus any model can only hope to provide a general 

characterization of a particular site. 

There are three other parameters used to describe atmospheric turbulence that are of 

interest to this discussion. These are ro, 0o and to. 
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Expanding on the early work of Kolmogorov and Tatarski, Fried (1966) showed that 

the psf can be expressed in terms of a structure function, D((„ defined as the mean square 

difference in phase between two points separated by a distance r as follows: 

5 

where X is the wavelength, ^ is the zenith angle, and h is the altitude. 

The spatial coherence length, ro is approximately equal to the diameter of an aperture 

in tip/tilt (which gives rise to image motion), with a smaller portion in higher-order errors 

As discussed in chapter 1, when the reference source and the science object are 

displaced from one another by an angle 9 then the wavefront distortions on the two 

wavefronts vary, known as tilt anisoplanatism. Figure 2.1 gives a diagrammatic 

representation of the effect. Figure 2.2 show measurements of the effect of angular 

separation at the MMT on the Strehl ratio for operation in laser guide star mode. 

Correcting the reference wavefront leads to a residual mean square error, 5e, in the 

science object wavefront. The angle at which 69 = Irad^ is known as the isoplanatic angle 

00 (Fried, 1982). This angle 0o is given by; 

(2.2) 

The spatial coherence length, ro, depends on Q" as follows: 

(2.3) 

over which the mean square wavefront error is approximately Irad". Most of this error is 

00 =0.314-^ 
" H 

(2.4) 
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Figure 2-1 This figure is a diagrammatic representation of the effect of angle on 
wavefront distortion, tilt anisoplanatism. The wavefront from the reference star on the 
left passes through a different portion of the turbulent layer than does the wavefront 
from the science object, on the right. This leads to different aberrations of the two 
wavefronts. This effect is a function of the height of the turbulence h that is embodied 
in the effective height term H, and the overall strength of the turbulence given by tq. 
The larger the effective height H, the smaller the isoplanatic angle. 

where H is the effective turbulence height and is given by: 

Jc5 dh 
(2.5) 

Given this, 8e can be given as: 

(2.6) 
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Figure 2.2 This figure shows the measurement at the MMT of the image degradation 
due to separation of the reference star fi"om the science object at 2.2p.m in laser guide 
star mode. The two curves are for the two correction modes. The straight lines 
represent the theoretical and the other lines the measures. The bottom axis gives the 
separation in arcseconds, the left axis gives the wavefront tilt in diffraction limited 
image widths, and the top axis gives the degradation in strehl for a long image 
exposure. (Lloyd-Hart, Jacobsen, Angel, Dekany, Carter, Wild, Kibblewhite, Beletic. 
1994) 

The final quantity, to, is a measure of the temporal variation of the wavefront. It is the 

time over which the wavefront distortion is essentially frozen. The temporal coherence 

parameter is related in a complex way to the wind speed, but can be approximated by the 

expression; 

to =0J14— (2.7) 
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where: 

V, wind ~ (2.8) 
Jc^dh 

\  ̂ J 

where v is the wind velocity as a function of altitude (Greenwood and Fried, 1976). 

Typical values for to in the visible are approximately 4nis (Parenti 1992a,b; Parenti and 

Sasiela, 1993). For an ro of 15cm, average for the MMT, we obtain a value for the 

effective wind of Vwind = 12m/s. This value, however, is quite variable. 

Easily derived fi-om the temporal coherence parameter is the Greenwood frequency 

fc. It is the rate at which an adaptive optics system must operate in order to freeze the 

wavefront on each update cycle. It is given by: 

f G = l / t o  ( 2 . 9 )  

(Greenwood, 1977). 

Since the 0o, and to both go as ro all three are dependent on This means that the 

effects of turbulence decrease with increasing wavelength, making the adaptive 

correction more effective. 

Artificial beacons can be placed co-axially with the science object, and therefore are 

not affected by the isoplanatic angle. However, there arises a different source of residual 

wavefront error when using an artificial beacon. This error, known as focus 

anisoplanatism, is the result of the finite height of the beacon and is a fundamental limit 

to the performance of a single laser beacon system. As with the isoplanatic angle, the 

turbulence sampled by the beacon is not identical to the turbulence sampled by the 

science object (figure 2.3). The severity of focus anisoplanatism varies with the beacon 
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Figure 2.3 Diagrammatic representation of focus anisoplanatism. The amount of the 
mismatch is related to the beacon height, the altitude and strength of the turbulent 
layers, and the size of the telescope. 

height, the turbulence height, and the size of the telescope. The tilt removed rms phase 

error can be written: 

.cone _ 

y d ,  J  
(2.10) 

where D is the telescope diameter and do is a parameter that depends on the strength and 

structure of the turbulence, scales linearly with beacon height, and scales with For a 

wavelength of A, = 0.5|im, turbulence models used by the defense community predict do 
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~ I m for a beacon height of 10-15km and do = 4-5m for h = 90km, other models predict a 

do = 2.3 - 2.7m for h = 90km (Sandler et al. 1994). For an observation wavelength of 

A.=2.2^im resulting in do = 15.6m (do = 3.2m for X = 0.5|j.m) and D = 6.5m we obtain 

(cy0'^°"^)"=O.23rad". Since the Strehl ratio can be written (Sandler 1994): 

S0=exp(-aj) (2.11) 

We obtain a Strehl ratio of = 0.79. This is a fundamental limit to the performance 

of the sodium laser guide star. 

2.3 Mesospheric Sodium Phvsics 

It is widely agreed that the major source of sodium in the upper atmosphere is due to 

meteoric deposition (Gadsen, 1969; Hunten, 1981; Clemesha 1981), although atomic 

sodium can be deposited in the upper atmosphere by the solar wind (Happer et al., 1994). 

The existence of this layer has been known since the I920's with emission lines 

published by Slipher in 1933 (Slipher, 1933). Since then the layer has been studied with 

ever improving techniques (Blamont and Donahue, 1961; Albano et al., 1970; Bownam 

et al., 1969; Gibson and Sandford, 1971; Hernandez, 1975; Partowmah and Roesler, 

1977), with lidar now providing the most accurate data. Studies by Simonich (1979) 

indicate that the sodium layer varies in altitude seasonally between 92 and 96km, with a 

half density width of between 10 and 15km, and a peak density between 3 and 6xl0Vcm'. 

The layer density varies on a seasonal basis, as well as daily and hourly (Papen et al., 

1996). 
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Figure 2.4 A diagrammatic representation of the ground and first two excited states of 
the sodium valence electron. The 'F' values are the total angular momentum quantum 
number. (Jeys, 1991) 

The temperature of the sodium is (Ge, et al., 1997; Happer et al., 1994): 

T = 215±15K (2.12) 

2.3.1 Sodium Excitation 

Sodium has 11 electrons, one valence electron, and 10 bound electrons. The ground 

state is the 3"Si/2 state. This state is split into two levels separated by an energy gap of 
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Figure 2.5 This is a diagrammatic representation of the Zeeman sub-levels of the 
ground state and the second excited state, and the effects of optical pumping with 
right- hand circularly polarized light. The transition on the right represents the trapped 
state for excitation with circularly polarized light since decay to the lower ground state 
is forbidden. The transitions shown with the solid lines indicate some of the allowed 
transitions that lead to trapped state. Dashed lines indicate other allowed transitions 
that either proceed away from the trapped state, or terminate in the F = 1 hyperfme 
level and are lost to further pumping (adapted from Happer, 1994) 

1.772GHz (Arimondo et al., 1977) (figure 2.4). The first two excited states are the 3"Pi/2 

state and the 3^P3/2 state. Transitions to these two levels give rise to the Di and Do 

transitions respectively. Hyperfine splitting of these levels is shown in figure 2.4 (Jeys. 

1991). 

Happer (1994) calculates the mean time between collisions of a sodium atom and an 

atmospheric particle at 140|is. This time is substantially longer than the 16ns decay time 

of an atom in the D2 excited state. This means that the vast majority of atoms will decay, 

emitting a photon, prior to a collision in which the energy would be dissipated thermally. 
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Figure 2.6 Intensity of resonant back scattering versus frequency. The circles indicate 
actual data. The lines indicate best-fit gaussian profiles for the two resonant lines with 
the constraint that the widths of the two profiles be equal. When this constraint is 
removed, the best fit gives two widths which vary by - 6%. The left peak is the F = 2 
absorption profile and the right peak is the F = 1 profile. (Jacobsen et al. 1994) 

The 16ns decay time leads to a lOMHz homogeneous broadening of the absorption 

profile, while the 215K temperature (2.12) leads to a further inhomogeneous broadening 

of 1.07GHz 

For the highest efficiency, lasers are tuned to the transition between the F = 2 

hyperfine ground state and the level. This is done because there are five angular 

momentum states in this level as opposed to three states in the F = 1 hyperfine level, with 

the corresponding increase in population (figure 2.5). However, when the electron 

decays, emitting a photon in the process, some of the electrons decay to the F = 1 level. 

These atoms are then effectively lost to further pumping (Jeys, 1991). 

However, there exists two Zeeman sub-levels (M = +3, M = -3) of the F = 3 hyperfine 

level for which there is no allowed transition to the F = 1 hyperfine level of the ground 
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State (figure 2.5). Due to conservation of angular momentum, absorption and emission of 

photons requires a shift of AM = +- 1 or 0 depending on whether the photon is right hand 

or left hand circularly or linearly polarized respectively. In figure 2.5 this would 

correspond to a shift of one column right or left or a transition straight down. 

Spontaneous photon emission is random in its polarization, therefore has no tendency to 

move the electrons toward either extreme. Similarly, linearly polarized causes transitions 

within the same column and therefore has no tendency to move the electrons toward 

either of the extreme Zeeman sub-levels. 

However, if the sodium layer is illuminated with right hand circularly polarized light 

all of the absorption transitions will cause AM = 1. This will cause the electrons to 

migrate to the M = 3 Zeeman sub-level. Once in this state the electron is "trapped" 

repeatedly transitioning between the F = 3, M = 3 excited state, and the F = 2, M = 2 

ground state. Left hand circularly polarized light causes the same effect but in the other 

"direction". There is no "trapped" state for the F = 1 level. 

Experimental observations have shown that the projection of circularly polarized light 

produces a -30% increase in beacon brightness over linearly polarized light (Jacobsen et 

al., 1994; Ge, Angel, Jacobsen, Roberts, Martinez, Livingston, McLeod, Lloyd-Hart. 

McGuire, Noyes, 1997; Morris, 1994; Milonni et al., 1997; Jelonek et al., 1994). 

In addition, we have obtained return strength profiles fi-om the sodium for the two 

ground state hyperfme levels when pumped with circularly polarized light. The results of 

this scan are shown in figure 2.6. The profile shows the two hyperfine structure lines of 

the D2 line, thermally broadened by atomic motion at the 95km altitude of the sodium 
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layer. A FWHM of the profiles of I.26GHz indicates an atmospheric temperature of 

264K. This is somewhat larger than the nominal 215K (2.12). However, a small increase 

in altitude or variation in atmospheric conditions at the sodium layer can result in 

significant temperature increase (Whipple, 1954). The effects of the pumping with 

circularly polarized light are evident in the line intensity ratio of 3.5:1, clearly a larger 

ratio than the 5:3 expected for atoms in thermal equilibrium (Jacobsen et al., 1994). To 

my knowledge, this result is the first in which the non-thermal spectral profile due to 

optical pumping has been measured in a sodium laser beacon. 

2.3.2 Sodium Return Measurements 

The density of sodium atoms, and the relationship between sodium density, output 

power, and beacon brightness, is of interest when designing a laser beacon system. 

Variations in the density of the sodium layer will translate directly into variations in the 

brightness of the beacon. This then translates into variations in the quality of the 

correction that can be obtained. 

The measured average sodium density taken at the McMath solar telescope located on 

ECitt Peak, Arizona was 3.7xlO'cm^, with individual measurements as high as lOxlO'cm" 

(Ge et al., 1997). This annual mean is lower than those reported for higher latitudes 

(Magie et al., 1978; Papen et al., 1996) and confirms the latitude related trends reported 

by Hunten (1966). 
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Figure 2.7 Absolute flux of the return from the sodium beacon per watt projected 
power as a function of sodium column density for circularly polarized light as 
measured in the spring of 1997 at the MMT. (Ge et al., 1997) 

In order to determine the relationship between sodium density, output power, and 

beacon brightness, it was necessary to measure all three simultaneously. This was done in 

the spring of 1997 and again in September of 1997 at Mt. Hopkins. These measurements 

were conducted by a team from CAAO and the Center for Astrophysics utilizing the laser 

system and projector at the MMT and the spectrograph at the 60" telescope also on Mt. 

Hopkins. The procedure involved carefiilly measuring the output power, and then 

imaging the sodium beacon and an SAO standard star through an R filter, providing for 

an absolute calibration of the beacon brightness. Simultaneous with these measurements, 

the echelle spectrograph located at the 60" telescope (also on Mt Hopkins, about I mile 

from the MMT) was used to determine the sodium column density by observing a star 
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and looking at the strength of the sodium D2 absorption line. The star used by the 60" 

telescope, and the standard star used to calibrate the beacon brightness were selected to 

be in the same area of the sky. The end result was an absolute flux of 8.4x10^ 

photons/s/m"AV for circularly polarized light at the mean abundance of 3.7xI0^cm"'. 

Figure 2.7 shows the results of the measurements in the spring as a function of sodium 

abundance. The laser projector used in these measurements was the 6.5m prototype 

currently installed on the MMT, and will be described in chapter 7. 
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Chapter 3 

Adaptive Optics and the Proposed MMT System 

3.1 General Adaptive Optics 

Adaptive optics systems require a means of sensing the wavefront errors, and a means 

of correcting these errors. The latter is typically done through the use of a deformable 

mirror placed at or near a pupil. This type of mirror consists of a thin, reflective, glass flat 

with actuators attached to the back surface. Driving the actuators has the effect of 

changing the surface shape of the mirror, thus correcting the reflected wavefront. 

Correction can also be done through the use of a segmented mirror, where each of the 

segments is a rigid piece with independent tip/tilt (and sometimes piston) motion (figure 

3.1). 

There are a number of means of detecting the wavefront, from direct detection via an 

interferometer (Colluci, 1993), to an estimation of the wavefront through the use of a 

Shack-Hartmann wavefront sensor (Shack and Piatt, 1971). The Shack-Hartmann sensor 

planned for the 6.5m MMT system consists of an array of lenslets placed at an image of 

the deformable mirror, with each lenslet precisely centered on a quadrant detector 

(typically in a CCD array) (figure 3.2). The lenslets are typically made from plastic or 

epoxy, stamped from a precise master, and mounted in a rectangular array (to match the 

CCD array), on a glass substrate. The lenslets for the 6.5m AO system will be 96|j.m in 
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Figure 3.1 A diagrammatic representation of an adaptive optics system using a 
sodium laser guide star. The laser is projected along the telescope axis onto the science 
object. The deformable mirror can be a separate entity, or can be an adaptive 
secondary as in the case of the 6.5m MMT system. The light is split among the 
cameras by dichroics. The science object is imaged on the science camera, the 
reference star on the global tilt sensor, and the laser beacon on the Shack-Hartmann 
sensor, (adapted from Sandler et al., 1994) 

diameter with a focal length of 1.4mm. Each lenslet covers a particular portion, or sub-

aperture, of the wavefront. A point source (such as a star) is then imaged through the 

system onto the detector. Each lenslet produces its own image of the reference star onto 

its quad cell. By determining the displacement of the centroid of the reference source 
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Figure 3.2 A schematic diagram of a Shack-Hartmann slope sensor. 

from the center of the quad cell the slope of the wavefront across that lenslet can be 

determined. A simple method for this, and the one that is used with the FASTTRAC II 

system at the MMT, is to take the difference in counts between the two halves of the quad 

cell, divide by the total number of counts and multiply by a gain factor. This can be 

written: 

I 1 - I 2  S v = G  (3.1) 

where S* is the slope in one direction, G is the gain factor, and Ii and I2 are the total 

counts in each half of the quad cell respectively. The slope is simultaneously determined 

for two orthogonal axes. With the slope determined across each sub-aperture the entire 

wavefront can be estimated. Once the waveft-ont has been determined the deformable 

mirror can be altered to correct the wavefront. 

A general limitation of using artificial beacons for correction is that they are 

insensitive to the lowest order aberration, that which is responsible for global image 

motion or global tilt. Natural stars are, of course, fixed. Therefore, any global motion of 



Figure 3.3 A photograph of the MMT in its current configuration, (photograph 
courtesy of the MMT Observatory). 

the image is in fact due to the atmosphere. Artificial beacons, however, are not fixed and 

in fact have a real motion relative to the telescope. This motion is primarily due to 

atmospheric turbulence in the up-going beam, but can also be related to projector 

vibration caused by wind in the chamber, or dome turbulence within the projector itself. 

The global motion caused by these factors then adds to the global motion of the image 

caused by turbulence in the down-going wavefront. Thus the global tilt information of 

interest, that which is caused by the turbulence in the down-going wavefront, cannot be 

extracted from the global motion of the artificial beacon image. Obtaining this 

information requires the use of a natural reference star, imaged onto a single quadrant 

detector. Since the light from the reference star is not parsed into many sub-apertures, but 
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rather kept in a single image, much dimmer stars can be used. This greatly increases the 

amount of sky coverage available to correction through adaptive optics. 

3.2 Adaptive Optics Implementation at the MMT 

The current MMT is an array of six individual 1.8m telescopes mounted on a single 

Optical Support Structure (OSS) on an azimuth/elevation mount (figure 3.3). The light 

from each telescope is directed into the center where a mirrored six-sided beam combiner 

directs the light to a single image plane. In early 1998, the six mirrors of the current 

MMT will be replaced by a single 6.5m mirror now in the final polishing stages at the 

Steward Observatory Mirror Lab (figure 3.4). 

A major effort at the CAAO is currently underway to design and build a practical, 

reliable AO system for the 6.5m telescope (figure 3.5). This system will be designed to 

operate in the 1.5 - 5|im wavelength band. Thermal emissions of reflective surfaces in 

this wavelength band, adding to the noise on the science camera, have made the reduction 

of the thermal background an important design consideration. For this reason, the system 

will incorporate the secondary mirror as the adaptive mirror. This will eliminate the need 

for the re-imaging optics used in conventional AO systems to image the pupil onto a 

separate adaptive mirror. This will result in a reduction in the total number of reflections 

between the sky and the science camera by up to 5-7 reflections or more, yielding a 

substantial reduction thermal background. If we assume ten surfaces for a conventional 

AO system (sky, primary, secondary, adaptive mirror, dewar window, and five relay and 
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Figure 3.4 A photograph of the 6.5m mirror destined for the MMT conversion 
suspended vertically awaiting a move to the polishing chamber, (photograph courtesy 
of the Steward Observatory Mirror Lab). 

re-imaging mirrors), each with approximately the same thermal emissions, then the 6.5m 

system, with its four surfaces (sky, primary, adaptive secondary, dewar window), has a 

thermal emission that is reduced by a factor of 2.5 (10/4). This is the equivalent reduction 

of 1 Magnitude/arcsec". The adaptive secondary will be a thin (~2mm) shell driven firom 
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Figure 3.5 Schematic view of the 6.5m telescope with integral adaptive optics 
systems. After reflection fi"om the primary mirror, wavefront aberration is corrected at 
the secondary. Infi'ared light passes immediately into the science camera dewar 
through a dichroic beamsplitter which also sends visible light from the laser beacon 
into the wavefront sensing portion of the instrument in the "top box". Infrared light 
from a field star is used to sense overall wavefront tilt, using a quad cell mounted in 
the dewar with the science camera. The laser projector can be seen on the left side of 
the telescope, and mounted behind the secondary. (Shelton, 1997) 
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Figure 3.6 Schematic view of the FASTRAC EI Cassegrain instrument for the current 
MMT. After correction at the adaptive beam combiner, infrared light is brought 
straight into the science dewar to a NICMOS3 array, while visible light is reflected 
upward to the wavefiront sensing portion of the instrument. Laser light is reflected to 
the wavefiront sensor; light from natural field stars is sent via a steerable mirror to the 
global tilt sensor. (Lloyd-Hart et al., 1997) 

behind by 300 voice coil actuators (150 sub-apertures). This system will make use of a 

sodium laser projection system, and will be mounted at the Cassegrain focus of the 

telescope. 

In order to gain experience, and test concepts and components a prototype adaptive 

optics system was constructed for the current MMT (figure 3.6). This system, known as 

the FASTTRAC II system, mounts at the Cassegrain focus of the MMT, and uses an 
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Figure 3.7 A photograph of the adaptive beam combiner used with the 
FASTTRAC 11 system. 

adaptive beam combiner (instead of an adaptive secondary) to provide correction (figure 

3.7) with 6 sub-apertures, one for each mirror. Each facet of the beam combiner provides 

tip/tilt correction for the wavefront coming from its respective telescope (figure 3.6). 

From the beam combiner the light falls on a dichroic window that reflects light from 

450nm to 900nm, and passes light from l.Ium to 2.5}i,m. The dichroic also serves as the 

window to the dewar for the science camera. As with the planned 6.5m system, there are 

no additional optics needed to perform adaptive correction between the science camera 

and the sky, keeping the thermal background to a minimum. 

Above the dewar dichroic is set of transfer lenses that re-image the pupil onto another 

dichroic. During laser operations this dichroic directs a narrow band (<30nm) centered on 

589nm into the Shack-Hartmann wavefront sensor. The rest of the light is directed into 
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Figure 3.8 Diagram of the global tilt sensor pick-off prism. The field from the 
telescope is imaged at the prism position. The steering mirror (located off the top of 
the diagram) is used to place the global tilt star on the prism where it is reflected into 
the global tilt sensor. The rest of the field is imaged on to a wide field visible camera. 

the global tilt arm. During natural star operations the pupil dichroic is replaced with a 

mirror, or a 50/50 beam-splitter as necessary. 

A field lens is located halfway down the global tilt arm at an image plane. In the 

center of the lens is a 3mm right angle prism (figure 3.8). The hypotenuse of this prism is 

coated with a protected silver coating (FSS-99 from Denton). The prism was precisely 

positioned and then glued in place with UV curing glue. During laser operations a 

motorized mirror places the global tilt reference star on the prism. The light is then 

reflected out of the main arm and into the global tilt sensor. The rest of the field continues 

down the arm and is imaged onto a wide field camera known as the tilt star acquisition 

camera (Gray et al., 1995). 

The laser system for the current instrument has been under development for several 

years (Lloyd-Hart et al., 1995; Jacobsen et al., 1994; Roberts et al., 1997). Table 3.1 

gives the specifications for the laser currently in use. The dye laser is built on a long invar 
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breadboard for thermal stability with a plexi-glass cover for the same reason (figure 3.9). 

The laser is mounted to the telescope yoke in a room one level below the chamber floor. 

Section 7.1 gives further details on the laser system as well as details of early 

experiments. 

Pump Laser 
25W Coherent Argon 
Ion Laser 

Dye Laser Configuration CW Ring 

Dye Rhodamine 6G 

Typical Output Power 3-4W 

Table 3.1 Properties of the current sodium laser. 

Figure 3.9 This photograph shows the dye laser in the laser room of the MMT 
presumably during a winter run. Dr. Roger Angel is on the left. 

The projector system has also been in development for several years. The system is a 

refractive system with the projection axis located near the center of the telescope. A 
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series of mirrors brings the laser light from the laser room, brings it down the elevation 

axis and into the projector optics mounted in the center of the telescope's mirror array 

(Jacobsen, Angel, 1997). Chapter 7 describes the current projector in detail. 
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Chapter 4 

Projector Design Considerations 

4.1 SNR in the Centroid Determination 

The signal obtained by the decentration of the sodium image from the center of the 

quad cell (in counts per arcsec) varies with the size and intensity of the sodium image. In 

a noiseless system, with a bright enough beacon, the size of the signal would not be an 

issue. However, due to the short exposure times normally encountered in AO systems the 

total photon count, N, on the quad cells is usually low. For the simulations described in 

the next chapter N ~ 650 - 7(X) per frame. In this regime photon noise, which goes as N*'^. 

and the read noise, n, which is a constant can contribute significantly to the error in the 

centroid calculation. Increasing the beacon strength reduces the error induced by both 

read noise and photon noise. 

The signal, Sx, is given by equation 3.1, and is proportional to the difference in counts 

between the two halves of the quad cell for a given displacement. Sx is simply related to 

the sharpness of the image and as such goes as: 

where N is the total number of counts (related to beacon brightness) and W is a measure 

of the size of the image. The read noise combines with the photon noise to give a total 

rms detection noise of: 



Noise = (4.2) 

where n is the rms readout noise per pixel. For low noise detectors (n ~ 3) N » 4n". 

Therefore, combining 4.1 and 4.2, the SNR goes as: 

SNR oc (4.3) 
W 

Tyler and Fried (1982) calculated the SNR for centroid determination by a quad ceil 

for a single sub-aperture in terms of the optical transfer ftinction. Assumptions for this 

calculation were no gaps between the pixels of the quad cell, and no image irradiance 

falling beyond the bounds of the quad cell. Their derived expression for the RMS noise 

is: 

d. 

4SNRj^^H(xd,0)dx 

where 0 denotes that the error is an angular error given in radians, Xq is the wavelength, d 

is the diameter of the sub-aperture, and H(xd, 0) is the optical transfer function for a point 

source imaged through Kolmogorov turbulence using a circular lens of diameter d, and is 

given by: 

^ (4.4) 

H(xd,0) = — • exp 
K 

^  -  - 5 / 3  f 
-3.44 I -j cos ^(x)-x(l-x^y I (4.5) 

Sandler et al. (1994) further refined these two expressions through numerical evaluation 

for Kolmogorov turbulence to obtain: 
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ctP = a FWHM ~ Jl + — (4.6) 
® Vn V N 

where a is a parameter that depends on d/vo ranging from 1.1 to 0.6 for d/ro of I to 8 

respectively; FWHM is the full width half maximum of the image, N is the total number 

of photons, and n is the read noise. Making the same assumption as in 4.3, the rms noise 

centroid determination error can be written as; 

SH _ FWHM 

vr ^ (4.7) 

This is a more exact expression of 4.3. Sandler further translates this into a mean square 

reconstruction error for the wavefront sensor using a laser beacon for high order 

correction. The mean square error is given by: 

("rNe-

f _SH  ̂

Xq /d X, 
(4.8) 

where G is a noise propagator that depends on the sub-aperture geometry and the 

reconstruction algorithm. For small to moderate size grids G can be taken to be less than 

unity (G ~ 0.5) (Sandler, 1994). Xo is the beacon wavelength (589nm) and X is the science 

object wavelength. Further, the Strehl ratio due to this error can be written: 

Sj"=exp(-(0j®'=)2) (4.9) 

Thus, equations 4.7 and 4.8 indicate that smaller spot sizes and greater beacon 

brightness lead to a reduction in the reconstruction error. With no atmosphere the solution 

to small spot sizes would be simple. Namely increase the projector size and the projected 

beam waist in order to beat down the diffraction limit to less than the sub-aperture 
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diffraction limit. With a turbulent atmosphere, however, there is a limit to the 

effectiveness of this approach. Increasing the projected beam width beyond about 2ro 

does not lead to an attendant decrease in the instantaneous beacon size, but rather to the 

development of additional speckles. Each speckle being the diffraction limited spot size 

corresponding to an aperture of size X/w, where w is the projected beam waist. Vignetting 

due to the finite aperture further complicates the situation by loss of power in the 

projected beam. 

It seems, therefore, that there is an optimal beam waist for the projected beam 

dependent on the value of Tq. It is important that this value be determined since it directly 

impacts the desired size of the projector optics. If the optics are too small then vignetting 

losses will cut down on the projected power, increasing the noise. If the optics are made 

significantly larger than the optimal projected waist then they become more expensive 

than necessary. A series of numerical simulations were run to determine this optimal 

projected beam waist for various atmospheric conditions. The results of these simulations 

are given in Chapter 5. 

4.2 Center vs. Side Mount 

A major issue to be addressed is the mounting location of the projector for optimal 

performance. Projectors can be either side mount (such as in the design for the Keck 

system); an arrangement that utilizes the telescope itself in a complicated chopping 

arrangement (such as in the system at SOR); or center mount (as has been chosen for the 



55 

6.5m system). Side mount systems are mounted entirely on the side of the telescope. This 

allows a great deal of mechanical and optical freedom. Center mount systems are 

constructed so that their projection axis is co-axial with the telescope axis. For such 

systems some portion of the projection optics must be mounted in the telescope hub 

above the secondary mirror. This is a much more restrictive mounting arrangement, but it 

affords a significant performance benefit for large telescopes. 

4.2.1 Radial Elongation 

The sodium spot is actually a an illuminated column approximately 10 km high. 

When viewed from a position displaced from projection axis, the beacon takes on an 

apparent elongation. This effect is more pronounced for side mount projectors, whose 

sub-apertures have a greater average displacement from the projector axis, than for center 

mount projectors. 

For a 6.5m telescope, an off-axis projector would be mounted a minimum of 4m from 

the axis of the telescope. Table 4.2 gives a summary of the effects of radial elongation for 

the average and extreme cases of both side and center mount projectors mounted on a 

6.5m telescope. Table 4.1 gives a summary of the assumptions used in calculating the 

results of table 4.2. The apparent elongation is size of the long axis of the beacon image 

and is derived by taking the geometrical elongation and convolving it with the seeing 
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Assumptions 

Seeing 0.4arcsec 

Beacon Size 
0.75arcsec actual 
0.85arcsec convolved 

Sub-aperture Size 50cm 

Central Obscuration 60cm 

Starting Strehl 0.99 

Table 4.1 List of assumptions for the radial elongation calculation. 

Mount 
Type 

Sub-
aperture 
Location 

Distance 
to 

Projector 

Apparent 
Elongation 

(arcsec) 

Compensating 
Power 

Increase A 

Ending Strehl 
(0.99 

Starting) 

Side Average 4.0m 1.8 4.5 0.96 

Side Extreme 7.25m 2.8 11.1 0.89 

Center Average 2.16m 1.3 2.4 0.98 

Center Extreme 3.25 1.6 3.6 0.96 

Table 4.2 A summary of apparent elongations of the sodium spot for average and 
extreme sub-apertures for both side and center mounts on a 6.5m telescope. Also listed is 
the required compensating power increase needed to overcome the effects of the 
elongation. 

envelope. The compensating power increase. A, is the increase necessary to maintain the 

non-elongated SNR (4.3), and thus is the square of the square of the increase in the 

apparent spot size over the non-elongated spot size. Given equations 4.7, 4.8 and 4.9 the 

decrease in the reconstruction error Strehl ratio due to radial elongation can be written: 
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This reduction of Strehl only effects wavefront reconstruction in the radial direction 

(direction of elongation). 

The results of table 4.2 show that the effects of radial elongation are substantially 

lower for center-mounted projector. 

4.2.2 Ravleigh Column Obscuration 

A concern with center-mounted projectors is the number of sub-apertures unavailable 

or with degraded performance because the image of the out-of-focus tip of the Rayleigh 

column from the up-going beam falls in the Field of View (FOV) of the wavefront sensor 

(figure 4.1). This is a function of proximity to the projector. Fields of view for wavefront 

sensors typically run from 2arcsec to Sarcsec full field. Side mounted projectors have the 

same problem, but the sub-apertures affected lie on the side of the primary whereas the 

affected area of center mounted projectors is an annular portion around the center of the 

primary. 

Table 4.3 gives a summary of the excluded areas for various FOV's for the two 

mount types, assuming a Rayleigh column tip at 25km and a beacon height of 901cm. 

Radius values are the distance from the projector axis needed to ensure that no light from 

the tip of the column falls in the sub-aperture's FOV and the percentage number is the 

amount of the primary effected. 
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FOV 

2arcsec Sarcsec 

Mount Type Radius Percentage Radius Percentage 

Side 76cm 1.1% 101cm 3.5% 

Center 76cm 5.0% 101cm 9.0% 

Table 4.3 Calculations of the effect of Rayleigh column obscuration. The percentages are 
the amount of the primary effected by the obscuration. 

While this masking favors the side mount design the effect is minor compared with 

the elongation problem. Only the center ring of sub-apertures is affected. In addition, 

since the Rayleigh column is relatively stable and faint at its tip, sub-apertures in the 

exclusion area may be made usable again by subtraction of a dark frame, obtained by 

slightly de-tuning the laser, leaving the Rayleigh column, but removing the guide star. 

4.2.3 Rayleigh Scatter 

Another concern expressed with a center mount design is the effect of the scattered 

light from the beam as it traverses the top of the telescope tube to the telescope hub. This 

beam cannot simply be enclosed in a pipe to baffle the scattered light since emissions 

from the pipe in the infrared would scatter into the telescope, increasing the noise 

background on the science camera. Therefore, the effect of the laser scatter must be 

determined. 



Figure 4.1 This is an image of the sodium laser guide star at the MMT. The six spokes 
are Rayleigh columns are from the six telescopes of the MMT. The six images of the 
sodium beacon have been stacked into a single image. The bright areas at the edges of 
the picture are reflected light from a thin layer of clouds. 

If the laser beacon is in use then it may be reasonably assumed that in the instrument 

all of the light at 589nm will be directed to the wavefront sensor. This camera has a 

typical FOV of Sarcsec or less. Thus, only the light which is scattered downward into this 

Sarcsec cone will find its way to the CCD, and these scattered photons will be distributed 

evenly across the field. The limited scatter cone means that only the sub-apertures over 

which the beam traverses will be affected. 

Rayleigh scattering is non-isotropic. For circularly polarized light traveling along the 

y axis ((j) = n/2) the distribution pattern is given by: 
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l((j),0) = lo • (sin^(<|))+sin^(0) + cos^(0) • cos^((j))) (4.11) 

where lo is the beam intensity, and 0 and (j) are the normal spherical coordinates (in this 

case, the observation direction is <j) = 0). The total amount of light scattered is given by; 

where Iq is the intensity of the beam, x is the distance traversed (for the case of a single 

sub-aperture, 50cm), and a is the attenuation coefficient given by: 

where k is the wave number, N is the number of molecules per unit volume (in this case 

N=2.69xI0'^ for air at STP), and n is the index of refraction of air. (Jackson, 1975) For 

X=589nm we obtain a = 7.89xl0'^cm"'. 

The resultant scattered energy, Isc, is obtained by integrating equation 4.11 over the 

5arcsec cone, dividing by the integral over the entire sphere, and multiplying by equation 

4.12, and is written: 

The resulting value can then be converted into photons. 

For an input power of 2.7W leading to a 9.7 magnitude sodium beacon (Jacobsen, 

1994) we have S(50) = 1.07xl0'^W. The fraction in 4.14 works out to be 2.75xlO""/16.8 

or 1.64x10"'". This leads to 1.75xlO"''W (or 870 photons/s) being scattered into the FOV 

of the wavefront sensor. A 9.7 magnitude star results in 2.368xI0^photons/s falling on a 

S(x) = Io(l-e-«*) (4.12) 

(4.13) 

(4.14) 
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0.5m sub-aperture. The resulting signal to background ratio is 272:1. This ratio should 

remain unchanged until the return becomes non-linear with respect to the input power 

due to saturation of the sodium layer. The end result is that Rayleigh scattering should not 

significantly affect the functioning of the adaptive optics system. 

Both the Rayleigh column obscuration, and Rayleigh scattering concerns have proven 

to be minor. Given this, the center mount projector design, with its minimal spot 

elongation characteristic, becomes the preferred configuration. 
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Chapter 5 

Numerical Simulations 

As was shown in section 4.1 it is essential to optimal wavefront sensor performance 

to minimize the beacon size while maintaining overall beacon intensity. Beacon size is 

dependent on the waist of the beam, w, at the exit pupil, and ro, as well as other factors. 

Beacon brightness is dependent on the amount of vignetting caused by the finite size of 

the projector, as well as other factors. It is necessary then, to determine the relationship 

between beacon size (and by inference, wavefront sensor performance), projected beam 

waist and ro. Specifically, it is important to determine the projected waist that yields the 

minimum spot size for a given value of ro. Folded into this must also be the effects of a 

finite aperture on the ultimate performance of the system. 

A series of numerical simulations were conducted to determine these relationships. 

This chapter details the procedure and summarizes the results. 

5.1 Program Design 

The simulation program was coded on a PC using the Watcom C compiler with 

Matlab providing the graphical tool for display (see Appendix A for an example of the 

code). The program simulates the up-going beam to obtain the spot on the sodium layer 

for a given projected waist, calculates the point spread function (psf) on the wavefront 
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11 Determine 
Reconstruction 

Error 

Convolve 

Beacon Image 
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Propagate 

Initialize Sub-
Aperture Pupil 

2 Calculate and 
Apply Phase 
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Propagate 

6 Calculate and 
Apply Phase 

Screen 

Figure 5.1 This figure shows a diagram of one iteration of the numerical simulation 
program. 

sensor, and then obtains the image of the sodium spot on the wavefront sensor by 

convolving the psf with the sodium beacon. Once this ultimate image is obtained the 

RMS noise error, a/", can be determined (figure 5.1). The procedure is then repeated 

many times, typically 50 - 100, for each projected waist setting to build up a statistical 

sampling. 
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The simulation starts with an array representing the exit pupil with both amplitude 

and phase. The pupil is then given a Gaussian amplitude of the form: 

(5.1) 

where Ao is the amplitude, r is the radial coordinate from the center of the pupil, and w is 

the waist. A spherical phase pattern is placed on the phase component of the array with a 

radius of curvature of 90km. A turbulence phase screen is then generated and added to 

the pupil phase array. This phase screen is generated using the Sine Wave Summation 

(SWS) technique described in the next section, and conforms to Kolmogorov statistics. 

The assumption here is that the turbulence can be modeled as occurring solely at the layer 

just above the telescope. This is reasonable since atmospheric turbulence occurs in the 

lower 10 - 151cm (Roddier et al., 1990; Valley, Wandzura, 1979). This represents the 

lower 10 - 15% of the distance to the sodium layer. 

Propagation of the field at the pupil array is accomplished through the use of a 

diffraction kernel (described in section 5.4). This is counter to the more common 

procedure of using a Fast Fourier Transform (FFT). While the FFT requires much less 

computation effort than the diffraction approach, there are some significant advantages to 

the direct method. The arrays are not restricted to be powers of two, as they are when 

using the FFT nor are they restricted to being square. Secondly, the pixel scales are user 

definable. This is useful in ensuring that the images are wholly contained within the 

array, and for ensuring an appropriate level of sampling. 

Once the propagation is accomplished the resulting complex image array is squared to 

produce an intensity pattern corresponding to the sodium beacon (see figure 5.2(a)). 
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*io' xio'' 
4^ 6, 

Figure 5.2 Three figures generated by the numerical simulation program. Image (a) 
is a sodium beacon with a projected beam waist of 29cm (with a 48cm aperture) 
which is 0.36arcsec FWHM, Image (b) is a psf array for a 50cm sub-aperture. The 
core is sharper than in image (a) with more energy in the wings. Image (c) is the 
convolution of the first two images and represents the actual image on the wavefront 
sensor. The atmospheric ro for all of these images was 15cm. The scale for all images 
is 4.6arcsec on a side, and the convolved image is 0.49arcsec FWHM. This image 
yields a noise error which is equivalent to a Gaussian image with a FWHM of 
-O.Sarcsec. All images are 'instantaneous' images. 

Amplitude scaling factors were used so that the total amplitude of the sodium intensity 

array is the number of photons received at ground level per meter, per second per Watt of 

input laser power. The relationship between the projected power and the beacon intensity, 

as measured by flux at ground level, has been experimentally determined to be 

8.4x10^photons/m"/sec/W on average for the MMT (section 2.4). 
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Once the beacon image array has been determined the simulation calculates the psf 

for the wavefront sensor (figure 5.2(b)). The procedure is identical except that the 

aperture is uniformly filled instead of being Gaussian. In addition, parameters such as 

pupil diameter and focal length may be varied to fit the situation being modeled. The 

amplitude of the sub-aperture array for the psf determination is scaled by the exposure 

time, the throughput of the system, and the quantum efficiency of the detector. Thus the 

total intensity of the psf array carries the information about these three quantities and the 

sub-aperture size such that when it is convolved with the sodium array the resulting 

image has the appropriate number of counts for a given laser power. The plate scale of 

the psf array (arcsec on the sky/pucel) is constrained to be identical to the platescale of the 

sodium array. This is to facilitate ease of convolution. 

Once the psf is obtained it is convolved with the sodium array, with the result being 

the actual image of the sodium beacon on the wavefi-ont sensor (figure 5.2(c)). This final 

image can then be analyzed to determine its properties related to centroid determination. 

5.2 Atmospheric Modeling Algorithm 

The turbulence phase screen is generated using the Sine Wave Summation (SWS) 

technique. This technique generates the turbulence by adding together a series of 

weighted sine waves with random direction, and random phase at the origin. These sine 

wave components represent phase variations caused by turbulence. The wavelengths of 

these components are distributed on a logarithmic basis between an inner and outer scale. 
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Structure Function of SWS Algorithm Compared with Theoretical 
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Figure 5.3 This graph is a comparison of the Kolmogorov structure function and the 
structure function generated by the SWS technique. The SWS curve is an average 
over 5000 trials and shows a very close correlation over the range graphed (1cm — 
10m). 

For these simulations the inner scale was 2mm and the outer scale was lO^m. The number 

of waves per decade was set at 30waves/decade. This gives a total of 230 waves for a 

single phase screen. The amplitude of each sine wave component is weighted based on its 

wavelength so as to produce a screen that is in conformance with Kolmogorov statistics. 

One of the advantages of the SWS technique over other modeling techniques is that 

once the random phases and direction sines and cosines have been generated for a given 

screen, the phase can be found for any location in space. This allows for phase screens of 

arbitrary size and shape. The total phase for any given point in space is given by. 

= (x Cn+yS„)-t-pn] (5.2) 
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where n is the index of wave, nwave is the total number of waves, Wn is the wavenumber. 

c„ and s„ are the random direction cosine and sine, and p„ is the random phase at the 

origin. 

Verification that the phase screens produced by this algorithm match Kolmogorov 

statistics comes fi-om comparing the respective structure functions. As given in equation 

2.2 the structure function for Kolmogorov turbulence can be written: 

= 6.88 

5 
\ 

r ( . ̂3 
(5.3) 

can be plotted on a log log plot versus r to yield a straight line with slope 5/3 and an 

overall amplitude which goes as Figure 5.3 shows a comparison of the Kolmogorov 

structure function with the structure function of the atmosphere generated through the 

SWS technique. This graph was generated by creating a phase array with dimensions 

1x10,000 pixels. The pixel spacing was 0.1cm, and ro was 15cm. 5000 arrays were 

generated to obtain the average shown in the graph. The graph shows a close agreement 

between the Kolmogorov model and the SWS generated phase screens used for these 

simulations. 

5.3 Propagation Algorithm 

The algorithm used for propagating from the projector pupil to the sodium layer, and 

from the telescope pupil to the image plane, is not the standard FFT algorithm. Rather it 

is a direct calculation based on a diffraction integral. This integral is based not on the 
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Figure 5.4 Diagram of the pupil and image planes showing the variables used in the 
diffraction calculation. The "hat" indicates that the variable is in wavelength units, the 
prime indicates variables associated with the image plane. 

standard Fraunhofer approximation, but rather on a diffraction integral developed by Dr. 

Roland Shack (Shack, 1995). 

The diffraction integral is a convolution integral with the spread function as the 

kernel. The field 'U' then is given by: 

where 'hatted' coordinates indicate coordinates in wavelength units, primed coordinates 

are in the image plane, non-primed coordinates are in the pupil plane, z is the propagation 

direction, r is the distance fi-om point of interest on the pupil plane to the point of interest 

on the image plane, Uo is the field in the pupil plane, and S is the kernel (figure 5.4). The 

kernel has several forms, but the one chosen for this simulation is given by: 

oo oo 

U(x',y';zO= J JUo(x,y;0)-S(f',z') dx dy (5.4) 
oo >oo 

S(f;z) = 27t-
. r j  (2nrf  

i(2nf-arctaii(2ttf)) (5.5) 
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This kernel is an exact expression, and as such is not restricted to a particular distance 

range from the pupil, as is the case for the Fraunhofer approximation. Though it was not 

done, this fact would allow the simulation to propagate the beam from the pupil to some 

intermediate location, apply a phase screen, and then continue the propagation on to the 

sodium layer. 

For the calculations done in this simulation r ~ z » 1. Given this the spread function 

can be reduced to: 

S(f;£) = ie'2"^ (5.6) 
r 

The initial approach to calculating this integral was to use brute force. This entailed 

calculating the argument of the integral for each pixel of the image array for a given pixel 

of the pupil array, and then repeating the process for every element of the pupil adding up 

the contributions to the image. Thus for a 40x40 pixel array the argument of the integral 

is calculated 2,560,000 times for a single propagation. Some use of symmetry can be 

made, but it remains an ungainly process. 

To reduce this effort an approximation was made. The value of the kernel depends 

only on z, which is fixed, and r, which is a measure of the separation between the pupil 

and image points. Taking advantage of this simplicity, the simulation calculates a one 

dimensional lookup table with 10,000 elements. The elements of the table are the value of 

the kernel at various values of r, ranging from 0 to the largest separation to be 

encountered given the particular array sizes. The program then begins with a particular 

pupil pixel and proceeds to look up the kernel value for each pixel in the image array, 

rounding to the nearest value in the table. The kernel array is then mirrored to produce 
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Figure 5.5 The figures on the left show the average profile of 40 wavefront sensor 
images along a single axis. The images have been stacked on their peaks, and 
collapsed in one direction. The top profile is dominated by diffraction with a broad 
central peak. The bottom two profiles are dominated by seeing and exhibit narrow 
central peaks with significant energy in the wings. For these figures ro = 15cm. The 
right-hand images are the total encircled energy curves for the profiles on the left done 
in a linear fashion from left to right. 



72 

three other arrays for the corresponding pupil pixels in the three other quadrants (this 

restricts the arrays to be co-axial). The four kernel arrays are then multiplied by the 

corresponding value of the pupil array and the results added to the image array. This 

process is repeated for each pixel in the first quadrant (the others are taken care of by the 

symmetry operation). This method, while making a very small error in the approximation 

of the kernel value, is more than an order of magnitude faster than the brute force method 

5.4 Waist vs. Spot Size Results 

There exists a waist size that yields the minimum spot size on the sodium layer for a 

given ro. Once this relationship is established and the minimum found, then the optimal 

size of the beam projector can be determined. This optimal size is just large enough to 

accoimnodate the optimal waist size with minimal vignetting. Smaller beam projectors 

vignette too heavily, and larger ones give no advantage while driving up the cost 

significantly. 

The sodium beacon profile is, in general, non-Gaussian, so that the use of the 

Gaussian waist as a measure of spot size is somewhat problematic. Using the FWHM as a 

spot size metric can also be misleading. The sodium spot can have a diffraction-limited 

core, but have substantial energy in the wings (figure 5.5). FWHM in this case would 

indicate a smaller spot size than reality. A third option, and the one used in these 

simulations, is the half-encircled energy diameter. This is the diameter of the spot (given 

in arcseconds as viewed from the ground) that encircles 50% of the projected energy. 
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Figure 5.6 These three graphs show the output of the simulation of the sodium spot 
size. Graph (a) shows the spot diameter (diameter that encircles half the projected 
energy) in arcseconds as viewed from the ground for various values of Tq as a function 
of projected beam waist. Graph (b) shows percentage of the energy projected for a 
48cm aperture as a function of projected beam waist. Graph (c) is a graph of a merit 
function that is defined as the power over the spot size squared. The dashed lines are 
drawn at the maximums of the various curves. 

This measurement, while somewhat arbitrary, gives a good measure of the distribution of 

the energy, and is not dependent on the actual shape of the sodium beacon. 

Simulations were run to obtain the spot size as a function of projected beam waist for 

various ro's that are typical of seeing at the MMT. These simulations, whose results are 
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shown in figure 5.6, were for a 48cm aperture. Figure 5.6(a) shows the spot sizes on the 

sodium layer. The curves are the average of 150 runs at each waist value. For small waist 

values, the spot diameters are dominated by diffraction. The curves in this particular 

graph for the large waist values are relatively flat because the pupil is restricted to 48cm 

restricting the formation of additional speckles. In the unrestricted pupil case additional 

speckles are formed as the waist increases. These speckles add coherently. This causes a 

degradation of the image until the seeing limit is reached (figure 5.8). This behavior is 

most readily seen in the ro = 10cm case. 

Figure 5.6(b) graphs the percentage of projected energy as a function of the projected 

beam waist. This is calculated through simple integration of the Gaussian profile. This 

graph indicates that a significant falloff in projected energy does not occur until about 

40cm. This is well beyond the minimum of the three curves plotted. 

Figure 5.6(c) is plot of a merit function defined as the projected power over the spot 

size squared. This merit function is proportional to the square of the SNR of the 

wavefront sensor, which is, in turn, proportional to the correction frequency. 

The optimal waist values range firom about 24cm to about 32cm. A key piece of 

information in these graphs is that for a 48cm aperture the falloff due to vignetting power 

losses are insignificant until after the maximum is reached. This means that apertures 

larger than about 48cm are not helpful, and in fact are an unnecessary expense. On the 

other hand, apertures significantly smaller than 48cm would vignette too soon and would 

lower the performance of the wavefront sensor. This result is valid for any system at a 

site with similar seeing. 
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Figure 5.7 This figure shows the intensity profile for the optimal projected beam for the 
three ro values calculated. The extent of the graph is the 48cm aperture. 

For visualization purposes, the profiles of the optimal beams for the ro's plotted are 

shown in figure 5.7. 

5.5 Waist vs. Centroiding Results 

The next step is to simulate the performance of the entire system in determining the 

centroid of the image of the beacon. This is done by determining the error induced in the 

centroid calculation by noise, Once the beacon image is obtained the centroid of the 

instantaneous image is calculated. A response curve is then obtained by dividing the array 

at each column in succession and talcing the difference in counts between the two 

rO = 20cm 

rO = 15cm 

rO = 10cm 
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RMS Noise Error vs. Projected Beam Waist 
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Figure 5.8 RMS centroid error due to noise as a function of projected beam waist for 
ro's of 10, 15, and 20cm. The 48cm aperture curves (solid) include effects from 
vignetting due to a finite aperture. The infinite aperture curves (dashed) exclude these 
effects. 

portions of the array. This is analogous to moving the centroid of the image off of the 

center of the quad cell. The slope of the response curve can then determined. The rms 

centroiding error due to noise was then determined by calculating the rms noise in 

electrons (both read noise and photon noise, equation 4.2) and then multiplying by the 

slope at the centroid of the image to obtain the induced centroid error. Since the 

simulation was done for the closed loop case it was assumed that the image would have 

its centroid very nearly centered on the quad cell. 

The results shown in figure 5.8 are for ro=10, 15, and 20cm and a projector aperture 

of 48cm. Also shown in this figure is the infinite aperture cases (no vignetting losses) for 
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Figure 5.9 RMS centroid noise error as a function of projected beam waist for the 
planned 6.5m MMT system. 

the same atmospheric conditions. The finite aperture curves are the average of 60 trials 

for each of the beam waists, whereas the infinite aperture curve was the average of 75 

trials. 

For both calculations it was assumed that the sodium star would be of v-magnitude of 

9.7 corresponding to an output power of at the exit pupil of 1.62W (Jacobsen, 1994). This 

corresponds to a return strength of 7.0x1 O^ph/s/m'AV (section 7.1.2). Also assumed was a 

throughput of 60%, a quantum efficiency of 80%, and a read noise of 3 electrons. The 

exposure for this simulation was 10msec in order to provide a realistic signal level (-730 

detected photons per exposure). The planned system for the 6.5m system will have an 

output power of 7.5W, and exposure times on the order of 1ms (figure 5.9). 
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Assumptions 

Laser Power 
low produced 
7.5W projected 

Projector Diameter 48cm 

To 15cm 

Return Flux 8.4x10^ ph/mVs/W 

Exposure Time 1ms 

Observation Wavelength, X 2.2\Lm 

Sub-aperture Diameter 50cm 

AO System Throughput 60% 

Quantum Efficiency 80% 

Read Noise 3 electrons 

Table 5.1 List of assumptions for ttie 6.5m error calculation. 

The rms noise error data obtained by this simulation extends the work done by 

Sandler et al. (Sandler, 1994). Sandler assumed a Gaussian image profile with a 

corresponding FWHM. The instantaneous image, however, is decidedly non-Gaussian 

(figure 5.5). These simulations have calculated the reconstmction error based on real 

image profiles, and have related these profiles, and the resulting performance, to 

atmospheric conditions, projected waist, and pupil vignetting. 

For comparison purposes, the real image profiles can be replaced with equivalent 

Gaussian profiles that result in the same performance. For ro = 15cm and w = 30cm the 

equivalent Gaussian FWHM is 0.55arcsec. Using Sandler's work (equation 4.6) and 
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setting a = 0.8, the FWHM = 0.55 (see figure 5.2), N = 730, and n = 3 we obtain a result 

SH of =0.0167arcsec. This is identical to the number obtained through the simulation. 

Results 

Optimal Waist 29cm 

RMS Noise, 0.0174arcsec, 8.4x10'^rad 

Reconstruction Noise, .085rad 

Strehl Ratio, 0.993 

Focus Anisoplanatism 
Noise, 

0.28rad 

Strehl Ratio, 0.79 

Table 5.2 List of results for the 6.5m error calculation. The focus anisoplanatism 
numbers at the bottom of the table are calculated based on equation 2.11 with an assumed 
dO of 3.2m for X = 0.5, and an observation wavelength of 2.2nm. 

What can be seen in these curves is similar to what was seen in the previous section: 

that there is a definite optimum projected waist size for a given atmosphere. Even in the 

infinite aperture case, when the Gaussian beam diameter grows larger than about 4ro the 

noise error grows. The finite aperture case experiences a more rapid growth in error due 

to decreasing beacon brightness. However, the minimum error reached is not 

significantly higher that the infinite aperture minimum. If, on the other hand, the aperture 

was much smaller, then vignetting losses would occur sooner and the minimum error 

would be significantly worse. Again it is confirmed that for this level of turbulence, 

projectors smaller than about 50cm are detrimental, and ones larger than 50cm do not 
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improve the optimal correction. In addition the optimal waist sizes are the same as 

derived from figure 5.6. 

Finally, there is the question of the ultimate reconstruction error expected for the 

planned 6.5m MMT system. Table 5.1 summarizes the assumptions for the 6.5m system. 

Figure 5.9 shows the simulation results for these assumptions. Table 5.2 sununarizes the 

results of the simulation. Reconstruction error and the resulting Strehl were calculated 

from equations 4.8 and 4.9 respectively. 

From this analysis it can be seen that, given the above assumptions, the reconstruction 

error should be substantially less than the error caused by focus anisoplanatism. 
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Chapter 6 

Design Specifications for the 6.5m MMT Projector 

This chapter presents the specifications for the 6.5m projector system. The design 

concept is based on the calculations presented in the previous two chapters, the physical 

constraints of the 6.5m telescope and building, presented in the next section, and years of 

experience gained in working with a similar prototype installed on the current MMT, 

discussed in detail in Chapter 7. 

6.1 Physical Constraints at the MMT 

Based on the radial elongation effect discussed in section 4.3.1 a center mount design 

was decided upon. Once this was done space had to be found for the projector hardware 

and optics. The only space available along the axis of the telescope is behind the adaptive 

secondary in the upper half of the secondary hub, the lower half of the hub being 

occupied by the adaptive secondary. This space is very restricted. Table 6.1 summarizes 

these physical constraints. 

Hardware and optics placed in the hub must not extend beyond the 25" diameter of 

the hub so as not to introduce a source of thermal emission in the FOV of the telescope. 

In addition, the low ceiling clearance, which must be made with an eye toward possible 
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flexure due to snow load, seriously restricts how far above the top flange of the hub the 

projector can extend to only 10". 

Physical Constraints 

Height of Space Inside Hub 28" 

Hub Diameter 25" 

Clearance Above Hub 10" 

Inner Flange Diameter 20 3/8" 

Side Hole Diameter 14" 

Exclusion Radius from Telescope Axis 3.46m 

Maximum Outboard Clearance 17" 

Table 6.1 Summary of physical constraints on the projector. 

Inside the hub the projector is restricted to the top 28" of the hub. The sides of the 

hub have four open holes that run along its length. These holes are for light-weighting 

and access purposes, but can also be used to bring the laser beam into the hub. They are 

8" across but can be widened up to a maximum of 14". Lastly, the hub has an inner 

stiffening ring near the top of flange. This ring has an internal diameter of 20 3/8". Any 

projector assembly must clear this flange, and the flange must be taken into account when 

planning assembly procedures. 

The cylinder that encircles the axial bundle of rays entering the telescope is 3.25m in 

radius. However, the telescope has a planned field of 3°, leaving a true clear radius is 

3.46m, and that there can be no elements between the edge of end of this radius. In 

addition, projector components are restricted to within 17" of the outside of the top plane 
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on the Optical Support Structure (OSS). This is also due to building clearance when the 

telescope is depressed to near horizon pointing. 

The height restriction over the hub precludes using a simple, flat, turning mirror 

mounted to the top of the hub. The optimal exit pupil of 50cm would require a turning 

mirror larger than would be allowed by the 25cm clearance. This then requires that the 

beam be brought in through the side of the hub with the turning mirror mounted inside 

the hub itself. The maximum allowable size of the hole in the side of the hub then further 

restricts the beam to no larger than 14" at the side of the hub. This then requires a 

negative lens near the beam's entrance into the hub in order to expand the beam to the 

20" diameter desired at the exit pupil. 

Given these physical constraints then, the design is driven to a compact telephoto 

configuration. This design consists of a large positive lens and a somewhat smaller 

negative lens mounted in the hub with a fold mirror in between the two, and a small 

achromatic focusing lens mounted on the top of the OSS opposite the hub (figure 6.1). 

The large lens pair has a back focal distance long enough so that the next element falls 

outside the cylinder of the telescope (3m from the large negative lens in the hub to the 

back focal plane). The beam, therefore, 'jumps' the gap between the edge of the OSS and 

the hub. This type of design meets the physical constraints and takes advantage of the 

optimal performance of a center mount design. 
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Figure 6.1 Diagram of the planned projector for the 6.5m MMT conversion (not 
scale). 

6.2 Design Overview 

There are three refractive elements in the projector. The two large elements, a 50cm 

positive lens (LI), and a 27cm negative lens (L2) comprise a compact telephoto system 

known as the Principal Projector Pair (PPP). The PPP is mounted, with a fold mirror, in 

the secondary hub of the telescope. Feeding this system is a 2" achromatic lens (L3) with 
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To Sodium Layer 
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Rapid Tip/Tilt Min'or 

From Laser 

Figure 6.2 Optical layout of the refractive elements of the projector with the fold 
mirrors removed and a highly exaggerated field. This diagram illustrates how a 
motorized mirror placed at the entrance pupil can control the beacon position on the 
sky without altering the filling of the pupil. Here L3 has been replaced with a simple 
line for clarity. 

a 250nim focal length. The purpose of this lens is to bring the beam to a focus at the 

conjugate to the sodium layer, and to create a real entrance pupil (figure 6.2). In addition 

to the three main refractive elements the projector consists of the following: a motorized 
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Steering mirror (Rapid Tip/Tilt mirror) mounted on the top of the OSS for controlling 

image motion; a set of relay optics designed to bring the laser light from the laser table, 

located in the yoke room below the chamber floor, to the top of the OSS and monitoring 

and conditioning optics for monitoring system alignment and performance and 

controlling the polarization and beam waist (figure 6.1). Table 6.2 gives a summary of 

the optical design of the projector. The laser and all of the optical elements of the 

projector will be rigidly mounted to the telescope or its yoke rather than the building to 

avoid misalignment of the elements caused by differences between the motion of the 

building and the telescope. 

Element Material 
Radius of 
Curve. 1 

Radius of 
Curve. 2 

Thick
ness 

C.A. 
Separ
ation 

LI Fused Silica 1001 mm -6775 mm 55 mm 48cm 55.4cm 

Mirror 
Prot. Silver/ 
Dielectric 

infinity N/A 
47.8cm X 

33.2cm 
24.5cm 

L2 SFL57 -948 mm -2851 mm 15 mm 27.2cm 325cm 

L3 SF5/BK7 
f=250mm Spindler Hoyer 
achromat #322311 

11.5 3cm 26.6cm 

Rapid 
Tip/Tilt 
Mirror 

Prot. Silver/ 
Dielectric 

infinity N/A 
3.2cm X 

3.4cm 
1500cm 

Table 6.2 Summary of the optical design of the PPP. Thickness refers to element 
thickness while separation refers to the distance to the next element. C.A. is clear 
aperture. The separation value for L3 refers to the distance to the Rapid Tip/Tilt mirror 
that is located at the entrance pupil. The separation value for the Rapid Tip/Tilt mirror is 
the distance to the laser. For full design, see Appendix C. 

The PPP will be made achromatic with SFL57, a lightweight version of SF57. for L2 

and fused silica for LI (figure 6.3). The resulting projector is corrected for coma and 
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Figure 6.3 Diagram of the optical components of hub assembly for the 6.5m projector 
system. The top lens is 50cm in diameter. 

color such that it has at least a 4arcmin full field of view. The glass choice yields 

diffraction limited performance over a 40nm bandwidth centered on 589nm. This 

achromatization allows the projector quality to be assessed by pointing the projector at a 

bright field star and viewing the resultant image with a camera in the laser room or in the 

pupil camera box. Optical aberrations and seeing will be evident in the stellar image. 

For more detailed testing, an auto-collimation flat can be placed on top of the projector 

so that it may be tested interferometrically in double pass. The achromatization will also 

allow a HeNe laser (594nm) to be used for this type of testing, eliminating the need for 

using the sodium laser during testing operations. 
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L3 will be mounted on a motorized stage just outside the telescope tube. The stage 

allows focus changes to track the changing distance to the sodium layer as the telescope's 

elevation angle changes. 

In addition to focusing the projector, L3 serves to create a 2.3cm, real entrance pupil 

located 26cm to its laser side. The entrance pupil is an ideal location for steering the 

image without affecting the filling of the pupil (figure 6.2). The Rapid Tip/Tilt Mirror 

will be used to control the beacon position on the sky. 

The mirror will have slow and rapid motion. The slow motion will be used for gross 

adjustments, and for fine tuning the position on the wavefront sensor prior to closing the 

loop. The rapid motion will be controlled by a Physik Instruments 2" piezo driven mirror 

stage. This stage is driven by input from the wavefront sensor and is used to null out the 

global motion of the laser star. Global motion is caused by a combination of seeing and 

projector vibration, and so the beacon position cannot be used for correction of the 

wavefront tilt. By nulling this motion the laser return spot is kept centered on the quad 

cell where the greatest sensitivity is achieved. 

Just prior to the Rapid Tip/Tilt Mirror is a wedged window that forms the laser side 

seal for the pupil box (L3 forms the hub side seal). This window will be AR coated and 

will be used to direct a very small fraction of the laser light back down the structure to a 

pupil diagnostics camera mounted on the OSS near the elevation axis. The pupil camera 

will be a digital camera and will serve multiple functions. It will be mounted on a focus 

stage and will serve to provide images of the pupil during normal operations, the far field 

image of the laser for diagnostics purposes, and a wide star field for alignment purposes. 
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The pupil imaging mode will also provide a relative 'power in the bucket' measurement 

by integrating the flux per frame. 

The laser for the 6.5m system is currently under development (Murray, 1997). It will 

be a diode pumped, Raman shifted, YGAG, solid state laser capable of a nominal output 

of low continuous wave. The laser will be located in a room below the chamber floor 

next to the telescope pier (figure 6.1). To support the laser, a stiffened steel bench has 

been mounted to the underside of the telescope yoke. Also mounted to this table will be 

the initial elements of the projector. These consist of a polarization altering crystal, beam 

conditioning optics, and the pupil steering mirror. 

The polarization state of the light as it leaves the telescope is controlled. As discussed 

in Chapter 2, experiments have shown that circularly polarized light yields approximately 

a 30% increase in return over linearly polarized light. The initial polarization state of the 

laser is strictly linear. However, there are numerous reflections in the projector that alter 

the phase of the two polarization components so that the final state is generally elliptical. 

In addition, the angles of reflection (relative to the polarization state) change with 

elevation angle of the telescope causing the final polarization state to vary as well. 

Therefore, to achieve a state of circular polarization at the exit pupil, we must be able to 

modify the ellipticity of the polarization state at the laser to an arbitrary degree and 

orientation. This is done through the use a MgFi uni-axial crystal. This crystal is 4cm 

thick and is cut so that the optical axis is perpendicular to the two polished faces. It will 

be mounted in a tip/tilt stage driven by encoded motors. By tilting the crystal, the desired 

phase delays can be realized, and the final polarization state controlled. 
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Also on the laser bench will be conditioning optics to set the beam divergence to yield 

the optimal beam waist size. As discussed on chapter 5 the optimum waist size for the 

projected beam depends on the prevailing atmospheric conditions. However, the 

complexity and cost of a system that can vary the waist depending on conditions is 

substantial, involving several elements with computer controlled, motorized focus stages. 

A much more simple and inexpensive approach is to fix the waist to the optimal size for 

the average conditions at the MMT. Examination of figure 5.8 reveals that setting the 

beam waist to 29cm (optimal for ro = 15cm) will lead to less than a 4% increase in the 

rms noise error for ro = 10cm (0.024arcsec to 0.025arcsec). This should not significantly 

impact reconstruction noise. 

The last element on the laser table is a motorized mirror that directs light up into the 

chamber. This mirror is used to control the centering of the beam at the entrance pupil of 

the beam projector of the pupil. Due to its proximity to the waist of the laser (-50cm) and 

its large distance to the entrance pupil (-14m), pupil adjustments can be made with a 

negligible impact to image position. A shift of l.I5cm (one pupil radius) at the entrance 

pupil leads to an image shift of only -Sarcsec. 

Once into the chamber, two static mirrors will bring the laser beam to a pair of 

mirrors on the elevation axis. The first mirror is rigidly mounted to the telescope yoke, 

the second is attached to the OSS and rotates with the telescope as it changes elevation. 

The first mirror directs the beam down the elevation axis for a short distance while the 

second directs the beam to the top of the OSS and into the pupil box (figure 6.1). 
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Figure 6.4 This is a partial cut-away view of the hub assembly. The large disk on the 
top is LI. On the lower left is the fold mirror that has been machined on the backside 
to reduce the weight while retaining stiffness. The half disk on the lower right is L2, 
which has been cut-away in this view. (Design and figure courtesy of Bruce 
Fitzpatrick) 

A polarization detector will be attached to the PPP above LI (either as a permanent 

feature, or only during setup). This detector consists of a diode placed behind small 

plastic polarizing sheet mounted on a small electric motor, and some accompanying 

electronics. The spinning Polaroid causes the signal to fluctuate in proportion to the 

degree of linear polarization of the incoming light. An oscilloscope then monitors this 

signal down in the laser room. By adjusting the initial polarization state to null the 

sinusoidal component of the signal, an outgoing circular polarization state can be 

achieved. In this way a lookup table of crystal tilt as a function of telescope elevation can 

be constructed. During actual operation the controlling computer will monitor the 
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telescope elevation angle and use the lookup table to drive the crystal's actuators thus 

maintaining a circular polarization state at the exit pupil. 

6.3 Main Projector Lens Pair Design 

The main projector lens pair with its fold mirror are the largest and most expensive of 

the components of the projector. The large lens, which is the last element and will form 

the exit pupil of the system, is a 50cm positive lens made from fused silica. The lens is 

5.5cm thick in the center and is a bi-convex design. The top vertex of LI will be located 

9" above the top of the hub. This is 1" short of the maximum allowable height in order to 

allow room for a manually placed cover. 

The fold mirror will be located 55.4cm below the bottom vertex of LI. This mirror is 

an elliptical mirror with a major axis of 47.8cm and a minor axis of 33.2cm. These 

numbers are the diameters of the clear apertures; the actual physical dimensions will be 

slightly larger. The back of the mirror will be machined away so as to decrease the 

weight while maintaining stiffness (figure 6.4). The mirror will be coated with either a 

protected silver coating or a high reflectivity dielectric coating designed to reflect 589nm 

at 45°. The latter method is preferred, though more expensive, because of its greater 

durability when exposed to the elements. 

L2 is a negative meniscus lens made from SFL57. SFL57 is lightweight version of 

SF57 that is also easier to work with. The lens is 28.4cm diameter with a center thickness 

of 1.5cm. The clear aperture is 27.2cm. Table 6.2 summarizes the design of the PPP 
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Figure 6.5 This figure is a cut-away of the telescope hub with the hub assembly 
(figure 6.4) mounted in place. A floor can be seen in the middle of the hub. Space 
below that floor is occupied by the adaptive secondary, leaving only the space above 
the floor for the hub assembly. Three of the four side holes can be seen running the 
length of the hub. Near the top of the hub the stiffening ring can also be seen. (Graphic 
courtesy of Bruce Fitzpatrick). 

The mechanical tolerances of the hub assembly, both between LI and L2, and 

between the hub assembly and the axis of the telescope, are a key issue. The mechanical 

constraints of the hub itself, discussed previously, have driven the design to a telephoto 

configuration with a fast positive element. Because weight is at a premium, and because 

each element is quite expensive, LI has been restricted to a single element. 
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The end result is a fast, single element lens that introduces a substantial amount of 

spherical aberration (242 waves for the 6.5m system). This spherical aberration must be 

balanced by the contribution from L2. As a general rule, the larger the amount of 

spherical aberration put in and taken out by the lenses, the tighter the tolerances on their 

position relative to one another. As discussed in the next chapter, this was a problem with 

the prototype design, not only in achieving the correct alignment, but also in maintaining 

that alignment. 

An added complication is the temperature fluctuations expected at the MMT. 

Temperatures typically fluctuate from -20C to +20C over the course of the year. This can 

cause a spacing change, along with other more subtle effects, that can ruin the 

performance of the system. As with the centering and tilt tolerances, the spacing 

tolerance goes as the amount of spherical aberration being created and canceled by the 

elements. 

In addition to the internal tolerances of the system there are external tolerances 

between the hub assembly and the telescope axis. The projector is designed to be used 

strictly on axis. The guide star will be generated on the axis of the telescope that will then 

be pointed directly at the science object. This, then, requires that the hub assembly be 

aligned with telescope axis. Since there is a limited accuracy to which this alignment can 

be accomplished there is a requirement that the hub assembly have a diffraction-limited 

field large enough to cover the alignment error as well as any sag of the hub during 

elevation changes. The hub assembly will be mounted to a machined surface on the hub 

that will be aligned to the telescope axis within +- larcmin. Therefore the PPP should 
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have a diffraction limited half field of at least larcmin, preferably 2arcmin. The 

diffraction limited field of the PPP is proportional to the inverse of the spherical 

aberration created and canceled by the system. 

For these reasons, therefore, there is a strong incentive to reduce the amount of 

spherical aberration created and canceled by the hub assembly. This is done primarily 

through making LI as slow as possible, first by extending the path length within the hub 

to the maximum allowable given the mechanical constraints. This in fact was done. The 

second method is to make L2 as large as possible. This is ultimately constrained by 

maximum size of the hole in the side of the hub (table 6.1). This was not done for the 

sake of being able to achromatize the system while maintaining axial performance and 

physical constraints. 

Most solutions to the design constraints produce systems with extremely narrow 

bandwidths over which the system has diffraction-limited performance. These 

bandwidths are typically of the order of Inm. During laser operations this is not a concern 

since the laser is highly monochromatic. However, very useful diagnostic test could be 

run simply and easily if the projector can be used as a telescope to look at a bright star. 

Images of a star obtained by the projector will yield information on aberration caused by 

the projector, projector alignment relative to the telescope, as well as a feel for the effects 

of seeing on the projector performance. Tests of this nature can be run quickly during 

operations by simply pointing the telescope at a bright star, blocking the laser, and 

inserting a pick-off mirror down on the laser bench to feed the stellar image to a camera. 

The stellar image can also be obtained by moving the image mirror to direct the starlight 
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Figure 6.6 This figure shows the chromatic focal shift for the PPP used in reverse as a 
telescope. The total bandwidth shown here is 20nm. The PPP is £/l 1 leading to a depth 
of focus in image space of 173|i,m for X = 589nm. 

into the pupil viewing camera and refocusing the camera to the infinity focus. While tests 

of this nature can be run on any of the designs, the narrow bandwidth would require the 

insertion of a very narrow, inefficient filter in front of the camera. This limits the system 

to very bright stars and long exposures. Thus an achromatic design with a much larger 

bandwidth is desirable. 

There is a small family of glass choices that will yield such an achromatic system. 

These glasses are the ones at the opposite ends of the glass chart. For cost and availability 

considerations fused silica and SFL57 were chosen. The resulting diffraction limited 

bandwidth is 40nm centered on 589nm (figure 6.6). 
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Maximuin 
Tolerance 

Design 
Non-achromat 

Achromatic 
Design 

Close Spacing 
Design 

Non-Achromat 

L1/L2 Spacing (mm) 781.0 799.0 626.8 

L2 Clear Aperture 
(mm) 328.0 272.3 235.0 

Spherical Aberration 
(waves) 

60.7 241.7 675.4 

Spacing Tolerance 
(M-m) 

2000 500 100 

Centration 
Tolerance (p.m) 

500 125 35 

Tilt Tolerance 
(arcsec) 

60 15 3 

Table 6.3 This table compares the tolerances and spherical aberration components of the 
maximum tolerance, achromatic, and close spacing (current) designs. The spherical 
aberration component is the third order spherical aberration induced by LI and balanced 
by L2. Tolerance numbers are for the position of L2 with respect to LI. The tolerances 
were roughly balanced to be of equal contribution. The criterion used for judging the 
maximum allowable image degradation was a Strehl ratio of 85%. 

The cost of going to an achromatic solution comes in the tolerances. In order to turn 

the comer, so to speak, on the achromatic solution while maintaining axial performance 

L1 must be made faster than would otherwise be the case. This introduces more spherical 

aberration, and thus narrows the tolerances. Table 6.3 gives a sununary of the tolerances 

for an optimal design, the achromatic design, and the current design that will be detailed 

in the next chapter. The optimal design, is actually a family of designs that take full 

advantage of the mechanical tolerances available in the hub, but are not achromatized. 
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Figure 6.7 This is the spot diagram for the full projector using the achromatic L1/L2 
combination. Fields are 0, and 2arcmin. The bandwidth is 40nm centered on 589nm. 
The spreading in the vertical direction is due to transverse chromatic aberrations. 

These designs can be formed from any number of glasses and typically have a bandwidth 

of Inm. 

The location of the hub assembly makes access for adjustments and maintenance 

difficult. In addition, its sensitive location makes a completely passive system quite 

desirable. For these reasons the hub assembly will be made as a single, rigid, sealed 

piece. As a single unit the assembly can be aligned interferometrically in the lab, and then 

placed in the hub. The assembly will be made rigid enough to hold alignment during 

installation and subsequent use. Finite analysis has confirmed that the tolerances of the 

achromatic design can be met. This eliminates the need to align the unit on the telescope, 

which would be very tricky and would likely require some degree of motorization. In 

addition, making the unit as a single piece increases the rigidity of the system and 

eliminates the need for motorized components to compensate for lens sag during 
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Figure 6.8 OPD plot for the full projector using the achromatic hub design. The fields 
are 0 and 2arcmin. The bandwidth is 40nm centered on 589nm. The full is Iwave. 
X\ = 569nm, X2 = 589nm, A.3 = 609nm. 

operation. As a result the system is completely passive, eliminating additional heat 

sources over the primary and reducing the complexity and cost of the system. 

The optical performance characteristics of the projector are shown in figures 6.7 and 

6.8. The spot diagram in figure 6.7 gives the polychromatic performance for an axial 

field, and 2arcmin. Figure 6.8 gives the polychromatic OPD plot. For both of these 

figures the projector is reversed and used as a telescope. However, the analysis is 

identical to the normal sense of projection. 

6.4 Pupil Box Design 

On the top of the OSS on the side of the telescope directly above the 'west' elevation 

bearing will be a box containing L3, the Rapid Tip/Tilt Mirror and a wedged window. It 

is common practice at the MMT to reference directions inside the dome to the compass 

directions (north, south, etc.) when the telescope building is in its stow position. South 

refers to the side of the chamber nearest the doors and is in the direction that the 
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Figure 6.9 Diagram of the elements in the pupil box. The distance from the lens and 
the mirror is 26.5cm. 

telescope tips, east is on the control room side of the chamber, north is toward the back of 

the chamber, and west is on the laser room side of the chamber. L3 will be a commercial 

2" achromat with a focal length of 25cm mounted on a motorized focus stage (figure 6.9). 

The current design uses a lens from Spindler-Hoyer. This lens serves to bring the laser 

light to a focus over the telescope cylinder at the conjugate to the sodium layer. This lens 

is placed on a motorized linear stage to provide the focus adjustment for the projector. 

The focus must be adjusted as the telescope changes, changing the distance to the sodium 

layer. Typical ranges of adjustment are less than 1mm. However a larger range will be 

needed for the initial alignment. L3 will also form the hub side window for the box. A 

flexible bellows will serve as the seal around the lens. 

The rapid tip tilt mirror is located at the 2.3cm entrance pupil of the projector. The 

mirror has both rapid and slow motions. The rapid motion is affected by a 2" Physik 

Instruments piezo driven mirror stage. This stage is then mounted in a Newport gimbal 
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mount that will be driven by absolute encoded motors. The mirror is mounted in this 

assembly so that its face does not translate with rotation. 

As previously discussed, the global motion of the laser star is not useful for 

correction, but rather has the effect of moving the image of the laser beacon off the center 

of the quad cell into a region of lower SNR, or even completely out of the capture range 

of the spot. In order to improve performance it is necessary to keep the image of the laser 

beacon on the centers of the quad cells. This will be done through the use of the rapid 

tip/tilt stage. Global tilt values from the wavefront sensor are converted into voltages and 

are sent real time to the drive electronics of the PI stage. This then becomes an adaptive 

system of its own. This system also will compensate for image drift due to component 

sag as the telescope changes its elevation while tracking. Since this error may build up 

over time and send the PI stage to the end of its travel, the wavefront sensor computer 

will periodically offload any DC tilt onto the slow motors. A small amplifier box for the 

PI Stage will be mounted nearby with either the existing 30m cable, or a longer 50m 

cable running to the drive electronics located in the telescope's computer room. This 

amplifier does not require external power. 

The slow motors, which drive the gimbal mount, will be used to move the image in 

the field of view as necessary in preparation for closing the loop. These motors will take 

up any image motion due to the projector elements shifting, and will also be used to send 

starlight down to the pupil camera. 
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Figure 6.10 Schematic representation of the Pupil Box and the Pupil Camera Box. 
Figure (a) shows the configuration during normal operation. In this position the Pupil 
Camera can be used to monitor pupil filling and laser quality in terms of the far field 
image. Figure (b) shows the configuration for using the projector as a telescope and 
viewing the star field. In this configuration the Rapid Tip/Tilt mirror has been rotated 
to direct the star field into the camera. 

6.5 Pupil Camera Box Design 

Below the Rapid Tip/Tilt Mirror will be a wedged window. This window will serve 

as the laser side entrance to the box and will be mounted with a means for manually 

adjusting the tip/tilt of the window. The window will be AR coated with as low a 

reflectivity as possible (-0.1%). The residual reflection of the laser off of the bottom 

surface will be directed back down to the Pupil Camera Box, mounted on the OSS 6m 

below the camera box, near the elevation bearing (figure 6.10(a)). This box contains a 

10cm commercial achromat (currently designed with a lens from Spindler-Hoyer) with a 
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Figure 6.11 This diagram is of the Pupil Camera Box. The pupil camera and the optics 
wheel (not shown) will be mounted on a single motorized carriage that will translate 
the camera from the pupil focus position to the star field image plane as needed. The 
far field camera for observations of the laser focus is optional. 

focal length of SOcm, the pupil diagnostics camera and possibly a second camera for 

viewing a magnified image of the far field image of the laser (figure 6.11), 

The pupil camera will be a digital CCD camera mounted on a linear stage for 

focusing and changing position to various image locations. The camera will be thermo-

electrically cooled with a chip preferably large enough to accommodate an 11 mm star 

field. A 1024 xl024 chip with 14|j.m pixels has a dimension of I4.3mm. Since the pupil 

image is only 1.9mm smaller chips can be used at the cost of star field. The output from 

this camera will be sent to the main AO control computer for display, and eventual 

automation. A three position motorized optics wheel mounted on the camera carriage will 
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be used to switch out optics and filters. Table 6.4 summarizes the various optics used for 

the different viewing positions. 

Mode Optics/Configuration 
Plate Scale/ 
Image Size 

Filter 

Pupil Viewing 2nim Field Stop 1.9mm Pupil ND4, T= 10"* 

Star Field 
Rotate Rapid 
Tip/Tilt Mirror, 
Block Laser 

92(im/arcsec 570-6 lOnm Filter 

Far Field 
Pick off Mirror 
I Ox Magnifying Lens 

200|im Diffraction 
Limited Image 
Size 

ND6, T = 10-^ 

Table 6.4 Summary of optics and filter for the Pupil Camera Box. 

Normal operations will have the camera in the pupil-viewing mode. In this mode the 

laser is running and the reflection of the laser is being sent into the pupil camera box. The 

output of the camera will be used to monitor the filling of the pupil, and the 'power in the 

bucket'. The camera is 53.4cm below the lens and the optics wheel has place a 2mm field 

stop at the focal point of the laser, and has placed an ND filter in the light path. The 

purpose of the field stop is to block out light reflected from the second surface of the 

wedged window which should fall just over 3mm from the principal spot for a quarter 

degree wedge angle. The ND filter is to cut the laser intensity down to a level that does 

not saturate the CCD. For a lOW laser with a window reflectivity of 0.1%, a pupil size of 

1.9mm, 15|im pixels, lOms exposure rate, and a maximum photon count of 10** per frame 

an ND filter with a transmission of 10"^ will be needed. 

The position of the pupil on the camera can be determined by blocking the laser and 

illuminating the pupil uniformly by illuminating the dome. An image of the pupil can 
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then be obtained and an electronic mask produced. When the laser turned back on, the 

mask should delineate the portion of the beam that is passing through the pupil and onto 

the sky. 

During the initial alignment, and from time to time thereafter, it may be necessary to 

check the pointing and performance of the projector. This can be done by pointing the 

main telescope directly at a bright star, and then using the beam projector as a telescope. 

By blocking the laser, and tipping the Rapid Tip/Tilt Mirror a known amount the star 

field of the projector can be sent into the pupil camera box (figure 6.10(b)). The pointing 

of the projector can then be checked by seeing if the star falls on the location of the CCD 

corresponding to the center of the projector field. In this mode of operation the camera is 

moved to a point 46.3cm behind the lens and the optics wheel is rotated so that a 40nm-

bandwidth filter (centered on 589nm) is in front of the camera. In this configuration a 

2arcniin (11 mm) field, fiill angle should be useable, with a platescale of 92fj.m/arcsec. In 

addition this camera can determine the aberrations of the projector's refractive 

components. By obtaining long images of a star on both sides of focus the system 

aberrations can be calculated using an algorithm developed by Roddier (1994). This can 

also be done at the laser bench. 

Finally, an optional far field camera can be placed in the Pupil Camera Box. The 

purpose of this camera is to monitor the laser quality by looking at the far field image 

created by focusing the laser. This camera can be a simple video camera. In this 

configuration the pupil camera is in the pupil viewing location and the optics wheel has 

placed a pick-off mirror at the focus of the laser. A fixed lens is then used to magnify the 
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image by a factor of 10. This gives a spot size of about 200|j.m, and will allow 

examination of the structure of the spot. An ND filter with a transmission of 10"^ will also 

be needed so that the CCX) does not saturate. 

6.6 Automation 

There are a number of the controls on the projector that need to be automated. By and 

large most of the important components of the projector are quite inaccessible and distant 

from the control systems. For this reason the remote elements were kept as simple as 

possible. The hub, as stated earlier, is completely passive, and the entrance pupil box has 

been kept as simple as possible. The pupil camera, which in the prototype design was 

near L3, has been moved down near the elevation bearing for easier accessibility. The 

rest of the motorized elements are located on the laser table. All motors for the projector, 

as well as for the rest of the AO system, will have absolute encoders. Without this 

encoding non-graceful shutdowns can leave the system pointing in arbitrary directions 

and recovery can take considerable time and effort. By using absolute encoders this is 

avoided and the job of running the projector is greatly simplified. In the interest of a fiilly 

integrated system all motorized elements will be controlled by the main AO computer. 

Table 6.5 gives a summary of the automation requirements for the system. 

L3 will be mounted on a motorized focus stage. The computer will control the focus 

shift based on a lookup table indexed to telescope elevation. Offsets to the initial position 

may be added at the beginning of the night to compensate for temperature and sodium 
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layer height. Also in the entrance pupil box are two slow motors and the PI mirror stage. 

The slow motors. These motors will be used to initially position the laser on the sky. 

offload DC tilt from the PI stage, and send the star field to the pupil camera with a known 

offset. The PI stage has its own electronics described above and will be driven directly by 

the wavefront computer based on wavefront sensor data. 

Element Location Motor Type 
Travel Range(+-)/ 

Resolution 

L3 Pupil Box Linear Stage 
5 mm Range 
50nm Res. 

Rapid Tip/Tilt 
Mirror 

Pupil Box 
Slow Tip/Tilt/ 
Gimbal Mount 

5 degrees Range 
lOarcsec Res. 

Rapid Tip/Tilt 
Mirror 

Pupil Box 
Rapid Tip/Tilt 
PI Stage 

lOarcsec Range 
O.Olarcsec Res. 

Pupil Camera Pupil Camera Box Linear Stage 
10cm Range 
lOOfim Res. 

Optics Wheel Pupil Camera Box Rotation Stage 3 Position 

Pupil Mirror Laser Table Slow Tip/Tilt 
Sarcmin Range 
lOarcsec Res. 

Polarization 
Crystal 

Laser Table Slow Tip/Tilt 
4 degree Range 
larcmin Res. 

Table 6.5 Summary of the automation plan for the 6.5m projector. All motors are 
absolutely encoded. 

The pupil camera box will have a multi-position linear stage for the two camera 

positions and a motorized optics wheel with three positions. The pupil camera will be run 

by a PC card mounted on the camera box with its output running to the main control 

computer. The far field camera will be a television camera with its output running to the 

laser control station. 
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Projector optics on the laser bench will have four motors, two for the pupil steering 

mirror, and two for the polarization crystal. In the initial system the pupil steering mirror 

motors will be adjusted by manual input into the main control computer. Later versions 

will have automated control based on output from the pupil camera. The polarization 

crystal will be controlled by the main computer by means of a look up table indexed to 

the elevation axis of the telescope. This table will be constructed when the system is 

initially installed. The polarization sensor will be attached to the top of the projector, and 

the settings for the crystal determined for a series of elevation angles. 
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Chapter 7 

Current Beam Projector Design and Implementation 

The new design being proposed was to serve at the current MMT for several years as 

a working projector for the FASTRAC 11 adaptive optics system. It was also to serve as a 

prototype platform for the 6.5m projector system in order to gain valuable experience in 

the design, alignment, and operation of such a projector. Because of its prototype 

function, the current projector needed to be designed as closely as possible to the 

anticipated 6.5m design. This chapter details the early experiments in lasers and 

projectors, as well as describing the current prototype system. 

7.1 Early Experiments in Laser Sources 

Experiments to record an artificial star produced by a continuous wave dye laser were 

first reported by Kibblewhite (et al 1992). The same laser, a commercial Spectra Physics 

argon and dye laser, was then operated at the MMT in a joint project of the Universities 

of Chicago and Arizona (Carter et al. 1993; Michael Lloyd-Hart et al. 1993). This laser 

proved to be too inherently unstable for use in the extreme environment of the MMT. The 

optical elements of the dye laser were mounted on three separate invar bars, which would 

shift subtly with respect to one another causing the laser to hop modes. In addition the 
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typical output power was only about 1.2 W, and it was anticipated that more power could 

be gained with other dye laser designs. 

7.1.1 Hardware 

Subsequent to these early experiments a field evaluation was conducted on two 

competing dye laser designs to determine their properties, and suitability for the specific 

task of generating a sodium beacon. The first of these was a commercial ring dye laser 

manufactured by Coherent; the second was a standing wave laser design by myself and 

Ty Martinez based on a design by Lawrence Livermore Labs. Both dye lasers were 

pumped with commercial argon ion lasers. The blue-green light from the argon ion laser 

is directed into the dye laser, and brought to a focus on a free flowing jet of dye that is 

inside the laser cavity. For these experiments the dye used was Rhodamine 6G in a 

solution of ethylene glycol. Rhodamine 6G has a wide band of fluorescence with its peak 

output in the yellow near 590nm. 

A large rigid table was suspended from the bottom of the telescope yoke in a room 

underneath the main chamber floor. The laser system, and various spectrographic and 

diagnostic equipment, were mounted on this table as well. Cooling for the argon ion laser 

and its power supply was provided through the MMT's closed ethylene glycol cooling 

system, and the temperature of the dye was controlled through the use of portable coolers. 

With the aid of high reflectivity mirrors attached to the telescope yoke, the laser light 

was brought to the elevation bearing and then in to the center of the OSS along the 
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Figure 7.1 Diagrammatic representation of the early laser projector as it was installed 
in the MMT. This diagram shows the laser using a portion of the guide telescope for a 
projector to avoid the central obscuration. Also shown is the laser room below the 
chamber floor where the laser was eventually installed. 

elevation axis. A 30" guide telescope mounted co-axially with the hexagonal array of 

1.8m telescopes was used to expand the beam before it was projected out onto the sky. 

The secondary mirror on the guide telescope was then used to move the sodium beacon in 

the field of view, and to focus the laser light on the sodium layer (Figure 7.1). To avoid 

loss form the central obscuration; the full aperture of the telescope was not used. Instead, 

a smaller beam was centered at mid-radius in the annular pupil. 
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7.1.2 Coherent Ring Dve Laser 

A conunercial ring dye laser made by Coherent was the first new system to be tested 

in December of 1993. The pump laser was a 25W Coherent Model 1-425 argon ion laser. 

This argon laser was subsequently purchased and is the pump laser for the current 

Figure 7.2 Optical layout for the Coherent model 899-21 ring dye laser. 

system. The dye laser was a Coherent Model 889-21 ring dye laser (figure 7.2). For this 

evaluation, pump power was typically 23W with an output power of the dye laser of 

2.7W, and a peak output power of just over 3W. The resonant back scattered light 

appeared as a source of 1.6 arcsec FWHM, equivalent in brightness to a natural star of 

magnitude 9.85 seen through a standard V filter. 

This return corresponds to isotropic scattering from the sodium layer of 2.7% of the 

projected light. This represents a return photon flux per unit projected energy of -700 
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ph/m~/mJ (Jacobsen et al., 1994). This early result matches well with the further, more 

detailed measurements conducted in 1997 and presented in section 2.3.2. The early result 

can be expressed as 7.0xl0^ph/s/m^/W whereas the average result measured in 1997 was 

8.4xl0^ph/s/m"/W. This is larger than the previously reported values of 

-3.0xl0^ph/s/m"/W (Kibblewhite et al. 1992; Jelonek et al. 1992). This increase in the 

flux is likely due to a narrower bandwidth, and better tuning of the laser light to the peak 

of the absorption profile. In addition the column density of the sodium layer exhibits 

quite a bit of variance from day to day and season to season. 

The Coherent dye laser was equipped with an internal stabilization system, referenced 

to a temperature stabilized cavity, and would hold on line with a bandwidth < 10 MHz for 

hours at a time without attention. The control system included an input to select optical 

frequency by a control voltage. This facility was used to experimentally determine the 

dependence of beacon brightness on laser frequency. The results of this scan are shown in 

figure 2.6. 

7.1.3 Livermore Standing Wave Dve Laser 

In February 1994, we obtained data at the MMT with a laser loaned to Steward 

Observatory by Livermore National Laboratory. The laser was based on a standard 

Coherent model 599 three mirror standing wave laser, modified by Livermore to a 4 

mirror 'z' configuration (figure 7.3). This laser was constructed using a single invar bar 

as a mounting surface for the optics. Standing wave lasers have a strong tendency to lase 
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Figure 7.3 Optical layout for the custom standing wave dye laser. The optical path 
between the two end mirrors is Im. 

in multiple modes when pushed to high power outputs, which makes them unsuitable as 

monochromatic sources. However, for our application, if the standing wave cavity has 

sufficient length, and is symmetric in length about the dye jet, then the preferred modes 

will be adjacent, and will extend over a firequency range less than the Doppler 

broadening, leaving all of the power near the peak response frequency. Thus the modified 

laser used in this evaluation had two or three adjacent modes separated by 150 MHz. The 

standing wave laser has the advantage over the ring laser systems in simplicity, and 

smaller number of optical elements. 

The pump laser was a Spectra-Physics 171 argon ion laser operating in all-lines 

mode. For our evaluation, pump power was typically 13 W with an output power of the 

dye laser of 1.7W. Further evaluations with pump power up to 9W showed that this laser 

can achieve a slope efficiency of > 20% and an overall efficiency of 18.3%. The beam 
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size as it left the telescope structure was -lOcm x 15cm FWHM. The resonant back-

scattered light appeared as an elongated source of 1.2 x 0.9arcsec FWHM. Thus, for this 

beam size the beacon was diffraction limited. The beacon was equivalent in brightness to 

a natural star of magnitude 10.4 seen through a standard V filter. These numbers were for 

linearly polarized light (see table 7.1). 

This laser was operated without any servo stabilization of frequency, and proved to 

have high natural stability, holding close to the Doppler peak for a time scale - 1 hour. 

Long term stability of this type of laser has been achieved at Livermore, with the addition 

of a Burleigh wave meter and piezo feedback. 

Dye Laser 

Pump 
Power 
(W) 

Typical 
Output 
Power 
(W) 

Conver
sion 
EfFicien 
-cy 

Beam 
Train 
Trans
mission 

FWHM of 
Beam 
Leaving 
Telescope 
(cm) 

Polari
zation 

FWHM of 
Beacon 

V 
Mag 

Coherent 
Model 899-21 
ring dye laser 

23 2.7 11.7% 0.6 20x30 Circular 1.6" 9.85 

Livermore 
standing wave 

dye laser 
13 1.7 13.1% 0.6 10x15 Linear .9x1.2" 10.4 

Spectra 
Physics 380C 
ring dye laser 

16 1.2 7.5% 0.4 70 N/M 1.0x1.3" 12.5 

Table 7.1 Performance comparisons for three dye lasers. (N/M: Not Measured) 

For completeness, table 7.1 also includes data taken on the original Spectra-Physics 

380C ring dye laser from the University of Chicago. The pump power for this laser was 

typically 16W and the output power of the dye laser was typically 1.2W. The resonant 

back-scattered light appeared as a source of 1.3arcsec FWHM, equivalent in brightness to 

a natural star of magnitude 12.5 seen through a standard V filter. This magnitude is low 

when compared with the other two lasers. This laser was not well optimized for stable 
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operation in single mode, and we were unable to consistently tune to the peak frequency 

for sodium. During a typical exposure, the laser frequency would hop in and out of the 

3GHz Doppler-broadened resonance profile. As a result, the apparent magnitude of the 

beacon was not commensurate with the 1.2W generated by the laser. 

7.1.4 Conclusion of Laser Experiments 

Both laser designs demonstrated strengths. The ring laser from Coherent had extreme 

frequency stability and control, for a price. The standing wave laser design from 

Lawrence Livermore had less control, but seemed to have a higher efficiency. Both were 

difficult to modify given their compact structure. 

In the end it was concluded that we should design our own laser. To this end a 4' x 1' 

breadboard with invar surfaces and a special hole in the center for the dye jet was 

purchased. This breadboard design has proven very versatile, and a number of designs 

have been tested on it. A standing wave laser, a standard ring laser and a novel ring laser 

design using a Faraday rotation cell designed by Ty Martinez have been constructed on 

this platform. The table has also afforded room for added diagnostics such as a Fabry-

Perot etalon for monitoring the mode structure. A large Plexiglas cover has also been 

added to create more thermal stability. Lasers constructed on this table have achieved 

similar conversion efficiencies and frequency stability as the two lasers discussed in this 

section. Ultimately, output powers as high as 4W have been obtained using increased 

pumping and the addition of dye enhancing chemicals (Roberts, Martinez, Angel, 1997). 
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7.2 Early Projector Design 

The early projector design implemented at the MMT took advantage of the 30" guide 

telescope located in the center of the MMT's OSS (figure 7.1). Experiments began in the 

spring of 1993 in cooperation with a team led by Dr. Ed Kibblewhite from the University 

of Chicago, who provided the laser setup. 

During the initial runs the laser, the Spectra Physics argon pump and dye laser 

described in the previous section, was located on the lower Nasmyth platform on the 

"west" side of the chamber. The laser was then relayed via two small mirrors to a mirror 

located above the Nasmyth platform and centered on the elevation axis of the telescope. 

This mirror was fixed to the yoke. The beam was then sent down the elevation axis. Once 

in the area in the center of the OSS, above the beam combiner, and below the support 

ring for the guide telescope, the beam was relayed by a series of three mirrors to a point 

just below the center of the guide telescope. From there the beam passed vertically 

through a focusing achromat and was brought to a focus at the focal point of the guide 

telescope. From that point the guide telescope was used in reverse as a projector. 

The polarization state was altered manually at a position just above the focusing lens. 

This was done to investigate the effect of linear versus circularly polarized light on the 

strength of the return. A quarter-wave plate was inserted manually just above the 

focusing lens and was adjusted to give nearly circular or nearly linear polarization as 

desired. 
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This design had several immediate advantages. Most importantly it was inexpensive. 

Outside the laser, which was borrowed, there were no major optics to purchase. The 

image motion and beam focus adjustments were facilitated by the motors already built 

into the guide telescope secondary. This alleviated the need to purchase or implement any 

automation. In addition, the axial aberrations were largely eliminated by the telescope 

design, although the telescope was not quite used in the infinite conjugate position. 

The main difficulty with using the guide telescope as the principal projector related to 

the optimal beam waist of 29cm. In order to project the beam at the optimal waist the 

entire aperture of the telescope would need to be used. This means that the central 

obscuration caused by the secondary would be located at the peak of the gaussian 

intensity profile and as a result would block the largest percentage of energy possible. For 

an intensity profile with a waist of 29cm the secondary blocks nearly 38% of the energy. 

To avoid this energy loss the beam waist was reduced to approximately 12.5cm, and only 

one side of the guide telescope was used. This bypassed the obscuration problem but 

resulted in a far from optimal beam waist. 

Another nuijor problem with the original design was the location of the laser. The 

laser was mounted on the Nasmyth platform and sat in the chamber itself to one side of 

the telescope. Tending the laser in this location is very uncomfortable, especially in the 

winter, and worse, if there is any wind in the chamber there is no thermal stability. Every 

time that the wind blew the laser would mode hop to a new wavelength and would 

require operator intervention. Plastic tenting alleviated the problem somewhat, but not 

enough. This precluded any real science requiring long exposures. 
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Experience in these early experiments and the pending 6.5m conversion of the MMT. 

with its subsequent elimination of the guide telescope, led to a new design. 

7.3 Current Design Overview 

The current projector was designed as a prototype for 6.5m system. Unfortunately, 

the final hub and telescope support structure designs were not available at the time the 

projector was being designed. Therefore, conservative estimates were made as to the 

mechanical constraints and dimensions, and the projector was built to these estimates. 

These estimates turned out to be tighter than the actual constraints (section 6.1). The 

resulting design had much tighter mechanical tolerances than the planned 6.5m system, 

(table 6.3). What follows is an overview of the design. 

Element Material 
Radius of 
Curve. 1 

Radius of 
Curve. 2 

Thick
ness 

C.A. Separation 

LI BK7 678.2mm infinity 64.5mm 48cm 62.68cm 

L2 SF5 -542mm infinity 10mm 25cm 342.9cm 

L3 BK7/SF5 
F=250mm Spindler 
Hoyer achromat 
#322311 

11.5mm 1.9cm 129cm 

Rapid 
Tip/Tilt 
Mirror 

Protected 
Silver 

infinity N/A 
2.7cm X 

1.9cm 
1308cm 

Table 7.2 Summary of the optical design of the PPP. Thickness refers to element 
thickness while separation refers to the distance to the next element. C.A. is clear 
aperture. The separation value for the Rapid Tip/Tilt Mirror refers to the distance to the 
laser. For full design, see Appendix C. 
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Figure 7.4 Diagram of the cunrent projector as it is mounted in the MMT. The two 
fold mirrors are mounted on steel towers mounted to the support ring. LI and L2 are 
mounted in a steel tub mounted to the top of the OSS. 

The system concept is very similar to that of the planned 6.5m system (figure 6.4). As 

with the 6.5m system the PPP is a compact telephoto design with finite conjugates, and a 
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focus lens, L3, located 340cm below the PPP. Table 7.2 gives a summary of the optical 

design of the current PPP. 

The main lens of the PPP (at the top of the projector) is a 48cm diameter, plano

convex (positive), BK7 lens that forms the system pupil. The second lens is a 25cm 

diameter, plano-concave (negative) SF5 lens. The two lenses are mounted to a rigid, 

cylindrical, steel tub, mounted to the top of the OSS near the axis of the telescope. 

A significant difference between the current and planned systems is the way in which 

the current system is mounted to the telescope. The guide telescope secondary occupies 

the space on the telescope axis, so the PPP had to be offset 50cm. In addition the guide 

telescope primary, its cover and support structure comprise a significant obstacle to the 

beam path. The light must be brought vertically from the elevation axis past the guide 

telescope support (figure 7.4). It is in this leg that L3 and the pupil diagnostics camera 

suite are located. Two large mirrors mounted on rigid steel towers are used to transfer the 

beam around the guide telescope and its cover and into the PPP. 

Below the second of these mirrors is a long optical rail mounted vertically (referred to 

as the 'vertical optical rail'). L3 is mounted to this optical rail. As with the 6.5m system 

L3 is a 2" commercial achromat with a focal length of 250mm. Also on this rail are two, 

2" beam-splitter cubes used to feed a diagnostics box, and a variable iris located at the 

entrance pupil of the projector. A diagnostics box (referred to as the 'pupil diagnostics 

box') is located next to the vertical optical rail. The cameras in this box provide real time 

alignment and laser quality information, and a diode provides 'power in the bucket' 

measurements. 
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Below the vertical optical rail, mounted on the elevation axis of the telescope is the 

rapid tip/tilt mirror. This mirror is identical in form and function to the rapid tip/tilt 

mirror in the 6.5m design. One minor difference is that in the current system the mirror is 

located Im below the actual entrance pupil. This leads to a small amount of cross 

coupling between image motion and pupil filling. However, mounting the rapid tip/tilt 

mirror at the entrance pupil would require two more mirrors and the associated mounting 

hardware. The added complexity and surface losses were not considered worth the 

complete de-coupling of the image motion. 

The relay system consists of a series of four mirrors that bring the laser beam from 

the laser room up to the elevation bearing of the telescope, then sending the beam down 

the elevation axis of the telescope to the rapid tip/tilt mirror. As with the 6.5m system the 

first mirror of this relay system, the one nearest to the laser, has a slow tip/tilt capability. 

And is used to ensure proper pupil filling. Also included in this relay system is a remotely 

activated shutter connected to the airplane spotting system. This shutter is used to block 

the beam in case of aircraft passing near the beam. 

Near the laser itself is the polarization control system and the beam expander. The 

polarization control consists of a MgFa crystal with tip/tilt. The polarization control for 

the current system is run manually with real time feedback from the polarization detector. 

The polarization detector is permanently mounted to the PPP tub. The signal from the 

detector is directed through a coaxial cable to an oscilloscope in the laser room (near the 

MgF2 crystal. By nulling the sinusoidal component of the signal a circular polarization 

state can be obtained. 
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Also on the laser bench is a variable beam expander. The beam expander consists of 

two positive lenses mounted on an optical rail. By varying the spacing and slightly 

adjusting the focusing lens on the vertical optical rail the projected beam waist can either 

be varied up or down to match the projected beam waist to the optimal waist. 

7.4 Current Primary Projector Pair Design 

Both lenses of the PPP were designed to be used in the 6.5m telescope projector 

system. The PPP was designed to meet the anticipated mechanical constraints of the 6.5m 

telescope hub. However, since the early estimates on the physical constraints were too 

conservative (specifically the overall length and the size of the side access hole) the 

resulting system proved to have very tight mechanical tolerances. Although workable, as 

is shown by recent results presented in the next chapter, the alignment is difficult to 

obtain and maintain, thus the decision was taken to replace the current PPP with the 

design presented in the previous chapter. 

LI is a plano-convex lens made from BK7 (figure 7.5). It was made quite fast, fi'2.65. 

This was done to meet the overall length constraint coupled with the size restriction on 

the negative lens (dubbed 'L2'). This, coupled with its relatively low index, large size, 

and the fact one surface is planar and not curved slightly, means that the lens contributes 

a large amount of spherical aberration. The total third order spherical aberration 

contribution from LI is 677 waves (table 6.2). This spherical aberration must be balanced 
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Figure 7.5 View of LI mounted on the telescope. The view is from the top of the OSS 
looking down. The cylindrical structure on the right is the secondary hub of the guide 
telescope. The three rectangular pieces on the edge of the lens are the mounting pads 
for the retro-reflection mirror. 

by the contribution from L2. As discussed before, this large amount of spherical 

aberration leads to very tight mechanical tolerances. 

LI is rigidly mounted to the top of the hub in the minimum spherical aberration 

configuration (planar side down). BK7 was chosen for its handling and weathering 

characteristics, and for its relatively low cost and availability. The diameter was chosen 

to match the optimal performance for typical atmospheric conditions at the MMT (see 

chapter 5), and to match the size of the secondary hub of the 6.5m telescope. The bottom 
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Figure 7.6 This picture shows the bottom of the PPP, viewed from below, as it is 
mounted in the telescope. L2 can be seen illuminated in the center of the tub, and 
several of its adjustment micrometers can be seen. The small box hanging below the tub 
is the polarization detector. The three attachment plates for the tub can also be seen, two 
to the left and right of the tub, and one at the bottom. Also seen at the top of this picture 
is the secondary for the guide telescope. 

surface was chosen to be planar to reduce the cost of the lens and for ease of mounting, 

and alignment. LI is currently uncoated. 

L2 is a plano-concave lens made from SF5. It is mounted on the bottom of the tub 

with the planar surface on the bottom in an adjustable mount. The mount is equipped with 
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three micrometers for tilt adjustment, and two opposing pairs of micrometers for 

centration (see figure 7.6). 

The L2 in the original design was constructed of BK7, chosen for its cost 

effectiveness and durability. The all-BK7 design, however, produced significant off axis 

coma. While the projector was designed to be used on axis, the degree to which it can be 

aligned with the telescope axis is limited. Any misalignment of the PPP with the 

telescope axis will mean that when a laser beacon is projected on the telescope axis the 

projector will generate coma. The field of view of the all-BK7 design was on the order of 

-t- 10 arcsec. Aligning the PPP to this level of accuracy was virtually impossible. A new 

design was needed. 

It was discovered that by changing the glass used to make L2, the coma could be 

greatly affected. By selecting SF5 the coma could be minimized resulting in a great 

increase in the diffraction limited field of the PPP. The current PPP has a diffraction-

limited field of +- 6arcmin (figure 7.7). Appendix B gives a detailed analysis of the coma 

properties of the system. 

The current system is completely passive. Thus our only recourse to meet the 

alignment tolerances was to build and mount the tub so that it was a rigid as possible. The 

tub itself is made of heavy steel construction with welded stiffening ribs down the side. It 

is mounted to the telescope with a three-point mount. This mounting system is not 

kinematic, however, and is somewhat over constrained. The top plane of the tub is 

attached to two swivel mounts on the north and south sides. These swivel mounts are 

attached to heavy members of the top plane of the OSS with squeeze plates. The swivels 
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Axial Field 2 arcmin 

Figure 7.7 This figure shows a spot diagram for the full projector with the BK7/SF5 
PPP at 0, and 2arcmin. The pupil has a gaussian appodization applied to simulate the 
gaussian profile of the projected laser beam. 

allow the tub to pivot in the east/west direction. Jackscrews on these swivel mounts 

facilitate leveling the tub in the north/south direction. A third mounting point is attached 

to the lower flange of the tub on its east side. This adjustable mounting fixture is attached 

to the OSS by a squeeze plate mounted on one of the major vertical spars supporting the 

top plane. 

The tight tolerances of the PPP require that the optics be aligned interferometrically 

while they are mounted on the telescope. This alignment is done after the initial 

installation, and periodically thereafter to ensure a high quality beam. The system is 

tested in auto-collimation configuration and requires a return mirror be mounted above 

LI that is large enough to cover the 48cm exit pupil. The mirror used for this purpose is a 

55.6cm mirror made from a lightweight Hextek blank with a spray-silver coating. The 

mirror is mounted from behind with springs. Three micrometers press down on invar 

pads to provide tilt adjustment. The mirror sits on feet mounted to the top flange of the 

tub, and is only used when the telescope is in the stow position. 
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LI has about 1.5 waves of residual aberration (similar to astigmatism). When the PPP 

was first built both LI and L2 were both made from BK7 and were fabricated together. 

LI was made to good optical shop practices and mounted in the tub. L2 was then 

fabricated, mounted, and aligned. Residual aberrations in the pair were then hand rubbed 

out of L2, since working with the smaller lens was easier than working with the larger 

one. Thus the pair could be tested in a simple auto-collimation configuration with a large 

return flat suspended over LI. This eliminated the need to fabricate a large test plate for 

the convex surface of LI, saving a substantial amount in fabrication costs. 

The drawback was that L2 would take on a specific orientation with respect to LI. 

This orientation had to be maintained, and if L2 was re-fabricated (which it was), the 

whole PPP would have to be removed from the telescope, set up in the lab, and L2 re

adjusted (which it was not). Since this was not done due to the difficulty of dismantling 

and reinstalling the projector this residual aberration remains in the system. 

To bring the light from around the guide telescope and into the PPP, two mirrors are 

mounted on rigid steel towers. These towers are mounted with squeeze plates to the ring 

supporting the guide telescope. The mirrors themselves are mounted in commercial 

Aerotech mounts. The large mirror, mounted directly below the tub, has a diameter of 

10" and is made from zerodur. The smaller mirror is mounted on the west end of the ring 

and is a 7" mirror made from the Ohara equivalent of zerodur. Both mirrors are coated 

with the Denton FSS-99 protected silver coating. Both mounts have been reinforced to 

reduce vibration induced by wind in the chamber. Without this reinforcement vibrations 

in high winds have been observed to exceed 5 arcsec on the sky. 
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1.5 Vertical Optical Rail and Pupil Diagnostics Design 

Below the second large mirror is a vertical optical rail extending from above the 

guide telescope ring down to just above the elevation axis. The rail support is part of the 

steel support tower for the second mirror and is constructed of a steel box beam 6 feet 

long with a steel gusset welded on the back, for stiffness. The support is braced to the 

OSS at the bottom of the support to dampen vibrations. Three Newport optical rails are 

attached to the support to form the continuous vertical optical rail. The laser beam is 

directed parallel to this rail. This allows various optics to be mounted and adjusted easily. 

7.5.1 Optical Rail Components 

Four elements are mounted on this rail during normal operation (see figure 7.8). The 

principal element is L3. This lens is a commercial, 2" achromat from Spindler-Hoyer 

with a focal length of 250mm, and a standard broad band AR coating. This lens is 

mounted in a Newport 5-axis lens mount on a translation stage that is then mounted to a 

standard Newport rail carrier. The translation stage is driven up and down along the 

optical rail by an Ealing actuator with one inch of travel. The function of this lens is 

identical to the L3 in the 6.5m system. 

Directly below L3 are mounted two 2" beam splitter cubes. The purpose of the first 

cube is to reflect a very small percentage of the laser beam into the pupil diagnostics box 
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Figure 7.8 This picture shows the pupil box, some of the optical rail components, and 
the Rapid Tip/Tilt mirror as they are mounted in the telescope. Of note is the rapid 
tip/tilt mirror mounted below the optical rail. The laser beam is directed down the 
elevation axis of the telescope and enters this area from the right hand side. It then 
strikes the rapid tip/tilt mirror and is directed vertically parallel to the vertical optical 
rail. Much of the cabling in this photo is not related to the projector. 

where the beam quality and alignment are monitored. The CCDs and diode in the Pupil 

Diagnostics Box require only a very small amount of light to operate properly. 

These cubes are custom made from two right angle prisms made from SF5, and F2. 

The prisms were polished and then optically contacted. The outer surfaces are coated 
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with a custom AR coating centered on 589nm. SF5 and F2 were chosen because they are 

not too widely separated in index (1.62 and 1.65) and they have identical coefficients of 

expansion (8.2xlO'^/K). The difference in indices leads to a reflectivity of 0.026%. Given 

a nominal output power of 3W, this means that just under ImW of power is reflected into 

the pupil diagnostics box. This is more than sufficient, and in fact requires considerable 

attenuation to be usable by the diagnostic CCDs. 

The laser beam passes through both cubes in sequence. The bottom cube reflects light 

onto a mirror where it is then sent down into the Pupil Diagnostics Box. The top cube is 

oriented so as to correct the deviation of the laser beam from the optical rail due to 

refraction in the first cube. 

The first attempt at a pick-off cube consisted of two identical prisms contacted with 

index matching fluid. Index matching fluids never quite match, and this mismatch then 

leads to a small amount of light being reflected. The cube worked well except that there 

were two reflections of identical strength, one from each of the faces, and the wedge in 

between them led to fringes. While not a complete disaster, the fringes made it difficult to 

analyze the beam properly. By optically contacting two different glasses the fringe 

problem was eliminated. The only defect in the optical contacting approach is that the 

contact between the prisms is not perfectly continuous across the face, leading to bright 

specks in the reflected beam. This may have been a result of poor quality control in the 

manufacturing process, or it may be an unavoidable part of the process. 

There are two basic problems encountered with the use of these cubes. The first is 

that the amount of light deflected from the beam is very dependent on the polarization 
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state. While the polarization state should be constant at the cube any variance in the state 

due to imperfect polarization control will result in a variance in the 'power in the bucket'. 

The second problem is that the cube introduces both spherical aberration (-0.25 

waves/cube) and astigmatism (-0.5 waves/cube). This aberration is the result of the light 

not being collimated, but rather slightly diverging. While these aberrations can be 

balanced by adjusting the refractive elements it is good practice not to introduce them in 

the first place. For these reasons, and for the accessibility reasons discussed earlier, the 

functionality of the cubes will be performed by the wedged window discussed in the 

previous chapter. 

Just below the beam splitter cubes is a variable iris. This iris is a standard Newport 2" 

iris that is manually set to match the system stop. It is positioned at the nominal entrance 

pupil of the projector. The iris serves as a pupil stop to cut out any extraneous light from 

entering the Diagnostics Box, and as a visual marker for corresponding to the true system 

stop (located at LI). 

Finally, mounted above L3 is a carrier with a kinematic mount attached. The 

matching top to the kinematic mount carries a clear plastic disk with a 1mm hole drilled 

in its center. This disk is mounted on a post so that when it is placed on the optical rail 

the hole is located at the nominal conjugate to the point on the sodium layer that is axial 

to the telescope. This serves as an alignment tool and the kinematic base is left 

permanently attached. 
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Figure 7.9 Diagram of the Pupil Diagnostics Box 

7.5.2 Pupil Diagnostics Box 

There exists the need to monitor both the quality and alignment of the laser beam 

being projected. Most of the projector is in the telescope chamber, and much of it is 

mounted on the telescope's OSS. Monitoring the alignment of the projector directly is 

difficult if not impossible, and rather unpleasant in the winter months. A means for 

monitoring the alignment and beam quality remotely was needed. The Pupil Diagnostics 
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Figure 7.10 A typical image of the pupil filled by the laser as provided by the pupil 
camera. This image was taken with a digital camera as opposed to the normal video 
camera. 

Box was designed for this purpose. The box has gone through several iterations, and what 

is described now is the current and final instrument (figure 7.9). 

The diagnostics box is constructed of off-the-shelf optical elements mounted on a 24" 

square, anodized, optical breadboard. The breadboard is mounted to a half-inch thick 

aluminum plate which serves as a stiffening plate, and as a mounting plate to attach the 

instrument to the telescope. Covering the optics is a sheet-aluminum box, painted black 

on the inside and bolted to the breadboard. This box serves to protect the optics, and to 

block stray light firom the laser beam from falling on the CCDs. The Pupil Diagnostics 

box is bolted to the OSS so that the breadboard is horizontal when the telescope is zenith 

pointing. 

Laser light is sent from the bottom beam splitter cube horizontally, and then onto a 

mirror which sends the light down into the diagnostics box through a hole in the top 
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cover. A 500mm focal length, commercial achromat is used to bring the light to focus 

inside the box. A reflective ND2 filter, along with another colored glass filter is used to 

reduce the intensity of the light. The light reflected off of the ND2 filter is sent to a half-

inch light sensitive diode. The purpose of this diode is to provide a relative measurement 

of the 'power in the bucket'. The diode is positioned forward of focus so that the light is 

spread out a significant portion of the diode so as to avoid non-linearities in the diode 

response that would occur if the light is too concentrated on a small area. The current 

output of the diode is sent by coaxial cable to a small converter box mounted to the OSS, 

next to the diagnostics box. There the current is converted to a voltage and is sent to the 

control room and the laser room for monitoring with a voltmeter during operation. 

Behind the filters a 1", 50/50 beam splitter cube is used to divide the light between 

the pupil-viewing camera and the far field image camera. Both cameras are Edmund 

Scientific, 1/3 inch, black and white television cameras. Video output from the cameras is 

sent via coaxial cable down to the telescope's video distribution ring on the instrument 

rotator. Monitors can then be plugged into the video distribution panel in the control 

room to monitor the output. Both cameras use separate variable filter wheels to provide 

the proper contrast. 

The pupil camera is used to monitor the filling of the entrance pupil during operation. 

A small, commercial, television camera lens is used to focus the iris onto the camera. 

Monitoring of the pupil throughout the night is important because small misalignments of 

the beam with the elevation axis can result in the beam moving off the pupil with 
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1 arcsec 

Figure 7.11 A typical output from the far field camera. The two images are identical 
except for scaling. The right image scale has been compressed to bring out the low 
intensity (high spatial frequency details) The FWHM of this image is 0.38arcsec This 
corresponds to a 33cm, filled aperture. Since the Gaussian beam does not fill the 50cm 
aperture this image is very close to the diffraction limit. This image was taken by a 
digital camera instead of the usual video camera. 

telescope elevation changes. This can cause considerable power losses and should be 

avoided. A typical output from this camera is shown in figure 7.10. 

The second camera is a far field imaging camera. This camera monitors the image 

produced by the laser beam. This serves two purposes: by looking at the shape and size of 

this image information can be gained about the mode structure of the laser, and quality of 

the wavefront produced; secondly the position of the image on the camera can be 

monitored to correct for image drift when the rapid tip tilt loop is not closed. A 1 Ox-

microscope objective is used to magnify the image so that detailed structure can be seen. 

The platescale on this CCD is 760M,m/arcsec. A typical output from this camera is shown 

in figure 7.11. 
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7.6 Image Control and Rapid Tip/Tilt Implementation 

Mounted directly beneath the vertical optical rail is the Rapid Tip/Tilt Mirror. This 

elliptical mirror is epoxied to a 2", piezo driven, tip/tilt mount manufactured by Polytech 

PI. In turn the PI mount is mounted in a Newport gimbal mount driven by Vz inch travel 

Ealing actuators. This mount is bolted to the MMT's OSS. The center of the face of the 

mirror is located at the intersection of the telescope's elevation axis and the optical axis 

of the vertical optical rail (figure 7.8). 

The Ealing motors are used to drive the Newport mount and provide for the gross 

adjustments on the sky. These can be of the order of 10-20 arcsec during typical 

operations. 

The PI mount consists of a titanium faceplate mounted on flexure mounts, driven by 

three piezo stacks with capacitive feedback. The inputs to the head connect to a custom 

amplifier box mounted next to the Pupil Diagnostics Box. From there a 30m cable bundle 

extends to the controller electronics in the control room. The electronics box takes three 

inputs: a lOV reference, and the inputs to the two orthogonal axes take -5V to +5V input. 

The wavefront sensor computer takes the calculated global tilt value and translates it into 

voltages for the controller box. The head is capable of larcsec motions at a rate of nearly 

700Hz with the present mirror load (calculations conducted by PI). In this way the global 

jitter of the laser can be eliminated. Under bad seeing conditions this system has been the 

difference between closing and not closing the AO loop on the laser star. 
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7.7 Relay Optics. Polari2ation Control, and Automation Design 

A series of four mirrors comprise the relay system, and are used to bring the laser 

beam firom the laser room up to the elevation bearing, and down the elevation axis of the 

telescope to the Rapid Tip/Tilt Mirror. The mirror located on the elevation bearing side of 

the elevation axis is a 3" mirror mounted in a Newport gimbal mount. It is located with 

its face on the elevation axis of the telescope, outboard of the elevation. 

The telescope has been constructed so that the elevation axis is clear of obstructions 

from the beam combiner all the way through the elevation bearing. The elevation axis 

mirror directs the beam exactly down the elevation axis so that, as the telescope changes 

elevation, the alignment of the beam remains constant from the Rapid Tip/Tilt Mirror on 

up. The mirror is mounted on a reinforced, aluminum tower that holds the mirror out over 

the edge of the yoke, allowing the beam to come vertically from the Nasmyth platform 

15' below. The small platform on the yoke to which this mirror is attached has been 

affectionately dubbed the 'high dive'. 

Below, on the Nasmyth platform, are two more mirrors. Both are 2" mirrors and are 

mounted in New Focus gimbal mirror mounts. The gimbal mounts are attached to small 

aluminum brackets that are in turn attached to standard magnetic bases. The purpose of 

these two mirrors is to bring the beam from the side of the Nasmyth platform, where it 

comes up from the laser room, horizontally to a point directly beneath the elevation axis 

mirror. All three mirrors just described are adjusted manually, and are essentially fixed 

during normal operations. 
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Also located on the Nasmyth platform is the laser shutter, and the alignment 

interferometer. The shutter is driven by the plane spotting system. This system, 

developed in-house by Matt Chelseka, is a bore sighted, automatic, optical system that is 

designed to detect aircraft at night, and to close the shutter if those aircraft track too close 

to the laser beam. The system uses an Electrim camera with a wide-angle lens and is 

attached to the top, leading edge of the OSS. Cables bring the output from the camera to a 

computer located in the third floor computer room. Voltage output from the computer is 

then run from the computer room, back out into the chamber, and across to the shutter. 

The keyboard and monitor for the computer have been remotely located at the laser 

control station on the first floor. The shutter can also be manually operated via a switch 

located in the chamber. 

At the side of the Nasmyth platform is a black PVC safety tube that encloses the laser 

beam as it comes up from the laser room. The tube has an AR coated window sealing its 

top end. The purpose of this window is to prevent wind from funneling down the tube 

and sandblasting the Pupil Steering Mirror at the bottom of the tube. There is a very large 

fan located in the laser room. The purpose of this fan is to draw air from the chamber 

down through the yoke room, into the basement, and out through a tunnel off the side of 

the mountain. This is to improve airflow in the chamber, and thus improve the seeing. 

However, the safety tube proved to be a conduit for this airflow, thus necessitating the 

window. 

In the laser room itself, mounted to the laser table are three elements of the projector: 

the beam expander, the polarization compensation crystal, and the pupil steering mirror. 
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The beam expander is a combination of two positive lenses with variable separation. The 

lenses (focal lengths of 150mm and 80mm) are mounted on commercial 5 axis stages 

with the second one mounted on a micrometer driven translation stage. The lens mounts 

are mounted on a Newport rail held sideways on an adjustable stand mounted to a 

magnetic base. At the end of this rail is the polarization compensation crystal (see figure 

7.12). 

The final element is the pupil steering mirror. This mirror is a three-inch mirror 

mounted on a Newport gimbal mount, and driven by Ealing motorized actuators. The 

mirror is considerably oversized. This was done to match the mount that is the standard 

motorized mount not only for the projector, but also for the FASTTRACn system. The 

mirror is in close proximity to the waist, but is nearly I4m from the entrance pupil. This 

gives the mirror a great deal of leverage on the pupil. 

The projector has five motors, a rapid tip/tilt stage, two cameras, a power diode, and a 

polarization detector. The motors are run from a computer mounted to the FASTTRACII 

instrument at the telescope's Cassegrain focus. This computer has its monitor and 

keyboard located remotely in the control room. It also runs the acquisition camera on the 

FASTTRACn instrument. Software written by Matt Chelseka and Todd Groesbeck 

allows a simultaneous display of the output from this camera with control of all five 

motors. This was done since the acquisition camera is used in the final adjustments of the 

beacon position. 
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Figure 7.12 This photograph shows some of the projector optics mounted on the laser 
table. In the center is the polarization compensation crystal. On the right is the pupil 
steering mirror. Above this is the bottom end of the safety tube. The ribbon cables 
hanging behind the mirror drive the motors and limit switches and go up into the 
chamber to the instrument. The beam expander is not in this picture but mounts to the 
Newport rail in the center. At the extreme left is the enclosure for the dye laser, and in 
the center rear is the back end of the argon ion pump laser. 

The camera output from the pupil diagnostic boxes is fed down to the video 

distribution panel on the instrument rotator ring. From there the video signal can be 

picked up in the control room on the video panel. Displayed in the control room, the pupil 

and far field images can be sent down to the laser room as well. The output from the 

power diode is converted from a current signal to a voltage signal by a converter box 

mounted on the telescope structure near the pupil diagnostics box. From there the voltage 
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signal is sent via coaxial cable to the control room and the laser room for monitoring by 

multi-meter. 

The rapid tip/tilt mirror is connected to a small amplifier box mounted next to the 

pupil diagnostics box. A set of calibrated signals brings the control signals from the 

control box in the control room to the amplifier. The control box is located next to the 

wavefront sensor computer. Finally, the polarization detector has both power and signal 

cables that terminate in the control room. 
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Chapter 8 

Recent Performance Results 

8.1 Experimental Setup 

How well is the current projector is performing? There are two areas to consider. The 

first is amount of energy transmitted from the laser to the sky, and the second is how tight 

a spot the projector generates on the sky. 

8.1.1 Transmission 

The current projector has seven reflective surfaces. Some of these surfaces are off-

the-shelf broadband dielectric, and others, mostly the larger mirrors, are a protected silver 

coating. In addition there are 18 refractive surfaces. Of these refractive surfaces 14 are 

coated with broadband AR coatings. Two surfaces are uncoated MgFj, and two are 

uncoated BK7. The latter two are the surfaces of LI, and have remained uncoated mostly 

due to the expense and logistics of coating such a large lens. The loss caused by these two 

surfaces is 8%. Given the assumption of a 1% loss on each of the AR coated and 

reflective surfaces, 2% per crystal surface, and 8% from LI we have an estimated 

transmission of 71.5%, not including vignetting losses due to pupil mismatch. If losses 
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can be reduced to 0.5% per coated/reflective surfaces then the transmission jumps to 

80%. 

When the projector was first installed the total system transmission was measured at 

between 70% and 15% (although there were four fewer refractive surfaces for these 

measurements and no crystal). Since these measurements some of the reflective surfaces 

have degraded significantly, specifically the large silvered mirrors. In addition, the top 

surface of L2 has gathered a significant amount of dust. Cleaning this surface would 

require the removal of the lens. Since this procedure would require several days or more 

of effort to replace and realign it has been left in its current state. As of September 1997 

the total transmission, including vignetting losses, had fallen to 40% end to end. 

8.1.2 Image Size 

The size of the beacon can be degraded by projector vibrations, atmospheric 

turbulence, and optical aberrations. The initial run with the projector revealed a Sarcsec 

elongation due to vibration of the largest mirror in the wind. Extensive reinforcements 

were added throughout the system that alleviated the problem. Since then no significant 

degradations due to vibrations have been noted. 

The degradation of the spot size due to turbulence cannot be alleviated. As shown in 

chapter 5 the effects of turbulence can be minimized through appropriate waist size 

choice, but some degradation is unavoidable. This degradation masks the true 

performance of the optics. 
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In order to measure the beacon spot size it must be viewed with a telescope. This 

creates a further complication since turbulence in the down-coming beam will degrade 

the beacon image. Therefore, in order to determine the actual spot size on the sodium 

layer a stellar point spread fiinction taken simultaneously with the image of the sodium 

beacon is needed. This would allow the de-convolution of the psf with the image of the 

beacon. 

To attempt this, a series of experiments were conducted at the MMT in September of 

1997. The goal of these experiments was to obtain simultaneous, in-focus images of a star 

and the sodium beacon. The focus of the sodium beacon is 36mm lower than the infinity 

focus. Since it is vitally important that both images be in focus, an instrument had to be 

constructed that would introduce 36mm of extra path length for the light from the sodium 

beacon. 

8.1.3 Co-Focal Box 

The instrument used for these experiments, dubbed the 'Co-Focal Box', makes use of 

a narrow band (30nm centered on 589nm), dichroic mirror held at a slight angle, 5° or 

less, 18mm below the infinity focus to reflect the light from the sodium beacon back up 

to a small mirror (figure 8.1). This mirror is located the same level of the infinity focus. 

This was done to allow maximum clearance for the light rays. The spacing between the 

dichroic and the mirror can be adjusted so that the path delay is exactly 36mm. The light 

from the sodium beacon is then reflected back down the instrument, just missing the edge 
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Figure 8.1 This is a diagrammatic representation of the optical delay optics in the Co-
Focal Box. The light from the star (left) in the main passes through the dichroic while 
the light from the sodium beacon is reflected back up to the mirror and then back into 
the system. 

of the dichroic, and is collimated by a projector lens with a focal length of 178nim. A 

camera is mounted below the projector lens and has a Nikon camera lens with a focal 

length of 50mm. Simultaneously, the light from the star passes through the dichroic and 

is also imaged on the camera. The star image is positioned slightly to the side of the 

beacon image so that the light that is reflected from the star by the dichroic misses the 

mirror entirely. This then produces an image of both the star and the beacon 

simultaneously in focus. Typical separations between the star and the laser beacon run 

about 10 - ISarcsec, well within the isoplanatic angle. 



Figure 8.2 One of the frames taken with the Co-Focal box. The bright object on the 
right is the natural star as seen through the dichroic mirror. The edge of the dichroic is 
the vertical line in the center left of the frame. The curve to the left of the dichroic is 
the mirror. The image of the sodium beacon can be seen reflected just inside the edge 
of the mirror. The vertical line on the extreme left of the ft-ame is the edge of the 
dichroic reflected in the mirror. The bright area between the mirror and the dichroic is 
the sky as seen through the telescope. The streaking seen to the right of the star, and to 
a lesser extent, to the right of the sodium beacon is a very low-level readout problem 
with the CCD. It looks much brighter than it actually is because the scale has been 
compressed to bring out the dim features of the dichroic and mirror. This bleed had 
negligible effect on the calculations of the spot size. 

8.2 Performance Results 

In September of 1997 a series of observations were made at the MMT. The first half 

of the observing run was dedicated to collecting more sodium return strength data like 

that described in Chapter 2. The goal of the second half of the observing run was twofold. 

The first was to obtain data on the size of the sodium spot generated by the projector. 
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optimizing the projector for the smallest spot possible. The second goal was to observe 

the correlation between waist size and spot size. 

The variable beam expander was used to vary the projected waist size between 

approximately 19cm and 36cm. This range runs across the optimum for average seeing 

conditions at the MMT. Seven settings were used for the beam expander. The beam 

profile was determined by moving a photo-diode across the pupil and measuring the 

output as a function of location. For this purpose a wooden plate with a series of evenly 

spaced, pre-drilled holes was used to position the diode. From these profiles the 

approximate waist was be determined. These values are only approximate since the 

flickering of the laser made accurate measurement difficult. 

A series of exposures at various expander settings were then taken with a natural star 

in the manner described above (figure 8.2). This was done using only mirror E, which has 

the best imaging of all the primaries. The exposure times were either 0.1 or 0.2sec. The 

increase in exposure time was necessary to compensate for a very light, variable cloud 

cover, robbing the laser of power. Spot sizes for both the star and the sodium beacon 

were determined by doing Gaussian fits to the spots using the IRAF image-processing 

tool. The FWHMs of the PSF star and the sodium beacon are assumed to add in 

quadrature. Therefore, the actual width of the sodium beacon can be derived from the 

following: 

^beacon ~ "^(^^image ~ ®PSF ) (8.1) 

where Dbeacon. Dimage and DpsF are the FWHMs of the sodium beacon, image and PSF 

respectively. 
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Spot Size vs. Projected Beam Waist 
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Figure 8.3 This is a graph of both data obtained at the MMT, and simulations run for 
comparison. Curve (a) shows the average, raw image sizes of the sodium beacons for 
various projected waists. Curve (c) shows the average sizes of the psf star for a given 
data set. Curve (b) is the de-convolved spot sizes of the sodium beacon. All points 
were the average of 15 observations with the exception of the point on the extreme 
right, which had only 3 useable observations. Exposure times were between 100 and 
200ms. This was due to variable cloud cover varying the intensity of the return spot 
over the set of exposures. Curve (e) is the theoretical instantaneous spot size for ro = 
15cm (the average atmosphere t the time of the measurements). Curve (d) is the 
simulated curve for a lOOms exposure with 1.0 waves of defocus introduced into the 
pupil. 

The relationship between the waist and the beacon size did exhibit a minimum at 

25cm near the predicted optimal waist of 29cm for average seeing conditions, with 

increased spot sizes on either side of the minimum (figure 8.3(b)). The average ro at the 

time of measurements was 15cm and was estimated from the instantaneous spot sizes of 

the star images. Curve 8.3(e) shows the simulated instantaneous spot size ro = I5cm. The 
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data suggests that the beam projector was not properly optimized and that there may have 

been aberrations present. To simulate the effect of a simple aberration de-focus was 

added to the pupil. Curve 8.3(d) shows simulation results for lOOms exposures with 1 

wave of defocus added to the projector. Adding the focus drove the minimum waist size 

down and raised the average spot size. The minimum de-convolved spot size obtained 

was 0.84arcsec which is approaching the minimum of the ro = 10cm curve. However, this 

was before the optimization of the projector alignment conducted on the last night. 

On the last night of the observing run several hours were spent adjusting the projector 

alignment while monitoring the image of the spot on the sky. This was done in an effort 

to truly optimize the performance of the beam projector. It was noticed at the end of this 

procedure that the laser beacon appeared to be strongly elongated in the direction of its 

Rayleigh column. This is the direction that one would expect to see radial elongation of 

the spot due to the offset of -2.5m of mirror E from the projector (see section 4.3.1). To 

verify that the elongation was due to the radial offset, and not to astigmatism in the 

projector or imaging optics, a second mirror, mirror C, was opened as well. This mirror 

has a mirror-projector axis that is rotated 120° from mirror E. The subsequent image 

showed a clear rotation of the elongation, leading to the conclusion that the observed 

elongation was in fact due to the radial offset (figure 8.4). 

Analysis of the spot from mirror E shows a non-deconvolved spot with a major axis 

of 1.35arcsec, and a minor axis of 0.91arcsec. Additional data taken with a natural star as 

before yielded an average spot size of 0.75 x 1.25arcsec. This represents an elongation of 

0.5arcsec, which is in agreement with the calculated value given in section 4.3.1. This 
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Figure 8.4 This figure shows two images of the same sodium beacon taken from two 
separate mirrors. The image on the left is from mirror C and the image on the right 
from nrtirror E. The arrows indicate the direction of the Rayleigh column for the 
respective images, and the expected axis of radial elongation. The elongation is clearly 
rotated in the two images and lines up well with the expected directions. 

implies a column thickness of 10km. To our knowledge, this is the smallest sodium 

beacon ever produced. 

8.3 Summary 

The enhanced sky coverage sodium laser guide stars can provide is essential to the 

next generation AO for large telescopes. 

Return data has shown the non-thermal profile of the sodium hyperfine levels when 

pumped with circularly polarized light, leading to a 3.5:1 intensity ratio, and an increase 
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in flux of -30% over linear polarized light. This implies that the optimal pumping is with 

circularly polarized light centered on the F = 2 absorption peak, as opposed to a 

broadband pumping of both hyperfine levels. Return data has also been obtained relating 

the return flux to the output power and sodium column density. The average return value 

for the MMT was 8.4x10^ ph/s/m^/W. 

Center mount systems have been shown to provide the optimal noise performance 

without significant degradation due to Rayleigh obscuration or scatter. For a 6.5m system 

the noise degradation due to radial elongation is leads to an 11 % increase in average 

Strehl for the center mount system over the side mount system. Recent experiments have 

shown this elongation, and have verified its magnitude as consistent with the sodium 

layer thickness. 

Numerical simulations have shown that there is an optimal projected waist for a given 

ro. For the average conditions at the MMT, ro~15cm, this waist is 29cm. Experiments 

with the current system have verified the dependence of the beacon size on the projected 

beam waist. In addition, the simulations have revealed that, for sites with similar seeing 

as the MMT, projectors over ~50cm in diameter are unnecessarily large and costly, and 

that projectors much smaller that 50cm in diameter begin to adversely effect 

performance. Simulations also predict an optimal reconstruction Strehl of 0.99. However, 

this is for the optimal situation. Table 8.1 gives a listing of reconstruction Strehls in both 

the radial and transverse directions (elongated and non-elongated) for varying output 

laser powers, sodium column densities, and spot sizes. Here we assume a 75% projector 
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Sodium Image Equivalent FWHM (arcsec) 

Input Laser 
Power (W) 

Sodium 
Return 

(ph/s/m^AV) 
0.55 0.75 1.0 

4.0 

4.0x10^ 0.90 (0.73) 0.82 (0.63) 0.70 (0.50) 

4.0 8.0x10^ 0.95 (0.87) 0.92 (0.82) 0.86 (0.74) 4.0 

12.0x10^ 0.97 (0.92) 0.95 (0.88) 0.91 (0.82) 

6.0 

4.0x10^ 0.94 (0.82) 0.88 (0.75) 0.81 (0.66) 

6.0 8.0x10^ 0.97 (0.92) 0.95 (0.88) 0.91 (0.82) 6.0 

12.0x10^ 0.98 (0.94) 0.97 (0.92) 0.94 (0.88) 

8.0 

4.0x10' 0.95 (0.87) 0.92 (0.82) 0.86 (0.74) 

8.0 8.0x10^ 0.98 (0.94) 0.96 (0.91) 0.93 (0.87) 8.0 

12.0x10^ 0.99 (0.96) 0.97 (0.94) 0.95 (0.91) 

10.0 

4.0x10^ 0.96 (0.90) 0.93 (0.85) 0.89 (0.79) 

10.0 8.0x10^ 0.98 (0.95) 0.97 (0.93) 0.95 (0.90) 10.0 

12.0x10^ 0.99 (0.97) 0.98 (0.95) 0.96 (0.93) 

Table 8.1 Summary of reconstruction Strehl ratios given various parameters. The Strehl 
values in parenthesis are for correction in the elongated direction. The value in boldface 
is for the parameters already achieved by the current projector. 
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transmission, a O.Sarcsec elongation, a read noise of three, an observation wavelength of 

2.2|j.m and an exposure time of I ms. From table 5.1 it can be seen that the greatest gains 

are to be made in increasing the power from 4W to 8W, and that the greatest gains made 

by decreasing the spot size are in the low return regime. 

The prototype system detailed here has proven the concept, has produced spot sizes as 

low as 0.75arcsec. The current projector is a working system, and has been used to 

provide sodium beacons to the FASTTRAC II system for several years. 

Based on the calculations and simulations presented here, and the experience gained 

in working with the prototype, we expect that the 6.5m system will provide optimal 

performance in a workable package for a reasonable price. 
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Appendix A 

Code for the Numerical Simulations 

What follows is the code used for the numerical simulation of the RMS noise error for 

a sodium beacon. All of the modules developed are contained in this listing though they 

are not all called by this particular algorithm, but rather are included for completeness. 

This is essentially a 'snapshot' of the code as it was used to determine the expected 

performance curve for the 6.5m system. This code was written in C++ (essentially C) 

using the Watcom coding environment. 

//psfOl.cpp — This is a code test bed. 

//Header inclusions. 

#include <stdio.h> 
#include <iostream.h> 
#inciude <math.h> 
#include <stdlib.h> 
#include <fstream.h> 

Listing: 

//Constants 

const ini Size = 44; 
const int Size3 = 45; 
const int Size4 = 44; 

//Size of the pupil array and sodium array (pixels) 
//Size of psf array (pixels) must be odd 
//Size of the wavefront sensor array(pixels) 
//Value of pi const double pi =3.1415927; 
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const int Divisions = 10000; 
const double Na_Height = 9.5e4; 
const int Length = 44; 
const int Waves = 300; 
const int Trials = 26; 

//Number of elements in the look up table 
//Sodium layer height (m) 
//The length of the phase screen 
//Provisional array size for kolmogorov arrays 
//Number of waist values 

//Global variables with assigmnents 

double ps = 0.01257*(44.0/Size); 
double is3 = (40.0e-6)*1.2*(45.0/Size); 
double is = is3*900.0; 
double platescale = 1.0/(4.8e-6*Na_Height); 
double waist = 0.24; 
double rO = 0.15; 
double wind_speed = 20.0; 
double exposure_time = 0.01; 
double focus_radius = 9.5e4; 
double wts_radius = 100.0; 
double pupiLradius = .240; 
double subap_radius = 0.250; 
double inner_scale = .002; 
double cuier_scale = 100000; 
int waves_per_decade = 30; 
double wavelength = 5.89e-7; 
double bfd = 100.0; 
double laser_power = 7.5; 
double throughput = 0.6; 
double q = 0.8; 
double rn = 3.0; 
double base_flux = 840000.0; 

//Pupil scale (m/pixel) 
//PSF scale (m/pixel) 
//Image scale on the sodium layer (m/pixel) 
//Platescale on the sky (arcsec/m) 
//Beam waist, e-pi point (m) normally (0.2777) 
//Atmospheric rO (m) 
//Wind speed (m/sec) 
//Exposure time for 1 frame (sec) 
//Radius of curvature for the projected beam (m) 
//Radius of curvature for the sub-aperture beam (m) 
//Pupil aperture radius (m) 
//Sub-aperture radius (m) 
//Inner turbulence scale (m) 
//Outer turbulence scale (m) 
//Number of waves per decade 
//Wavelength of light (m) 
//Back focal distance of the subaperture (m) 
//Laser output power at the top of the projector (W) 
//Telescope throughput to the wfs 
//Quantum efficiency of the wfs chip 
//Read Noise (electrons) 
//Average photons/m'^2/s/W 

//Stucture templates 

typedef struct 

double r; 
double i; 

[complex; 

//Real part of the comlex number 
//Imaginary part of the complex number 

typedef struct 

double a; 
double p; 

lamp_phase; 

//Amplitude part 
//phase part in radians 

//Global Arrays 

complex uO[SizeI[Size]; 
complex ul[Sizel(Size]; 

//E field at the exit pupil 
//E field at the sodium layer 
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complex u2[Size][Sizel; 
complex u3[Size3I[Slze3]; 
amp_phase pupil_mask[Sizel[Sizel: 
amp_phase subap_mask[Size][Size]; 
double phase_screen[Size][Lengthl; 
complex psCtable[Divisions]; 
double il[Size][Size]; 
double psf[Size3][Size31; 
double wfs[Size4][Size41; 
amp_phase wav[Size][Sizel; 
amp_phase wav2[Sizel[Sizel; 
double response[(Size4-1 )*2+1 ][3]; 
double max_response[Trialsl[2]; 

//E neld at the sub-aperture 
//E Held at the detector 
//Mask that represents the projector aperture 
//Mask that represents the sub-aperture 
//Phase mask due to turbulence 
//Look up table for propogation 
//Intensity Held at the Na layer 
//Intensity field at the psf detector 
//Intensity field after deconvolution 
//E field in amp/phase at the exit pupil 
//E field in amp/phase at the sub-aperture 
//Response curve from the wfs centroiding 
//Maximum slope on the response curve 

//Function Prototypes 

void conv_wave(int cwpas. double cwfr, double cwwI. double cwps. amp_phase cwfield[][SizeI); 
void outputmatO; 
void gaus(amp_phase gfield[][Size|); 
double power(double pwrscale. complex pfield[][Size]); 
double power3(double pwrscale, complex pfield[][Size3]); 
void cmplx(amp_phase aprield[Sizel[SizeI, complex cpfield[][Sizel); 
void lkupt(int Iksizel, int lksize2, double Ikz, double Ikscl, double lksc2. complex lkfield[]); 
void propogaieCfloat scalel, float scale2. complex plkt[]. complex prieldl[][Size]. complex 
pfieId2[I[Sizel); 
void propogate3(float scalel, float scale2, complex plkt[], complex pfieldl[][Size], complex 
pfield2[][Size3]); 
int round(double input); 
complex sum(complex fieldl[][Sizel, complex field2[]ISizel, double factor); 
void intensity(complex efield[][Size], double ifield[][SizeI, double iflux. double iscale); 
void intensily3(complex efield[][Size3], double irield[][Size3], double iscale3); 
void initialize(amp_phase field[][Size]); 
void create_mask(double mask_rad, double mask_scale, amp_phase mask_field[][Sizel, double cmamp); 
void ap_muli{amp_phase fieldl[][Size], amp_phase Field2[][Size), amp_phase field3[][Sizel); 
void kolmo(double kscale, double kscreen[Sizel[Length]); 
void statsO; 
void screen_add(double dbarray[][Size), amp_phase aparray[][Size]); 
void amph(complex cmfield[][Size], amp_phase apfield[][Size]); 
double calcwaist(double cwfield[][Size], double energy, double cwscale); 
void real_mask(double rmfield[][Sizel, double radius, double xcent, double ycent); 
void convolve(double psf_field[][Size3], double na_field[][Size], double wav_field[][Size4]); 
double x_centroid(double field[][Size4]); 
double x_centroid(double field[][Size4]); 
void get_response(double field[][Size4], double zero); 
void normalizeO; 
void slopeO; 
void wfs_init(double f:eld[][Size4]); 
void response_init(); 
double get_phot(); 
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*****************>>!****************************!¥******** 

/nrhe Main Program 

int main(void) 
{ 

unsigned int seed, runs; 
double center, original_ps. intpowcr. sod_power; 
double psf_amp, photons; 
cout « "Hi there, I'm Marvin, this is the new prograni.\n\n"; 
cout « "Please enter a random seed: "; 
cin » seed; 
cout « "Please enter a value for rO (m): "; 
cin » rO; 
cout « "Please enter the projected beam waist (m): "; 
cin » waist; 
cout« "Please enter the number of runs: "; 
cin » runs; 

// pupil_radius = 10.0; //put in for no vignetting 
originaLps = ps; //put in for changing base scale 
for(int iter=0; iter<Trials; iter-H-) 

I 
srand(seed); 
response_init(); //Initializes the response array 
photons = 0.0; 

// if(waist > 0.2) 
// ( 
// ps = original_ps*waist/0.2; 

// 1 
create_mask(pupil_radius, ps. pupil_mask. laser_power); //Creates a circular pupil mask 
for(int m=0; m<runs; m-H-) 
( 

cout« "Run " « m+l « " of" « runs « "\n"; 
cout « "The waist is " « waist« "\n"; 
initialize(wav); //Initialize the wav array w/a plane wave 
conv_wave(Size, focus_radius, wavelength, ps, wav); //Put a converging wave on the pupil 
gaus(wav); //Put a gaussian amplitude on the pupil 
kolmo(ps, phase_screen); //Create a kolmogorov phase screen 
screen_add(phase_screen, wav); //Adds the phase screen to wav 
ap_mult(wav, pupil_mask, wav); //Stamps the amp_phase array w/the mask 
cmplx(wav, uO); //Changes amp_phase array into complex array 
intpower = power(ps, uO); //Integrate the squared amplitude of the pupil 
lkupt(Size, Size, Na_Height. ps, is, psf_table); //Generates a lookup table 
propogate(ps, is, psf_table, uO, ul); //Propogates one field to another 
sod_power = power(is, ul); 
intensity(u 1, i 1, base_flux, is); //Squares the field matrix to obtain intensity 
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n 
psf_amp = exposure_time*throughput*q; //Amplitude factor for the wfs 
creatc_maslc(subap_radius. original_ps, subap_mask. psf_amp); //Creates a circular sub-

aperture mask 

initialize(wav2): //Initialize the wav2 array w/a plane wave 

wfs_init(wfs); //Initializes the wfs array to all zero 
conv_wave(Size, wfs_radius, wavelength, original_ps, wav2); //Put a converging wave on the 

sub-aperture 

kolmo(original_ps, phase_screen); //Create a kolmogorov phase screen 

screen_add(phase_screen, wav2); //Adds the phase screen to wav2 
ap_mult(wav2, subap_mask, wav2); //Stamps the amp_phase array w/ the mask 
cmplx(wav2, u2); //Changes amp_phase array into complex array 

// subap_power = power(ps, u2); //Integrate the squared amplitude of the sub-aperture 
lkupt(Size, Size3, bfd, originaLps, is3, psf_table); //Generates the lookup table 
propogate3(original_ps, is3, psfjable, u2, u3); //Propogates one field to another 
intensity3(u3, psf, is3); //Squares the field matrix to obtain the intensity 
con vol ve(psf, i 1, wfs); //Convolves the psf with the sodium spot 
center = x_cenlroid(wfs); //Finds the x centroid of wfs 
cout « "The centroid of the wfs spot is " « center « "\n"; 
get_response(wfs, center); //Finds the difference with a sliding divider 
photons += get_phot(); 
cout « "The number of photons is " « photons/(m+1) « "\n"; 

I 
photons /= runs; 
cout « "The average number of photons is " « photons « "\n"; 
normalizeO; //Takes the average response value 
slope(); //Determines the slope 
max_response[iter][0]=(I.0/response[(Size4-l)l[l])*sqrt(4.0*rn*rn+photons)*is*platescaie: 
max_response[iterl [ 1 l=waist; 
cout « "The maximum slope is " « max_response[iter][0] « "\n"; 
cout « "The output power is " « intpower « "\n"; 
cout « "The sodium power is " « sod_power « "\n\n"; 
if(waisl<0.381) 

waist += 0.02; 
else 

waist += 0.05; 
} 

outputmatO; //Outputs arrays to files 
cout « "Great Oogly Boogly, the Answer is 42!!!\n"; 
cout« "What was the question again?\n"; 
cout « "Enter any 11 digit prime number to continue: "; 
return 0; 
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//conv_wave — This function creates the phase of a converging wave of Radius cwfr 
//and adds the results to the phase portion of the array cwfieid. 

void conv_wave(int cwpas. double cwfr. double cwwl, double cwps. amp_phase cwrield[][Sizel) 
{ 

double xpos, ypos. r2. delta, iheta; 
double cwmiddle = cwpas/2.0 - 0.5; //center of the array (pixels) 
double cwk = 2.0*pi/cwwl; //wave number (rad/m) 
for(int y=0; y < cwpas; y++) 
{ 

for(int x=0; x < cwpas; X-H-) 
{ 

xpos = cwmiddle - x; //x radius in pixels 
ypos = cwmiddle - y; f / y  radius in pixels 
r2 = (xpos*xpos + ypos*ypos)*(cwps*cwps); //total radius in meters 
delta = -sqrt(cwfr*cwfr - r2) + cwfr; //exact sag 
theta = -cwk * delta; //sag in radians 
cwficld[y][xl.p = cwfield[y][x].p + theta; //add the phase to the array 

) 

1 
) 

//gaus — fills the pupil amplitude grid with a gausian function of 
//an amplitude which varies to keep the total intensity at a value 
//of 1 for no pupil mask and a waist wst. 

void gaus(amp_phase gfield[][Sizel) 
{ 

double xpos, ypos. r2; 
double gsmiddle = Sizc/2.0 - 0.5; 
double ampl = sqrt(2.0)/waisi; 
for(int y=0; y<Size; y-H-) 
( 

for(int x=0; x<Size; x++) 
{ 

xpos = gsmiddle - x; 
ypos = gsmiddle - y; 
r2 = (xpos*xpos + ypos*ypos)*ps*ps; 
gfield[y][xl.a = ampl*exp(-pi*(r2/(waist*waist))); 

1 
} 

1 
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//power — This function integrates the total power over the an amplitude 
//field by sqaring the matrix and summing over the elements and multiplying 
//by the appropriate scale. 

double power(double pwrscale, complex pfjeld[][Sizel) 
{ 

double pwr = 0.0; 
forCint y=0; y < Size; y++) 
{ 

for(int x=0; x < Size; X-H-) 
{ 

pwr += (pfield[yl[xj.r*pfield[yl[x].r+pfieid[y][x].i*pfield[yl[xl.i)*pwrscale*pwrscalc: 

return pwr; 
) 

//powers — This function integrates the total power over the an amplitude 
//Held by sqaring the matrix and summing over the elements and multiplying 
//by the appropriate scale. 

double power3(double pwrscale, complex pfield[][Size31) 
{ 

double pwr = 0.0; 
for(int y=0; y < Size3; y++) 
{ 

for(int x=0; x < Size3; X-H-) 
{ 

pwr += (pfieid[y][xl.r*pfield[yl[x].rH-pfield[y][x].i*pfield[yJ[xJ.i)*pwrscale*pwrscale; 

1 
! 
return pwr; 

//cmplx — This function translates an amp_phase matrix into a complex 
//matrix. 

:|e :ie:((% 9|e 3|c :|e :|e :K % 4e ife * 3|c :1c 4e :|c % 4t 4c 3|e 4e 9|c :(e # % «:|c % :(c • :|e :4c 4:4t • 9|t 3(e« afe« • 9fe * * % # # :(t * 4:3(c 

void cmplx(amp_phase apfield[][SizeI. complex cpfield[][Size]) 
{ 

for(int y=0; y<Size; y++) 
{ 

forfint x=0; x<Size; x++) 
{ 

cptleld[y][x].r = apfield[yl[xl.a * cos(apfield[yl[xI.p); 
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cpfleld[yl[x|.i = apfield[y][x|.a * sin(aprield[yl[xl.p); 

1 

//Ikupt — This function generates a lookup table for the diffraction propogation 
//function. It consists of div elements and uses Dr. Shack's formulation for 
//determining the spread function. The pupil and the image must be co-axial. 

void Iicupt(inl licsizel, int lksize2, double Ikz, double Ikscl, double lksc2, complex Ikfield(l) 
{ 

double rad, delta, r, tmp, theta, Ikamp; 
double I = wavelength; //replacement for wavelength 
double radl = sqrt(2.0)*(lksizel/2.0)*lkscl; 
double rad2 = sqrt(2.0)*(lksize2/2.0)*lksc2; 
double step = (radl + rad2)/(Divisions - 1.0); 
double arct = alan(2.0*pi*lkz/l); //approx pi/2 dropped the extra r value 
for(int a=0; a < Divisions; a-H-) 
( 

rad = a * step; //radial distance to image point 
delta = sqrt(lkz*lkz+rad*rad)-lkz; //distance difference 
r = Ikz + delta; //distance from center pupil to image point 
tmp = 2.0*pi*r; 
theta = 2.0*pi*delta/l; //phase difference in radians 
Ikamp = (2.0*pi*lkz/r)*sqrt(1.0+tmp*tmp/(l*l))/(tmp*tmp/(l*l)); 
lkfield[a].r = lkamp*cos(theta-arct)*lkscl *lkscl; //real part of the psf 
lkfield[al.i = lkamp*sin(theta-arct)*lkscl »lkscl; //imaginary part of the psf 

1 
) 

//propogate - propogate propogates a complex array pfieldl a given distance pdst using a lookup 
//table plkt and outputs a complex array pfield2. Both input and output must be sqare arrays and 
//centered on a common axis. 

void propogate(float scalel. float scale2, complex plkt[], complex pfieldl[][Size], complex pfield2[][Sizel) 
( 

complex spread[Size][Size]; //This is the spread function for a given image point. 
complex spready[Sizel[Sizel, spreadx[Sizel[Sizel, spreadyx[Sizel[Sizel; 
double ixpos, iypos, pxpos, pypos, pr; 
double ftidge = 2.8825152e 12; 
int lookup; 
double pmiddle = Size/2.0 - 0.5; 
double imiddle = Size/2.0 - 0.5; 
double prad = sqrl(2.0)*(Size/2.0)*scaIel; 
double irad = sqrt(2.0)*(Size/2.0)*scale2; 
double pstep = (prad + irad)/(Divisions - 1.0); //determine the step size in meters 
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for(inl iy=0: iy <= floor(imiddle); iy++) 
{ 

t'ordnt ix=0; ix <= floor(imiddle); ix++) 
( 

ixpos = (imiddic - ix)*scalc2; //determine the image pixel's x position 
iypos = (imiddle - iy)*scale2: //determine the image pixel's y position 
for(int py=0; py < Size: py-H-) 
{ 

forCinl px=0: px < Size; px++) 
{ 

pxpos = (pmiddle - px)*scalel: 
pypos = (pmiddle - py)*scalel: 
pr = sqrl((ixpos-pxpos)*(ixpos-pxpos)+(iypos-pypos)*(iypos-pypos)); 
lookup = round(pr/pstep); 
ifdookup > (Divisions - I)) 
{ 

cout « "Error in propogation. lookup table exceeded.Vn"; 
cout« "Recovering and proceeding.Xn"; 
cout« "pr = " « pr « "\n"; 
cout « "Divisions = " « Divisions « "\n"; 
cout « "lookup = " « lookup « "\n"; 
lookup = Divisions-1: 

1 
spread[pyl[px| = plkt[lookupl; 
spready[Size-py-l ][px| = spread[py][px]; 
spreadx[py][Size-px-l 1 = spread[py][pxl; 
sprcadyx[Size-py-1 l[Size-px-1 ] = spread[py][pxl; 

1 
} 

pfield2[iy][ixl = sum(pfieldU spread, fudge); 
pfield2[Size-iy-l][ixl = sum(prieldl, spready, fudge); 
prield2[iy][Size-ix-II = sum(pfieldl, spreadx, ftidge); 
prield2[Size-iy-ll[Size-ix-ll = sum(prieldl, spreadyx, fudge); 

} 

} 

1 

//propogate3 — propogate propogates a complex array pfieldl a given distance pdst using a lookup 
//table pIkt and outputs a complex array pfield2. Both input and output must be sqare arrays and 
//centered on a common axis. 

% :|c 3|e:K «:te«]|c 4c 4c * ate 4c % * He 3): 4:4c * 4c 4e * 4c 4c # * 4c :4c * 4c % 4c 3(c 4c  ̂ :fe * :4c 

void propogate3(noat scalel, float scale2, complex plkt[], complex pfieldl[][Sizel, complex 
pfield2[][Size3]) 
{ 

complex spread[Size|[Size|; //This is the spread function for a given image point. 
complex spready[Sizel[Sizel, spreadx[Sizel[Size], spreadyx[Size)[Size]; 
double ixpos. iypos, pxpos. pypos. pr; 
double fudge = 2.96636el2; 
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int lookup: 
double pmiddle = Size/2.0 - 0.5; 
double imiddle = Size3/2.0 - 0.5; 
double prad = sqrt(2.0)*(Sizc/2.0)*scalel; 
double irad = sqn(2.0)*(Size3/2.0)*scale2; 
double pstep = (prad + irad)/(Divisions - 1.0); 
forCinl iy=0; iy <= floor(imiddle); iy++) 
{ 

foKint ix=0; ix <= noor(imiddle); ix-H-) 
{ 

ixpos = (imiddle - ix)*scale2; 
iypos = (imiddle - iy)*scale2; 
for(int py=0; py < Size; py++) 
{ 

for(int px=0; px < Size; px++) 
{ 

pxpos = (pmiddle - px)*scalel; 
pypos = (pmiddle - py)*scalel; 
pr = sqrt((ixpos-pxpos)*(ixpos-pxpos)+(iypos-pypos)*(iypos-pypos)); 
lookup = round(pr/pstep); 
ifdookup > (Divisions - 1)) 
{ 

cout « "Error in propogation, lookup table exceeded.\n"; 
cout « "Recovering and proceeding.\n"; 
com « "pr = " « pr« "\n": 
cout « "Divisions = " « Divisions « "\n"; 
cout « "lookup = " « lookup « "\n"; 
lookup = Divisions-1; 

} 

spread[py][px] = pIkt[lookupl; 
spready[Size-py-l I[pxl = spread[py][pxl; 
spreadx[py][Size-px-I ] = spread[py][px]: 
spreadyx[Size-py-ll[Size-px-l] = spread[py][pxl; 

} 

I 
prield2[iy][ix] = sum(pfieldl. spread, fudge); 
pfield2[Size3-iy-l][ixl = sum(pfieldl, spready. fudge); 
pfield2[iy][Size3-ix-l 1 = sum(pfieldl, spreadx, fudge); 
prield2[Size3-iy-l][Size3-ix-l] = sum(pfieldl, spreadyx. fiidge); 

} 

} 

1 

//round — This function rounds and inputed double and returns an integer. 

//determine the step size in meters 

//determine the image pixel's x  position 
//determine the image pixel's y position 

int round(double input) 
{ 

int output; 
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output = floor(input); 
double remainder = input - output; 
if(remainder > 0.5) 

output++; 
return output; 

I 

//sum — This function multiplies two complex arrays and returns the sum of their elements as a 
//complex number. 
y^:|e :te % # 4c 4e 4:4:4e 4:4:4e :(e 4e • 4t # * • % 4c 4e 4c 4t 4e # 4e « 4e 4t 4e 4e 4B 4e 4e 4e 4:4: 

connplex sum(compIex fieldl[][Size], complex field2[l[Sizel, double factor) 
{ 

double reaLpart. imag_part; 
complex output; 
output.r = 0.0; 
output.i = 0.0; 
for(int y=0; y < Size; y++) 
( 

IbrCint x=0; x < Size; X-H-) 
{ 

reaLpart = fieldl [yl[x].r*field2[y][x|.r-fieldl [y][xl.i*field2[yl[x].i; 
imag_parl = field2[y][x].r*rieldl [yl[xl.i+field I [y][xl.r*field2[yl[xl.i; 
output.r += reaLpart * factor; 
output.i += imag_part * factor: 

1 
} 

return output; 

1 

//intensity — This function takes a complex E fleld array and outputs a real intensity array 

void intensity(complex efield[][Size], double ifield[][Sizel, double iflux, double iscale) 
( 

forfint y=0; y < Size; y++) 
{ 

for(int x=0; x < Size; x++) 
{ 

ifield[yl[x] = efield[y][x].r*efield[y][x].r + efield[y][x].i*efield[y][x].i; 
ifield[yl[xl *= iflux*iscale*iscale; //adjusts total power to the appropriate value 

} 

} 

1 

:(c :|e 4e 4e 4e 4e 4c 4e 4e 4(:te 4e # 4c 4t • :(c 4c 4e 4e 4c # 4e 4e 4K % * 4̂  4c 4c # 4c 4e 4:4e 4c 4e 4t * 4c 4e 4e * 4e 4t 4c 4(:(e 4e 4c 4e 4e 4c 4c 4c 4e 4e 4( 4e • 4c 4e 4e 4e 4e 4( 4c 4: % 4e 4e 4c 4t 4t % 4e 4e * * 4e 4e * 

//intensity3 ~ This function takes a complex E field array and outputs a real intensity array 
:(e 4e 4e 4e 4e • 4c 4e 4e :<e 4t • 4c 4c 4t • 4t 4e 4c * 4t 4( 4e« 4c 4e 4̂  4e 4t 9|c 4t 4t 4b 4c 4c 4e 4c 4e 4e 4e 4e 4e 4e 4t 4c 4e 4( 4e 4e # % 4e 4c 4e 4e 4c 4e 4c 4e • 4c • 4e 4c 4c 4̂  4e 4c 4c 4e 4( % * 4e * 4e 4e 4e * 
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void intensity3(complex efield[][Size31, double ifield[l[Size31, double iscale3) 
/ I 

for(int y=0: y < Size3; y-i-+) 
{ 

for(inl x=0; x < Size3; x-H-) 
( 

ifield[yl[xl = erield[yl[xl.r*efield(y][x|.r -i- erield[yl[xl.i*efleld[yl[x|.i: 
ifield[yl[xl *= iscale3*iscale3: //adjusts total power to match proper flux 

} 

//initialize •• This function puts a plane wave of amplitude 1 and phase 0 onto the input array. 

void initialize(amp_phase field[][Sizel) 
( 

ror(int y=0; y<Size; y-M-) 
( 

for(int x=0; x<Size; x-H-) 
{ 

rield[yl[xl.a = 1.0; 
neld[yl[xl.p = 0.0; 

} 

I 
I 

//wfsjnit ~ This function resest the wfs array to zeros. 

void wfs_init(double field[][Size4]) 
( 

for(int y=0; y<Size4; y-H-) 
( 

for(int x=0: x<Size4; X-H-) 
rield[yl[x] = 0.0; 

1 
1 

//responsejnit — This function resest the response array to zeros. 

void response_init() 
{ 

for(ini y=0; y<((Size4-l)*2-^l); y+-i-) 
( 



167 

ror(int x=0: x<3; x++) 
response[y][xl = 0.0; 

) 

I 

//creat_mask — This function creates a circular amplitude/phase mask in the input array 

void create_mask(doubIe mask_rad. double niask_scale, amp_phase mask_fleld[][Sizel, double cmamp) 
{ 

double radius, partial_sum, trad; 
double middle = Size/2.0 - 0.5; 
mask_rad = mask_rad/mask_scale; 
double rmin = mask_rad - 1.0/sqrt(2.0); 
double rmax = mask_rad + 1.0/sqrt(2.0); 
cmamp = sqrt(cmamp); 
for(int y=0; y<Size; y++) 
{ 

for(int x=0; x<Size; x++) 
{ 

radius = sqrt((middle - x)*(middle - x) + (middle - y)*(middle - y)); 
if(radius <= rmin) 

mask_field[y][x].a = 1.0; 
else if(radius >= rmax) 

mask_field[y][x].a = 0.0; 
else 
{ 

parual_sum = 0.0; 
for(int a=0; a < 10; a++) 
{ 

for(int bsO; b<10; b++) 
{ 

trad = sqrt(pow((middle-(x-0.45+0.1 *b)),2.0)+pow((middle-(y-0.45+0.1 *a)),2.0)); 
iff trad <= mask_rad) 

panial_sum += .01; 

I 
1 
mask_rield[yl[x].a = partiaLsum; 

} 

if(mask_field[yl[x].a = 0.0) 
mask_field[y][x].p = 0.0; 

else 
mask_field[y][xl.p = 1.0; 

mask_rield[y][x].a *= cmamp; 

1 
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:4c :(e # 4e • 4: • :|e * 4:^ :(c 4e :|e :(c :fe:f; :|e :te:(e :fe :(c :<( :<e 4:4: 
//ap_mult — This function takes two amp_phase inputs and multiplies them termwise 
//*4c«#4E«4c«4c3k:*:tc:t*:tc:tc4E*4c4c«*4c*^*«:k«:tc*«:<i:*i*:tc4c:tc3tc:<c:tc;|c4c*:|c:ti:tc:|c«:tc«itC!«;«:tc:|c:|c4c:|e:4c4c*:|E4c:|c%:|c:(e:tc:tc«:|c:|c:|c«:4c4;:tc:tc«:tc:<c*« 

void ap_mult(amp_phase fieldI[][Sizel, amp_phase rield2[][SizeI. amp_phase field3[][SizcI) 
( 

for(int y=0; y<Size; y++) 
{ 

for(int x=0; x<Size; X-H-) 
{ 

neld3[y][xl.a = fieldl[yj[x].a * field2[y][x].a; 
neld3[y][xl.p = fieldl[yl[xl.p * field2[yl[xl.p: 

} 

//kolmo — This function creates a phase screen of length 'Length' and width 'Size', 'inner' and 
//'outer' are the inner and outer turbulence wavelengths, and nwpd is the number of waves per 
//decade. Each sinusoidal component of the phase screen has two random values associated with it: 
II phase, and direction. The amplitude is set by rO and the fudge factor sfconst (given to me by 
//Michael Lloyd-Hart). 

void lcolmo(double kscale, double kscreen[SizeJ[Lengthl) 
{ 

double p[Waves], w[Waves]. a[Wavesl. s[Wavesl, c[Wavesl, dir, sum, mean, xpos, ypos; 
int X, y. n; 
double kcounter = 0.0; 
sum = 0.0; 

double sfconst = 0.7; //This is the fudge factor to make the stats come out right 
double qO = sfconst/pow(rO, 5.0/6.0); 
int nwave = round(waves_per_decade*loglO(outer_scale/inner_scale)); 
for(n=0; n<nwave; n-H-) 
{ 

p(nl = 2.0*pi*(rand()/32767.0); //The random phase array 
w[n] = (powdO.O, (n/waves_per_decade))/outer_scale)*2.0*pi; //The wavelength array 
a[ni = qO/pow(w[n], (5.0/6.0)); //The amplitude array 
dir = pi*(rand()/32767.0); //The random direction 
s(nl = sin(dir); //The random sin array 
c[n] = cos(dir); //The random cos array 

} 

for(y=0; y<Size; y++) 

{ 

ypos = y*kscale; 
for(x=0; x<Length; x-H-) 
{ 

xpos = X* kscale; 
kscreen[y][x] = 0.0; 
for(n=0; n<nwave; n++) 



169 

{ 
Icscreen[yl[xl += a[nI*sin((xpos*c[nl+ypos*s[nl)*w(n|+p[n|): 

} 

sum += kscreen(y][x|; 
kcounter++; 

1 
I 
mean = sum/kcounter; 
for(y=0; y<Size; y++J 
{ 

for(x=0; x<Length: x++) 
{ 

kscreen[yl[xl -= mean; 

1 
} 

//screen_add ~ This function adds a double array to phase component of an amp_phase array. It is 
//used to add the kolmogorov phase screen to the pupil array. 

void screen_add(double dbarray[][Size], amp_phase aparray[][Size]) 

1 
for(ini y=0; y<Size; y++) 
{ 

for(int x=0; x<Size; X-H-) 
( 

aparray[y][x].p += dbarray[y][xl; 
) 

I 

//amph — This function takes a complex array input and changes it to an amplitude phase output. 

void amph(compiex cmrield[][Size], amp_phase apfieid[][Size]) 
{ 

double rl. im. a. p; 
for(int y=0; y<Size; y++) 
{ 

for(int x=0; x<Size; x++) 

I 
rl = cmfield[y][x].r; 
im = cmrield[y|[x].i; 
a = sqrt(rl*rl + im*im); 
if(rl == 0.0) 
( 

if'(im > 0.0) 
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p = pi/2.0; 
else if(im < 0.0) 

p = -pi/2.0; 
else 

p = 0.0; 
} 

else 
{ 

p = atan(im/rl); 
if(rl < 0) 

P += pi: 

1 
apfield[yl[x].a = a; 
apfield[y][xl.p = p; 

1 

//stats - This function tests the output of the koimo function by deriving the ratio of the mean square 
//'ms' with another factor: ms/(D/rO)'^(5/3). This should yield a factor of 1.013 for a sufficient sample 
//size. 

void statsO 
{ 

double d = 2.0 * pupiLradius; 
double reps = 150.0; 
double alpha = pow((d/rO), (5.0/3.0)); 
double ms = 0.0; 
double tms = 0.0; 
double counter = 0.0; 
ini n = I; 
srand(324); 
for(int t=l; t <= reps; t-H-) 
{ 

if(n = 10) 
{ 

coui«t« "\n"; 
n = 0; 

I 
ms = 0.0; 
counter = 0.0; 
kolmo(ps, phase_screen); 
for(ini y=0; y<Size; y++) 
( 

forCint x=0; x<Size; X-H-) 
{ 

if(pupil_mask[y][xl.p > 0.5) 
{ 

ms += phasc_screen[yl[xl*phase_screen(y][xj; 
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counter-M-; 
} 

} 

1 
ms = ms/counter; 
tms += ms; 
n++; 

I 
tms = tms/reps; 
double factor = tms / alpha; 
cout « "The expected value is: 1.013\n\n"; 
cout « "The actual value is; " « factor « "\n\n"; 
cout« "The percentage error is: " « 100*(1.013-factor)/1.013 « "%\n\n"; 

1 

//calcwaist — This function calculates the diameter that encircles half the projected energy centered 
//about the centroid. 
f̂ *****************************************:̂ (̂*ill*****:tf**:t**1lr**1l*****m***** î*if***^**^c*** 

double calcwaist(double cwfield[Size][Sizel, double energy, double cwscale) 
{ 

int X. y, repeat; 

double diameter, xtotal, ytotal. centx, centy, scalesq, cwrad, tpwr; 
double mask[Sizel[Sizel; 
scalesq = cwscale * cwscale; 
xtotal = 0.0; 
ytotal = 0.0; 
for(y=0; y<Size; y++) 
{ 

for(x=0; x<Size; x++) 

I 
xtotal += cwfield[y][x] * x * scalesq; 
ytotal += cwrield[y][x] * y * scalesq; 

I 
} 

centx = xtotal / energy; 
centy = ytotal / energy; 
cwrad = 0.0; 
repeat = 1; 
tpwr = 0.0; 
while(repeat = 1) 
{ 

tpwr = 0.0; 
cwrad += 0.1; 
real_mask(mask. cwrad, cenlx, centy); 
for(y=0; y<Size; y++) 
( 

for(x=0; x<Size; x-i-+) 
( 

mask[yl[xl *= cwReld[y][xI; 
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tpwr += mask[yl[xl * scalesq; 
) 

I 
if(tpwr >= energy / 2.0) 

repeat = 0; 
if(cwrad > ((sqrt(2.0)/2.0)*Size)) 

repeat = 0; 

1 
if(((centy - cwrad) < -0.5) II ((centy + cwrad) > (Size - 0.5))) 

diameter = -1.0; 
else if(((centx - cwrad) < -0.5) II ((centx + cwrad) > (Size - 0.5))) 

diameter = -1.0; 
else 

diameter = (2.0 * cwrad)*cwscale*platescale: 
return diameter; 

) 

//real.mask ~ This function creates a circular mask of a given radius 'radius', centered about xcent, 
//ycent. 

void reaLniaslc(double rmfield[][Size], double radius, double xcent, double ycent) 
{ 

double partial_sum. trad; 
double rmin = radius - 1.0/sqrt(2.0); 
double rmax = radius + l.0/sqrt(2.0); 
for(int y=0; y<Size; y+-(-) 
{ 

for(int x=0; x<Size; x++) 
{ 

radius = sqrt((xcent - x)*(xcent - x) + (ycent - y)*(ycent - y)); 
if(radius <= rmin) 

rmfield[yl[x] = 1.0; 
else if(radius >= rmax) 

rmfield[y][x] = 0.0; 
else 
{ 

partial_sum = 0.0; 
for(inl a=0; a < 10; a-t-t-) 
( 

for(int b=0; b<lG; b-H-) 
{ 

trad = sqrt(pow((xcent-(x-0.45+0. l*b)),2.0)-i-pow((ycent-(y-0.45+0. l*a)),2.0)); 
if(trad <= radius) 

partial_sum +=.01; 

I 
1 
rmrield[y][xl = partial_sum; 

1 
I 
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1 

//convolve — This function convolves an intensity field on the sodium layer with the psf generated by 
//a sub-aperture to create a resultant image. 

void convolve(double psf_field[][Size31, double na_Fieid[][SizeI, double wav_field[][Size41) 
{ 

int psf_ccnt = Size3/2; 
int deltal = (Size-Size4)/2; 
int wfsx, wfsy; 
int wx, wy. nax, nay, offsetx. offsety, psfx, psfy; 
for(nay=0; nay<Size; nay++) 
{ 

wfsy = nay - deltal; 
for(nax=0; nax<Size: nax++) 
{ 

wfsx = nax - deltal; 
for(wy=0; wy<Size4; wy-H-) 
{ 

offsety = wfsy - psf_cent; 
psfy = wy - offsety; 
if(psf>>=0 && psly<Size3) 
{ 

for(wx=0; wx<Size4; wx++) 
{ 

offsetx = wfsx - psf_cent; 
psfx = wx - offsetx; 
if(psfx>=0 && psfx<Size3) 

//Itterate on the sodium layer 

//position on the wfs array corr. to the na pixel 
//Itterate on the sodium layer 

//position on the sky array corr. to the wfs pixel 
//itterate on the wfs 

//determine the offset between the psf and wfs 
//find psf coord. 
//Check to see if in psf array y bounds 

//itterate on the wfs 

//determine the offset between the psf & wfs 
//find the psf coord. 
//Check to see if in psf array x bounds 

wav_field[wy][wxl += na_field[nay][naxl*psf_rield[pstyl[psfxl; 

//x_centroid — This function determines the x_centroid row value for a wfs array. 
3(c 4c 4c 4c 4c 4t 4c 4c«% 4c 4c 4c * ate # * 4c % * 4c 4e 4E * 3|e 4e 4c 4c * * 3fc 4c 4c 3|t * 3|c % 4e 4c * 

double x_centroid(double field[][Size4)) 
{ 

double xcent. total; 
int y, x; 
total = 0.0; 
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xceni = 0.0; 
for(y=0; y<Size4; y++) 
{ 

for(x=0; x<Size4; x-M-) 
( 

total += field[y][xl; 
xcent += x*Field[y][x]; 

1 
} 

xcent = xcentytotal; 
xcent = floor(xcent) + 0.5; 
return xcent; 

} 

//quadcell — This function calculates the centroid based on a simple quad cell algorithm. 

double quadcell(double qcfield[][Size4], double position) 
{ 

double qcsignal. count 1, count2, qctotal; 
int x. y: 
count 1 = 0.0; 
count2 = 0.0; 
qctotal = 0.0; 
ror(y=0; y<Size4; y-M-) 
{ 

for(x=0; x<Size4; x-H-) 
{ 

qctotal += qctleld[y][x]; 
if(x<position) 

countl += qcrield[y][x]; 
else 

count2 += qcfield[y][x]; 

I 
} 

qcsignal = (countZ - countl); 
return qcsignal: 

} 

//get_response ~ This function gets the response curve by calculating the signal for a moving 
//demarcation line on the wfs array. 

void get_response(double field[][Size4], double zero) 
{ 

int delta, a, offset; 
double current_pos. signal; 
offset = Size4 - 1; 
for(a=0; a<{Size4-l); a-H-) 
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( 

currcnt_pos = a + 0.5; 
delta = current_pos - zero; 
signal = quadcelKfield. cuiTent_pos); 
response[deIta + offsetl[0] += signal; 
response[delta + offsetIf21++; 

//normalize ~ This function normalizes the numbers in the response array by dividing the 
//first element by the second element 

void normalizeO 

1 
int a; 
double iter; 
for(a=0; a<(Size4-I)*2+l; a++) 
{ 

iter = response(a][21; 
ifCiter > 0.0) 

response[al[0] = response[a][01/iter; 
} 

1 

//slope — This function calculates the slope of the response array. 

void slopeO 
{ 

int a. flag, index 1, index2; 
double slope I. slope2; 
flag = 1; 
index 1 = 0; 
index2 = (Size4-1)*2; 
while(flag=l) 

I 
if(response[indexl][0] !=0.0) 

flag = 0; 
index1++; 

} 

flag = I; 
while(flag=l) 
( 

if(response[index2][0| !=0.0) 
flag = 0; 

index2—; 

1 
ror(a=indexI; a<=index2; a++) 
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1 
slopel = response[a-ll[01 - response[a]roi; 
slope! = response[a][01 - response[a+l][OI; 
response[aI[ • 1 = (slope! + slope2)/2.0; 

I 
1 

^/get_phot — This function adds up the pixel responses of the wfs array. 

double get_phot() 
( 

int X. y: 
double value=0.0; 
for(y=0; y<Size4; y++) 
{ 

for(x=0; x<Size4; x++) 
( 

value += wfs[yl[xl; 

1 
1 
return value: 

//outputmat ~ This function outputs a given matrix to a .mat file. 

void ouiputmatO 
{ 

ofstream fout("testsod.dat"); 
for(int y=0; y < Size; y++) 

{ 

for(int x=0; x < Size; x++) 
{ 

fout «i 1 [y)(x] «"\n"; 
} 

I 
foui.closeC); 
ofstream fout2("testpsf.dai"); 
for(int a=0; a < Size3; a++) 
{ 

for(int b=0; b < Size3; b-H-) 

( 

foul2 « pstTa][b] « "\n"; 

1 
1 
fout2.close(); 
ofstream foui3("testwfs.dat"): 
forCint c=0; c<Size4; C++) 



for(int d=0; d<Size4; d-H-) 
{ 

fout3 « wfs[cj[dl « "\n"; 
} 

) 

fout3.close(); 
ofsiream fout4("tesires.dat"); 
for(int e=0; e<3; e++) 
( 

for(int f=0; f<((Size4-l)*2+l); f-M-) 
{ 

fout4 « response[f|[eI « "\n": 

1 
1 
Fout4.close(); 
ofstream foul5("nom 150I.dat"); 
for(int e=0: g<2; g+-f) 
{ 

forfint h=0; h<Trials; h-i-+) 
{ 

foutS « max_response[hl[gl « "\n" 

1 
1 
foutS.cIoseO; 
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Appendix B 

Field Optimization of the Current PPP 

The original PPP was an all BK7 design. Unfortunately, this left the pair with a very 

small diffraction limited field of —i-lOarcsec due to the rapid increase in coma as the field 

moves off axis. This then required that the PPP as a whole be alig;ned to the axis of the 

telescope within lOarcsec, which proved to be very difficult. 

In order to improve the situation an analysis of the coma produced by the PPP was 

conducted. This analysis used the thin lens approximation, a valid approximation since the 

thickness of the lenses involved are only a small fraction of the their diameters. The goal 

of the analysis was to determine if the field performance of the PPP could be improved by 

replacing the original L2 with a lens made ft^om glass of a different index while still 

maintaining the on axis performance and physical constraints of the system. 

The calculations for this analysis were conducted using Mathcad 6.0. Since LI already 

existed, the power and shape factor of LI were held constant, as was the overall power of 

the PPP, and the shape factor of L2. This meant that the contribution of LI to the 

spherical and comatic aberrations remained constant. These aberrations were determined 

by use of Zemax lens design code. They were also calculated directly using the Mathcad 

code as a check of the equations and the thin lens approximation. The Mathcad results 

were within 1% for spherical and 1% for coma of the Zemax results. For the following 

equations all linear units of measure are in reciprocal wavelength units. 
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For a given index of L2, the power of L2 and its separation from LI were set so that 

the overall power of the system was held constant. In addition, the third order spherical 

aberration was held in balance such that only 1.13 waves of residual third order spherical 

present. This residual spherical aberration was the amount needed to balance the fifth 

order spherical aberration put in by LI. Once the power and spacing are set, the overall 

coma of the system could be calculated. The index was then varied until a solution was 

found that had no residual third order coma. 

The Seidel coefficient for the third order spherical aberration contributed by a thin lens 

is given by: 

S ,  =  i - y ' • < ! ) ' •  ( A - X ' - B - X - Y  +  C - Y '  +  D )  ( B . l )  
4  

where, 

A= ^ (B.2) B^4  ( n  +  1 )  ^ ^ 3 _ n  +  2  
n ( n - l ) '  n - ( n - l )  n  

D= " , (B.5) E= (B.6) F=^  (B.7) 
(n-1)' n-(n-l) n 

X = (B.8) Y = ̂  (B.9) 
C ,  - C ,  u  - u  

< I >  =  ( n - l )  ( C , - C j )  ( B . I O )  

where y is the marginal ray height at the lens; n is the index of refraction of the lens; Ci 

and Ct are the fu-st and second surface curvatures respectively (reciprocal of the radii of 

curvatures); and u and u' are the marginal ray angles in radians before and after the lens 

respectively. X is known as the shape factor and <I> is the power of the lens. 
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For a thin lens, the Seidel coefficient for third order coma is given by: 

S „ = i f . y - < t . ' ( E . X - F . Y ) + k . . S ,  (B.ll) 

where: 

=  u y - u y  (B.12) 

(B.13) 

E = 
n ( n - l )  

(B.14) 

F = ^ (B.15) 
n  

where u and y are the marginal ray angle (in radians) and the marginal ray height 

respectively; u bar and y bar are the chief ray angle and heights respectively; and 5y bar is 

the change in the chief ray height with a stop shift. The variable ke is a stop shift factor. 

Since LI is located at the stop, ke takes on the value 0 for LI. However, k^ has a non-zero 

value for L2. 

For a given separation t between LI and L2, and a total power for the PPP of Omiai, 

we can express the power of L2 as: 

<T) _d) 
(D, L (B.16) 

where Oi is the power of LI. For this particular case <I>i=4.488xlO'^waves ' and 

<I^iotai=6.696x 10'^waves"'. Combining B.l and B.16 we obtain the following expression: 
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Vi 

IJ 1.(5 1.8 1.7 2 

Index of L2 (n) 

Figure B.l This figure shows a graph of the residual coma for varying indices of L2. 
Li is assumed to be made from BK7. The zero point is at 1.653. 

-(SiLi-1.13) = i(yi-ttan(u)f-a)2^.(A2X2-B2XY2 + C2Y| + D2) 

(B.17) 

where the subscripts 1 and 2 denote values for lenses LI and L2 respectively. So-i is the 

third order spherical aberration, in waves, contributed by LI, and u denotes the marginal 

ray angle in between LI and L2. The left side of B.17 is the amount of third order 

spherical aberration required of L2. The right side of the equation is the actual amount of 

third order spherical aberration put in by L2 as a function of index and spacing t. This 
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expression requires that the total power of the pair be held constant, and that the total 

spherical aberration of the pair be 1.13 waves. 

For a given index of L2 equation B.17 can be solved for t. With this value of t. and 

subsequently O2, the residual coma can be calculated using equation B. 11. By iterating the 

value of the index of L2, determining the appropriate lens separation, and calculating the 

residual coma the index choice which yields zero residual third order coma can be found. 

Figure B.l shows the graph of the residual coma for an LI made from BK7. 

The zero point for this calculation falls at an index for L2 of 1.653. This led to the 

selection of SF5 (n = 1.673) as the material to replace the original L2. The improvement in 

overall field performance was dramatic. The diffraction limited field went from +-10arcsec 

to -i--3arcmin. This meant that the alignment tolerance off the PPP could be met and 

maintained. 

Having solved the particular problem at hand, I explored the question further to see if 

there was a restriction on the possible glass pairs that could be chosen. What resulted was 

the graph shown in figure B.2. All four curves in this figure represent contributions to 

coma by either LI, as is the case for the upper curve, or L2, as is the case for the family of 

curves in the lower right. The LI curve has been inverted so as to represent the negative 

of Li's coma contribution. The family of L2 curves represents the slightly different 

contributions from L2 depending on the material used in L1. 

Varying the index of LI causes a differing amount of spherical aberration to be 

produced. The lower the index, the more spherical aberration is introduced. Since L2 

balances this spherical aberration produced in LI, changing the index of LI changes the 
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Index, (n) 

Figure B.2 This graph shows the coma contribution from LI and L2 as a function of 
the index of LL 

spacing and power, and thereby the coma contribution, of L2. Thus a family of curves 

must be used to represent L2's contribution. 

The graph is useful in the following manner. An index for LI is chosen, and an L2 

curve most nearly corresponding to this index is also chosen. By tracing up from the L1 

index on the lower axis, an intercept is found with the Li curve. Tracing horizontally 

across the graph an intercept with the selected L2 curve can be found. By tracing down 

from this point the appropriate index for L2 can be found. By examining the graph it can 

be seen that for indices higher than about 1.57 no practical solutions exist. Thus a glass 

like BK7 is about the only practical choice. 
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This result is highly specific to this projector. If the shape factors of LI and L2 are 

allowed to float, then the coma can be eliminated without resorting to glass choices. This 

is what was done for the proposed projector described in chapter 6. 
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Appendix C 

Optical Design Prescriptions 

The following is a summary of the optical designs for both the current and proposed 

projectors. The listing for the current projector has L3 listed as an alternate lens with a 

focal length of 400mm as opposed to the normal 250mm. 

A. 1 Current Projector 

File : curproj.zmx 
Title: Current Projector 
Date : Sun. Nov. 9 1997 

GENERAL LENS DATA: 

Surfaces: 18 
Stop: 16 
System Aperture: Float By Stop Size 
Ray aiming: Off 
Apodization: Gaussian, factor = 
Eff. Focal Len.: -222450 (in air) 
Eff. Focal Len.: -222450 (in image: 
Total Track: 9.0002e+007 
Image Space F/#: 7547.92 
Para. Wrkng F/#: 868691 
Working F/#: 183701 
Obj. Space N.A.: 0.00106952 
Stop Radius: -240 
Parax. Ima. Hgt: 0 
Parax. Mag.: 0 
Entr. Pup. Dia.: 29.4717 
Entr. Pup. Pos.: -443.417 
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Exit Pupil Dia.: 
Exit Pupil Pos.: 
Field Type: 
Maximum Field: 
Primary Wave: 
Lens Units: 
Angular Mag.: 

480 
-9.0000 le+007 
Angle in degrees 
0 
0.589000 
Millimeters 
0 

SURFACE DATA SUMMARY: 

Surf Type Radius Thickness Glass Diameter 
OBJ Standard Infinity 14221 ~ 0 

1 Standard 242.3 6 BK7 50.8 
2 Standard -177.8 4.5 SF5 50.8 
3 Standard -538.6 0 — 50.8 
4 Standard Infinity 0 — 30.1 
5 Standard Infinity 407 — 30.1 
6 Standard Infinity 521 — 0.0 
7 Coordbrk ~ 0 ~ 0 
8 Standard Infinity 0 Mirror 56.6 
9 Coordbrk ~ -1422 — 0 

10 Coordbrk ~ 0 — 0 
11 Standard Infinity 0 Mirror 210.9 
12 Coordbrk ~ 1236 ~ 0 
13 Standard Infinity 10 SF5 235.0 
14 Standard 542 626.8 ~ 236.0 
15 Standard Infinity 64.5 BK7 475.0 

STO Standard -678.2 50.0 ~ 480.0 
17 Standard Infinity 9e-K)07 — 480.0 

IMA Standard Infinity 0 — 10.0 

SURFACE DATA DETAIL; 

Surface 7: Coordbrk 
TUt About X: 45 

Surface 9: Coordbrk 
Tilt About X: 45 

Surface 10: Coordbrk 
Tilt About X: -45 

Surface 12: Coordbrk 
Tilt About X: -45 

Surface STO: Standard 
Aperture: Circular Aperture 
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Min. Radius: 0 
Max. Radius: 240 

A.2 Proposed Projector 

File : propproj.zmx 
Title: Proposed Projector 
Date : Sun. Nov. 9 1997 

GENERAL LENS DATA: 

Surfaces: 10 
Stop: 9 
System Aperture: Float By Stop Size 
Ray aiming: Off 
Apodization: Gaussian, factor = 3.0 
Eff. Focal Len.: -296590 (in air) 
Eff. Focal Len.: -296590 (in image space) 
Total Track: 9.00044e-K)07 
Image Space F/#: 13168.8 
Para. Wrkng F/#: 182310 
Working F/#: 161214 
Obj. Space N.A.: 0.000750746 
Stop Radius: -240 
Parax. Ima. Hgt.: 0 
Parax. Mag.: 0 
Entr. Pup. Dia.: 22.5222 
Entr. Pup. Pos.: -0.117041 
Exit Pupil Dia.: 480 
Exit Pupil Pos.: -9e+007 
Field Type: Angle in degrees 
Maximum Field: 0 
Primary Wave: 0.589000 
Lens Units: Millimeters 
Angular Mag.: 0 
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SURFACE DATA SUMMARY; 

Surf Type Radius Thickness Glass Diameter 
OBJ Standard Infinity 15000 — 0 

1 Standard Infinity 265.7 — 22.5 
2 Standard 154.0 8.0 BK7 22.9 
3 Standard -109.8 3.5 SF5 22.5 
4 Standard -323.1 248.9 ~ 22.4 
5 Standard Infinity 3000.0 — 0.0 
6 Standard 2850.8 15.0 SFL57 271.2 
7 Standard 947.6 798.96 — 271.3 
8 Standard 6775.3 55.0 Silica 476.8 

STO Standard -I00I.5 9e+007 ~ 480.0 
IMA Standard Infinity ~ — 78.1 
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