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ABSTRACT 

The field of adaptive optics (AO) and laser-beacon AO has been successftiliy 

implemented in the last part of the 20th century. Adaptive optics greatly improves 

the resolution capabilities of gromid-based telescopes by correcting for atmospheric 

turbulence. The initial implementation of laser-beacon AO was done on relatively 

small telescopes, on the order of 1.5 m. However, with larger aperture telescopes 

being built, such as the 8-m class Gemini telescopes, there is much room for im

provement. Errors resulting from laser-beacon AO, such as focus anisoplanatism, 

become worse with an increase in aperture diameter. Tilt anisoplanatism is also a 

problem, regardless of the size of telescope, and also needs to be reduced to enhance 

the resolution of the objects being observed. 

This dissertation investigates alternate laser-beacon AO configurations, to re

duce the effects of focus and tilt anisoplanatism for larger aperture telescopes. The 

configurations investigated include single and multiple laser beacons at single al

titudes and single and multiple laser beacons at multiple altitudes. These second 

configurations are referred to as hybrid beacon systems and consist of Rayleigh bear-

cons at altitudes of 10 to 20 km and sodium beacons at about 90 km, the location 

of the sodium layer. Hybrid systems are shown to reduce both focus and tilt ani

soplanatism as opposed to the first configurations which only aid in reducing focus 

anisoplanatism. An addition to the hybrid systems with multiple beacons, the use 

of multiple deformable mirrors (DM's) is investigated. These additional DM's are 

placed conjugate to atmospheric altitudes with predominant turbulence, beyond the 

traditional conjiigate location of the primary mirror. They correct for turbulence 

at these atmospheric layers and are referred to as multi-conjugate adaptive optical 

(MCAO) systems. The purpose of MCAO configurations is to increase the corrected 
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field of view. For the types of systems investigated in this dissertation, radiometric 

characteristics are calculated. These inchide the optimum range-gate a,t the mini

mum noise equivalent angle (NEA) for several laser pulse energies, wavefront sensor 

sampling rate as a fimction of bandwidth, and the optimum system bandwidth for 

several laser powers. These characteristics can be used to further define a practical 

AO system that will enhance performance. 
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CHAPTER 1 

INTRODUCTION 

"God said let there be hght", and from the dawn of time man has been intrigued 

with the light from the stars in the heavens above. It wasn't until Galileo first used 

his small refracting telescope to peer into the heavens that man gained a tool to 

learn more about our celestial neighbors. Refracting telescopes of varying sizes, the 

largest being the 40 inch Yerkes Observatory telescope [1], were used for many years 

until advances were made improving the feasibility of large reflecting telescopes. By 

the mid 1800's the technique for silvering a glass substrate was developed, mak

ing larger reflecting telescopes possible, since glass was lighter and easier to work 

with than the previous metal mirrors. These telescopes produced pictures superior 

to their refracting counterparts [2,3]. However, even with larger and better made 

telescopes, which meant more light gathering power, there was still the problem of 

atmospheric turbulence. Astronomers have known as far back as Isaac Newton [4] 

that the earth's atmosphere limits the resolution of the celestial objects they desire 

to study. In the 20th century, astronomers looked for ways to improve resolution 

by reducing atmospheric turbulence. One way to minimize these effects is to build 

telescopes on sites with very good seeing. However, this does nothing for actually 

correcting for the atmospheric turbulence. Different methods have been proposed 
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and iBed to correct for atmospheric turbulence in the last half of the 1900's. They 

vary from passive to active approaches, including putting a telescope in space far 

above any atmospheric turbulence effects. The Hubble Space Telescope accomplishes 

this but at great expense. Adaptive optics (AO), an active approach, dramatically 

improves the resolution of groimd-based telescopes by correcting for atmospheric 

turbulence and was first conceived in 1953 by Horace Babcock [3,5]. Babcock sug

gested the idea of detecting and compensating for the atmosphere by means of a 

camera and a type of deformable mirror (DM). Technology at that time m^as not 

quite sufficient to provide the necessary instnmientation. As time went on, better 

cameras, such as CCD's (charged coupled devices), and DM technology advanced 

along with computer technology, giving AO a chance of being successful. 

1.1 The History of Adaptive Optics 

Work has been conducted in AO by both civilian and military institutions since 

Babcock first suggested this method for improving resohition. Work in civilian 

institutions has been conducted by researchers like those at the European Southern 

Observatory(ESO). ESO, in collaboration with ONERE (Office National d'Etudes 

et de Recherche Neuropathical, or in English: The French Aeronautics and Space 

Research Center [6]), CGE and Observatories de Paris, developed and built an 

AO prototype to demonstrate AO technology for astronomy in the infrared called 

"COME-ON" [7,8]. AO promised significarit gains for large telescopes but was not 

suitable for low-light objects. Bright stars or science objects were required to make 

an AO system work. The science object of interest may not be bright enough or 

within the isoplanatic patch of a sufficiently bright star. The isoplanatic patch is 

defined as the region where the wavefront deformations for the science object and 

the star are fairly similar or over where the transfer function is independent of field 
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angle [9], The problem of not having enough suitable stars within the isoplanatic 

patch is referred to as sky coverage. Sky coverage is defined as the fraction of sky 

over which the AO system provides a useful level of performance [10]. 

The idea of using a laser to make an artificial star in the atmosphere that could 

be used for detecting and correcting for atmospheric turbulence was discussed by 

several civihan researchers [8,11] • On the military side, a majority of the research 

was conducted at what is now known as the Air Force Research Laboratorj,''s Starfire 

Optical Range (SOR). Work commenced at the SOR in the early 1980's. The SOR's 

primary objective was to determine whether a laser beam focused in the atmosphere 

could produce an artificial star of suitable brightness to measure atmospheric tur

bulence [12]. Measurements of both a natural beacon or star and a laser-beacon 

were made for comparison. This led to the creation of laser-beacon AO. The SOR 

concentrated on the production of an artificial star by the use of Rayleigh backscat-

ter [13,14], where the laser light is scattered by molecular nitrogen and oxygen in 

the lower stratosphere. Itesearch using Rayleigh beacons was also performed by a 

group from MIT Lincoln Laboratory, using the 60 cm telescope on Mt. Haleakala 

on the island of Maui, HI [15]. Researchers have also looked at the use of a sodium 

beacon by exciting the sodium atoms in the sodium layer at about 90 km. It was 

suggested as early as 1985 by Foy as a way to generate a laser-beacon [11]. Re

searchers, including MIT Lincoln Labs, Lawrence Livermore (including Lick and 

Keck Observatories), Steward Obser-va-tory, Max Planck Institute and the Starfire 

Optical Range have experimented with actual systems. [16-31]. 

The laser-beacon solved the sky coverage and much of the light intensity prob

lem, such that the laser backscatter produced enough light to nm the AO system. 

However, even though the laser-beacon AO system can dramatically improve the res

olution of groimd based astronomical telescopes, there are known limitations. First, 
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the artificial star produced by the laser-beacon is not at infinity but at a finite 

range. Errors are produced in the turbulence measurement due to the fact that the 

laser-beacon propagation volume, and thus the sampled turbulence vohime, is cone-

shaped appearing to emit spherical wavefronts and only approximates the cylindrical 

shape taken by a natural beacon emitting collimated waves. This effect has become 

known as focus anisoplanatism [2,32,33]. There is another error caused by the fact 

that the beacon is at a finite altitude which implies that the entire depth of the 

atmosphere is not being sampled, and the full extent of the atmospheric turbulence 

is unknown. However, focus anisoplanatism is a stronger effect. This is because the 

mean-square wavefront error due to focus anisoplanatism is proportional to the 5/3 

power of the aperture diameter [2,12]. See equation 1.1, where D is the diameter 

of the aperture, and is the diameter of the aperture over which the wavefront 

error due to fociLS anisoplanatism is 1 ra(P [2]. This error has macceptable effects 

on apertures of 4 meters and larger depending on wavelength, focus altitude of the 

beacon, and atmospheric conditions. The longer the wavelength, higher the beacon, 

and the better the seeing, the less effect of focus anisoplanatism. 

A second limitation of laser beacons is their insensitivity to full aperture wave-

front tilt. Pull aperture wave front tilt cannot be corrected using information from 

the laser-beacon because its position in the sky with respect to an inertial reference 

cannot be determined. The random motion of the laser beam, due to jitter in the 

launch telescope, as it propagates upward through the atmosphere results in the 

beacon being located at a random position with respect to the optical axis of the 

telescope. By the principle of reciprocity, which states that light will trace the same 

path in either direction in a static medium [2], the backscattered light traverses 

5 

(1.1) 
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the same turbulence path and contains no information about the overall turbulence 

induced tilt for a common iannch telescope. When the launch and receiving aper

ture axe different, then there are some techniques that have been suggested and 

experimented with by other researchers to determine the full aperture tilt [34]. This 

topic is beyond the scope of this dissert-ation. Since the laser-beacon is insensitive 

to full aperture tilt, an inertial reference light source, such as a star, must be used 

for sensing and compensating full aperture tilt. The separation between the natural 

beacon or star used for tilt sensing and the science object being observed results in 

the error referred to as tilt anisoplanatism. The signal level for the natural beacon is 

much smaller than what is needed to accomplish higher order correction, therefore, 

only one subaperture is needed and dimmer stars can be used. This implies that 

the isoplanatic angle for tilt can be much larger than for higher order wavefront 

distortions [33,2,32]. 

Figure 1.1 displays pictorially the three different types of anisoplanatic errors 

referred to in this dissertation. Focus and tilt anisoplanatism are described in the 

previous two paragraphs. Angular anisoplanatism results when natural beacon AO 

is implemented or when correcting for a wider field of view (FOV). If the star used to 

provide light for higher order wavefront sensing is outside the isoplanatic patch of the 

science object then errors result. One reason for use of laser beacons was to eliminate 

the angular anisoplanatic errors by having the laser-beacon co-incident with the 

science object and, therefore, increasing the sky coverage. However, as already 

mentioned, laser-beacon AO also has limitations. For a more in-depth discussion on 

different types of anisoplanatic errors, refer to reference [9]. 
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Figure 1.1 Illustrations of angular, focus and tilt anisoplanatism. 

1.2 Next Generation Adaptive Optical Systems 

This dissertation concentrates on the improvements that can be made to laser-

beacon adaptive optical systems by addressing focus and tilt anisoplanatism and 

providing viable AO configurations that can offer significant improvements. If other 

means are not investigated to improve laser-beacon adaptive optics, then focus ani

soplanatism can become very large as the telescope diameter increases, severely lim

iting the performance of the system. The reduction of tilt anisoplanatism greatly 

increases the sky coverage for the natural beacons used for tip/tilt correction, due to 

a larger isoplanatic angle. The effects of not reducing focus and tilt anisoplanatism. 

especially for larger diameter telescopes, can greatly reduce the desired performance 

and could also restrict the telescope, requiring use of only natural beacon AO which 

has severe sky coverage implications, or angular anisoplanatic errors. By reducing 

focus and tilt anisoplanatism, therefore improving performance, larger telescopes 

can be utilized to their fullest potential. 
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There are several different possible approaches to improve laser-beacon AO by 

reducing focus and tilt anisoplanatism. Methods to reduce the focus anisoplanatic 

error include producing a beacon in the mesospheric sodium layer located at approx

imately 90 km [33]. A beacon at this altitude would allow a larger vertical portion of 

the atmosphere to be sampled and reduce the cone effect. Multiple beacons at this 

altitude will further improve the performance. A hybrid approach involving the use 

of laser beacons at multiple altitudes, such as a Rayleigh beacon and a sodium bea

con, is another consideration [33,35]. Telescopes that operate in the visible region of 

the spectnim require bright beacons due to the number of subapertuxes necessary 

to detect the wavefront. With current laser technology it is not possible to generate 

a bright enough sodium beacon for wavefront correction in the visible such as that 

needed by the SOR. The use of a low power sodiimi beacon to measure low spatial 

frequency information, and a high power Rayleigh beacon to measure the higher 

spatial frequency information would be a consideration for visible operations. Tele

scopes, such as the Gemini systems, operate at longer wavelengths, in the near IR, 

and are able to use low power sodium beacons since the mimber of subapertiires 

required for sensing the wavefront is much less. 

Based on analysis and computer simulations shown in this dissertation and in 

other sources, the hybrid beacon AO approach significantly reduces tilt anisoplan

atism in addition to reducing the focus anisoplanatism. Even if a sodium bea

con, bright enough for higher order wavefront sensing, could be created for a single 

sodium laser-beacon system, it would not provide the total system performance 

of the hybrid approach since tilt anisoplanatism cannot be estimated as well us

ing a single altitude beacon. For a single beacon, sodium or Rayleigh, the global 

tilt and the isoplanatic tilt terms cannot be separated. The additional Rayleigh 

beacon provides higher order wavefront sensor (WFS) measurements. This allows 
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quadratic wa¥efroat measurements to be obtained, resulting in the separation of the 

two tilts [36]. 

Another version of a hybrid approach is to use a natural beacon and a laser-

beacon. This configuration was demonstrated by EUerbroek and Rhoadaxmer [35]. 

Either of these two hybrid approaches may reduce the signal level required from a 

sodium beacon to a point more consistent with existing illuminator laser technology. 

A different approach to reduce focus anisoplanatism is the propagation of mul

tiple laser beacons of the same wavelength. The multiple laser beacons can be 

propagated to a single or multiple altitudes and can reduce the reliance on natural 

or mesospheric sodium beacons [33,37,38]. Finally the use of single and multiple 

DM's conjugate to altitudes other than to the primary mirror are investigated. A 

single DM, conjugate to a predetermined altitude containing most of the turbulence 

information, rather than to the system pupil, will better correct for the atmospheric 

turbulence. This concept was implemented by the Gemini North telescope in the last 

two months of 2002 [39], and will be investigated in the Chapter 2 of this disserta

tion. The initial investigation in this dissertation was performed several years before 

the installation of the Gemini AO system called ALTAR. Multi-conjugate adaptive 

optics (MCAO), where multiple DM's are conjugate to layers of atmospheric turbu

lence, will increase the corrected FOV of the system. Multiple laser beacons must 

be added to this configuration to correct for the increased FOV. Therefore, multiple 

laser-beacons at multiple altitudes, the hybrid configuration, added to the MCAO 

system not only will reduce the tilt anisoplanatism problem, but the corrected FOV 

will be increased. 

Table 1.1 summarizes the different AO configurations. The first column indi

cates the number of natural beacons. Column two and three indicate the mmiber 

of Rayleigh and sodium beacons respectively. Column four indicates the number 
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Nn NR N. Ndm Comments 
1 1 Natural beacon AO 

1 1 1 DM conjugate to Primary Mirror 
1 1 1 DM conjiigate to 6.5 km 
1 1 1 1 DM conjugate to Primary Mirror 
1 1 1 1 DM conjugate to 6.5 km 
1 3 1 DM conjugate to Primary Mirror 
1 3 1 DM conjugate to 6.5 km 

2-3 MCAO 
1 5 2-3 MCAO 
1 1-5 1-5 2-3 MCAO 
1 1-5 2-3 MCAO with multiple Rayleigh 

beacons at two altitudes 

Table 1.1 Simimary of the different adaptive optical configurations that are 
discussed in this dissertation. Nr, N^, and N^m, indicate the mimber of 
natural beacons, Rayleigh beacons, sodium beacons, and DM's respectively. 

of DM's, and column five gives appropriate comments on the system. The table 

indicates system configurations for both natural and laser-beacon AO. All of the 

approaches mentioned will improve the higher order wavefront information. 

1.3 The Atmosphere 

If telescopes did not suffer from atmospheric turbulence there would be no need for 

AO. However, the atmosphere is an ever changing complex mixture of gases and 

particles. The imderstanding of atmospheric turbulence is imperative to the un

derstanding of AO. The goal here is to give a brief description of the atmosphere 

and how it relates to the study of adaptive optics and to this dissertation. This 

section will inchide the make up of the atmosphere at the altitudes of interest, and 

atmospheric turbulence including the Kolmogorov model and Taylor's frozen flow 

hypothesis, to aid in imderstanding the mechanisms of how laser beacons are formed. 
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This backgroimd lays a foundation for the rest of this dissertation, specifically Chap

ter 4, when it comes to actually determining the number of photons expected to be 

returned from a laser-beacon at a given altitude. 

The atmosphere is separated into six stratifications. Within this atmospheric 

envelope the pressure (P), mass density (p), and number density (N) decrease ex

ponentially as the altitude increases. However, the temperature (T) does not. It 

follows the temperature gradient or lapse rate (7) defined in equation 1.2 [40], where 

T is temperature and Z is altitude. 

The interfaces between the strata are not sharply defined and are designated 

with the suffix pause. The first strata and interface is called the troposphere and 

tropopaiise. It starts at the earths surface and continues to an altitude of about 

8-10 km over the polar region and 15-18 km over the equator. The altitude of the 

tropopause is defined when the lapse rate becomes zero [40], where a nominal altitude 

of 11 km can be assumed. About 75 % of the earths air along with almost all of the 

water vapor and atmospheric particles are contained within the troposphere. There 

is often a peak in turbulence at the tropopause due to wind shear. The turbulence 

effects decrease rapidly above this point and disappear at altitudes around 25 km [2], 

The stratosphere, above the tropopause, extends to the stratopause v/Mch is 

about 50 km above sea level. Here the temperature remains constant at —56° C from 

the tropopause up to an altitude of about 20 km, an isothermal region. The tem

perature then increases with altitude imtil it reaches near 0° C at the stratopause. 

The pressure and density continue to decrease exponentially with altitude. Atmo

spheric particles and the concentration of water vapor are small in this region. The 

troposphere and lower stratosphere, up to about 25 km, are of interest for Rayleigh 



27 

scattering and the creation of a Rayieigh beacon, due to the fact that this is where 

a majority of atmospheric turbulence occurs. 

The mesosphere lies above the stratopause and extends to around 92 km. The 

air density and pressure continue to decrease with altitude until they are about 10^® 

of their sea level vahies near the top of the mesosphere. Temperature decreases from 

0° C at the stratopause to about —90° C at about 80 km. In the mesosphere there 

is a layer of alkali metals including sodium, lithium, potassium, and calcium. This 

layer is located at altitudes between 80 and 110 km with a peak aroimd 92 km near 

the mesopaiise [2]. The mesosphere is of interest for creation of a sodium beacon by 

resonance fluorescence of the sodium. 

The ionosphere, thermosphere, and exosphere extend beyond the mesosphere. 

A good reference on the basics of atmospherics is 'Optics of the Atmosphere' by 

McCartney [40]. 

1.3.1 Atmospheric Turbulence 

Since a significant portion of the atmosphere, in terms of atmospheric gases, particles 

and water vapor, is located in the troposphere, that is where most if not all of the 

weather occurs. Hence, that is where most of atmospheric turbulence comes from. 

Turbulence gives rise to changes in the index of refraction which is dependent on 

temperature, pressure, humidity and wavelength. Turbulence effects from pressure 

variations are negligible compared to temperature and humidity. In addition the 

effects of humidity become stronger as wavelength increases. The turbulence induced 

random irregularities on the atmospheric index of refraction is the cause of wavefront 

distortion resulting in image motion, image distortion, and additional bhir to optical 

imaging systems. It is also the cause of beam wander and additional spreading in 

the transmission of laser sources. [41,42] 

Not only is it important to know the spatial disturbances caused by atmospheric 



28 

turbulence, but also the temporal changes that occur in radiation disturbed by tur

bulence. This leads to the definition of Taylor's hypothesis. This hypothesis assumes 

the shape of the turbulent field index fluctuations is 'frozen' and that the whole field 

moves in its frozen form with the local mean wind [41]. In reality fluctuations change 

as they move, but the point of the hypothesis is that the changes in the shape of the 

field is slow compared to the gross movement past a stationary observer, so that for 

many statistical purposes it can be ignored. Only the component of the local wind 

velocity which is perpendicular to the line of sight causes temporal changes in the 

received field of light. Taylor's hypothesis does not work when the velocity is less 

than the turbulent fluctuations in wind velocity. This happens when the average 

wind direction is parallel to the line of sight [41,43]. 

Another important model that is key to understanding atmospheric turbulence 

was proposed by Kolmogorov in 1941. He proposed a mathematical model for fluid 

velocity turbiilence. The key to this model is the hypothesis that the kinetic energy 

associated with the larger eddies or large scale turbulence (outer scale) is redis

tributed without loss to successfully smaller and smaller eddies imtil finally dissi

pated by viscosity (inner scale) [2,41-43]. This process is characteristic of turbulent 

flow for a Reynolds mmiber that exceeds a critical vahie. The Reynolds number is 

defined by equation 1.3, where L and V are the characteristic scale and velocity of 

the flow respectively and v its kinematic viscosity [43]. For air, v is 15 x 10~® m^/s, 

L = 15 m, and V = 1 m/s for moderate size atmospheric disturbance, resulting 

in a Reynolds number of 1 x 10® [2]. This is much larger then the critical value 

which depends on the geometrical structure of the flow. Therefore, the atmosphere 

is always turbulent. As the kinetic energy is continually transferred to smaller and 

smaller structures, the turbulent flow breaks up. This continues until the Reynolds 

number drops below its critical value at which point the turbulence goes away. 
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(1.3) 
V 

Solar heating generates atmospheric kinetic energy over a large range of scale 

sizes that extend from a few meters to global scales. Kinetic energy leaves the air 

by frictional generation of heat over scales that are smaller than 1 cm near the 

earth's surface. The intervening range from a few millimeters to a few meters is 

called the inertial subrange. Over this subrange, the structure fimction for the 

temperatiire fluctuation obeys the isotropic | power law [41]. Equation 1.4 is valid 

for lo r <C I/O) where Iq and Lq are the inner and outer scale of turbulence 

respectively. Cj is called the structure parameter, and in this case is the temperature 

stracture parameter. C^, is defined in a similar manner and is the index of refraction 

structure parameter, which is very important in describing atmospheric turbulence. 

It should be noted that Drir) is the stmcture function. Due to optical phe

nomena in the atmosphere, depending on differential rather than absolute optical 

path lengths, the spatial statistics of random index variations and of random wave-

fronts are given in terms of structure fimctions rather than the more conventional 

auto-covariance or autocorrelations functions. The structure fimction Dii{r) for an 

arbitrary spatially distributed random variable R(r) is defined in equation 1.5 [41], 

One final atmospheric parameter that is important and should be mentioned 

is the atmospheric coherence length or the Fried parameter, commonly called ro. 

Dr(r) ^ C|ri (1.4) 

Dnir) ̂  (Mn) - R{r2)f) (1.5) 
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Basically ro is the diameter of a telescope if it were diffraction limited and woiild 

have the same resolving power as the atmospheric transfer fimction. ro is defined in 

equation 1.6 in terms of integrated turbulence and the zenith angle (. The atmo

spheric transfer fimction OTFa{k) and the phase structure fimction D(r) can also 

be written in terms of TQ and shown in equations 1.7 and 1.8 respectively [44,2J. The 

phase stnicture fimction is valid between the inner and outer scales of turbulence. 

ro 0.423P(sec(") J dhCf/yh) (1.6) 

OTFa{k) = exp-SM ( ^ ' (1.7) 

CW=6.88(^)'  (1.8) 

1.4 The Basics of Adaptive Optics 

Adaptive Optics history has been discussed describing how AO has evolved over 

time and some of the difficulties that have been encoimtered. To complete the 

backgroimd introductory information, this section will discuss the basics of how AO 

works. As is known from previous sections, a wavefront coming from a distant star 

is flat until it enters the earth's atmosphere. As described in sub-section 1.3.1 and 

illustrated in figure 1.2, the atmospheric turbulence distorts the othenvise "perfect" 

wavefront. Therefore, if a star is observed in a telescope and a long exposure image 

taken, the image of the star would be very blurred. AO is an active approach for 

compensating this wavefront distortion and the basic details of how this is achieved 

will be described. 
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Figure 1.2 This drawing illustrates the effect of the atmosphere on a "perfect" 
wavefront. 

To follow along with the AO system description, refer to figure 1.3. Light is 

first; collected from a distant star by a large aperture telescope. The wavefront is 

sensed by a WFS, which is a sensor that collects information on the wavefront. A 

reconstractor then estimates the wavefront from the WFS information and produces 

commands to be sent to a wavefront corrector. The wavefront corrector changes 

shape such that when the wavefront incident on it reflects off, the wavefront is 

corrected. Therefore, when the light propagating from a distant star is continued to 

be collected by the telescope, it is corrected allowing the science object to be seen on 

the scientific camera in real time without any blurring. The corrected wavefront is 

wavelength dependent. In other words, if the WFS was sensing in the near infrared 

(IR), the best the wavefront can be corrected is at that sensed wavelength. 

Another important part of the AO system is the tracking. The tracker is a 

combination of a. sensor, with basically one aperture, and a fast steering mirror 

(FSM) that can tilt about its axis. The FSM is sometimes referred to as the fast tilt 
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mirror. The tracker system takes out the overall atmospheric tilt, which stabilizes 

the image. This is the part of the AO system that uses the natural beacon for tip/tilt 

correction. The WFS/corrector system is then used to take out the higher order 

abberations. For this type of system, the abberations are in the form of Zemike's. 

These are a combination of the wavefront aberrations and commonly used in optical 

testing. With the tracker, WFS, and wavefront corrector ail working together, light 

from a distant star can be compensated and the corrected image viewed in real time. 

For laser beacon AO the same technique is used, except in this case the higher order 

WFS collects scattered light from below and above the focus altitude of the Rayleigh 

beacon to determine the shape of the wavefront. This section of the atmosphere that 

the scattered light is collected from is referred to as a range-gate. 

1.4.1 Wavefront Sensors 

There axe different types of WFS's in use today. The Shack-Hartmaim, Shearing 

interferometer, and Curvature sensing type WFS's are the most common. Infor

mation about these and other types of WFS's can be foimd in many references 

including [2,45-51]. The Shack-Hartmann WFS, the most popular of the three, is 

used for the studies in this dissertation. It is simple and intuitively very easy to 

understand. The Shack-Hartmann WFS consists of a 2-D lenslet array used to focus 

the local slopes or tilts of the wavefront on the sensor/detector array. The lenslet 

array is an array of very small positive lenses with the same focal length. Each 

lenslet corresponds to a subaperture and, therefore, focuses part of the wavefront 

o n t o  t h e  W F S .  T h e  d e t e c t o r  a r r a y  i s  b r o k e n  u p  i n t o  w h a t  a r e  c a l l e d  q u a d  c e l l s .  2 x 2  

cells form a quad-cell. Generally 4 by 4 cells are used which include a guard band 

aroimd the set of pixels that make up the quad-cell to reduce any cross talk between 

the subapertures. See figure 1.4 [52] for a pictorial representation. 

The Shack-Hartmann WFS works as follows. If the portion of the wavefront 
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Figure 1.3 This cartoon drawing iUustrates the basic components of an AO 
system. Telescope, WPS, DM, FSM, and scientific camera. 
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propagating through the lenslet is flat, then the light will foctis to a spot in the 

middle of the quad-cell, with equal intensities in all quadrants. If a portion of 

the wavefront is distorted, producing a local slope or tilt at the lenslet, then the 

resulting spot on the quad-cell will be displaced from the center. The result is that 

the intensity of the light is different in each quadrant. The displacement of the 

spot can be traced back to the local tilt in each siibaperture, allowing the shape of 

the wavefront to be reconstructed. The local tilts are computed using the standard 

quad-cell equations 1.9 and 1.10 [53,54]. o; is a constant relating the wavefront 

tilt and the energy imbalance, A, that is sensed by the WFS. Equations 1.11 and 

1.12 are used to calculated the energy imbalance bet¥/een the pixels [64]. Eefer to 

figure 1.4 [52] for the location of the pixels shown in the upper right part of the 

figure. The resulting intensity distribution of each spot can then be described in 

equation 1.13 [2]. Where a = g, d is the subapertiire size, and A is the mean 

wavelength. 

(1-9) 

= Q!„A. y (1.10) 

A ^ -^c 

+ h "f" + id 
la 1(1 ~ h — h 

(1.11) 

» -'a I -*6 
^ + ih + ic + 1(1 

la + lb — Ic — h 
(1.12) 

(1.13) 
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Figure 1.4 This drawing ilhistrates how the lenslet array focuses a local gradient 
from the distorted wavefront onto a quad-cell detector. 

1.4.2 Wavefront Correctors 

Wavefront correctors are a type of mirror that can change shape on the order of 

wavelengths. Their purpose is to enable the non-perfect wavefront to reflect off 

of it flat and corrected. Types of wavefront correctors include the DM, bimorph 

mirror and MEMS (Microelectromechan ical Systems) mirrors. Information can 

be found on these types of wavefront correctors in many locations including ref

erences [2,50,49,55-60]. The most common wavefront corrector is the DM. The DM 

is a very thin facesheet mirror that sits on a number of piezo-electric actuators or 

other types of material that expand and contract depending on how much voltage 

is applied. When a voltage is applied, it causes the mirror to deform or change its 

shape at the point surrounding the actuator. The DM then deforms into a replica 

of the 2-D wavefront determined by the WFS but at only half the magnitude. Fig

ure 1.5 [52] illustrates this concept. 

Influence functions, or commonly called DM commands, describing the spatial 

response to the actuator, are determined from the reconstructed wavefront. The DM 
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commands contain information on the correct voltage to apply to the actuators in 

order to deform the mirror to the required shape. Figure 1.6 ilhistrates this concept. 

All the actuators have been calibrated beforehand to know the extent they can be 

driven. The full throw of the actuators, from the largest expansion to the smallest 

contraction, is referred to as the stroke. The stroke is on the order of about +/- 2 

wavelengths. With newer DM's this specification is increasing. 

Both the WFS and the DM are conjugate to the pupil, which is at the primary 

mirror for most if not all current AO systems. The pupil is partitioned into subaper-

tiires which correspond to the same mmiber of subapertures on the primary mirror, 

DM and WFS. The higher the number of subapertures, the better the correction. As 

technology matures in this area, smaller DM's are now being manufactured along 

with DM's with a larger number of actuators. This can be achieved, thanks to 

newer materials that can be fashioned into smaller size actuators, making the spac

ing between the actuators smaller, thus allowing for better correction. Xinetics is 

currently the main manufacturer of DM's [61-63]. Figure 1.7 [52] is an example of 

what a larger size DM looks like. 

1.4.3 Wavefront Reconstruction 

Now the real "magic" comes from the reconstruction of the wavefront. How does 

the information from WFS actually turn into DM commands or influence functions? 

This is actually the most important part of AO, because if the wavefront cannot be 

determined and converted into DM commands than the incoming wavefront cannot 

be corrected. The goal of the reconstructor is to estimate the wavefront from the 

WFS, produce DM commands, and minimize the mean square wavefront error. This 

section will cover the basics of wavefront reconstruction. 

Equations 1.14 to 1.16 describe the dynamics of a closed loop AO system, if the 

DM commands (c) and wavefront errors {(f>) to be corrected are in a common basis. 
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Figure 1.5 This is a basic drawing illustrating how the DM takes an 
wavefront and corrects it upon reflection. 
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Figure 1.6 This is a cartoon drawing of how the actuators deform the thin 
facesheet mirror. 

Figure 1.7 This is a picture of what a typical DM looks like. This one happens 
to be a larger one. DM's come in many sizes. 
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Figure 1.8 This charts gives a visual perspective of basic wavefront reconstnic-
tion. 

The DM commands (c) are computed from the closed loop WFS measurements (s). 

y is the uncorrected WFS measurement recorded with the AO loop open, G=^ is 

the Jacobian matrix of partial derivatives of s with respect to c commonly called 

the poke matrix, E is the wavefront reconstruction matrix, and e is the closed 

loop or residual wavefront error [64]. The residual wavefront error is the value to 

be minimized. The minimization is accomplished via the least squares approach. 

Figure 1.8 gives a basic visual perspective of this process. 

s = y - Gc (1.14) 

e = Es (1.15) 

e = (l) — c (1.16) 

The wavefront reconstruction matrix E, needs to be calculated such that it gives 

the best possible AO system performance. This performance is defined in terms of 

the mean square value of e. where E is chosen such that e will be a minimum. E 
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must also satisfy the constraint in equation 1.17, and the vectors y and <p must be 

zero-mean. 

EG = I (1.17) 

This results in the miniimim mean square value for the closed loop error (e), 

and is described in equation 1.18. B and C, the covariance matrices, are described 

in equations 1.19 and 1.20. The angle brackets in the equations describing B and 

C are the average over the statistics of the atmospheric turbulence and WFS noise. 

By using the constraint in equation 1.17, where I is the identity matrix, the wave-

front reconstruction algorithm is required to precisely estimate the DM actuator 

commands (c) with no noise or atmospheric turbulence. 

E = BC-^ - (J - BC-'G)' (1.18) 

B = {4>{Hyf) (1.19) 

C = { { H y ) { H y f )  (1.20) 

In a real system the covariarice matrices B and C are not exactly known, but 

are needed to determine the reconstmctor E. This provides a need for predictive 

algorithms. Instead of optimizing the AO system to satisfy the constraint EG=I, 

equation 1.21 shows the form of an equivalent reconstructor. Here E± is an arbitrary 

matrix. Any matrix E defined by this equation satisfies the constraint EG=L If 

EG=I than E can be written in the form of equation 1.21 where E± = E. 

E = {G^Cy^C^^ + Ex{I - G{G'^Gy^(F) (1.21) 
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Eq = (G^G)-^G^ (1.22) 

The minimuiB variance reconstractor is aa improved reconstractor for AO sys

tems that include multiple laser beacons and is described in equation 1.23. I is the 

identity matrix, G is the poke matrix, R is the cross coupling matrix, Q is an or

thogonal projection operator, and B and C are covariance matrices [37]. This type 

of reconstmctor is desirable to use with MCAO systems. For MCAO systems the 

collection of all the wavefront slope sensor measurements are combined into a single 

vector and input into the wavefront reconstractor algorithm that is equivalent to a 

matrix multiply [37]. 

E = Q[R- 'BC-' + {I- R-^BC'^G){G^C-^G)~^G^C-^] (1.23) 

At this point more detail will not be discussed. A more comprehensive treatment 

of the subject is given in references [37,35,65]. 

1.5 LACE: Adaptive Optics Simulation Code 

LACE, named after a satellite, is an adaptive optics simulation code written by, Dr. 

Brent L. Ellerbroek. The code is used extensively in this dissertation. The program 

allows users to vary turbulence profiles, WFS and DM actuator geometries, WFS 

noise levels and sampling rates, reconstruction control laws, conjugation altitudes 

for one or more DM's, and brightness and altitude for natural or laser beacons. 

The approach assumes linear behavior for both WFS's and DM's and also assumes 

a geometric optics model (ray tracing) for the effect of atmospheric turbulence. 

The spatial frequency characteristics of turbulence are modeled using either the 

Kolmogorov or von Karmam spectrum (for a finite outer scale), and the Taylor 



42 

(frozen flow) hypothesis is used to model temporal effects. The theorj' behind LACE 

has been developed and tested over a period of at least ten years and has been 

applied to a wide range of groimd-based adaptive optics systems [37,36]. For a 

more detailed mathematical understanding of how LACE works refer to reference 

[371. Appendix A shows sample LACE input and output files used to accomplish 

parts of this study along with pertinent setup and input variable definitions. These 

input and output files can be used as a starting point for additional studies. It also 

describes modifications made to LACE that were necessary for the work presented 

in Chapter 4. 

The type of WFS reconstnictor used by LACE to determine the reconstructed 

wavefront from the Mauna Kea turbulence models described in section 2.3, was the 

minimum variance reconstructor, due to its ability to provide better performance 

with the use of multiple laser beacons. For the studies performed in this dissertation, 

LACE takes in the information for all beacons, and computes the reconstruction 

matrices for each. It assumes that there is one WFS for each beacon. All the 

gradient information from the WFS's are put into a vector and multiplied by the 

reconstructor, a matrix multiply. The output variables for LACE are the Strehl 

Ratio (SR) for each evaluated wavelength, and e, the residual wavefront error. 

A study, comparing LACE results to telescope data taken with two different AO 

systems at four wavelengths and reduced by an independent researcher, shows very 

good agreement [66]. Close agreement has also been achieved between LACE and 

wave optics simulations of a more sophisticated hybrid AO system, consisting of 

a bright Rayleigh laser-beacon (13 km altitude, 30 x 30 subapertures WFS) and a 

dimmer sodiimi laser-beacon (90 km altitude, 4x4 subapertures WFS). Performance 

estimates for the hybrid system, accounting for the four most fundamental AO 

system error sources; sampling/fitting error, WFS noise, anisoplanatism, 
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and system control bandwidth (BW), sometimes referred to as servo lag, consistently 

agree to a relative eicciiracy of better than 5 %. 

There axe some characteristics of LACE that can result in a small amount of 

error if one is not caxeful about how the configuration or nm is set up. One of these 

is called the "beam shear criteria". If this criteria is not met, there is less precision 

in the numerical integrals. This means that the rays traced from the aperture 

grid that point towards each evaluation direction do not match up properly with 

the boundaries of the actuator influence fimctions on each DM. This constraint 

guarantees that each influence fimction is smooth (quadratic in x and y) within 

each small square of 3x3 grid points, as is required for Simpson's rule in order 

to give exact answers [67]. To satisfy this requirement, there must be an integer 

number of subapertures on the DM's at each conjugate altitude within a defined 

FOV. Therefore, there is a FOV that is optimimi for a system with multiple DM's 

allowing this criteria to be met. This criteria will be a factor in some of the nms 

described in Chapter 3, with an example given in section 3.2. 

1.6 Chapter Descriptions 

An overview of the chapters in this dissertation are as follows. Chapter 2 addresses 

the reduction of both focus and tilt anisoplanatism as a means of improving perfor

mance of laser-beacon AO systems by studying two of the multiple beacon configu

rations discussed in section 1.2. In the first configuration, AO correction based on 

one or three sodium beacons is studied. The second configuration investigates the 

use of a single sodium beacon in conjunction with a single Rayleigh beacon, which 

is referred to as the single DM Rayleigh/sodium hybrid configuration. For each of 

these cases, two turbulence profiles, two DM conjugate altitudes, numerous tip-tilt 

beacon offsets, and two WFS subaperture array sizes are investigated. The best 
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results of the two configurations axe determined and compared in terms of SR and 

residual tilt. It was determined that the hybrid beacon configuration, in addition 

to reducing fociis anisoplanatism, also reduced tilt anisoplanatism by the additional 

higher order corrections the second beacon supplied. Therefore, this method was 

chosen for further studies in Chapter 3. Due to the information gained at two dif

ferent altitudes, this type of system is far superior to a single sodium beacon or 

a multiple sodium beacon system with regard to reducing the tilt anisoplanatism 

error. 

Chapter 3 studies the use of multiple DM's, or MCAO, in conjunction with the 

use of multiple laser beacons at multiple altitudes as a way to further improve the 

AO system at wider fields of view [68-71]. Multiple beacons are used to increase the 

corrected FOV by reducing the angular anisoplanatism. By using the hybrid beacon 

AO system as a basis for a multi-conjugate, multiple laser-beacon hybrid AO sys

tem, both focus and tilt anisoplanatism are reduced. Two different MCAO hybrid 

configurations are studied here: the Rayleigh/soditim and Rayleigh/Rayleigh. For 

these cases, two and three DM's conjugate to different altitudes in the atmosphere, 

varying munber of laser beacons and subapertures, varying number of natural bea

cons, and two WFS subaperture array sizes are investigated. System performance 

is reported in terms of SR. A note about the altitude value, the term used when 

describing the altitude of the beacon height. It is the altitude above Mauna Kea 

that is 4200 m above sea level, not the actual altitude above sea level. Mauna Kea 

is considered the "ground level" or zero altitude. For computations purposes, the 

focus and range-gate heights are adjusted to mean sea level heights, before their 

appropriate signal is calculated. This is due to the type of atmospheric data was 

used. 

Radiometric characteristics of the Rayleigh beacons in the "best" configurations 
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determined in Chapters 2 and 3 are studied in Chapter 4. The two main charac

teristics include the optimum Rayleigh beacon range-gate at the minimum noise 

equivalent angle (NEA), and optimization of the system bandwidth (BW) at the 

different laser powers. Section 1.3 in this chapter provides some basic backgroimd 

on atmospherics as a basis for the work accomplished in Chapter 4. 

Chapter 5 brings ail the information together, summarizes and compares all the 

"best" systems from Chapters 2 and 3 with the Rayleigh beacon characteristics de

termined from Chapter 4. Basic specifications on the laser transmitter and receiver 

are included with suggestions for follow on work. 
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CHAPTER 2 

MULTIPLE LASER-BEACON STUDY 

2.1 Introduction 

Focus and tilt anisoplanatism are addressed in this chapter. When starting this 

study, focus anisoplanatism was the main error that was to be investigated, but as 

the study progressed it was obvious that these configurations also had an impact 

on tilt anisoplanatism. As mentioned in Chapter 1, there are several different mul

tiple beacon configurations that can be used to reduce these errors. This chapter 

addresses two of these configurations that could possibly be used for large telescope 

AO systems. The first method discussed is multiple beacons at a single altitude. For 

this configuration, multiple sodium beacons, specifically three, are propagated and 

focused at 90 km. The second method discussed is a multiple altitude beacon, or 

hybrid method, which uses one lower altitude Rayleigh beacon and one higher alti

tude sodium beacon. For the study discussed in this chapter, both the Rayleigh and 

the sodium beacon were considered to have sufficient power such that both WFS's 

had the same number of subapertures. Section 2.2 outlines the characteristics of 

the telescope system and the parameters that are varied in the study. Section 2.3 

describes the turbulence profiles used in the study. Sections 2.4 and 2.5 describes 
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the different types of configurations that were run, illustrates the results, and com

pares the ofF-axis performance between them. Finally section 2.6 summarizes this 

chapter. 

2.2 Parameters and Study Outline 

This study is based on the Gemini telescopes being built on Mauna Kea in Hawaii 

and on Cerro Pachon in Chile. These 8 m class telescopes are built for observing 

in the infrared. The wavelengths 1.24 /irad, 1.65 /irad, and 2.2 ^rad are used to 

estimate the AO system performance for observations in the J, H, and K bands. The 

effective aperture is 7.9 m and the linear central obscuration ratio of 0.152. The 

Bufton wind profile [72] was used to calculate the wind speed given the turbulence 

models discussed in the next section 2.3. The greenwood frequencies are also cal

culated using the turbulence model. This study was accomplished using an earlier 

version of LACE where a value for the nominal greenwood frequency was not an 

input variable. Therefore the greenwood frequencies calculated for the good and av

erage seeing turbulence model were 27 Hz and 39 Hz respectively. The study models 

the Gemini-North telescope where the AO system will include the DM conjugate 

to the mean altitude of atmospheric turbulence at 6.5 km [73J. This configura

tion was implemented in late 2002, after the study presented in this chapter was 

completed. This alternate DM configuration approximately doubles the isoplanatic 

angles, resulting in an overall performance increase in terms of sky coverage [10]. 

The first configuration, AO correction based on three sodium beacons, is studied. 

The number of beacons is based on Fried's analysis and computation time on the 

available computer at the time [74], It is known that the higher the backscatter 

altitude for laser beacons, the less focus anisoplanatism and, therefore, the better 

the results, hence multiple sodium beacons [11,74-76]. The second configuration 
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investigates the use of a single sodium beacon in conjunction with a single Rayleigh 

beacon, the hybrid configuration. Both beacons have the same WFS sampling rate 

and are assumed to have sufficient power and use the same number of subapertiires 

for each beacon WFS. For each of these cases, two turbulence profiles, two DM 

conjugate altitudes, ten tip/tilt beacon offsets, and two WFS subaperture array 

sizes are investigated. The two ttirbiilence profiles include the average and good 

seeing models at Mauna Kea, the site of the Gemini-North telescope. The two DM 

conjugate altitudes include the DM conjugate to the primary mirror, or entrance 

pupil of the optical system, and conjugate to the average turbulence layer above 

Mauna Kea located at an altitude of 6.5 km. The DM conjugate to the 6.5 km 

altitude required that the pupil also be at that altitude. Ten tip/tilt beacon offsets 

are looked at to study the tilt anisoplanatism effects in these two configurations. 

The offsets included in the study are 0, 20, 40 ,60, 80, 100, 150, 200, 250, and 300 

firad. Finally, the two WFS subaperture array sizes to investigate are 12 x 12 and 

24 X 24. 

2.3 Turbulence Profiles 

Two turbulence profiles axe used in this study with realizations of the average and 

good seeing models for Mauna Kea. These models show a mean turbulence altitude 

of about 6.5 km above the Maima Kea site. This is shown in SCIDAR data from the 

University of Hawaii in figure 2.1 [77]. At the time this study began atmospheric 

models for Cerro Fachon were not available. The rg values (atmospheric coherence 

length) used for the average and good seeing runs were 23.5 cm and 42 cm respec

tively at a wavelength of 0.5 /im. The corresponding values (isoplanatic angle) 

for each tq were 11.125 /irad and 15.42 /irad for the DM conjugate to the primary 

mirror (PM) or an altitude of 0 km and 22.76 /irad and 38.31 /irad for the DM 
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Figure 2.1 Representative Mauna Kea profiles, showing atmospheric data 
for several altitudes and good realizations for average and good seeing models.. 

conjugate to an altitude of 6.5 km [10]. 

2.4 Runs and Results 

2.4.1 Single Sodium Beacon 

The single sodium beacon will be discussed in this section for the purpose of fully 

imderstanding the need for alternate methods. As mentioned in Chapter 1, a single 

beacon suffers from both focus and tilt anisoplanatism, due to the cone effect, and 

the lack of correction for full aperture wavefront tilt. The detection of full aperture 

wavefront tilt from a laser-beacon is being addressed by other researchers such as 

Belinki [34], and is not within the scope of this dissertation. The use of a single 

sodium beacon does improve the focus anisoplanatism over the use of a single Ray-

leigh beacon due to the increase in beacon altitude. However, it stiil suffers from the 

Maima Kea C Profiles 
x l O  "  

?-
— Average Seeing 

• Good Seeing 
?-

1 - i : 
H 

; : 
•; % - • : : 
11 i ^ ; 

1 
1 ; ,A : : 

. . . . . A  I . l  

j /
 / 1 ^ 

/ 1 : 

1 ^ 
i, ,/ , •: 

I" T-

• V/ 



50 

problems described. Figures 2.2 (a) and (b) plot the mean square phase variaace 

in rad? at A=0.5 /im for a single sodiiim beacon, as a result of different tip/tilt 

beacon offsets, for two different DM conjugate locations. All the results include 

anisoplanatism and fitting errors, however, there is no noise or system BW effects. 

The effects of noise and system BW are shown and discussed in Chapter 4. It is 

observed that by making the DM conjugate to 6.5 km, there is an improvement for 

both seeing conditions. There is still room for improvement, especially if the tip/tiit 

beacon offset is large. The tip/tilt beacon offset is the offset between the natural 

beacon used for tip-tilt sensing and the science object. It is a measure of the amount 

of tilt anisoplanatism the system suffers. As the tip/tilt beacon offset increases, the 

beacon becomes further and further away from the isoplanatic patch. This is what 

results in the tilt anisoplanatism error. The majority of the time, dim objects are 

being obser\^ed and cannot be used for tip-tilt correction. Suitable tip-tilt beacons 

nearby have to be located. Even if the tip/tilt beacon was only 100 /xrad away, the 

resulting error would still not allow for very good SR's. Therefore, any method for 

improving the results would be beneficial. Note the blip in figure 2.2 (b) between 

50 jurad and 140 /irad due to a numerical inaccuracy in the modeling of partially 

illuminated subapertures. As of this writing, the source of the problem has not been 

identified. The remainder of the curve is correct. 

An alternate way of looking at this data is by the SR, which exhibits the AO 

performance for each of the three wavelengths. Figure 2.3 is a plot of SR vs. the 

tip/tiit beacon offset for three different near infrared (IR) wavelengths, 1.24 fim, 

1.65 fjm, and 2.2 /im. With decrease in wavelength, there is a decrease in SR. 

Therefore, atmospheric correction at visible wavelengths will be increasingly difficult 

even with a single sodium beacon. 
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Figure 2.2 Wavefront variance for a single sodium beacon for different tip/tilt 
beacon offsets with the DM conjugate to the PM shown in (a) and DM con
jugate to 6.5 km shown in (b). The top curve with symbol o (bottom with 
symbol A) of each set of plots corresponds to 12 x 12 WFS subapertures 
(24 X 24 WFS subapertures). 
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Figure 2.3 Strehl ratio vs. tip/tilt beacon offset for the single sodium beacon 
average seeing model, DM conjugate to PM and 12 x 12 subapertures. 

2.4.2 Three Sodium Beacon Configuration 

AO correction using three sodium beacons was the first configuration studied. Fig

ure 2.4 shows pictorially the configuration used. The separation of the beacons 

was varied to determine the optimum separation. The beacons were arranged in a 

triangle with a constant radius from the center. This radius from the center was the 

value varied and shown on the x-axis of plots in figures 2.5 and 2.6. Therefore, the 

beacon separation was really the angular separation from the center to the beacon 

and not the separation between beacons. The same configuration was run for the 

two different turbulence models and for the two different DM conjugate altitudes. 

The best case beacon separation was 40 /irad, see figures 2.5 and 2.6 (b) and(c), 

and was consistently the best case for both turbulence models and DM conjugate 

altitudes. A subset of these runs, including the best case, was used for the tip/tilt 

beacon offset runs. Five beacon separations were looked at, 30, 35, 40, 45, and 
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50 /irad. The results were closely clustered together for each tip/tilt beacon offset 

ranging from 0 to 300 /irad. Therefore, the plots only show the curves for the best 

case. These plots axe shown in the last section 2.5 since they contain information 

compajing the single beacon with the two configurations. The best case was used 

for the 24 x 24 subaperture rims along with selected tip/tilt beacon offsets due to 

the length of time it takes for a 24 x 24 subaperture case to nm on the computer 

available at the time. For the 3 sodium beacons, the gradients describing the wave-

front determined from the WF3 are converted to DM commands via the minimum 

variance reconstruction algorithm. For more information refer back to Chapter 2, 

section 1.4.3. For these multiple sodium beacons, one WFS was asstraied for each 

beacon. The WFS gradient information from each WFS are combined into a vector 

and multiplied by the reconstruction algorithm. 

Figures 2.5 and 2.6 show the different turbulence models for different beacon 

separations and two DM conjugate altitudes to determine the optimum beacon sep

aration. These plots show only the tilt included phase variance results, which is 

more informative than the tilt removed information. The output of LACE provides 

both sets of data. Since part of the goal is to reduce tilt aaisoplanatism, then the 

phase variance with the tilt removed does not provide the needed information. A 

magnified version of these plots shown in (b) and (c) of figures 2.5 and 2.6 illustrate 

that aE cases show the beacon separation of 40 /irad with the lowest residual phase 

error or variance. This is logical, because close to the maximum size of the telescope 

aperture is being utilized at this point. Refer to figure 2.7 for a visual perspective. 

The equation shown in this figure describes the result, where a. is 40 /irad, r is the 

radius of the beam on the mirror, and ait is the altitude of the sodium beacon at 

90 km. For these parameters, r turns out to be 3.5 m, very close to the 4 m radius 

of the mirror. There is an improvement for the DM conjugate to 6.5 ioii over the 
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Figure 2.4 Three sodiiiin laser-beacon configuration, including natural beacon 
for tip/tilt correction. 
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Three Sodium Beacons: DM conjugate to PM 
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Figure 2.5 Three sodium beacons with two turbulence models, DM conjugate 
to PM shown in (a) The top curve with symbol o (bottom with symbol A) 
in each set of plots correspond to 12 x 12 WPS subapertures (24 x 24 WFS 
subapertures). The values for zero beacon separations are the single sodium 
beacon results, (b) and (c) are close-ups at the 40 /urad beacon separation. 
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Three Sodium Beacons: DM conjugate to 6.5 km 
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Figure 2.6 Three sodium beacons with two turbulence models, DM conjugate 
to 6.5 km in (a). The top curve with symbol o (bottom with symbol A) 
in each set of plots correspond to 12 x 12 WFS subapertures (24 x 24 WFS 
subapertures). The values for zero beacon separations are the single sodium 
beacon results, (b) and (c) are close-ups at the 40 //rad beacon separation. 
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Figure 2.7 Describes the optimum beacon separation as determined from the 
runs along with the associated equation, r is the radius of the primary mirror, 
alt is the altitude of the beacon, and alpha (a) is the angle as shown. 
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DM conjugate to the primary mirror. The best case of 40 /irad is about a 46 % 

improvement in the residual error over the single beacon for average seeing and DM 

conjugate to the PM, and about a 32 % improvement in the residual error over the 

single beacon for average seeing and DM conjugate to 6.5 km. Single beacon results 

are shown as zero beacon separation on the plots. 

The figures in 2.5 and 2.6 also show the 24 x 24 subaperture case. This illustrates 

the reduction in fitting error resulting in the focus anisoplanatism effect reduced by 

a factor of two. It would be expected that the higher the number of subapertures, 

the less the fitting error. The 24 x 24 subaperture case follows the 12 x 12 subap

erture case curve, indicating the 40 /xrad is the best case as previously determined. 

From these plots, it is determined that improvement of approximately 50 % can be 

achieved by simply reducing the fitting error. Take note of the sharp drop from the 

0 /irad beacon separation. The drop is probably due to the fact that these cases 

were nm with no measurement noise. Noise, however, will reduce the benefit of the 

24 X 24 subapertures and good signal. If there is enough noise it may not matter 

if their is a good signal or not. The topic of noise and cases illustrating noise are 

discussed in Chapter 4. 

2.4.3 Rayleigh/Sodium Hybrid Configuration 

The second AO configuration to improve atmospheric correction is a hybrid approach 

that includes one low altitude Rayleigh beacon and one high altitude (90 km) sodium 

beacon. See figiire 2.8 for a pictorial description. This approach assumes that the 

Rayleigh beacon and the sodium beacon are both of sufficient power, and, therefore, 

use the same number of subapertures on the WFS and the same WFS sampling rate. 

Together they provide information about the vertical distribution of the atmosphere. 

In this configuration, the altitude of the Rayleigh beacon is varied, %vhile the sodium 

beacon altitude remains constant. Tables 2.1 and 2.2 show the data out to a Rayleigh 
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altittide of 20 km for the two different seeing conditions. 20 km, above Maiina Kea, 

is about the maximtim altitude feasible for a Rayleigh beacon due to the molecular 

density in the atmosphere at that altitude. At higher altitudes, there is not enough 

molecular nitrogen and oxygen, to provide sufficient signal from Rajdeigh scattering, 

unless other methods such as djrnamic focus are employed to improve the signal to 

noise ratio (SNR) [78,79]. The results are compared to the single sodhim beacon. 

Both seeing models show a decrease in improvement as the range of altitudes increase 

for DM conjugate to the PM. The average seeing, however, improves again at 20 km 

and is the best case, whereas both seeing models show an increase in improvement 

with altitude for the DM conjugate to 6.5 km. The improvements over the single 

sodium beacon, for DM conjugate to PM, are 28 % for average seeing and 42 % 

for good seeing. There is improvement for the DM conjugate to 6.5 km, but not 

as much, less than 10 %. In fact, the values are quite similar. They do, however, 

show improvement over the single sodium beacon case even though it is small. 

This suggests the main improvement for both hybrid and single sodium beacon, 

comes from the DM conjugate to 6.5 km, as opposed to the beacon altitudes or 

combinations. The 5 km altitude was not run for the DM conjugate to 6.5 km since 

the beacon altitude would be below the DM conjugate altitude. 

The better performance seen for the lower altitude beacon at 5 km (DM conjugate 

to PM), could be due to higher signal levels achieved at that altitude. Since the 

sodium beacon is considered perfect, enough improvement for focus anisoplanatism 

is coming from the combination of the two beacons and not necessarily due to 

the altitude change of the Rayleigh beacon. For the DM conjugate to 6.5 km, 

the performance increases with altitude. Since most of the errors are reduced by 

the 6.5 km conjugate altitude, not much additional improvement is observed with 

the addition of the Rayleigh beacon. The increase in altitude then reduces the 
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focus anisoplanatism for both cases, due to the increased sampling of the turbulence 

volume with these cordigiirations. 

When the fitting error is reduced by increasing the WFS subapertures to 24 x 24, 

an improvement is observed as before. 35 % to 40 % improvement for the DM 

conjugate to the PM, and only about 18 % to 19 % improvement for the DM 

conjugate to 6.5 km is seen when compared to the 12 x 12 subaperture results. The 

remaining error is due to focus anisoplanatism. The improvement over the single 

sodium beacon is 42 % and 60 % for the 5 km best case, DM conjugate to PM. The 

lower Rayleigh altitude of 5 km gives better results for most of the DM conjugate to 

the PM cases, whereas a 20 km altitude gives better results for the DM conjugate 

to 6.5 km. For the DM conjugate to 6.5 km, there is an improvement over the single 

sodium beacon, but not as dramatic as for the DM conjugate to PM cases, for the 

same reason as explained in the previous paragraph, the improvement is coming 

from the DM conjugate to 6.5 km. It is 10 % to 12 % for the 20 km altitude best 

case. However, there is not an improvement for the DM conjugate to 6.5 km over the 

DM conjugate to the PM for the 24 x 24 WFS subapertures as we saw in the 12 x 12 

WFS subaperture case for the varying Rayleigh altitude. The reduction in fitting 

error seems to have more of an effect on the DM conjugate to the PM as opposed 

to the DM conjugate to 6.5 km. This would indicate that the main improvement 

for the DM conjugate to the PM for the 24 x 24 subaperture is due to reduction in 

fitting error as opposed to the conjugate location of the DM or the reduction in the 

anisoplanatic errors. Eecall the improvement was not very substantial for 12 x 12 

subaperture cases. See tables 2.3 and 2.4. One final note, there was no noise added 

to these configurations as in the previous runs in the chapter. For the effects of 

noise see Chapter 4. 
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Figure 2.8 Rayleigh/sodium hybrid laser-beacon configuration, including nat
ural beacon for tip/tilt correction. 
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Phase Variance at A=0.5/im {ra(f) One Sodium Beacon 

Rayleigh Beacon (km) 5 10 15 20 90 
Average Seeing {ratf) 2.716 2.799 2.779 2.712 3.762 
Good Seeing (rad?) 0.979 1.048 1.093 1.102 1.697 

Table 2.1 Hybrid configuration compared to single sodium beacon for two 
ttirbulence models, DM conjugate to the PM and 12 x 12 '\^TS subapertures. 

Phase Variance at A=0.5/im (rcfi^) Single Sodhim Beacon 

Rayleigh Beacon (km) 10 15 20 90 
Average Seeing (radP) 2.664 2.601 2.53 2.741 
Good Seeing {racf) 0.975 0.958 0.94 0.989 

Table 2.2 Hybrid configuration conipaxed to single sodium beacon for two 
turbulence models, DM conjugate to 6.5 km and 12 x 12 WFS subapertures. 

Phase Variance at A=0.5/im (rarf^) One Sodium Beacon 

Rayleigh Beacon (km) 5 10 15 20 90 
Average Seeing {rad?) 1.771 1.893 1.884 1.805 3.058 

Good Seeing (racf) 0.586 0.673 0.731 0.743 1.471 

Table 2.3 Hybrid configuration compared to single sodium beacon for two 
turbulence models, DM conjugate to the PM and 24 x 24 WFS subapertures. 

Phase Variance at X—0.5pm (racP) One Sodium Beacon 

Rayleigh Beacon (km) 10 15 20 90 
Average Seeing {ra(f) 2.273 2.183 2.065 2.351 

Good Seeing (racP) 0.826 0.804 0.76 0.838 

Table 2.4 Hybrid configuration compared to single sodium beacon for two 
turbulence models, DM conjugate to 6.5 km and 24 x 24 WFS subapertures. 
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2.5 Off-Axis Performance 

The two configtirations previously discussed show considerable improvement over 

the single sodium beacon case. In this section, the single sodium beacon is com

pared to the best case for each of the configurations discussed as a function of tip/tilt 

beacon offset. For the three sodiimi beacon case, the 40 ^,rad beacon separation is 

the best case and shown to be optimum for the telescope apertirre diameter. For 

the hybrid results, either the 5 km or the 20 km Rayleigh beacon altitude is the 

best case, depending on the DM conjugate altitude. The figures, 2.9 (a) and 2.10 

(a), compare the three cases for the two different turbulence models for the DM 

conjugate to the PM and 12 x 12 subapertures. A close-up of the crossover point 

in shown in (b) of each figtire. Both the three soditmi beacon and the hybrid show 

improvement over the single sodiirai beacon for both turbulence models. For tip/tilt 

beacon offsets up to about 50 /xrad, the three sodiiun beacon case shows better im

provement. For larger offsets, the hybrid shows better improvement. This trend is 

also observed for the DM conjugate to 6.5 km. However, the crossover point where 

the hybrid shows better improvement is at about 120 /irad, seen in figtu-es 2.11 and 

2.12. The crossover point is higher for the DM conjugate to 6.5 km because the 

Rayleigh beacon altitude is not that much higher than the DM conjugate altitude 

and, therefore, does not add as many subapertures of information as before. These 

results indicate that the three soditmi beacon case would be a better approach for 

achieving higher SR's if the tip/tilt beacon offsets are not too large. The correc

tion for focus anisoplanatism error is better due to the increased sampling of the 

turbulence vohmie. The performance gets worse off axis because of the lack of an ad

ditional beacon at a different altitude to reduce the tilt anisoplanatism. The hybrid 

case, however, performs better for larger tip/tilt beacon offsets. The reason being 

that the wavefront tilt errors are a sum of the global and anisoplanatic tilt terms. 
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With only a single beacon these terms cannot be separated. However, an additional 

beacon allows these terms to be separated and the tilt anisoplanatic term can be 

estimated and corrected [36]. The Zemike terms used to describe the tilt are terms 

2 and 3, the x and y tilt. An additional observation from these results is that if 

good seeing was prevalent at ail times, the need for other alternative configurations 

to gain improvements would be at a minimum. However, since good seeing cannot 

be counted on at all times, even in a "perfect world", it is worthwhile to investigate 

these alternate solutions, especially if noise is considered. 

The fitting error is reduced by using 24 x 24 WFS subapertures. Figure 2.13 is 

an example of the improvement seen with 24 x 24 subapertures, shown here for the 

average seeing case. The curves follow the same shape as the 12 x 12 subaperture 

case and only show a small improvement, indicating that the tilt anisoplanatism is 

the dominant factor. As with all the previous data, this plot does not show the effects 

of noise. Depending on the amoimt of noise, the larger mimber of subapertures may 

not be a significant improvement as first thought, since these results do not include 

noise. Table 2.5 compares data descriptively from figure 2.13 to the data shown in 

tables 2.1, 2.2, 2.3, and 2.4. 

Figures 2.14 (a) and (b) show the SR as a fimction of tip/tilt beacon offset for 

the DM conjugate to both altitudes and compares the single sodium beacon to both 

the three sodium beacon and hybrid approach at a wavelength of A = 1.65 jim. 

This is an alternate way of viewing the same data shown in figures 2.9 and 2.12. 

These plots also confirm that the three sodium beacon configuration results in better 

performance if higher SR's are desired and the tip/tilt beacon offsets are small. The 

improvement by the two multiple beacon configurations over the single beacon case 

is not as dramatic for the DM conjugate to 6.5 km. This would indicate that the DM 

conjugate to 6.5 km provides a significant amount of improvement by compensating 
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Average Seeing: DM conjugate to PM 
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Figure 2.9 Average seeing for three cases shown in (a) and close-up of crossover 
point in (b). DM conjugate to PM and 12 x 12 subapertures. 
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Good Seeing: DM conjugate to PM 
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Figure 2.10 Good seeing for three cases shown in (a) and close-up of crossover 
point in (b). DM conjugate to PM and 12 x 12 subapertures. 
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Figure 2.11 Average seeing for three cases shown in (a) and close-up of crossover 
point in (b). DM conjugate to 6.5 km and 12 x 12 subapertures. 
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Figure 2.12 Good seeing for three cases shown in (a) and close-up of crossover 
point in (b). DM conjugate to 6.5 km and 12 x 12 subapertures. 



12 X 12 subapertures 24 X 24 subapertures 

DM conjugate to PM Improves by adding DM conjugate to PM Improvements compared to 

Rayleigh beacon(hybrid) 12 X 12 subapertures 

Remaining error due to Fitting error reduces, 

fitting and focus anisoplanatism focus anisoplanatism remains 

DM conjugate to 6.5 km Improvement from DM to PM DM conjugate to 6.5 km Improvement from 12 x 12 

Better turbulence correction. Not as much from DM to PM 

Fitting error and Fitting error reduced, 

focus anisoplanatism remain focus anisoplanatism remains 

Table 2.5 Table comparing performance between 12 x 12 and 24 x 24 stibap-
ertures and DM conjugate altitudes. 



70 

Average Seeing: DM conjugate to PM (12 X 12 & 24 X 24 subapertures) 
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Figure 2.13 Average seeing for three cases, DM conjugate to the PM. The top 
curve with symbol o (bottom with symbol A) for each set of plots is for 12 x 12 
WFS subapertures (24 x 24 WFS subaperture). 

for a higher level of turbulence. 

2.6 Summary 

The conclusions reached on this study indicate that there are alternate methods that 

will improve single laser-beacon AO systems with regard to anisoplanatism errors. 

Focus anisoplanatism can be reduced in the multiple sodium beacon configuration by 

finding an appropriate beacon separation and by an appropriate Rayleigh altitude, 

within nature's limitations, in the hybrid configuration. Tilt anisoplanatism for 

larger tip/tilt beacon offsets can be reduced by choosing the hybrid approach. If 

higher SR's are desired, and the tip/tilt beacon offsets are not too large (<60 /irad for 

DM conjugate to PM), the three sodium beacon configuration would be preferred. 

Further radiometric studies, in terms of optimum range-gate and system BW at 
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Comparison of Seeing Models: DM conjugate to I'M 
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Figure 2.14 Strehl Ratio vs. tip/tilt beacon offset for two turbulence models, 
DM conjugate to PM shown in (a) and DM conjugate to 6.5 km shown in 
(b), 12 X 12 subapertures and A=1.65 /.tm. The top curve with symbol o (bot
tom with symbol A) for each set of plots corresponds to good seeing (average 
seeing). 
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Configurations SR - DM conj to PM SR - DM conj to 6.5 km 

On-Axis Off-Axis On-Axis Off-Axis 
Natural Beacon 0.846 N/A 0.847 N/A 

Single sodium beacon 0.76 0.35 0.78 0.54 
Multiple (3) sodium beacons 0.82 0.44 0.84 0.6 
Hybrid (1 Rayleigh 1 sodium) 0.77 0.52 0.79 0.66 

Table 2.6 Summary table comparing performance for the 4 difference configu
rations discussed. All results shown are for average seeing at A=1.65/xm, with 
12 X 12 subapertures and a tip/tilt beacon offset of 200 /.xrad. 

different laser energies, are performed in Chapter 4 to compare the two hybrid 

configurations. Radiometric analysis will not be performed on the sodium beacon 

cases, since this has been well characterized by other researchers [80-82,24,83]. 

Table 2.6, summarizes this chapter. The performance limitations for the con

figurations studied in this chapter were fitting error, focus and tilt anisoplanatism. 

To reduce the fitting error completely, infinite subapertures would be needed, which 

at this point in technology, is impossible. The focus and tilt anisoplanatism can 

be reduced but not eliminated due to restrictions on the altitude artificial beacons 

can be produced. This is due to the decreased density of the molecular nitrogen 

and oxygen at the higher altitudes making it difficult to produce a Rayleigh beacon. 

Also the need for a natural beacon to produce the tip/tilt information also limits 

performance due to the sky coverage issue. There are additional performance limi

tations that will be addressed in Chapter 4, including noise due to the image blur, 

system bandwidth, and laser power. There are other factors including the noise on 

the sensors and the precision the optical elements can be manufactured and aligned. 

These will not be discussed, but will have to be considered if a real system is to be 

built. 



73 

CHAPTER 3 

MULTI-CONJUGATE ADAPTIVE OPTICS WITH 

LASER BEACONS 

3.1 Iritroduction 

Multi Conjugate Adaptive Optics (MCAO) is the topic for investigation in this 

chapter. MCAO implies multiple DM's conjugate to multiple altitudes in the atmo

sphere. The use of multiple laser beacons at the multiple altitudes is added to this 

configuration to provide the system that will be studied. MCAO has been suggested 

by several researchers [68-71] as a way of increasing the corrected FOV of a laser-

beacon AO system. This improves the imaging capability for extended astronomical 

objects such as planets, galaxies, and nebulae. The DM's are typically conjugate 

to layers in the atmosphere where turbulence is predominant. The multiple laser 

beacons are necessary in order to correct for the full field of view (FOV) by reducing 

the angular or regular anisoplanatism and to provide the necessary sky coverage for 

this correction [36]. Sky coverage is a function of such parameters as the observing 

scenario, the natural beacon density profile, atmospheric conditions and AO system 

parameters. It can be defined as the probability of achieving a SR at least equal to 
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some tlareshold based on the number of natural beacons that are sufficiently bright 

and close enough to the science field [10]. For more information on MCAO systems 

and the effect they have on the FOV, refer to the following references [84-87]. 

Based on the results presented in Chapter 2, the hybrid laser-beacon AO con

figuration using the Rayleigh/sodium combination is the preferred method to start 

with, since it has already been shown to reduce both focus and tilt anisoplanatism 

by adding higher order correction at a different altitude. Therefore, the purpose of 

MCAO is to compensate for turbulence induced phase error over the increased FOV. 

However, a natural beacon or star is still needed to estimate the global tilt and the 

tilt anisoplanatism [36]. These two terms must be determined separately and this is 

not possible with laser beacons at only a single altitude. Therefore, the beacons at 

the multiple altitudes are necessary to correct for the tilt anisoplanatism. The higher 

altitude sodium beacons are needed to reduce the focus anisoplanatism. The rest of 

the chapter consists of the following sections. Section 3.2 outlines the parameters of 

this study. Section 3.3 describes the natural beacon baseline, the best case, which 

is what the configurations in this study strive to emulate. Section 3.4 describes 

two different types of hybrid configurations, sodium/natural and Rayleigh/sodium, 

illustrates the results, and discusses the differences and the analysis of the runs. Sec

tion 3.5 discusses the runs, results and analysis for the Rayleigh/Rayleigh hybrid 

configuration. Section 3.6 summarizes this chapter. 

3.2 Parameters and Study Outline 

As with the Multiple Laser-beacon study discussed in Chapter 2, this study is also 

based on the Gemini telescopes built on Maima Kea in Hawaii and on Cerro Pachon 

in Chile to observe astronomical objects in the infrared. The wavelengths used to 

estimate the AO performance are the same as before; J (1.24 /xrad), H (1.65 /irad). 
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and K (2.2 /irad) bands. Gemini South, built on Cerro Padion v/hile this research 

was going on, has plans to implement a MCAO system [39]. Gemini North is built 

and had seen first light at the time of the study. Plans for implementing a single 

DM conjugate to 6.5 km was achieved in the later part of 2002. This chapter 

continiies to use the Gemini North telescope model but adds additional DM's at 

peak locations of turbulence as seen in the profile shown in Chapter 2, figure 2.1. 

The DM conjugate altitudes were chosen to be at 0, 4.5 and 9 km. The average 

seeing model was used for all cases with an Tq of 23.5 cm at a wavelength of 0.5 /xm, 

Qq of 11.125 /ixad, and fg of 9.953 Hz. The wind model is taken from a library 

provided to LACE. The effective aperture of 7.9 m with a linear central obscuration 

ratio of 0.152 remained the same. 

The setup for these runs was a little more involved then those described in 

Chapter 2. Additional DM's at 4.5 and 9.0 km had to be defined with the correct 

number of subapertures and the evaluation directions. In order to satisfy the beam 

shear requirements in the LACE program, such that there are an integer number of 

subapertures between evahiation directions at each conjugate altitude, the FOV for 

this configuration was determined to be 148.148 /irad with 12 x 12 subapertures at 

0 km. From now on the FOV will be written as 148 /irad. 

The FOV is set by choosing the number of actuators for the 0 and 4.5 km altitude 

such that the beam shear criteria is satisfied. Refer to section 1.5 for a description for 

the beam shear criteria. See figure 3.1 for a pictorial representation of the number 

of subapertures and FOV definitions. Equations 3.1, 3.2, 3.3, and 3.4 describe 

how the FOV is determined for the given altitudes to ensure an integer number 

of subapertiires between evaluation directions at the DM conjugate altitudes. D is 

the diameter of the telescope, is the nimiber of subapertures, and S^z is the 

subaperture size or inter-actuator spacing. Oi is the half field of view (HFOV), 
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shown in figiire 3.1. Iiq, hi, and h2 are the DM conjugate altitudes, Oq, ai, and 

a2 are the mimber of actiiators at height /?o, hi, and hi, and and X2 axe | the 

additional A increment in size of the DM's at hi and /?,2 respectively. This should 

be an integer number of Sa^, therefore, it will be a A increment of the number of 

subapertures or inter-actuator spacing at the altitude in question. The beam shear 

criteria in LACE imposes this constraint. 

The initial % s-nd 0.1 values are chosen such that the results for Xi and X2 will 

be an integer mimber of subapertures. Now if all the appropriate mitial values are 

substituted for the 3 DM case, where D is 8 m, Nsub is 12, ao and ai are set to 

13 and 15 respectively and the DM's are conjugate to 0{hQ), 4.5(hi), and 9(h2) km 

chosen from atmospheric specifications. This results in a subaperture size or inter-

actuator spacing of 0.6667 m, is 148 /xrad, and the mimber of subapertures 

(actuators) at 0, 4.5, and 9 km axe 12 x 12 (13 x 13), 14 x 14 (15 x 15) and 16 x 16 

(17 X 17) respectively. However, due to less turbulence at the higher altitudes, the 

DM conjugate to 9 km can have twice the inter-actuator spacing resulting in 8 x 8 

(9 X 9) subapertures (actuators) since a higher degree of correction at this altitude 

is not needed. This is what is entered in the first part of the LACE input file when 

defining the DM altitudes and number of actuators. 

A small set of runs using 16 x 16 subapertures at 0 km, with the same DM 

conjugate altitudes of 0, 4.5, and 9.0 km, resulting in a FOV of 167 /xrad were also 

run to illustrate the reduction in fitting error. These results will be addressed in 

section 3.4.3. A final note, the number of actuators between ao and aj are chosen 

in increments of 2. If 4 had been chosen, making % = 12 x 12 and ai 16 x 16, then 

the FOV would have been twice as large. 
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OV 

DM @ hi, Si X Si subapcrturcs 
ai actuators across the diameter 

DM @1 hg, So X So subapcrturcs 
oq actuators across the diamtcr 

DM ® h2, So X S2 subapcrturcs 
, 02 actuators across the diameter 

Figure 3.1 Drawing of the FOV relationship to the required number of subap-
ertures to satisfy the beam shear criteria, ho, hi, and are the DM conjugate 
altitudes, Sq X Sq, Si X Si, andS'2 x S2, are the number of subapertures at 
each DM conjugate altitude, and Oq x oq, ai x ai, and a2 x a.2 are the number 
of actuators at each DM conjugate altitude. Both subaperture and actuator 
values are across the diameter. Xi and X2 are increments in the number of 
subapertures across the radius. 

Previously, only one evaluation direction at zenith had been used. Now that 

an increased FOV was being investigated, the evaluation directions to encompass 

this FOV must be included for proper evaluation. Performance over the FOV is 

a measure of how well the configurations correct for angular anisoplanatism. Nine 

evaluation directions were used on a square, the center, four edges and four cor

ners of the field. A weighting was applied to each direction. The center had the 

(3.1) 

Ol = - ao)/(/xi) 2 ^ 

xi = {6i){hi)/Ssz 

X2 = {&0{h2)lS,^ 

(3.2) 

(3.3) 

(3.4) 
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Figure 3.2 Drawing of the laser-beacon locations and the evaluations directions 
as defined in the square FOV for this study. 

highest weighting of 0.5, the edges were weighted with 0.1 each, and the comers 

were weighted with 0.025 each. This configuration of weights were shown to give 

uniform results, allowing the user to calculate the performance at only one edge 

or corner, confident that this value was the same or very close to the other edges 

or corners. This greatly reduced computation time. Initially these weights should 

have been determined using Simpson's nile. However, I was not familiar with this 

technique to determine the weights at the start of this study so I set them to what I 

thought were logical values. The weights that were chosen produced results within 

a hundredth of a point to that which would have been determined using Simpson's 

rule. At least for the cases that were checked. Using Simpson's rule, the weighting's 

would have been 0.44444 for the center, 0.11111 for the edges and 0.02778 for the 

corners. This is not that far off from the weights used. Figure 3.2 illustrates the 

laser-beacon and evaluation direction locations and the weights in the square field of 

view. For the 12 x 12 cases, ax and ay take on the vahies of 148 /xrad and 148 /xrad. 

This stiidy starts out with the case of five natural beacons and 2 or 3 DM's, 
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resulting in the best case for these MCAO configurations. Since obtaining five 

natural beacons with the appropriate magnitude in the direction of interest will 

be very difficuit, the multiple laser-beacon hybrid configuration is introduced to 

study which type of configuration wiH come closest to that achieved with 5 natiiral 

beacons. 

A form of the hybrid method using five sodium beacons with 12 x 12 subapertuxes 

and a combination of 1 to 5 natural beacons with varying subapertures of 1 x 1, 

2 X 2, 4 X 4, and 6x6 was studied first. Natural beacon subapertures greater than 

one implies the beacons were of varying and reduced magnitudes compared to the 

sodium beacon and used for some higher order correction. If there is only a single 

natural beacon, collected with a single subaperture located in the center of the FOV, 

then there is no tilt anisoplanatic error. 

Next, 1 to 5 Rayleigh beacons were added to the 5 sodium beacons. Now the 

configuration consists of a MCAO with multiple laser beacons at multiple altitudes, 

including a single natural beacon for tip/tilt correction. The Rayleigh beacons were 

of reduced sampling compared to the Soduim beacon and had varjdng subapertures 

of 2 X 2, 4 X 4 and 6x6. The altitude of the Rayleigh beacons was varied from 

10 km, 15 km, and 20 km. A two DM configuration with DM's conjugate to 0 and 

9 km, and 0 and 6.5 km was also studied. It was felt that a two DM configuration 

was worth looking at due to the reduced complexity. Both of these DM conjugate 

altitude configurations were studied due to the appropriate matching peaks in the 

profile and the fact that the Gemini North telescope was planning to implement 

a DM conjugate to 6.5 km at the time of the study. 

The study continues with only the use of Rayleigh beacons at multiple altitudes, 

again looking at the use of 2 and 3 DM's. 1 to 5 Rayleigh beacons with varying 

number of subapertures, 2 x 2, 4 x 4, 6 x 6, and 12 x 12, at altitudes of 10, 12, 15, and 
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18 km were studied for the lower altitude. For the higher altitude Rayleigh beacons 

at 20 km, 5 to 9 beacons were iised at a constant 12 x 12 siibapertures. The results 

for all of these configurations, natural beacon, sodium/natural, Rayleigh/sodium, 

Rayleigh/natural and Rayleigh/Rayleigh are reported in the form of SR's, for the 

center, edges, and corners of the square field. The SR's for the edges and corners 

gave an indication of how well the angular anisoplanatism is being corrected, or 

rather how well the FOV is being corrected . 

3.3 Natural Beacon Baseline 

A baseline is needed by which to compare the multi-conjugate/muitipie laser-beacon 

configurations. This baseline consists of five natural beacons and two or three DM's. 

This is in effect the best case for each number of DM's that can be achieved using 

natiu-al beacons. The sky coverage of suitable natural beacons with the appropriate 

magnitude in the direction of interest is most likely next to impossible. Therefore, 

it is necessary to study suitable substitutes that can get close to the five natural 

beacon results. The baseline is, therefore, five natural beacons, each with suitable 

magnitude to use 12 x 12 subapertures on the DM and WFS. To begin with, a 

varying number of subapertures were studied, from 1 x 1, 2 x 2, 4 x 4, 6 x 6, and 

12 X 12. The smaller number of subapertures would model dimmer stars. The best 

case, however, would be the 12 x 12 subapertures. 

Table 3.1 illustrates the SR results for the 12 x 12 subaperture case for the 

three different wavelengths of interest and for the center, edges and comers of the 

square field. This table includes the natural beacon SR's for a single DM conjugate 

to 0 km, two DM's conjugate to 0 km and 6.5 km, and three DM's conjugate to 

0, 4.5, and 9 km. Notice the SR's in the edge and corner columns. The SR's 

dramatically increase with the number of DM's. This illustrates the reduction in 
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DM SR at 1.25 fim SR at 1.65 fim SR at 2.25 fim 

Center Edge Corner Center Edge Comer Center Edge Corner 
1 0.486 0.038 0.021 0.651 0.112 0.056 0.775 0.261 0.147 
2 0.651 0.354 0.244 0.782 0.55 0.44 0.87 0.713 0.627 
3 0.735 0.526 0.508 0.839 0.691 0.677 0.906 0.812 0.803 

Table 3.1 5 natural beacons or stars with 1, 2, and 3 DM's, illustrates the 
reduction in angular anisoplanatism across the fuE field with increased number 
of DM's. The multiple DM cases provide a baseline for the hybrid cases. For 
each case the conjugate altitudes are: 1 DM conjugate to 0 km, 2 DM conjugate 
to 0 and 6.5 km, and 3 DM conjugate to 0, 4.5, and 9 km. 

angular anisoplanatism by the use of multiple DM's resulting in a larger corrected 

FOV. The value at the center of the field for the 1 DM case is lower than expected. 

This is due to the weighting in the evaluation directions. I chose to look at the full 

field for the 1 DM even though this is not practical, just to show how the field of 

view cannot be corrected without MCAO. It is obvious from the results shown in 

Chapter 2 that for a single DM the on axis SR is much higher. The values that are 

of most use in this table are the data for the 2 and 3 DM's, and it is these results 

that will be attempted to be emulated using artificial laser beacons. 

3.4 Rayleigh/Sodium Hybrid Configurations 

Now that a baseline has been established using the multiple natural beacons, the 

next step is to look at configurations using artificial beacons to determine if there is 

a suitable configuration that can achieve performance close to that of the baseline. 

As mentioned previously, the hybrid beacon type of configurations are most likely to 

give the desired results due to the reduction of both focus and tilt anisoplanatism. 

Two of these configurations will be studied. First, the combination of multiple 

sodium beacons and one or more natural beacons. The natural beacons are used 
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for both tip/tilt correction and some higher order correction depending on how 

many siibapertiires are used. If more than a single subaperture is used to collect 

the light from a natural beacon, then some higher order correction is accomplished. 

The second configuration is a combination of multiple sodium beacons, one or more 

Rayleigh beacons, and a single natural beacon for tip/tilt correction. Figure 3.3 

illustrates these two configurations but does not show the conjugate location of 

the DM's. The first configuration is studied to see what level of improvement can 

be gained with additional natural beacons. The use of multiple natural beacons of 

higher order magnitude would be difficult to achieve based on the sky coverage. The 

second configiiration would be easier to achieve because of increased sky coverage 

for dimmer stars suitable for tip/tilt. Both configurations were investigated using 2 

and 3 DM's, which are presented in subsections 3.4.1 and 3.4.2. 

3.4.1 Two Deformable Mirror Runs and Results 

This section studies both hybrid configurations using 2 DM's. Two different 2 DM 

cases with the DM's conjugate to 0 and 9 km, and 0 and 6.5 km were originally 

studied. The second case is the one chosen to report in this section because at the 

time of the study, the Gemini North telescope was planning to implement a DM 

conjugate to 6.5 km in the year 2002, which was achieved. The 2 DM case is worth 

studying because of its reduced complexity compared to the three DM case. For 

the first type of hybrid case, five sodium beacons were used with 12 x 12 subaper-

tures along with 1 to 5 natural beacons. All of the natural beacons had a single 

subaperture (1 x 1) and were used for tip/tilt correction only. Figure 3.4 illustrates 

these results. The SR for the center, edge and comer of the field are shown. The 

SR improves with the increased number of beacons as expected. Comparing the SR 

at the center, edge, and comer of the fields from 1 to 5 natural beacons, the relative 

improvement is 10 % at the center, 30 % at the edges, and 37 % at the corners . 
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Multiple sodium 
beacons at 90 km 
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Telescope Aperture--^ 

Figure 3.3 Drawing of sodium/natioral and Rayleigh/sodium hybrid beacon 
configurations. This drawing does not inchide the conjugate location of the 
DM's. 
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The relative improvements from 1 to 2 beacons is more significant than from 2 to 

5. The increased mmiber of natural beacons indicates that only one additional nat

ural beacon would significantly aid in the reduction of tilt anisoplanatism. Results 

were obtained for all 3 wavelengths, 1.25 /xm, 1.65 /xm, and 2.25 /xm, but the mid 

wavelength of 1.65 /im was chosen to report in the plots. 

Figures 3.5 and 3.6 show SR results for the hybrid configuration which includes 

5 sodium beacons, one to five Rayleigh beacons and one natural beacon. Figure 3.5 

(a) illustrates the change in SR with the change in the number of Rayleigh beacon 

subapertures for three different altitudes; 10, 15, and 20 km for 5 Rayleigh beacons. 

The change between the number of subapertures 2 x 2, 4 x 4, and 6 x 6 is very 

small, 0.3 - 0.8 % at the center, 3 % at the edges and 0.5 - 1 % at the corners. The 

6x6 subaperture case indicates a small amoimt of improvement in the higher order 

correction over the 4x4 subaperture case. Therefore, the 4x4 subapertures is a 

reasonable choice to work with and is used as a basis for following nms. Close-up 

figures 3.5 (b), (c), and (d) confirm this choice. The difference in performance for 

6x6 subapertures, based on the altitude of the Rayleigh beacons is also small. 

About 1 % at the center, 5 % at the edges and 7 % at the corners. The altitude 

performance for the 2x2 and 4x4 subaperture cases are similar. The higher 

altitude of 20 km produces the best overall performance. The altitude has more 

of an impact on the edge and corner results than on the center of the field. The 

zero case, also shown on this plot, needs to be mentioned becaxise it represents only 

sodium beacons, axid no Rayleigh beacons. This illustrates the improvement gained 

by reducing predominately the tilt anisoplanatism with the use of multiple beacons 

at multiple altitudes. There is a substantial improvement from the zero case to just 

2x2 subapertures, 10 % at the center, 25 - 28 % at the edges, and 31 - 35 % at 

the corners. For each set of plots the center of the field is shown in the top set of 
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2 DM sodium/natural hybrid configuration 

0.2 
center fov 
edge fov 

• • • corner fov 

»• 

Number of Natural Beacons 

Figure 3.4 Strehl Ratio vs. the number of natural beacons for the 2 DM 
sodium/natural hybrid configuration at the center (blue or top), edge (red or 
middle) and corner (green or bottom) of the field. The FOV is 148 //rad and 
the number of subapertures for the 5 sodium beacons and natural beacons are 
12 X 12 and 1 x 1 respectively. Results at 1.65 fim are shown. 

traces, the edge of the field in the middle set of traces and the corner of the field 

in the bottom set of traces. A final note, Figure 3.7 shows the orientation for each 

number of beacons in the FOV. 

Figure 3.6 (a) illustrates the change in SR vs. the number of Rayleigh beacons at 

10, 15, and 20 km. Each Rayleigh beacon had 4x4 subapertures. Similar behavior in 

the results is seen here also. The change is very small with the increase in number of 

beacons from 1 to 5. It is 0.1 - 0.6 % at the center, and 3 % at the edges and comers. 

The difference in performance for 5 beacons based on altitude is 0.8 % at the center, 

5 % at the edges, and 7 % at the corners. The results for 1 to 4 Rayleigh beacons 

are similar. When comparing the zero case to just 1 Rayleigh beacon, significant 

improvement is seen indicating the predominant reduction in the tilt anisoplanatic 
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2 DM Rayleigh/sodium Hybrid Configuration 
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Figure 3.5 Strehl Ratio results for the 2 DM Rayleigh/sodium hybrid config
uration for the center (blue or top), edge (red or middle) and corner (green or 
bottom) of the field for 3 different Rayleigh beacon altitudes 10, 15, and 20 km. 
The FOV is 148 //rad, wavelength is 1.65 /im, and the number of subapertures 
for the 5 sodium beacons and natural beacon arc 12x12 and 1 x 1 respectively, 
(a) Strehl ratio vs. the number of Rayleigh beacon subapertures for 5 Rayleigh 
beacons, (b), (c), and (d) are close-ups of each field for 4 to 6 subapertures at 
10, 15, and 20 km respectively. 
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2 DM Rayleigh/sodium Hybrid Configuration 
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Figure 3.6 Strehl Ratio results for the 2 DM Rayleigh/sodium hybrid config
uration for the center (blue or top), edge (red or middle) and corner (green or 
bottom) of the field for 3 different Rayleigh beacon altitudes 10, 15, and 20 km. 
The FOV is 148 /^rad, wavelength is 1.65 ^m, and the number of subapertures 
for the 5 sodium beacons and natural beacon are 12 x 12 and 1x1 respectively. 
(a) Strehl ratio vs. the number of Rayleigh beacons with 4x4 subapertures. 
(b),(c), and (c) are close-ups of each field for 4 to 6 beacons. 
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iS^x i~^^y ) 

Laser Beacon Locations 

1 Beacon: Center (0,0) 

2 Beacons: (0,0) and (Q;x,%) 

3 Beacons: (-ax,-%)? (0,0) and {ax,o.y) 

4 Beacons. i^-OtxiOty^ ̂  (c^a: i^y)i (^a;?"Q-y)? and {~Oix I~^y) 

5 Beacons: All locatioi^ shown. 

Figure 3.7 This is a simple drawing illustrating the locations of the beacons 
that were used for each of the number of beacons from 1, 2, 3, 4, and 5. 
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error. 10 % at the center, 24 - 28 % at the edges and 30 - 35 % at the corners. As 

before, the SR representing the center of the field are the top set of traces, the edge 

of field the middle set of traces and the corner of the field the bottom set of traces. 

Not much of a difference in SR's is observed for the 15 and 20 km cases for a low 

number (1 to 2) of Rayleigh beacons for all areas of the field. More of a difference 

is observed for 3 to 5 beacons, especially at the edges and corners, indicating a 

better correction over the field with increased number of beacons by reducing the 

angular anisoplanatism. Refer to the close-up figures 3.6 (b), (c), and (d) for a better 

ilhistration of this. Based on the results from these plots, an altitude of 20 km for 

the Rayleigh beacon is chosen for use in the final analysis. This was mainly due to 

the potential increased correction for focus anisoplanatism. The Rayleigh beacon 

radiometric characteristics will be studied and discussed further in Chapter 4. Here 

the optimum range-gate will be determined along with the optimiim system BW 

for several laser powers. If lower altitude Rayleigh beacons were used, lower laser 

powers could be utifized, however, this would not give the optimum correction for 

focus and tilt anisoplanatism. However, the difference in SR is not that significant, 

therefore, if laser power dictates, lower altitudes should be considered. 

One note should be made on the 2 DM data presented in this section. The DM 

conjugate altitudes of 0 and 6.5 km result in a FOV of 103 firnd to satisfy the beam 

shear criteria in LACE discussed in section 1,5. It was decided to go ahead and run 

these cases with the FOV of 148 //rad for a better comparison to the 3 DM case 

presented in the next siibsection. The amount of error is so small that it would not 

be noticed in the plots. The trends would still be the same. 

3.4.2 Three Deformable Mirror Runs and Results 

Similar types of data plots are shown in this section for 3 DM's as was shown in the 

previous section. Both types of hybrid configurations are studied as for the 2 DM 
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case. Figure 3.8 illustrates results for the sodium/natural beacoB configuration and 

figures 3.9 and 3.10 illustrates results for the Rayleigh/sodium beacon configuration. 

For all cases, the 5 sodium beacons had 12 x 12 siibapertures on the DM and WFS. 

T h e  s u b a p e r t i i r e s  f o r  t h e  R a y l e i g h  b e a c o n s  w e r e  v a r i e d  f r o m  2  x  2 ,  4  x  4 ,  a n d  6 x 6 ,  

and the Rayleigh beacon altitude was varied from 10, 15, and 20 km. The FOV 

was set to 148 /irad due to the DM conjugate altitudes of 0, 4.5, and 9 km. This 

FOV satisfied the beam shear criteria in LACE and has become the standard FOV 

for this study. Results were obtained for all 3 wavelengths, 1.25 /im, 1.65 fim, and 

2.25 /im, but the mid wavelength of 1.65 /xm was chosen to report in the plots. 

Figure 3.8 shows a plot of SR vs. the number of natural beacons for the 

sodium/natural beacon hybrid configtiration. It illustrates the increase in perfor

mance with the number of natural beacons and also the improvement at the edges 

and comers of the field. This also iUustrates an increase in correction across the 

field by the reduction of angular anisoplanatism. The natural beacons had a single 

subaperture (1 x 1) and were used to determine the wavefront tilt. There is no 

higher order correction accomplished by the natural beacon in this configuration. 

Similar results are shown as for the 2 DM case. The SR improved with increased 

mmiber of beacons. 14 % at the center, 33 % at the edge, and 42 % at the corner 

of the field from 1 to 5 beacons. 

Figures 3.9 and 3.10 illustrate the SR results from the Rayleigh/sodium hybrid 

configuration. First notice that the SR's are better for the center, edge, and comer 

of the field than they were for the 2 DM case by 6 %, 18 %, and 30 % respectively, 

for 5 Rayleigh beacons at 20 km with 4x4 subapertuxes. Also notice that the 

improvement with altitude is more evident for the edges and corners of the field, 

9 % and 14 % respectively. The improvement at the center of the field with altitude 

is small on the order of 1 %. Figure 3.9 (a) displays SR vs. the number of Rayleigh 
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beacon siibapertiires. The improvement in higher order correction from 2 x 2 to 6 x 6 

siibapertures is small as seen with the 2 DM case. 0.8 - 1 % at the center, 3 - 5 % at 

the edges, and 3 % at the corners. The 6x6 subaperture case illustrates the best 

results, however, they axe not significantly higher. Therefore, 4x4 subapertures 

is a reasonable choice to make for future runs. Choosing 4x4 subapertures over 

6x6 reduces the laser power required to make the beacons. Improvement from the 

zero case, with no Rayleigh beacons, to 5 Rayieigh beacons with 2x2 subapertures 

is quite significant, 14 % at the center, 24 - 31 % at the edges, and 30 - 40 % at 

the corners. This indicates that it doesn't take much higher order information fi'om 

the Rayleigh beacons to reduce the tilt anisopianatism and improve performance. 

Figures 3.9 (b), (c), and (d) are close-ups of each of the fields for 4 x 4 to 6 x 6 

subapertures. 

Figure 3.10 displays SR vs. the number of Rayleigh beacons. The improvement 

from 1 to 5 Rayleigh beacons is smaii as seen with the 2 DM case results. 0.5 -

1.5 % at the center, 3 - 6 % at the edges, and 2 - 7 % at the corners. Improvement 

from the zero case to a single Rayleigh beacon is again quite significant; 13 % at 

the center, 25 - 29 % at the edges, and 31 - 37 % at the comers. The increase in 

Rayleigh beacons, reduces the tilt anisopianatism as was seen with the 2 DM cases, 

the higher Rayleigh beacon altitude of 20 km gives the better performance, due to 

the reduction in focus anisopianatism. The radiometric calculations for this choice 

will be determined and discussed in Chapter 4. As with the plots for the 2 DM 

case, the center of the field is shown in the top set of trace, the edge of the field 

in the middle set of traces and the corner of the field in the bottom set of traces. 

Figures 3.10 (b), (c), and (d), are close-ups of each of the fields for 4 to 5 beacons. 
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3 DM sodium/natural Hybrid Configuration 
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Figure 3.8 Strehl Ratio vs. number of natural beacons for the 3 DM 
sodium/natural hybrid configuration at the center (blue or top), edge (red 
or middle) and corner (green or bottom) of the field. The FOV is 148 ^urad and 
the number of subapertures for the 5 sodium beacons and natural beacons are 
12 X 12 and 1x1 respectively. Results at 1.65 jjm are shown. 
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3 DM Rayleigh/sodium Hybrid Configurations 
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Figure 3.9 Strehl Rat io results for the 3 DM Rayleigh/sodium hybrid config
urations for the center (blue or top), edge (red or middle) and corner (green 
or bottom) of the field at 3 different Rayleigh beacon altitudes 10, 15, and 20 
km. The FOV is 148 /irad, wavelength is 1.65 jam, and the number of subap
e r t u r e s  f o r  t h e  5  s o d i u m  b e a c o n s  a n d  n a t u r a l  b e a c o n s  a r e  1 2  x  1 2  a n d  1 x 1  
respectively, (a) Strehl ratio vs. the number of Rayleigh beacon subapertures 
for 5 Rayleigh beacons, (b), (c), and (d) are close-up versions at each field for 
4 x 4 to 6 X 6 subapertures with 5 beacons. 
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3 DM Rayleigh/sodium Hybrid Configurations 
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Figure 3.10 Strehl Ratio results for the 3 DM Rayleigh/sodium hybrid config
uration for the center (blue or top), edge (red or middle) and corner (green or 
bottom) of the field at 3 different Rayleigh beacon altitudes 10, 15, and 20 km. 
The FOV is 148 //rad, wavelength is 1.65 /xm, and the number of subapertures 
for the 5 sodium beacons and natural beacons are 12 x 12 and 1x1 respectively. 
(a) Strehl ratio vs. the number of Rayleigh beacons with 4x4 subapertures. 
(b), (c), and (c) are close-up versions at each field for 4 to 5 beacons with 4x4 
subapertures. 
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3=4.3 Aaalysis 

Prom the results just presented, it is shown that the 3 DM does give better perfor

mance over the 2 DM in all axeas of the field. Starting with the sodium/natural 

configiiratiori for both 2 and 3 DM's, the results shown in figures 3.4 and 3.8 axe 

compared. The SR improvement fi-om 2 to 3 DM's for the sodium/natural hybrid 

configuration with 1 natural beacon is 2 % at the center, 14 % at the edges, and 24 % 

at the comers. The same FOV is corrected for both DM configurations, however 

the 3 DM provides much better correction. The improvement for 5 natural beacons 

is 6 % at the center, 17 % at the edges, and 29 % at the corners. The improvement 

is more dramatic at the edges and comers of the field indicating increased perfor

mance across the FOV by reduction of angular anisopianatism. It is however, more 

gradual for both cases after 2 to 3 beacons. The angular anisopianatism is the only 

error left to correct. The increased number of beams does not have much effect on 

the tilt anisopianatism, but does increase the correction across the field. Figures 

3.5, 3.6, 3.9 and 3.10 present results for the Rayleigh/sodium hybrid configurations 

and they too illustrate the higher SR's for the 3 DM cases and, therefore, better 

performance in ail areas of the field. The improvement for the 3 DM case over the 2 

DM case for 5 Rayleigh beacons with 4x4 subapertures is 6 % at the center, 18 % 

at the edges and 30 % at the comers. This means that the increase in the number of 

DM's as well as the altitude, has more impact on performance of the system as seen 

in the improved SR's. So even Y^ith the increased complexity, there is substantial 

reason to go ahead and pumie the 3 DM hybrid configuration. Therefore, the 3 DM 

configuration is now discussed in greater depth. 

Table 3.2 displays the data from both hybrid configurations and compares them 

to the best case configuration of 5 natural beacons with 12 x 12 subapertures (line 

2) shown on the top half of the table. The 16 x 16 data is displayed on the bottom 
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half of the table (lines 7 to 12), The single natural beacon cases (line 1 and 7) are 

displayed at the beginning of each set of data to illustrate the need for multiple 

beacons to achieve correction over the full field by the reduction of focus and tilt 

anisoplanatism. The SR's for the center, edge and corner of the field are 0.839, 

0.691 and 0.677 respectively for the best case at 1.65 fim. A SR close to this value 

is desired using artificial beacons at two different altitudes for ail parts in the field. 

For the sodium/natural hybrid beacon configuration with 5 sodium beacons and 1 

natural beacon (line 3) the SR in ail parts of the FOV are lower indicating not as 

much reduction in angular aaisoplanatism. Tilt anisoplanatism is the main error 

corrected by increasing the number of subapertures of the natural beacon to 6 x 6 

(line 4). Therefore, using the natural beacon for some higher order correction [36], 

the SR's at the center, edge and corner of the field increase to 0.818, 0.601 and 0.506 

respectively, a very good improvement. The improvement at the edge and corner 

of the field, indicate better reduction in angular and tilt anisoplanatism due to the 

higher order correction from the natural beacon. By increasing the natural beacons 

to 4 (line 5), all with a single siibaperture, meaning that the natural beacons are only 

used for tip/tilt correction, the SR's at the center, edge and comer are 0.793, 0.64 

and 0.566 respectively where the SR's at the edges and corners have increased over 

the previous case. This indicates that the increase in the number of natural beacons 

plays a role in reducing the angulai ajiisoplaaatism and increasing the corrected 

FOV. Either of th^e two configurations will be difficult to achieve at all times due 

to sky coverage. 

Rayleigh beacons are now added, resulting in 5 soditim beacons, 5 Rayleigh bea

cons and 1 natural beacon for tip/tilt correction (line 6). The sodium beacons have 

12 X 12 subapertures as before and the Rayleigh beacons have 4x4 subapertures, 

based on the previous sets of data ilhistrating the increase in subapertures did not 



97 

improve the overall SR significaatiy. Therefore, the higher order correction did not 

add much improvement to the reduction of tilt and angul,ar aaisopiaaatism. The 

altitude of the Rayleigh beacons are chosen to be at 20 km above Manna Kea, based 

on previoiis results. It is also the highest reasonable altitude due to the amount of 

particulate in the atmosphere available to scatter light for this tj?pe of setup. This 

would not be the case for systems that continually re-focus the beacon throughout 

the range-gate. See section 4.5.3 for more details. The natural beacon was only 

used for tip/tilt correction, and, therefore, used only a single subaperture (1 x 1). 

The SR's at 1.65 jitm at the center, edge, and comer of the field are 0.812, 0.655 and 

0.583 respectively. This is very close, about 0.7 %, to the sodium/natural beacon 

case with 6x6 subapertures for the natural beacon and only about 3 % lower than 

the best case configuration of 5 natural beacons. At the edges and corners, this case 

is 8 % and 6 % better then the 6x6 (natural beacon) subaperttire case, and 5 % 

and 14 % lower then the best case. This configmation does not correct as well as 

the best case at the edges and comers of the field, but does do better than ail of 

the other configurations. 

To look at further improvements, 16 x 16 subaperture cases were run to show 

the improvement due to fitting error. Fitting error occurs due to the non-zero size 

of the subapertures. Two different types of runs were executed. First, to keep the 

parameters constant including the FOV of 148 /irad, the number of subapertures 

were adjusted at each altitude, 0, 4.5 and 9 km to 16 x 16, 18 x 18 and 10 x 10 

subapertures respectively. R^fer to section 3.2 and figure 3.1. This, unfortunately, 

resulted in the beam shear criteria in LACE not being satisfied. As stated previously, 

the numerical integration errors produced by this axe minimal. To make a better 

comparison to the original 12 x 12 subaperture set of data shown on the top half of 

table 3.2 (lines 1 to 6), I felt it was necessary to keep as many of the parameters 



Natural Sodium Rayleigh SR at 1.25 /./.m SR at 1.65 /mi SR at 2.25 fim 

Ln Nn Sn Ns Nr Arikm) Sr Center Edge Corner Center Edge Corner Center Edge Corner 

1 1 12 0.199 0.014 0.006 0.347 0.031 0.012 0.52 0.072 0,025 

2 5 12 0.736 0.526 0.508 0.839 0.691 0.677 0.906 0.812 0.803 

3 1 1 5 12 0.532 0.256 0.184 0.692 0.435 0.341 0.812 0.614 0.52 

4 1 6 5 12 0.704 0.418 0.318 0.818 0.601 0.506 0.893 0.748 0.676 

5 4 1 5 12 0.667 0.462 0.378 0.793 0.64 0.566 0.877 0.777 0.723 

6 1 1 5 12 5 20 4 0.695 0.481 0.396 0.812 0.655 0.583 0.889 0.787 0.736 

7 1 16 0.273 0.018 0.007 0.442 0.52 0.018 0.615 0.136 0.051 

8 5 16 0.816 0.545 0.502 0.889 0.705 0.671 0.935 0.821 0.798 

9 1 1 5 16 0.575 0.246 0.169 0.723 0.419 0.315 0.831 0.596 0.489 

10 1 6 5 16 0.765 0.452 0.35 0.857 0.628 0.537 0.915 0.766 0.7 

11 4 1 5 16 0.73 0.461 0.38 0.834 0.636 0.566 0.901 0.773 0.722 

12 1 1 5 16 5 20 4 0.762 0.527 0.433 0.855 0.69 0.614 0.915 0.81 0.758 

Table 3.2 This table represents a summary of the data for three DM's at con
jugate altitudes of 0, 4.5, and 9 km with a FOV of 148 /irad. The restilts for the 
12 X 12 subapertures are on the top half of the table and the results for the 16 x 
16 subapertures are at the bottom half of the table. iV„, Ng, and Nr represent 
the number of natural, sodumi and Rayleigh beacons respectively. The column 
labeled S with the appropriate subscript is the number of subapertures used to 
collect the light for each type of beacon. under Rayleigh is the altitiide of 
the Rayleigh beacon in km. Ln is the line mmiber for reference. 



Natural Sodium Rayleigh SR. at 1.25 /im SR at 1.65 /im SR at 2.25 /xin 

Ln Nn Ns Ss Nr Ar{km) Sr Center Edge Corner Center Edge Corner Center Edge Corner 

1 1 16 0.244 0.15 0.007 0.399 0.04 0.015 0.571 0.108 0.039 

2 5 16 0.834 0.56 0.564 0.901 0.716 0.719 0.943 0.829 0.831 

3 1 1 5 16 0.589 0.151 0.11 0.733 0.286 0.214 0.838 0.457 0.737 

4 1 6 5 16 0.79 0.426 0.316 0.873 0.604 0.499 0.926 0.749 0.667 

5 4 1 5 16 0.739 0.445 0.354 0.84 0.623 0.539 0.906 0.764 0.7 

6 1 1 5 16 5 20 4 0.772 0.466 0.358 0.861 0.639 0.543 0.919 0.775 0.704 

Table 3.3 This table represents a summary of the data for three DM's at 
conjugate altitudes of 0, 4.5, and 9 km, with a POV of 167 //rad and have 
a maximum of 16 x 16 subapertures. JV„, Ng, and Nr represent the number 
of natural, sodiimi and Rayleigh beacons respectively. The cohmin labeled S 
with the appropriate sxibscript is the mmiber of subapertures used to collect 
the light for each type of beacon. Ar imder Rayleigh is the altitude of the 
Rayleigh beacon in km. Ln is the line mmiber for reference. 
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constant. By comparing this set of data to the bottom half of table 3.2 (lines 7 to 

12), an improvement is seen on the order of about 5 % due to fitting error. This 

case reduced the same types of errors for each configuration. The only improvement 

shown in this table is fitting error. 

It was also decided to run hybrid beacon configurations with 16 x 16 subapertiires 

that do satisfy the beam shear criteria. This now means the FOV is 167 /xrad with 

the DM conjugate altitudes the same at 0, 4.5, and 9 km. This resulted in the 

mmiber of subapertaires at the two higher altitudes increasing from 18 x 18 to 

19 X 19 for hi and 10 x 10 to 11 x 11 for h2 to satisfy the beam shear criteria in 

LACE. This also means that the number of actuators were increased from 19 x 19 

to 20 X 20 and 11 x 11 to 12 x 12. This data is shown in table 3.3. There is 

improvement at the center of the field but not at the edges and comers of the field 

for the Rayleigh/sodiimi hybrid beacon configuration (line 6) compared to the same 

results in table 3.2 line 6. This is due to the increase in the FOV. So, it can be 

concluded from these tm^o sets of 16 x 16 subaperture results that the increase in the 

number of subapertures does reduce the fitting error, but with increased FOV does 

not correct across the field as well by reducing the angular anisoplanatism as much 

as is seen in the smaller FOV. This also illustrates that larger FOVs are harder to 

correct as in conventional optical systems. Both tables 3.2 and 3.3 show data for all 

three wavelengths to give a complete picture of all the configurations. 

3.5 Rayleigh/Rayleigh Hybrid Configurations 

In a continuation of the study of MCAO with hybrid or multiple altitude laser 

beacons, MCAO with only Rayleigh beacons is studied as a means to increase the 

telescope field of view and improve performance over a single DM and single Rayleigh 

beacon without the use of sodium beacons. This type of system has some interest 
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in the astronomical community [78,79] and is studied as a possibility since the tech-

nolog}' for sodium beacons, especially for correction in the visible wavelengths, has 

not yet been proven. The parameters are identical to that in the previous sections. 

Both 2 DM and 3 DM cases are studied. For the 2 DM case, two configurations, 

with the DM conjugate to 0 and 6.5 km and to 0 and 9 km are studied. Altitudes 

of 10 and 20 km were used with 5 Rayleigh beacons each, a different type of hybrid 

beacon system. This configuration will not correct as well for focus anisoplanatism 

as the Rayleigh/sodium, due to the increase in the cone effect and reduced sam

pling of the entire turbulence column. However, it will still aid in the correction 

for tilt anisoplanatism and correction across the FOV. Variations on this were also 

run, including lower number of beacons and single and multiple natural beacons 

for the tip/tilt correction. The natural beacons had single subapertures for tip/tilt 

corrections in addition to multiple subapertures for additional higher order correc

tion. Performajice was evaluated at the same FOV as before, 148 /irad and the 

same wavelengths in the J, H, and K bands. See figure 3.11 for a diagram of the 

configurations and relation of the DM conjugate altitudes to the altitudes of the 

Rayleigh beacons. 

3.5.1 Two and Three Deformable Mirror Runs and Results 

The initial results were somewhat promising for a Rayleigh/Rayleigh hybrid config

uration. The results are not as good as the Rayleigh/sodium hybrid configuration 

described in section 3.4, but encouraging none-the-less for this type of configura

tion. Initially the 2 DM with the DM's conjugate to 0 and 6.5 km produced the 

best results. It is believed that this is because the DM conjugate altitude at 9 km is 

very close to the lower beacon layer of 10 km. Refer to figure 3.11 for a better visu

alization of the problem. It is possible that the actuator slaving routines in LACE 

are not adequately working for these system characteristics. Several things were 
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Laser Beacon's @ 10 km 

Laser Beacon's @ 20 km 
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DM ® 9 km 

• • • • • • • • 

DM @ 9 km 

DM @ 4.5 km 

DM @ 6.5 km 

DM @ 0 km DM @ 0 km DM ® 0 km 

Configuration 1 Configuration 2 Configuration 3 

Figure 3.11 Drawing of DM conjugate altitudes for the Rayleigh/Rayleigh hy
brid beacon configurations with relation to the Rayleigh laser beacons altitude. 
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done to try to improve the resiilts. First, the number of subapertures at the high 

altitude DM were changed from 8 x 8 to 4 x 4 (actiiatore from 9 x 9 to 5 x 5) which 

changed the inter-actuator spacing from D/6 (1.333 m) to D/3 (2.666 m). Where D 

is the diameter of the telescope and equal to 8 m. This improved the performance 

for most of the 3 DM cases but not much for the 2 DM cases. There was virtu

ally no improvement for the 3 DM cases which had multiple natural beacons. This 

would have made more sense if the natural beacons had multiple subapertures for 

higher order correction, since the multiple subapertures were already providing the 

bulk of the correction, but they only had a single subaperture for tip/tilt correction. 

Negative improvement was noticed on the edges and corners for the 2 DM cases, 

possibly resulting in the reduced number of subapertures at the high altitude DM. 

A second option was tried to improve the performance of the high altitude DM. 

This was to replace the high altitude DM with a modal mirror. For this case, the 

DM used Zernike polynomials from 1 to 21 to determine the correction of its figure. 

The modal mirror did not improve results as much as the effect of reducing the 

nimiber of subapertures on the high altitude DM. It did improve over the original 

results for most 3 DM cases but resulted in negative improvements for the 2 DM 

cases. Samples of the performance for the different high altitude DM's are shown 

in table 3.4. Under type, (o) denotes the original inter-actuator spacing of D/6 

was used, (a) denotes the change to D/3 inter-actuator spacing, and (m) denotes 

a modal mirror. The 2 DM cases with DM's conjugate at 0 and 6.5 km were still 

showing better results when the best cases of each is compared. 

Figures 3.12 and 3.13 illustrate several different comparisons to look for any 

combinations that stand out as possible configurations that would be useful in a 

real system. Figure 3.12 (a) shows the change in SR as a function of the number of 

subapertures in the lower altitude Rayleigh beacon. For these cases the number of 
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DM Type Natural Rayleigh SR at 1.65 /im 

A n  Sn Ny Ar Sr Nr Ar Sr Center edge Corner 
2 o 1 1 5 20 12 5 10 12 0.516 0.33 0.214 
2 a 1 1 5 20 12 5 10 12 0.525 0.249 0.148 
2 m 1 1 5 20 12 5 10 12 0.495 0.232 0.14 
2 o 1 2 5 20 12 5 10 12 0.632 0.417 0.263 
2 a 1 2 5 20 12 5 10 12 0.641 0.315 0.182 
2 m 1 2 5 20 12 5 10 12 0.618 0.302 0.178 

3 o 1 1 5 20 12 5 10 12 0.388 0.251 0.168 
3 a 1 1 5 20 12 5 10 12 0.469 0.304 0.185 
3 m 1 1 5 20 12 5 10 12 0.331 0.179 0.108 
3 o 1 2 5 20 12 5 10 12 0.518 0.363 0.242 
3 a 1 2 5 20 12 5 10 12 0.642 0.447 0.269 
3 m 1 2 5 20 12 5 10 12 0.606 0.432 0.253 

Table 3.4 Comparison from original inter-actuator spacing of D/6 to D/3, and 
to a modal mirror on the highest altitude DM. (o) denotes the original con
figuration, (a) denotes the change in inter-actiiator spacing, and (m) denotes 
modal mirror. iV„ and Nr represent the number of natural and Rayleigh bea
cons respectively. The column labeled S with the appropriate subscript is the 
number of subapertures used to collect the light for each type of beacon. Ar is 
the altitude of the Rayleigh beacons in km. 
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subapertiires at the higher altitude Rayieigh beacon at 20 km is held at 12 x 12 while 

the number of subapertures on the lower altitude Rayieigh beacon is vaxied from the 

zero case to 1 x 1, 2 x 2, 4 x 4, 6 x 6, and 12 x 12 subapertures. The subaperture 

number was never changed for the higher altitude beacon. I believe there would have 

been ver>' little or no improvement if the subaperture number had been increased. 

This was based on previous results. The zero case is only for the high altitude 

Rayieigh beacons. The altitude of the lower Rayieigh beacons are held at 10 km. 

From this figure it is evident that from 2 x 2 to 6 x 6 subapertures the increase in 

performance is small and is relatively fiat from 6 x 6 to 12 x 12 subapertiires. The 

increase in performance from 2 x 2 to 12 x 12 subapertures is 8 % at the center, 7 % 

at the edges and comers of the field for the 2 DM and 12 % at the center and edges, 

and 11 % at the comers for the 3 DM case. Similar behavior is seen for both cases 

with better performance demonstrated for the 2 DM case. This would indicate that 

a small number of subapertures and, therefore, a lower power laser would be possible 

for the lower altitude Rayieigh beacons and still obtain reasonable performance. The 

zero case and the single subaperture case are virtually identical, indicating that the 

lower altitude Rayieigh beacon must have multiple subapertures for higher order 

correction to aid in the reduction of tilt anisoplanatism. The improvement from 

the zero case to 2 x 2 subapertures is 42 % for the center, 48 % for the edges, and 

47 % for the corners. The improvement seen from the zero case for the 3 DM is 

identical at the center and edges and 51 % at the corners. The 2 DM case with 

DM's conjugate to 0 and 6.5 km is the top trace for each set and the 3 DM case is 

the bottom trace. The center, edge, and comer of the field are represented in the 

top, middle, and bottom set of traces on each plot. They are represented by the 

colors blue, red and green if this is being viewed in color. 

Figiire 3.12 (b) is a plot of SR vs. the number of Rayieigh beacons at the lower 
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Rayleigh/Rayleigh Hybrid [2 DM (x) 3 DM (o)] 
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o0.3 
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edge FOV 
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# of lower altitude Rayleigh subapertures 

(a) 
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Figure 3.12 Strehl Ratio for the 2 DM and 3 DM, Rayleigh/Rayleigh hybrid 
configuration for the center (blue or top), edge (red or middle) and corner 
(green or bottom) of the field. The FOV is 148 /xrad, wavelength is 1.65 /xm, 
and the number of subapertures for higher altitude Rayleigh beacons is 12 x 
12 for (a), 12 x 12 for all Rayleigh beacons in (b), and 1 x 1 for all the natural 
beacons, (a) Strehl ratio vs. the number of lower altitude Rayleigh beacon 
subapertures. (b) Strehl ratio vs. the number of low altitude (10 km) Rayleigh 
beacons. 
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altitude of 10 km. For this case, all the subapertiires of ail the beacons axe held 

at 12 X 12, and the mimber of the high altitude Rayleigh beacons are held at 5 

at an altitude of 20 km. There is a sharp increase from the zero case to a single 

Rayleigh beacon indicating the reduction in tilt anisoplanatism from the higher 

order correction from just one Rayleigh beacon. Hov/ever, after that the increase is 

very gradual and not very significant and not much improvement in tilt or angular 

anisoplanatism is gained. The improvement from the zero case to a single low 

altitude Rayleigh beacon is 43 % at the center, 48 % at the edges and corners for the 

2 DM case. The improvement is similar for the 3 DM case. The improvement from 1 

to 5 low altitude Rayleigh beacons is about 6 % over the whole field for the 2 DM case 

and 7 % for the 3 DM case. Similar behavior is shown for both the 2 DM and 3 DM 

configurations. Both figures 3.12 (a) and (b) show an improvement over 5 Rayleigh 

beacons at a single altitude, in all parts of the field, but the improvement is not 

that significant as both the mimber of subapertures and number of Rayleigh beacon 

are increased. This would indicate that after the tilt and angular anisoplanatism 

is corrected to the extent it can, then the focus anisoplanatism is the main error 

remaining due to the cone shape and lack of turbulence vohime sampling. 

Figure 3.13 (a) illustrates the change in performance as the altitude of the lower 

Rayleigh beacons are increased reducing the focus anisoplanatism. The zero case and 

altitudes of 10, 12, 15, and 18 km are plotted. This is the only plot that illustrates 

better performance for the 3 DM cases and is shown for both 15 and 18 km altitudes. 

The increase in performance, by the reduction of tilt anisoplanatism, from the zero 

case to the lower altitude Rayleigh beacons at 10 km for the 2 DM case is 47 % 

for the center and 51 % for the edges and corners. For the 3 DM case, the increase 

in performance is 49 %, 54 %, and 56 % at the center, edges and corners of the 

field respectively. The increase in performance from an altitude of 10 km to 18 km 
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Rayleigh/Rayleigh Hybrid [2 DM (x) 3 DM (o)] 
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Figure 3.13 Strehl Ratio for the 2 DM and 3 DM Rayleigh/Rayleigh hybrid 
configuration for the center (blue or top), edge (red or middle) and corner (green 
or bottom) of the field. The FOV is 148 //rad, wavelength is 1.65 //m, and the 
number of subapertures for all Rayleigh beacons is 12 x 12 for (a), 12 x 12 for 
higher altitude Rayleigh beacons and 6 x 6 for lower altitude Rayleigh beacons 
in (b), and 1 x 1 all the natural beacons, (a) Strehl ratio vs. the altitude of the 
lower Rayleigh beacons, (b) Strehl ratio vs. the number of Rayleigh beacons 
at the higher altitude (20 km). 
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(reduced focus amsoplanatism) is most obvious for the 3 DM case. It is 13 %, 18 %, 

and 21 % at the center, edges and comers respectively. The performance for the 2 

DM case is relatively fiat. 1.1 % at the corner, 0.03 % at the edge, and a -0.1 % at the 

comer, a negative improvement. The performance actually increases to an altitude 

of 15 km and then decreases to 18 km. The change in the number of subapertiires 

is not plotted for the 15 or 18 km case, but they may show slightly different results 

due to the decrease in the mmiber of particulate at the higher altitude. However, I 

believe the trends would be the same. More subapertiires and/or higher laser powers 

may be required for these higher altitude, lower Rayleigh beacons. For these cases, 

all of the Rayleigh beacon subapertures are kept at 12 x 12. 

Figure 3.13 (b) illustrates the improvement that can be gained by increasing the 

number of the higher altitude Rayleigh beacons from 5 to 9. This improvement is a 

result of the focus anisopianatism being better corrected by the additional beacons. 

This increase also improves the performance across the field by reducing the angular 

anisopianatism. At the center of the field, the improvement is slightly more rapid 

from 5 to 7 beacons, than from 7 to 9. The increase in performance is similar for 

both 2 and 3 DM cases from 5 to 9 beacons. The 2 DM case improves by 12 %, 

8 %, and 7 % at the center, edges and corners, where the 3 DM case improves by 

13 % at the center and 10 % at the edges and corners of the fields. The altitude and 

number of subapertures remains the same at 20 km and 12 x 12. The number of 

lower altitude Rayleigh beacons remains the same at 10 km and 6x6 subapertures. 

A few cases where the number of lower altitude Rayleigh beacons were increased 

was looked at briefly, but the improvement was not as significant and the data is 

not presented in this dissertation. A final note on this data set, the number of 

subapertures for the higher altitude Rayleigh beacon were kept constant at 12 x 12 

subapertures and not varied. 
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It should be noted that all the data that is presented in figures 3.12 and 3.13 was 

generated with the inter-actiiator spacing on the high altitude DM of D/6 for the 

2 DM cases and D/3 for the 3 DM cases. This produced the best results for each 

case. The modal mirror data was not used. Also, as in the Rayleigh/sodium hybrid 

results discussed in the first part of this chapter, the FOV of the 2 DM and 3 DM 

cases were kept at 148 /irad, even though the beam shear criteria was not met for 

the 2 DM case with the DM's conjugate to 0 and 6.5 km. 

3.5.2 Analysis 

After critiquing the plots just discussed, the "best" configuration from each of the 

plots were chosen and combined in a few select nins. These results axe inchided in 

tables 3.5 and 3.6. Let's take a closer look at tables 3.5 and 3.6 to illustrate the 

improvement of a Rayleigh/Rayleigh hybrid beacon configuration. Line 1 shows a 

single natural beacon with 12 x 12 subapertures which does not correct well across 

the field of view, illustrating the need for multiple beacons. Line 2 shows 5 natural 

beacons with 12 x 12 subapertures. This is the best case, exhibiting high SR's 

at the center, edge and corner of the field. It is these results that the different 

configurations will try to emulate. A note here on the best case: the resiilts differ 

slightly from those shown in table 3.1. This is due to increased numerical accuracy 

for one of the inputs for the 2 DM case, and to the D/3 inter-actuator spacing on the 

high altitude DM for the 3 DM case. A single Rayleigh beacon at 20 km, lines 3 and 

4, does not correct well across the field. The configuration in line 4 does better due 

to the multiple subapertures and higher order correction from the natural beacon. 

To achieve this higher order correction a brighter natural beacon would be required. 

This higher order correction aids in reducing both the tilt and focus anisoplanatism. 

Lines 6 and 6 add multiple Rayleigh beacons at 20 km. Line 5, with a single 

subaperture for the natural beacon is much better then line 3, but far from the best 
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case. The additional Rayleigh beacons in this case increase the correction across the 

FOV by reducing the angular anisoplanatism, but do very little for reducing focus 

anisoplanatism and nothing at aii for reducing tilt anisoplanatism. By increasing the 

number of subapertures on the natural beacon to 6 x 6, the performance is improved 

by about 60% across the field for the 2 DM case and 65% to 72% for the 3 DM case. 

This improved performance is a result of the higher order correction by the natural 

beacon which contributes to the reduction of both the focus and tilt anisoplanatism. 

The reduction of the errors comes from the higher altitude for the focus error and 

different altitude for the tilt error. Lines 7 to 10 ilkistrate Rayleigh beacons at 

two altitudes with 6x6 and 12 x 12 subapertures for the lower altitude Rayleigh 

beacons and 1 x 1, 2 x 2, and 6 x 6 for the natural beacon. The improvement 

from line 7 to line 9 by just increasing the natural beacon subaperture from 1 x 

1 to 2 X 2 is about 18% to 28% for the 2 DM and about 28% to 32% for the 3 

DM case across the full field of view. This substantial increase in performance for 1 

subaperture difference in the natural beacon might be worth looking into regarding 

sky coverage issues. It obviously adds enough higher order correction to increase 

performance. The increase in performance gained with the use of 6 x 6 subapertures 

for the natural beacon would not be practical due to the sky coverage issues and does 

not add much more improvement over the 2x2 case. It is also noted that when the 

number of subapertures increase for the natural beacon, the 3 DM configurations do 

better. I believe that the brighter natural beacons needed for the larger number of 

subapertures and, hence, higher order correction, are compensating for the higher 

altitude DM that is very close to the lower altitude Rayleigh beacons. 

To further improve on the configuration on line 7 without having to consider a 

brighter natural beacon, the number of beacons at the higher altitude was increased, 

to better correct for the FOV. The altitude of the lower altitude beacons along with 
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the number of siibapertiires for the lower altitude Rayleigh beacons was optimized. 

The increase in the altitude for the lower altitude Rayleigh beacon aids in reducing 

the focus anisopianatism. The hicrease in the number of subapertures increases the 

higher order coiTection across the FOV. Lines 11 to 15 show these results that were 

briefly discussed in a previous paragraph. Notice that line 14 for both 2 DM and 3 

DM have similar performance, with the 3 DM have slightly better performance at 

the edge and corners. 

Therefore, based on figures 3.12 and 3.13 and the actual numerical values shown 

in tables 3.5 and 3.6, it would be reasonable to say that a 2 DM system with 7 

beacons at 20 km, 5 beacons with 6x6 subapertures or as few as 1 beacon with 12 

X 12 subapertures at 15 km, and 1 tip/tilt natural beacon could be used to produce 

a Rayleigh/Rayleigh hybrid system with performance that exceeds the performance 

of a single or multiple Rayleigh beacons at a single altitude across the full field. The 

purpose of the multiple altitudes in this configuration, as with the Rayleigh/sodiimi 

configuration, is to reduce the tilt anisopianatism by allowing the global tilt and 

isoplanatic tilt terms to be separated [36]. The higher altitudes of the lower altitude 

Rayleigh beacons are used to reduce the focus anisopianatism. And the multiple 

beacons at each altitude are used to correct across the FOV by reducing the angular 

anisopianatism. That is without using multiple subapertures for the natural beacon. 

If the multiple natural beacon subapertures were a possibility, then the configuration 

w i t h  5  b e a c o n s  a t  2 0  k m ,  5  b e a c o n s  a t  1 0  k m ,  a n d  1  n a t u r a l  b e a c o n  w i t h  2 x 2  

siibapertiires (line 9) would be a desirable one. Here the nelural beacon will provide 

some higher order correction, used to reduce both tilt and focus anisopianatism. 



Natural Rayleigh SR at 1.25 /J.m SR at 1.65 fj,m SR at 2.25 /im 

Ln JVn Sn Nr Ar Sr Nr Ar Center Edge Corner Center Edge Corner Center Edge Corner 

1 1 12 0.483 0.032 0.015 0.653 0.09 0.042 0.785 0.198 0.105 

2 5 12 0.647 0.352 0.242 0.779 0.547 0.438 0.869 0.712 0.625 

3 1 1 1 20 12 0.009 0.008 0.007 0.018 0.015 0.013 0.037 0.03 0.026 

4 1 12 1 20 12 0.466 0.122 0.054 0.639 0.273 0.149 0.775 0.458 0.304 

5 1 1 5 20 12 0.134 0.069 0.04 0.276 0.16 0.104 0.459 0.302 0.216 

6 1 6 5 20 12 0.498 0.241 0.12 0.668 0.418 0.26 0.796 0.592 0.432 

7 1 1 5 20 12 5 10 12 0.325 0.168 0.09 0.516 0.33 0.214 0.686 0.514 0.383 

8 1 1 5 20 12 5 10 6 0.31 0.162 0.088 0.502 0.322 0.208 0.675 0.504 0.375 

9 1 2 5 20 12 5 10 12 0.452 0.24 0.122 0.632 0.417 0.263 0.771 0.593 0.438 

10 1 6 5 20 12 5 10 12 0.534 0.263 0.129 0.696 0.442 0.274 0.815 0.614 0.45 

11 1 1 7 20 12 1 15 2 0.338 0.165 0.089 0.659 0.325 0.208 0.696 0.507 0.373 

12 1 1 7 20 12 5 15 2 0.365 0.181 0.097 0.554 0.347 0.223 0.715 0.529 0.393 

13 1 1 7 20 12 1 15 6 0.345 0.169 0.091 0.536 0.331 0.212 0.701 0.513 0.378 

14 1 1 7 20 12 5 15 6 0.382 0.189 0.101 0.57 0.357 0.23 0.726 0.538 0.401 

15 1 1 7 20 12 1 15 12 0.349 0.171 0.92 0.54 0.334 0.214 0.704 0.516 0.381 

Table 3.5 This table represents a summary of the data for two DM's at conju
gate altitudes of 0 and 6.5 km, with a FOV of 148 /irad and have a maximum of 
12 X 12 stibapertures. iV„ and Nr represent the number of natural and Rayleigh 
beacons respectively. The column labeled S with the appropriate subscript is 
the number of subapertures used to collect the light for each type of beacon. 
Ar is the altitude of the Rayleigh beacons in km. Ln is the line number for 
reference. 



Natural Rayleigh SR at 1.25 fim SR at 1.65 fim SR at 2.25 /xm 

Ln Nn Sn Nr Af Sr Nr Ar Sr Center Edge Corner Center Edge Corner Center Edge Comer 

1 1 12 0.227 0.018 0.007 0.382 0.043 0.014 0.555 0.104 0.034 

2 5 12 0.7 0.456 0.348 0.815 0.636 0.544 0.891 0.775 0.709 

3 1 1 1 20 12 0.009 0.008 0.007 0.018 0.015 0.013 0.037 0.03 0.024 

4 1 12 1 20 12 0.49 0.106 0.038 0.657 0.242 0.108 0.787 0.422 .234 

5 1 1 5 20 12 0.114 0.064 0.036 0.241 0.141 0.081 0.417 0.261 0.165 

6 1 6 5 20 12 0.542 0.291 0.144 0.702 0.467 0.287 0.819 0.628 0.447 

7 1 1 5 20 12 5 10 12 0.282 0.155 0.08 0.469 0.304 0.185 0.646 0.479 0.335 

8 1 1 5 20 12 5 10 6 0.268 0.147 0.076 0.454 0.292 0.177 0.634 0.468 0.326 

9 1 2 5 20 12 5 10 12 0.466 0.273 0.132 0.642 0.447 0.269 0.778 0.611 0.431 

10 1 6 5 20 12 5 10 12 0.577 0.622 0.161 0.728 0.496 0.308 0.836 0.651 0.468 

11 1 1 7 20 12 1 15 2 0.304 0.163 0.082 0.492 0.316 0.19 0.666 0.493 0.343 

12 1 1 7 20 12 5 15 2 0.358 0.093 0.097 0.547 0.355 0.216 0.709 0.53 0.374 

13 1 1 7 20 12 1 15 6 0.311 0.166 0.084 0.5 0.321 0.194 0.672 0.498 0.347 

14 1 1 7 20 12 5 15 6 0.382 0.21 0.109 0.57 0.376 0.234 0.726 0.549 0.393 

15 1 1 7 20 12 1 15 12 0.319 0.171 0.086 0.508 0.327 0.197 0.678 0.504 0.351 

Table 3.6 This table represents a summary of the data for three DM's at 
conjugate altitudes of 0, 4.5, and 9 km, with a FOV of 148 /xrad and have a 
maximum of 12 x 12 subapertures. iV„ and represent the number of natural 
fmd Rayleigh beacons respectively. The column labeled S with the appropriate 
subscript is the number of subapertures used to collect the light for each type 
of beacon. Ar is the altitude of the Rayleigh beacons in km. Ln is the line 
number for reference. 
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3.6 Summary 

This chapter covered a wide variety of MCAO /multiple laser-beacon configurations 

for an 8 m class telescope. MCAO configurations included both 2 DM, due to simpler 

implementation for Rayieigh/sodium configuration and better performance for Ray-

leigh/Rayleigh configuration, and 3 DM which proved to have better performance for 

the Rayleigh/sodium hybrid configuration. The number of beacons and altitudes 

of the beacons were widely studied. The combinations included sodium/natural, 

Rayleigh/natiiral, Rayleigh/sodium and Rayleigh/Rayleigh. Varying the number of 

lower altitude laser beacons was studied, while a higher number always appeared 

optimum for the higher altitude beacon. Difi'ering the number of subapertiires for 

the lower altitude beacon was studied along with differing the number of subaper

tiires for the natural beacon. The natural beacon is needed for tip/tilt correction. 

However, increasing the ntimber of subapertures allowed it to also be used for some 

higher order correction. The Rayleigh/natural and sodiimi/natural nms were used 

for comparison as to what types of results could be achieved with these configu

rations. The best configuration for each hybrid beacon system resulting from this 

study are summarized in table 3.7. The Rayleigh/sodium with 3 DM's, 5 sodium 

beacons with 12 x 12 subapertures, 5 Rayleigh beacons with 4x4 subapertures at 

20 km, and 1 tip/tilt natural beacon is the best for this configuration. With these 

specifications, all the anisoplanatic errors will be reduced. The Rayleigh/Rayleigh 

with 2 DM's, 7 Rayleigh beacons at 20 km with 12 x 12 subapertures, 5 Rayleigh 

beacons at 15 km with 6x6 subapertures, and 1 natural beacon for tip/tilt is the 

best for this configuration. If the 3 DM case is considered for the Rayleigh/Rayleigh 

configuration, the most reasonable would be either the one mentioned above for the 

2 DM due to similar results, or the 5 Rayleigh beacons at 20 km with 12 x 12 sub

apertures, 5 Rayleigh beacons at 10 km with 12 x 12 subapertiires, and 1 tip/tilt 
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natural beacon with 2x2 subaperttires, for reduced focus and tilt anisoplanatisin. 

Comparing these "best" configurations, the 3 DM Rayleigh/sodiiim is far superior 

than the 2 or 3 DM Rayleigh/Rayleigh configurations. Radiometric ei'aluations will 

be performed on both "best" cases in Chapter 4 to aaalyze the effects of noise by 

determining the optimum range-gate for several laser energies and the system BW 

at several laser powers. 

DM Natural Sodium Rayieigh SR at 1.65 fim 

Nn Sn Ns 5. Nr -4. Sr Nr Sr Center Edge Comer 
3 1 1 5 12 0.692 0.435 0.341 
3 1 1 5 12 5 20 4 0.812 0.655 0.583 
2 1 1 5 20 12 0.276 0.16 0.104 
2 1 1 7 20 12 5 15 6 0.57 0.357 0.23 
3 1 2 5 20 12 5 10 12 0.642 0.447 0.269 

Table 3.7 This table represents a summary of the "best" configurations for the 
sodium/natural, Rayleigh/natural, Rayleigh/sodiiim and Rayleigh/Rayleigh. 
The FOV is 148 /irad with a maximum of 12 x 12 subapertures for each beacon 
where the DM is conjugate to the PM. DM represent the number of DM's 
for the configuration. The columns labeled N with the appropriate subscript 
represent the number of natural, sodium, and Rayieigh beacons. The colunms 
labeled S with the appropriate subscript are the number of subapertures used 
to collect the light for each type of beacon. is the altitude of the Rayieigh 
beacons in km. 

The conclusions reached in this MCAO study indicate that there are additional 

improvements beyond the single DM, 1 Rayieigh beacon, 1 sodium beacon hybrid 

configuration that are shown to improve focus and tilt aaisoplanatisni. The im

provements and additional benefits of MCAO are the increased corrected FOV. The 

multiple beacons at the multiple altitudes are needed to correct across the FOV in 

addition to reducing the tilt anisoplanatism. This is accomplished by eliminating 

the need for multiple natural beacons and/or WFS's with multiple subapertures 

for the natural beacons. These improvements will be very useful for astronomical 
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applications. 

The perfomiance limitations for the MCAO configuration were fitting error, focus 

and tilt anisopianatism as in Chapter 2. The additional limitations for an MCAO 

system are the atmospheric measurements relating to how well the predominant tur

bulence layers can be defined for the DM conjugate locations. To reduce the fitting 

error associated with the DM completely, infinite subapert-ures would be needed, 

which at this point in technology, is impossible. The focus and tilt anisopianatism 

can be reduced but not eliminated due to restrictions on the altitude artificial bea

cons can be produced. This is due to the decreased density of the niolecular nitrogen 

and oxygen at the higher altitudes. This definitely has ramifications for the Eay-

leigh/Rayleigh configuration. Also, the need for a natural beacon to produce the 

tip/tilt information limits performance due to the sky coverage issue. There are 

additional performance limitations that will be addressed in Chapter 4, including 

noise due to the image blur, measurement noise and sampling error associated with 

the WFS, bandwidth of the control system causing latency, and laser power. There 

are other factors including the noise on the sensors and the precision the optical 

elements can be manufactured and aligned. These will not be discussed, but will 

have to be considered if a real system is to be built. 
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CHAPTER 4 

RAYLEIGH BEACON RADIOMETRY 

4.1 Introduction 

The objective of this chapter is to determine the radiometric parameters of the 

Rayleigh beacons in the " best" AO configurations determined in Chapters 2 and 3. 

These parameters include the optimum range-gate for several laser pulse energies 

determined by the minimum amount of noise, WFS sampling rate which is a func

tion of bandwidth (BW), and the optimum system BW for several laser powers. The 

number of photons that will be received by the WFS from an artificial star produced 

from a laser-beacon is based on the altitude of the artificial star and the range-gate 

for Rayleigh beacons, or column density and sodium depth for sodium beacons. 

Sodium beacons will be briefly touched on; however, determining their radiomet

ric parameters are not within the scope of this dissertation. Happer, Morris, and 

Milonni are excellent references for information on sodium beacons [20,19,80-82]. 

Understanding the atmosphere is key to determining and evaluating the radiomet

ric characteristics of the Rayleigh beacons and the type of performance expected. 

The basics of atmospherics was presented in Chapter 1. This chapter will con

tinue with a more detailed discussion on the scattering of light by particles in the 



119 

atmosphere to create an artificial beacon. 

The next two sections of this chapter, 4.2 and 4.3, give more information on 

how beacons are formed and how to determine the strength of their returned sig

nal. This inchideB a description of Rayleigh scattering, brief description of sodiiim 

beacons, and the LIDAR equation used to determine how many photons will be 

scattered back from a Rayleigh beacon to the receiving aperture. Section 4.4 dis

cusses the MATLAB scripts, along with the methods and equations used, that were 

written to study the Rayleigh beacon radiometric parameters. Included will be the 

determination of the optimum range-gate by calculating the minimimi blur {6b) and 

noise eqiiivalent angle (NEA) for each subaperture. NEA is also represented by the 

symbol ffg. The optimum range-gate determined is the total vertical distance on 

both sides of the focused laser-beacon in which the scattered light is collected by 

the wavefront sensor and used for atmospheric compensation. Values needed for 

these calculations include the applicable optical transfer fimction's (OTF), the total 

signal returned, and the signal to noise (SNR). The signal part of the code utilized 

atmospheric characteristics of the Mauna Kea site generated by an atmospheric pro

gram. Sections 4.4 and 4.5 describe the types of rims, results, and analysis for each 

of the configurations studied. Section 4.6 summarizes this chapter. 

4.2 Beacon Formation 

The creation of artificial beacons from the scattering of light by atmospheric particles 

is discussed in this section. 

4.2.1 Rayleigh Scattering 

Scattering of light by particles in the atmosphere occurs at all wavelengths of the 

electro-magnetic spectram. It is an interaction of radiation and matter and can be 

explained using electro-magnetic theory. The details of this interaction are explained 



120 

well by Measures [88]. Scattering occurs when a particle in the path of an. electro

magnetic wave absorbs energy from the incident wave and re-radiates it into a 

solid angle. The particle must have a different refractive index then that of the 

surrounding media in order for scattering to occur. The pattern of the scattered 

light depends on the particle size and the wavelength of the incident light. Small 

particles, less than the wavelength of light such as atoms and molecules, scatter 

equally in the forward and back hemisphere. This tj^e of scattering is referred to as 

Rayleigh scattering, after Lord Rayleigh, who first recognized and studied this effect. 

It varies directly inversely as the fourth power of A and as the vohmie squared [40]. 

Rayleigh scattering is more efficient at shorter wavelengths, and, therefore, is the 

cause of our blue sky. Particles larger then the wavelength of light, such as dust and 

aerosols, scatter predominately in the forward direction and is referred to as Mie 

scattering. Rayleigh scattering is the mechanism used to make artificial beacons in 

the lower part of the atmosphere and will be described in more detail. 

The main Rayleigh scattering equations will be briefly discussed since they are 

used in modeling the atmosphere and in the MATLAB simulations described in 

Section 4.4. The two main equations are the angular cross section coefficient and the 

volume scattering coefficient. The anguletr cross section coefficient, or a, represents 

the ratio of the scattered intensity to the incident irradiance. The total Rayleigh 

scattering cross section is described in equation 4.1 over 47r steradians and the 

bacLscatter cross section is described in equations 4.2 and 4.3 ai 0 = ir. The number 

density (N) can be obtained irorxi atmospheric information at selected altitudes or 

scaled by equation 4.4. Nq is the number density at sea level, h is the altitude 

in the atmosphere, and H is the scale height. Scale height is defined when the 

pressure drops off by a factor of e [89]. It is usually about 7 to 8 km. Equation 4.5 

describes the volume scattering coefficient of and is defined as N times a. The 
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remaining variables represent the index of refraction (n) and the wavelength (A). 

These equations, with descriptions, can be foimd and described in many good books 

and papers on atmospherics [40,88,42,90-92]. 

"rW = F 7r^(n^ — 1)^ 
(4.1) 

TT^f 
"-W = —JpY,—»"(«) (4.2) 

For 0 equal to TT 

TT '{n^ - If 
(4.3) 

iV = Nqb^ (4.4) 

_ TT^-J)^ 
I4.^j 

4.2.2 Sodium Layer 

This section would not be complete without a brief discussion on the sodium layer 

and sodium beacons. Sodium beacons are preferred for forming ai'tificial beacons 

since they can be made at much higher altitudes to reduce focus aaisoplaaatism. 

Hov/ever, state of the art technology has not been able to meet the requirements for 

all applications. Current technology can meet the lower power requirements needed 

for IR sensing, mainly used in astronomical applications, however, has not yet been 

able to meet higher power requirements needed for visible applications [93]. As 

mentioned in the first part of this section, there is a sodimn layer in the mesosphere 
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at about 90 km which has been known since the early part of the 20th Century. The 

peak sodiiMB altitude varies with season, but averages to anywhere between 90 and 

95 km. The depth of the sodium layer, at full width half max (FWHM), is usually 

about 10 km. The source of this sodiimi is belie%'ed to come from meteors and can 

be excited by resonance fluorescence producing an artificial beacon. 

The basic idea behind creating a sodium beacon is to produce incident radiation 

that is timed in frequency to the sodium D2 line to match the absorbtion spectrum 

of atomic transitions. This enhances the scattering cross section to a size much 

larger than that of Rayleigh scattering. There is the problem of saturation, when 

the energy density within the sodium layer becomes large enough to change the 

population densities of the atomic states. Therefore, care must be taken in designing 

a source with regard to pulse format and power. The theory behind creating sodium 

beacons is not the focus of this dissertation but is explained well in papers by Happer, 

Morris and Milonni [20,19,81,82]. 

4.3 The LIDAR Equation 

At this time it is appropriate to discuss the LIDAR equation. LIDAR, which stands 

for light detection and ranging, is radar with the use of lasers. The LIDAR equation 

is used to determine how much energy, in the form of Joules, Watts or photons, is 

returned and detected from a laser propagated and focused at a particular altitude 

in the atmosphere. There are many variations of the LIDAR equation depending 

on how the equation is to be used. The basic components are the initial signal 

strength in Joules, Watts or photons, the attenuation of the atmosphere, range, 

area of the receiving aperture, and either a at ^ the Rayleigh cross section or 

volume backscatter coefficients. Another -way of looking at the LIDAR equation is; 

number of photons detected = number of transmitted photons, multiplied by the 
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probability that a photon is scattered, multiplied by the probability that a scattered 

photon is collected, multiplied by the probability that a collected photon is detected 

plus background photons [2], The LIDAR equations used in this dissertation are 

described by equations 4.6 to 4.8. The atmospheric attenuation, a, is not generally a 

value that is produced by the atmospheric codes, and therefore, not easily obtained. 

Equation 4.7 displays an easier way to write a. It can be written as the atmospheric 

transmission squared and is described in Measures book, Chapter 7 page 240 [881. 

The atmospheric transmission is more easily obtained. Therefore equation 4.7 can 

be substituted into equation 4.6, resulting in equation 4.8, the LIDAR equation 

used in this dissertation. Variations on this equation can be found in many good 

sources [2,42,88,92,94]. 

E = ^ (4.6) 
47rit^ 

E is the amotmt of energy received from the scattered light at the range R. Eq 

is the energy, in Joules, if there was no attenuation. Ag is the area of the receiving 

aperture, R is the range, A R is the range-gate, /3 is the Rayleigh volume backscatter 

coefficient, and is the transmission of the atmosphere at the range R. As used in 

this dissertation, A R is the small segment of the range-gate, on the order of 10 m to 

100 m, and not the entire RG being calculated. The return signal from each small 

segment is added up throughout the gate to determine the entire signal from the RG. 
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The 2 in the integral (equation 4.6) and the square on Ta (equation 4.8) accounts 

for two-way transmission through the atmosphere, up and bads. These equations 

can also be adapted to give the number of photons detected by multiplying Eq by 

Where h is Planck's constant and c is the speed of light. They can also include 

the quantum efficiency (QE) or ?/, the transmission of the optical system Tq, and 

the number of background photons. It depends on where the information is desired, 

at the top of the atmosphere, at the receiving aperture, or at the detector. Both QE 

and To were not included because they vary quite a bit, depending on the optical 

system and type of detector. Therefore, the laser power requirements determined 

later on in this chapter will have to be scaled by ^ if these effects are to be included. 

By not including these values in to began with, the results for erg will be lower (less 

noise) due to more photons and higher SNR. 

4.4 Procedures and Simulations 

Simulations were created in MATLAB [95] to determine the radiometric quantities 

for the Rayleigh beacons in the different AO configurations. The parameters deter

mined from these simulations include: the optimum range gates for the different laser 

energies per puLse determined at the minimum NEA (ffg), the total signal in photons, 

and the optimum system bandwidth in Hz for several laser powers. To determine 

the blur per subapertiire {Ob)-, the RMS blur, and the NEA (o-g), the OTP for each 

subaperture at each incremental altitude in the range-gate was needed. This com

putation required the OTP data at corresponding incremental altitudes thi'oughout 

the range-gate. In order to obtain this data at multiple altitudes, a few code addi

tions were added to LACE to account for the de-focus throughout the range-gate. 

These issues will be discussed further in the next subsection 4.4.1. To match the 

2D OTF data throiighout the range-gate, atmospheric information characteristic to 
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Maiina Kea was generated. This was accomplished by a code called PLEXUS, which 

will be discussed in subsection 4.4.2. For more information on the actual MATLAB 

simulation code used to accomplish these tasks, refer to Appendix B. 

Before continuing any further, due to the many steps needed to perform these 

calculations, an outline is provided. It will hopefully reduce any confusion with 

this lengthy process. The main parts are labeled with nmnbers, with sub-categories 

outlining more details. Each step will be referenced back to this outline throughout 

the rest of this chapter. 

1. Calculate Optical Transfer function 

(a) 4x4 and 6x6 subapertiires cases for altitudes of 10, 15, and 20 km 

calculated using LACE. 

(b) 12 X 12 subapertuxe cases for altitudes of 10, 15, and 20 km calculated 

using Fried's short exposure equations. The matrices were too large for 

the computer to handle using LACE for the 12 x 12 subaperture case to 

get the resolution needed. 

2. Determine the optimum range-gate based on the minimum NEA { a g )  for dif

ferent laser energies. 

(a) Read in OTF's for the appropriate case being investigated. 

(b) Calculate the signal for each range-gate increment (varied from 10 to 100 

m). 

i. Multiply signal by the OTP at the corresponding range-gate incre

ment. 

ii. Sum these increments through out the gate. 

iii. Add up signal, resulting in total signal throughout the gate. 
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(c) Calculate additional system OTP's and multiply together. 

i. Gaussian laser beam OTP 

ii. Upward atmospheric transmission OTP 

iii. Detector OTP 

iv. Lenslet OTP 

V. Pixel OTP 

(d) Multiply the summed OTP's from 2(b)ii by the OTP's from 2(c)i to 2(c)v 

and divide by the total signal 2(b)iii. 

(e) Integrate over the total OTP resulting in Ob, the subaperture blur. 

(f) Take the RMS of the blur; calculate the SNR; divide the two resulting in 

the NEA {a$). 

(g) Plot vs. the range-gate. 

i. Repeat for several laser energies and plot. 

ii. A minimum range-gate will be obvious for the different laser energies 

plotted. 

3. Rim LACE to parameterize the different AO configurations by running each 

"best" configuration with different BW's and noise vahies. 

(a) MCAO Rayleigh/sodium and Rayleigh/Rayleigh configurations 

(b) Single DM Rayleigh/sodium Configurations. 

(c) Plot SR vs. BW for different NEA values {ag). 

4. Take information from 2 and 3; determine and plot SR vs. BW for different 

laser powers in W. 

(a) Plot NEA(<Je) vs. E at the optimum RG 
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(b) Interpolate values 

i. Interpolate to get ail values of NEA (a®) at values of E at 0.125 mJ 

increments. 

ii. Interpolate plot 3c to get all the SR at integer values of the BW (1 

to 30 Hz). 

iii. Plot SR vs. NEA (as) for different BW values and interpolate. 

iv. Calculate Power In W from the laser energy values at 0.125 mJ in

crements. 

V. Match powers to pre-determined values, and use the plots to back 

out the associated SR and BW. 

4.4.1 Optical Transfer Function Calculations 

OTF calculations is a good place to staxt in describing how the quantities mentioned 

were calculated. This is contained in section 1 of the outline. To reiterate, the 

OTF for each subaperture at each altitude through out the range-gate is needed. 

One way to obtain this information was from LACE. However, LACE in its original 

configuration, did not account for multiple evaluation directions at different altitudes 

or for the de-focus of the beam. The code had to be modified slightly. To handle the 

multiple evaluation directions at different altitudes a new subrotitine was written. 

It reads in information including the values at the different altitudes, mmiber of 

altitudes in the turbulence profile, and the number of evaluation/beacon altitudes. 

The blk matrix, as it is called in LACE, used to calculate the covariance, is scaled by 

the equation 4.9 to account for the evaluation directions at the different altitudes. 

H is the focus altitude and h is the range-gate altitude. 
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c dhCKh) Mq—H 
(4.9) 

Ha 

LACE also had to be modified to accoimt for the de-focus term. TMs was neces

sary because of the finite altitude for the beacon and an evaluation direction at aa 

altitude other then the beacon altitude. LACE, in its original configuration assumed 

refocusing at the evaluation direction. Therefore, the focus shift is determined from 

the equation 4.10. Ri and represent the ranges and r is the radius in the phase 

profile. This de-focus term is applied to each grid point, which is used in the OTF 

subaperture calculations. As a result, this de-focus effect propagated through the 

LACE code, accounting for the location of the sup-aperture and, therefore, intro

duced an additional elongation effect (part la of outline). 

1^2 [i Ll (4.10) 
2 .i?2 Rlj 

The last modification to LACE was small and included rewriting the output 

of the 2D OTF into a format that was easy for MATLAB to read in. Further 

information on LACE and the modifications described can be foimd in Appendix A. 

Once the code was working with the modifications, the output was examined 

to determine whether it looked reasonable. It was determined that the original 

grid spacing used in LACE for the previous analysis in Chapter 3, did not provide 

sufficient resolution for the subaperture OTF's, especially for small subapertures. 

To accomplish better resolution, the subaperture OTF's were re-calculated using a 

higher grid spacing. This method worked for the 4x4 and 6x6 subaperture cases, 

but not for the 12 x 12 subaperture case. As is known from the previous section, all 

three subaperttire cases were used in the hybrid beacon configurations. The amount 
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of grid spacing seeded for the 12 x 12 subapertiire case was too high for the avail

able computers to handle. Therefore, the OTF for the 12 x 12 subaperture case was 

calculated using Fried's short exposure OTF equations 4.11, 4.12, and 4.13 [10,44]. 

(Part lb of outline.) These equations should provide reasonable results because ^ 

is not too large for the subaperture and there is no AO compensation within the 

subaperture [96]. The Fried short exposure calculations are for round (not square) 

apertures. So the OTF was calculated along the x and y axis and multiplied by 

the appropriate numbers con'eeponding to the points on the pid to fill in the quad

rants. Tills is acceptable because the diffraction limited OTF's are multiplicative, 

as the effect of turbulence would be if the phase structure fimction had a |rd power 

law, which is close to the |rd power law so this should be satisfactory [96]. The 

subscripts DL and A refer to diffraction limited and atmospheric. The final OTF, 

used in the range-gate and signal calculations, is a multiplication of the two shown 

in equation 4.11. The rest of the variables definitions ai*e; k is the angular spatial 

frequency variable, A is the laser wavelength, u is the diameter of the subaperture, 

and ro is the Fried parameter or the atmospheric coherence length. 

OTF(k; A) = OTFdl{k\ \)OTFa{k; A) (4.11) 

OTFdl{k,Q:X) = (4.12) 
0 otherwise 

otherwise 
(4.13) 
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All tlie 2D siibapertiire OTP's calculated in LACE were calculated at a wave

length of 0.532 They were also generated for altitudes at 10 in increments, to 

match the PLEXUS output discussed in section 4.4.2, for up to 5 km on either side 

of the focused altitude of the lasei'-beacon. Figures 4.2 to 4.10 illustrates the OTF 

output for the 4 x 4, 6 x 6, and 12 x 12 subaperture cases, at the three altitudes 

of 10, 15, and 20 km for select subapertures. Figure 4.1 describes the an'angement 

of 12 X 12, 6 X 6, and 4x4 subapertures. This should aid when viewing the OTF 

plots for the different altitudes and subapertiires. For an altitude of 10 km, a small 

delta in de-focus shows its effects qtiite rapidly, where as it takes more of a de-focus 

for the 15, and 20 km to start showing effects. Also the smaller the subapertui'e 

size, there is more of a de-focus effect. Figure 4.4 (a), 4.7 (a), and 4.10 (a) iUustrate 

the 12 X 12 OTF without any elongation effects. The OTP's from LACE already 

inchided the de-focus or elongation effect and just needed processing. However, the 

12 X 12 OTP's, generated from Fried's short exposure equations, did not inchide the 

de-focus or elongation effects. To accoimt for these effects, the standard de-focus 

equation 4.14 was used [97]. From this equation the variables applicable to this 

application, shown in the intermediate equations 4.15 to 4.18, axe substituted into 

equation 4.14 resulting in equation 4.19. This final equation is multiplied by each 

short exposure OTF. The variable definitions are: W020 is the de-focus term, h is 

the focus altitude, r is the altitude in the range-gate, and A is the laser wavelength. 

Variables x and y axe the distances in x and y to the middle of the subaperture from 

the center of the entrance pupil, leading to the radius drad- The primary mirror is 

the entrance pupil. 

W020 — 8X{F/number)'^ 
(4.14) 
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F/number = 

6 = \h — r\ 

h 

2^/WTf 

drad = +: 

Wo20 — 

(4.15) 

(4.16) 

(4.17) 

(4.18) 

1 (2radV\h- r \  
h 

(4.19) 

In addition to the subaperture OTP's, the OTP's for the gaussian laser beam, 

atmospheric OTP for the transmitted beam, detector OTP, and the OTP's for 

the pixel and lenslet bhirring were also included. Refer to sections 2(c)i to 2(c)v 

in the outline. The atmospheric OTP for the return beam is not needed since it 

is contained in the subaperture OTP's calculated from LACE or the Fried short 

exposure equations. The equations for these OTP's are shown in 4.20 through 4.24. 

OTFi{k)  — exp 
— 2 { k X ) ^  

(4.20) 

OTFat{i^) — exp 
- • " ' S ' e  

1 -
KX 

di 
(4.21) 

OTFd^ 
Sin{TTU}pK^) Sin{'!TU) p K y )  

TTK^ TT 
(4.22) 

OTFp = exp [—2v'^{Ku}DaDf'^ (4.23) 
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(b) (c) 

Figure 4.1 Layout of the subapertures in the entrance pupil (primary mirror), 
which is conjugate to the DM and WFS. These layouts are for (a) 12 by 12, 
(b) 6 by 6, and (c) 4 by 4 subapertures. 
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Altitude = 10km & Subapertue = 4 by 4 
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Figure 4.2 Select subaperture OTP's at an altitude of 10 km for 4x4 subap-
ertures at (a) 10 km focus, (b) 0.5 km and (c)l km out of focus, generated by 
data from LACE. 
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Altitude = 10km & Subapertue = 6 by 6 
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Figure 4.3 Select subaperture OTF's at an altitude of 10 km for 6 x 6 subap-
ertures at (a) 10 km focus, (b) 0.5 km and (c)l km out of focus, generated by 
data from LACE. 
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Figure 4.4 Select subaperture OTP's at an altitude of 10 km for 12 x 12 sub-
apertures at (a) 10 km focus, (b) 0.2 km and (c)0.5 km out of focus, generated 
by Fried's short exposure equations. 
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Figure 4.5 Select subaperture OTP's at an altitude of 15 km for 4 x 4 subap-
ertures at (a) 15 km focus, (b) 1 km and (c)2 km out of focus, generated by 
data from LACE. 
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Figure 4.6 Select subaperture OTP's at an altitude of 15 km for 6 x 6 subap-
ertures at (a) 15 km focus, (b) 1 km and (c) 2 km out of focus, generated by 
data from LACE. 
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Figure 4.7 Select subaperture OTP's at an altitude of 15 km for 12 x 12 
subapertures at (a) 15 km focus, (b) 1 km and (c) 2 km out of focus, generated 
by Fried's short exposure equations. 
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Figure 4.8 Select subaperture OTP's at an altitude of 20 km for 4 x 4 subap-
ertures at (a) 20 km focus and (b) 2 km and (c) 4 km out of focus, generated 
by data from LACE. 
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Figure 4.9 Select subaperture OTP's at an altitude of 20 km for 6 x 6 subap-
ertures at (a) 20 km focus, (b) 2 km and (c) 4 km out of focus generated, by 
data from LACE. 
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subapertures at (a) 20 km focus, (b) 2 km and (c) 4 km out of focus, generated 
by Fried's short exposure equations. 
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OT Fi = exp —2% (4.24) 

The definition of the variables in these equations are defined as follows: ds is the 

the diameter of the best fit gaiissian and BQ is the beam quality; A is the wavelength 

of the laser; Di'm the diameter of the launch telescope; Dt is the diameter of the 

receiving telescope; Tq is the Fried parameter or the atmospheric coherence length; 

(jjp is the pixel width in the wavefront sensor camera; w/j is the angular pixel subtense 

in arcsec; is the standard deviation of the Gaussian beam expressed as a fimction 

of the angular pixel subtense lod; a^ is the standard deviation of the Gaussian blur 

expressed as a fraction of the diffraction angle Dsub is the diameter of each 

subaperture at the telescope entrance pupil (i.e. the primary mirror); and finally 

K, is the angular spatial frequency variable. The subscripts of x and y are just the 

angular spatial frequency in x and y. 

4.4.2 Noise Equivalent Angle (ag) Calculations 

The calculation of the NEA (cr^) is described in this sub-section and is from part 2 

of the outline. These calculations include determining the signal at each 10 m in

terval in. the range-gate specified, multiplying the signal by the subaperture OTP's, 

summing and then multiplying this result by the rest of the OTF's described above, 

and dividing by the total signal. In order to calculate the returned signal using 

the LIDAR equation, information about the atmosphere is needed. This informa

tion was obtained from an atmospheric code called PLEXUS [98]. PLEXUS is a 

MATLAB front end to the atmospheric model codes FASCODE and MODTRAN. 

It accepts inputs of latitude, longitude, altitude, time of yeax and day, and wave

length. Table 4.1 shows these inputs to PLEXUS. This allowed the atmospheric 

full width at the ^ maximum of the beam and is defined as where is 
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Variable Value 

Latitude 20.708 
Longitude -156.25 
Altitude 4.2 km 
Time of year Simmer 
Time of day midnight 
Wavelength 0.532 fim 

Table 4.1 Input variables to PLEXUS to determine the atmospheric profile 
above Mauna Kea. 

data above Maima Kea to be modeled. The atmospheric properties that m^ere gen

erated by PLEXUS included: temperature (T), pressure (P), number density (N), 

and transmissivity (r). The runs were set up to use MODTRAN, which is a well 

known and defined atmospheric model [99,100]. 

The temperature, pressure, and number density, were given in 1 km increments. 

The transmissivity, however, could be determined at a desired increment and was 

generated at 10 m increments. The finer resolution allowed for flexibility to study 

the different range-gate lengths. However, it was also discovered that as the range-

gate increased, the memory on the computers available was not sufficient. Therefore, 

as the gate increased, a courser resolution was used (20 m, 50 m, and 100 m). The 

change in the result using a courser resolution was minimal at the larger range gates. 

In the PLEXUS output file containing the T, P, and N infomiation, N was given 

for 13 atmospheric constituents. Since the data was given in 1 km increments, values 

at 10 m increments had to be calailated. This was accomplished by interpolating 

the values given at the 1 km increments and using the knowledge of how they 

changed throughout the atmosphere described in section 1.3. The largest of the 13 

atmospheric constituents was oxygen, on the order of 10^®. The N for the remaining 

12 atmospheric constituents, including Nitrogen, were on the order of 10® to 10^^. 
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Since Rayleigh scattering is produced by electromagnetic energy scattered by mainly 

molecular nitrogen and oxygen, the larger value for oxygen was used for N in the 

calculation to determine the Rayleigh cross section a [lOlJ. The PLEXUS data did 

not include the atmospheric density (p) at the different altitudes, but was calculated 

using the ideal gas law shown in equation 4.25 [40]. The variable R is the specific 

gas constant. 

P = pRT (4.25) 

The main equation used to calciilate the return signal was the LIDAR equation 

defined in equation 4.8, and discussed in section 4.3. Inputs to the LIDAR equation, 

ffm or fim were also calculated in the signal subroutine from the atmospheric data. 

They axe defined in equations 4.3, 4.4, and 4.5 as discussed in section 4.2.1. It 

j.urned out that equation 4.4 was not used, since N was produced from PLEXUS 

and appeared to be a better representation of the density value. The input for laser 

energy per pulse was varied. The QE {?]) and the optical transmission (Tq) were 

not included in these signal calculations, since they are specific to the optics and 

detectors used in the system. 

The signal, in increments of 10 m, were calculated and added up through the 

specified range-gate. For the larger gates from 4 to 6 km, increments of 20 to 50 m 

were sufficient. For range gates from 6 to 8 km, increments from 50 to 100 km were 

sufficient and faster to compute. The total signal, in photons, was multiplied by the 

subaperture OTF's. This result was multiplied by the additional OTF's described 

abo\'e and normalized by dividing by the total signal (section 2d). This fimction is 

described in equation 4.26. The limits on the integration, vi and r2, are the lower 

and upper limits of the range-gate respectively, S(r) is the returned signal at each 

range r in the range-gate, and OTF(K,r) is the subaperture OTF that included the 
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beam elongation effects. One note is that only the fully or partially iihiminated 

subapertures are multiplied by the signal. 

The resulting OTF is used to calculate the bhir for each subaperture (section 2e). 

This is defined as 9^ and shown in the equation 4.27 |10]. Dsub is the size of the 

subaperture and A is the wavelength of interest. In this case, 0.532 pm was used to 

simulate a YAG laser. The integral over each subapertiire is calculated, multiplied 

by 4 and the inverse is taken, resulting in the blur for each subaperture. The RMS 

of these blur results are calculated to obtain a bhir over the entire aperture, which 

is ultimately used to calculate (to when divided by the SNR (section 2f). The 4 in 

the equation implies the 4 cells used in the standard quad-cell detection. Refer to 

Chapter 1, siib-section 1.4.1 for background on this topic. 

The final part is to determine the SNR shown in equation 4.28, where PDE 

stands for photo detection event and is the signal in photons. The 4 in this equation 

also implies the 4 cells used in the standard quad-cell detection, and n is the number 

of noise electrons or read noise in the detector. The noise electrons can be anywhere 

from 3-11, depending on the type of camera and how it is used. For astronomical 

applications, n is on the order of 3 to 5 (3 was chosen to use in these simulations). 

If 5 were used the effect would be small, on the order of about 2 %. 

O T F { K )  =  
S{r)OTF{K, r)dr]OTFLOTFAjOTFoOTFpOTF: 

~ S{r)dr 
(4.26) 

4 Jo ^ OTF{ K ,  0 ) d K  
(4.27) 

S N R  -
FDE's 

(4.28) 
V FDE's + 4n? 
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., = 1^ (4.29) 

This results in the NEA ((T§) and is defined in equation 4.29. This procedure can 

be repeated for various different laser pulse energies resulting in the associated (j@ 

values, which are now a function of both the laser pulse energy and the range-gate. 

When the NEA (ae), is plotted against the range-gate, an optimum range-gate can 

be determined for that laser energy where is a minimum (section 2g). After the 

optimum gate is determined, ag will just be a function of laser pulse energy. The 

resulting plots are shown and discussed in the next section 4.5. 

4.4.3 Optimum Launch Telescope Diameter 

The launch telescope diameter is briefly discussed in this section. For the simulations 

in this dissertation, it has been assumed that the launch telescope is either located 

behind the secondary mirror, or a portion of the primary mirror is used, on axis. It 

would be desirable to have a reasonably small diameter launch telescope, to reduce 

both weight and bulk on the moimt. The atmospheric OTF, OTFat-, is the only 

OTF that is effected by the launch telescope diameter. To better see the effect of 

the laimch telescope diameter, the detector OTF, OTF'aet, value was not inchided, 

since it's value dominates. Figure 4.11 (a) and (b) display this effect on the NEA 

(aff) for the focus altitude of 10 km with 4x4 WFS subapert-ures and a laser pulse 

energy of 50 mJ. Figure 4.11(a) shows ag vs. range-gate and figure 4.11(b) is a plot 

of ag vs. launch telescope diameter at a range-gate of 1200 m. This happens to be 

the optimum range-gate for this case and is shown later on in section 4.5.1. This 

characteristic is not seen in Figure 4.11(a) due to the exclusion of the detector OTF. 

As would be expected, the smaller size laimch telescope diameters have larger 

ao values. However, ae steadily decreases, by the time it gets to 40 cm the decrease 
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in (Tg is smaller between successive diameters and at 80 to 100 cm diameter there 

is no change. Prom this information, it would be best to chose the largest diameter 

telescope such as the 80 cm. Not miicli would be gained from a larger size. However, 

a smaller size would be more desirable, for mounting and weight reasons. The traces 

for the 40 to 60 cm diameters are clustered closely together, and the difference 

in <j0 between these successive ranges is on the order of 0.1 %. Based on this 

information, any diameters within this range would be reasonable. The diameter 

of 45 cm was chosen, which had also been used for other Gemini North simulations 

making it appropriate for these simulations. One final note, if the primary mirror 

is used to launch the beam, in addition to collecting the returned photons, than an 

80 cm telescope diameter would be recommended, since there would be no weight 

limitations and nothing is really gained by increasing the size. 

4.4.4 Adaptive Optical System Pararaetrization 

Before the final step of determining the SR vs. BW results from the above simu

lations, the AO performance is parameterized as a function of system BW and ag 

using LACE. This relates to section 3 of the outline. A variety of BW's were chosen 

from 1 to 50 Hz. In the LACE code, the filter sampling rate variable (nps) had to be 

changed to effectively change the BW. The relationship is shown in equation 4.30, 

where G is the gain and set to 0.5. The BW also effects the WFS sampling rate 

(isr), and can be set to 12 * BW or 15 * BW. This is based on typical values seen in 

experiments [96]. The first was chosen for these simulations. Therefore, the WFS 

sampling rate will be set by the desired BW. 

Table 4.2 illustrates values for BW, V/FS sampling rate and Filter sampling 

rate. These values were entered into the LACE input file for the optimum Ray-

leigh/sodiimi hybrid beacon configuration determined in Chapter 3. Several select 

values of NEA (a^), represented by the variable signse in LACE and BW values 
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Figure 4.11 These plots illustrate the effect of the launch telescope diameter 
on the noise at a focus altitude of 10 km with 4x4 subapertures and a laser 
pulse energy of 50 mJ. (a) is a plot of erg vs. range-gate for different launch 
telescope diameters from 20 to 100 cm. (b) is a plot of how oq varies with 
launch telescope diameter at a range-gate of 1.2 km. 
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from 1 to 50 Hz were also entered. Therefore, two series of runs were needed to 

parameterize the system. This was accomplished by holding each NEA (erg) values 

constant for select BW from 1 to 30 Hz. Originally the BW's were set for a range 

of 0 to 200 Hz at reasonable increments. After running just the 0 or no noise case, 

it was evident that a high end system BW would be closer to 30 to 50 Hz, a miich 

more reasonable value. Therefore, the rest of the cases were run from 0 to 50 Hz, 

however only plotted up to 30 Hz. No more information could be gained by plotting 

to a higher frequency. 

Figures 4.12, 4.13, and 4.14 show SR vs. BW for the different parts of the field, 

center, edge and comer for select ag. Table 4.3 displays the SR values for 4 different 

as vahies, 0, 0.1, 1, and 5 /irad and BW's from 0 to 30 Hz from these plots. The 

edges and corners show more of an effect of the increased noise than the does the 

center. However, at higher BW, the change in performance for each field and os 

value is minimal. The average Maima Kea atmospheric profile was used for these 

simulations. See figiire 2.1. The Bufton wind model (see Appendix A) was used 

and the Greenwood frequency was on the order of 10 Hz. A note on these nms, the 

variables were only changed for the Rayleigh beacon, not the sodiimi beacon. The 

sodium beacon was considered perfect. 

/ Filter Sampling Rate 
BW — (j I ^ — 

V 27r 

To make a comparison of actual values to table 4.3, refer to table 3.2, line 6, 

in Chapter 3 for the case of 5 Rayleigh beacons, 5 sodium beacons and 1 natural 

beacons. The reduced AO performance for the high value of 5 /irad is close 

to 50 % at the edge and corner and about 16 % at the center. This degradation 

in performance would be much higher if the soditmi beacons ¥/ere not considered 

"perfect". The WFS sampling rate for the values shown in table 3.2 was 1 kHz, 

(4.30) 
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BW (Hz) WFS sampling rate (Hz) Filter sampling rate (Hz) 

1 12 12.57 
2 24 25.14 
3 36 37.7 
4 48 50.27 
5 60 62.83 
6 72 75.4 
7 84 87.96 
8 96 100.53 
10 120 125.66 
12 144 150-8 
15 180 188.5 
20 240 251.33 
25 300 314.16 
30 360 376.99 

Table 4.2 Illustrates the type of values entered into LACE for the BW, WFS 
and filter sampling rate. 

equating to about 80 Hz for the system BW. There is not much difference in the 

30 Hz no noise rasult compared to the same value in table 3.2. 

Equivalent types of plots and tables are shown for the MCAO Rayleigh/Rayleigh 

hybrid configuration. Figures 4.15, 4.16 and 4.17 illustrate the effects of noise on 

the center, edge and comer of the field. For these cases, all the fields iUustrate the 

effects of noise. None of the beacons were considered perfect for this configuration, 

therefore, noise was added to both the high and low altitude Rayleigh beacons. The 

WFS sampling rate remained the same for both sets because the system BW could 

not be set separately. Table 4.4 shows the SR values for ae values of 0, 0.1, 0.3 and 

1 /xrad. Refer to table 3.5, line 14, to compare results. For just 1 /ixad of noise, the 

AO performance reduces on the order of 70 % for all fields and 23 % to 33 % for a 

as of only 0.1 /xrad. The MCAO Rayleigh/Rayleigh configuration is more sensitive 



MCAO Rayleigh/Sodium Configurations 

Strehl Ratio at 1.65 //.m 
(To = 0 //.rad ag = 0.1 y^rad (Ts = 1 /irad oTfl = 5 y;.rad 

BW (Hz) center edge corner center edge corner center edge corner center edge corner 
1 0.070 0.067 0.064 0.070 0.067 0.063 0.067 0.063 0.058 0.067 0.058 0.053 
2 0.245 0.228 0.213 0.211 0.224 0.207 0.227 0.193 0.166 0.222 0.157 0.130 
6 0.624 0.536 0.485 0.621 0.522 0.470 0.566 0.427 0.353 0.566 0.427 0.353 
8 0.728 0.606 0.543 0.724 0.589 0.527 0.656 0.478 0.391 0.627 0.350 0.273 
10 0.756 0.623 0.557 0.752 0.606 0.541 0.680 0.490 0.400 0.649 0.358 0.278 
12 0.772 0.633 0.565 0.767 0.615 0.548 0.694 0.497 0.405 0.661 0.362 0.281 
15 0.785 0.641 0.571 0.78 0.623 0.555 0.705 0.503 0.409 0.671 0.365 0.283 

20 0.796 0.647 0.576 0.791 0.629 0.56 0.714 0.507 0.412 0.679 0.367 0.284 
25 0.801 0.650 0.578 0.796 0.632 0.562 0.718 0.509 0.413 0.683 0.368 0.285 
30 0.803 0.651 0.579 0.799 0.633 0.563 0.720 0.510 0.414 0.684 0.368 0.285 

Table 4.3 Illustrates the AO performance for BW's from 1 to 30 Hz for 4 differ
ent noise levels {ao), no noise, low, medium and high. These values are for the 
center, edge and corner of the field for the optimum MCAO Rayleigh/soditim 
configuration. 
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SR vs BW for selcct a,.; MCAO Rayleigh/sodium (center field) 
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Figure 4.12 This plot shows the relationship between the AC) performance in 
the form of SR's for several noise cases at the center of the field, including the 
no noise case for the MCAO Rayleigh/sodium configuration. 

to noise than the MCAO Rayleigh/sodium configurations and it's AO performance 

drops rapidly. This indicates that higher powered Rayleigh beacons will be needed 

to achieve a reasonable AO performance for this configuration. 

Equivalent, plots and tables for the single DM Rayleigh/sodium hybrid configu

ration, either conjugate to the primary mirror or an altitude of 6.5 Km in the atmo

sphere, are also generated. Figures 4.18 and 4.19 illustrates these results for select 

ae values. Tables 4.5 and 4.6 show ag values of 0, 0.5, 1, and 10 fir&d for a BW of 0 

to 30 Hz taken from these figures. The results can be compared with those shown in 

table 2.6. The effect of on-axis noise on these configurations are not as significant as 

on the MCAO configurations. As with the MCAO Rayleigh/sodium configuration, 

the sodium beacon is considered " perfect". Therefore, the noisy Rayleigh beacons 

do not have much of an effect on the overall AO performance, especially on axis. 
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MCAO Rayleigh/Rayleigh Configurations 

Strehl Ratio at 1.65 fim 

ag = 0 /xrad ag = 0.1 fjx&d a9 = 0.3 ^.rad ere = 1 /xrad 

BW (Hz) center edge corner center edge corner center edge corner center edge corner 
1 0.068 0.062 0.056 0.066 0.060 0.540 0.058 0.052 0.046 0.046 0.039 0.034 
2 0.210 0.210 0.168 0.198 0.155 0.120 0.152 0.116 0.090 0.091 0.062 0.047 
5 0.469 0.317 0.214 0.432 0.288 0.193 0.313 0.204 0.139 0.154 0.087 0.060 

8 0.529 0.343 0.225 0.487 0.311 0.204 0.349 0.220 0.146 0.167 0.092 0.062 
10 0.545 0.349 0.228 0.501 0.317 0.206 0.358 0.224 0.148 0.170 0.093 0.063 
12 0.553 0.352 0.229 0.508 0.320 0.207 0.363 0.226 0.148 0.172 0.093 0.063 
15 0.560 0.354 0.229 0.515 0.325 0.208 0.368 0.228 0.149 0.173 0.094 0.063 
20 0.565 0.356 0.230 0.519 0.324 0.209 0.369 0.229 0.150 0.175 0.094 0.063 
25 0.565 0.356 0.230 0.521 0.324 0.209 0.372 0.230 0.150 0.175 0.094 0.063 
30 0.568 0.357 0.230 0.522 0.325 0.209 0.373 0.230 0.150 0.175 0.094 0.063 

Table 4.4 Illustrates the AO performance for BW's from 1 to 30 Hz for 4 
different noise levels (o"e), no noise, low, medium and high. These vahies are 
for the center, edge and corner of the field for the MCAO Rayleigh/Rayleigh 
configuration. 

Cn Oi 
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SR vs BW for select o ; MCAO Rayleigh/sodium (edge field) 
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Figure 4.13 This plot shows the relationship between the AO performance in 
the form of SR's for several noise cases at the edge of the field, including the 
no noise case for the MCAO Rayleigh/sodium configuration. 

Also there is barely any change in performance for the DM conjugate to 6.5 km 

case where all the results are nearly identical. This would indicate that whatever 

correction is not coming from the sodium beacon is coming from the DM conjugate 

to 6.5 km in the atmosphere. The off'-axis effects were not looked at. It is assumed 

that the results would be more sensitive to the noise. I say this because the tilt 

anisoplanatism generated by the off-axis natural beacon is reduced by the Rayleigh 

beacon. Therefore, if the Rayleigh beacon is noisy this would effect the reduction 

of tilt anisoplanatism and therefore the overall AO performance. A reminder that, 

only the center field is shown for these single DM cases, because they were not meant 

to handle wide FOV's. 
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SR vs BW for select MCAO Rayleigh/sodium (corner field) 
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Figure 4.14 This plot shows the relationship between the AO performance in 
the form of SR's for several noise cases at the corner of the field, including the 
no noise case for the MCAO Rayleigh/sodium configuration. 
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Figure 4.15 This plot shows the relationship between the AO performance in 
the form of SR's for several noise cases at the center of the field, including the 
no noise case for the MCAO Rayleigh/Rayleigh configuration. 
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SR vs BW for select o^; MCAO Rayleigh/Rayleigh(edge field) 
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Figure 4.16 This plot shows the relationship between the AO performance in 
the form of SB 's for several noise cases at the edge of the field, including the 
no noise case for the MCAO Rayleigh/Rayleigh configuration 
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Figure 4.17 This plot shows the relationship between the AO performance in 
the form of SR's for several noise cases at the corner of the field, including the 
no noise case for the MCAO Rayleigh/Rayleigh configuration. 
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SR vs BW for select o ; 1 DM conjugate to PM; R/S 
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Figure 4.18 SR vs. BW for several different noise cases including the no noise 
case. This is for the single DM Rayleigh/sodium configuration, DM conjugate 
to the PM. 

Single DM Rayleigh/Sodium; DM conjugate to PM 

Strehl Ratio at 1.65 /trn 
BW (Hz) ae = 0 /./rad ag — 0.5 /irad ae = 1 //rad aQ = 10 //rad 

1 0.072 0.069 0.068 0.066 
2 0.242 0.238 0.234 0.227 
5 0.605 0.596 0.585 0.560 
8 0.700 0.689 0.675 0.643 

10 0.727 0.715 0.701 0.667 

12 0.741 0.729 0.714 0.679 

15 0.753 0.741 0.726 0.689 
20 0.762 0.751 0.735 0.698 
25 0.767 0.755 0.739 0.701 

30 0.769 0.757 0.741 0.703 

Table 4.5 Illustrates the AO performance for BW's from 1 to 30 Hz for 4 
different noise levels (cr^'s), no noise, low, medium and high. These values are 
for single DM Rayleigh/sodium configuration, DM conjugate to the primary 
mirror. 
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SR vs BW for select a,: 1 DM Rayieigh/sodium u 
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Figure 4.19 SR vs. BW for several different noise cases including the no noise 
case. This is for the single DM Rayleigh/sodium configuration, DM conjugate 
to 6.5 km. 

Single DM Rayleigh/Sodium; DM conjugate to 6.5 km 

Strehl Ratio at 1.65 /an 

BW (Hz) a0 — 0 /irad ae — 0.5 jjvad ae = 1 iirad ag = 10 /xrad 

1 0.066 0.065 0.065 0.065 

2 0.234 0.232 0.232 0.231 
5 0.608 0.604 0.602 0.599 
8 0.710 0.705 0.702 0.698 
10 0.737 0.732 0.728 0.724 
12 0.752 0.747 0.743 0.739 
15 0.766 0.760 0.756 0.752 

20 0.776 0.770 0.767 0.762 

25 0.781 0.775 0.771 0.767 
30 0.784 0.778 0.774 0.769 

Table 4.6 Illustrates the AO performance for BW's from 1 to 30 Hz for 4 
different noise levels (ag's), no noise, low, medium and high. These values are 
for single DM Rayleigh/sodium, DM conjugate to an altitude of 6.5 Km. 
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4.5 Results and Analysis 

This section is the culinination of all that has been presented. The optimum range-

gate at the minimiun ag, effects of elongation, and the optimum system BW at 

different laser powers will be demonstrated. These results will be presented for 

the optimum configurations from Chapters 2 and 3. The hybrid Rayleigh/sodiimi 

configiuation with a single DM is from Chapter 2, and the two optimum MCAO 

configurations axe from Chapter 3. The first one chosen to present is the MCAO 

Rayleigh/sodium configuration with 3 DM's, 5 sodium beacons at 90 km with 12 x 12 

subapertures, 5 Rayleigh beacons with 4x4 subapertures at 20 km, and 1 tip/tilt 

natural beacon. The second configuration is the MCAO Rayleigh/Rayleigh config

uration with 2 DM's, 7 Rayleigh beacons at 20 km with 12 x 12 subapertures, 5 

Rayleigh beacons at 15 km with 6x6 subapertures, and 1 tip/tilt natural beacon. 

The last two configurations will be the single DM Rayleigh/sodium configurations 

from Chapter 2. 

4.5.1 Range-Gate Optimization 

The MATLAB subroutines that calculated ag as a function of laser pulse energy and 

range-gate will be discussed first. This falls under section 2 of the outline. These 

calculations were performed for all three sizes of subaperttu-es, 4 x 4, 6 x 6, and 

12 X 12 at each of the three focus altitudes, 10, 15, and 20 km. The values that 

remained constant for these nins are shown in table 4.7. The last three variables, 

ojd, and cTp axe all shown in units of /i,rad, but they are changed to arcsec during 

the processing. There will be three sets of figures, grouped by the subaperture 

s i z e .  F i g u r e  4 . 2 0 ,  s h o w s  a g  v s .  r a n g e - g a t e  f o r  a  f o c u s  a l t i t u d e  o f  2 0  k m  a n d  4 x 4  

subapertures. Figures 4.21 and 4.22 show the same information but at a focus 

altitude of 15 and 10 km respectively. 

FigiH-es 4.23, 4.24, and 4.25 show the same type of data for 6x6 subapertures. 
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Variable Description Value 

Telescope Diameter (m) 8 
Beam Quality 1.2 
Launch Telescope Diameter 45 cm 
\ beam width 30 cm 
= (0-25)(fc) 0.2 to 0.27 /irad 

u jd  (angular pixel subtense) 1 |irad 
cUp pixel width in the WFS camera) 33 to 200 fsrad 
0-p = (0-25) (u;^) 8.3 to 50 /irad 

Table 4.7 Table showing the MATLAB simulation values that remained con
stant or changed with altitude and siibapertiire number. 

Figures 4.26, 4.27 and 4.28 show the same type of data for 12 x 12 subapertiires. 

Figure 4.29 is a summary plot of the optimimi range-gate vs. the altitude for each 

subapertiire case. 

The optimum range gates differ for each focus altitude, with the same number of 

subapertiires. This is due to the density of the atmosphere at the different altitudes. 

For the 20 km focus altitude with 4x4 subapertures, the optimum range-gate is 

approximately 5 km. At the 15 km focus altitude with 4x4 subapertures, the 

optimum range-gate is approximately 2.4 km. And at the 10 km focus altitude with 

4x4 subapertures, the optimum RG is approximately 1.2 km. All the cases have 

large vahies of erg at the small and large range gates. The small RG's have high ag 

values because there is not enough signal, making the SNR low and the resulting erg 

larger. At the larger range gates this is not the case. There is plenty of signal. The 

problem here is the effect of the elongated beam. Refer to a somewhat exaggerated 

figure 4.31 for reference. By calculating the angles at the different altitudes it is 

evident that the angle at the lower altitude is larger than the one at the higher 

altitude. This is similar to the focus anisoplanatism error where the higher in the 

atmosphere the beacon is prodticed the less the cone effect. The larger angle at 
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Focus alt = 20 km: sub = 4 by 4 
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Figure 4.20 Plot of ag vs. range-gate at 20 km and 4x4 subapertures for 5 
different laser pulse energies. Figures(b) and (c) are close-ups to better see the 
location of the optimum RG at 5 km. 
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X 10" -6 Focus Altitude =15 km; 4 by 4 subapertures 
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Figure 4.21 Plot of ag vs. range-gate at 15 km and 4 x 4 subapertures for 5 
different laser pulse energies. Figures (b) and (c) are close-ups to better see 
the location of the optimum RG at 2.4 km. 
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X 10" Focus altitude = 10 km; 4 by 4 subapertures 
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Figure 4.22 Plot of ag vs. range-gate at 10 km and 4 x 4 subapertures for 5 
different laser pulse energies. Figures (b) and (c) are close-ups to better see 
the location of the optimum RG at 1.2 km. 
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,x 10" Focus Altitude = 20 km; 6 by 6 subapertures 
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Figure 4.23 Plot of GQ VS. range-gate at 20 km and 6x6 subapertures for 5 
different laser pulse energies. Figures (b) and (c) are close-ups to better see 
the location of the optimum RG at 5.2 km. 
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,x 10 
Focus Alt = 15 km; 6 by 6 subapertures 
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Figure 4.24 Plot of ae vs. range-gate at 15 km and 6x6 subapertures for 5 
different laser pulse energies.Figures (b) and (c) are close-ups to better see the 
location of the optimum RG at 2.4 km. 
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Figure 4.25 Plot of ag vs. range-gate at 10 km and 6x6 subapertures for 5 
different laser pulse energies. Figures (b) and (c) are close-ups to better see 
the location of the optimum RG at 1.1 km. 
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Figure 4.26 Plot of vs. range-gate at 20 km and 12 x 12 subapertures for 
5 different laser pulse energies. Figures (b) and (c) are close-ups to better see 
the location of the optimum RG at 6.8 km. 
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Figure 4.27 Plot of ay vs. range-gate at 15 kin and 12 x 12 subapertures for 
5 different laser pulse energies. Figures (b) and (c) are close-ups to better see 
the location of the optimum RG at 3.8 km. 
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,x 10 
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Figure 4.28 Plot of UQ VS. range-gate at 10 km and 12 x 12 subapertures for 
5 different laser pulse energies. Figures (b) and (c) are close-ups to better see 
the location of the optimum RG at 1.7 km. 
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Optimum Range Gate vs. Focus Altitude 
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Figure 4.29 Plot of the optimum range-gate at the three different focus alti
tudes for the three different subaperture cases. 

the lower altitude effectively makes the elongation more of a problem. Also, the 

elongation effects are seen earlier at the lower focus altitudes than at the higher 

altitudes. This was also observed in the OTF plots, figures 4.2 to 4.10. Where the 

OTF's at the lower focus altitudes got worse faster with increase in the de-focus 

error. Some of this effect can be seen in the ag vs. range-gate plots where the ag 

tends to increase rapidly as the range-gate increases after the optimum range-gate. 

This is seen the best at the lower focus altitude of 10 km. 

The change in the range-gate at a common altitude between the number of 

subapertures is due to the subaperture size. The smaller the subaperture the more 

light is needed, which translates to a larger range-gate. Notice the range gates for 

all the altitudes with the 4x4 subapertures are smallest and those for the 12 x 12 

subapertures are the largest. At least for all practical purposes. The amount of 

molecular nitrogen and oxygen in the atmosphere decreases with increase in altitude. 
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Figure 4.30 A plot of the atmospheric density, primarily of oxygen and nitro
gen, is plotted vs. altitude, illustrating the decrease in density as the altitude 
increases. This is a nonlinear effect. 

See figure 4.30. Therefore, at the higher focus altitudes, larger range gates are needed 

to provide the necessary signal. This is also applicable for the smaller subaperture 

sizes. It is interesting to note that the optimum range-gate for all the focus altitudes 

with 4x4 and 6x6 subapertures are very similar, if not identical. Even though 

t h e  o p t i m u m  r a n g e - g a t e  i s  s i m i l a r ,  t h e  v a l u e  o f  o q  i s  m u c h  h i g h e r  f o r  t h e  6 x 6  

subaperture case. The reason is that the change in the subaperture size is small 

between these two cases, in comparison to the subapertures sizes for the 12 x 12 

subaperture case, resulting in similar optimum range gates. However, since there is 

still a change in the subaperture size, this would account for the increased noise level 

for the smaller subapertures. We can then infer that if the size of the subapertures 

are similar, then the optimum range gates will be close, but the actual noise levels 

will be higher for the smaller subapertures. 
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Figure 4.31 Cartoon drawing to illustrate the effects of beam elongation. The 
left figure shows the focus location of the beams at the three focus altitudes, 
10, 15, and 20 km. The middle shows the side view of the range-gate, and 
the right figure shows the top/bottom views of the range-gate. The higher 
the focus altitude the smaller/skinnier the beam. The right part of the figure 
shows a lens to simulate the telescope, ilhistrating (very exaggerated) the size 
of the image at the focal plane for each of the range-gate footprints. 
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4.5.2 Bandwidth Optimization 

The final part of the analysis encompasses combining all the results from the sim

ulations described to determine the optimum system BW for several laser powers. 

Refer to section 4 of the outline. These final results are plots of SR vs. BW for 

different laser powers in Watts. To obtain the appropriate laser power for each laser 

energy, the laser energy was multiplied by the respective WFS sampling rate or by 

12 X BW as described in equation 4.31. This equation was used to construct ta

ble 4.8, which was used as a starting point to determine which laser energies would 

be needed for the analysis. Several of these laser energies were then used in the 

range-gate optimizations where ae vs. range-gate was plotted for 2, 10, 50, 200, 

and 1000 mJ. Additional laser energies were needed at the optimum range gates 

to calculate for subaperture cases used in the "best" AO configra^ations. These 

included the 20 km focus altitude for both the 4x4 and 12 x 12 subaperture cases 

and the 15 km focus altitude with 6x6 subapertures. Additional laser pulse energy 

values were needed for the 20 km focus altitude with 12 x 12 subapertures when used 

in the MCAO Rayleigh/Rayleigh configuration. The mraierical results are shown 

in table 4.9. With this information, the final optimum system BW resiilts, for the 

"best" configtirations, can be determined. 

P(W)  = E * 12 * BW — K * WFSsamplingrate (4.31) 

Bandwidth Optimization for MCAO Rayleigh/Sodium Configuration 

Plots of SR vs. system BW for the MCAO Rayleigh /sodium configuration from 

Chapter 3 were calculated first. The specifications are 3 DM's, 5 Rayleigh beacons at 

20 km with 4x4 subapertures, 5 sodium beacons at 90 km with 12 x 12 subapertures, 

and 1 tip/tilt natural beacon. As mentioned before, only the Rayleigh beacons are 



BW (Hz) 1 2 4 5 8 10 16 20 25 40 

12 X BW (Hz) 12 24 48 60 96 120 192 240 300 480 

Power (W) 
0.6 Calculated 50 25 12.5 10 6.25 5 3.125 2.5 2 1.25 

3 values in 250 125 62.5 50 31.25 25 15.625 12.5 10 6.25 

6 center are 500 250 125 100 62.5 50 31.25 25 20 12.5 
9 laser energies 750 375 187.5 150 93.75 75 46.875 37.5 30 18.75 

12 in mJ 1000 500 250 200 125 100 62.5 50 40 25 
18 1500 750 375 300 187.5 150 93.75 75 60 37.5 
24 P=E*(12*BW) 2000 1000 500 400 250 200 125 100 80 50 
36 3000 1500 750 600 375 300 187.5 150 120 75 
48 4000 2000 1000 800 500 400 250 200 160 100 
60 5000 2500 1250 1000 625 500 312.5 250 200 125 
72 6000 3000 1500 1200 750 600 375 300 240 150 
84 7000 3500 1750 1400 875 700 437.5 350 280 175 
96 8000 4000 2000 1600 1000 800 500 400 320 200 

108 9000 4500 2250 1800 1125 900 532.5 450 360 225 
120 10000 5000 2500 2000 1250 1000 625 500 400 250 

Table 4.8 This table was used to determine the range of laser energy vahies 
needed for select laser powers. System BW(Hz) is shown along the first line, 
12 X BW(Hz) or WFS BW(Hz) along the second line, Laser Power(W) along 
the left side, and calculated Laser Energy(mJ) vahies in the middle. 



Alt=20 km, SA=16 Alt=20 km, SA—144 Alt=15 km, SA=36 

Opt RG=5 km Opt RG=6.8 km Opt RG=2.4 km 

Energy (mJ) ag (/trad) 

1 9.743 299.34 13.784 

2 6.861 206.64 9.7 

5 4.329 128.74 6.117 

10 3.058 90.57 4.322 

20 2.162 63.878 3.054 

25 1.933 57.105 2.732 

30 1.765 52.112 2.493 

50 1.367 40.338 1.931 

100 0.966 28.508 1.365 

200 0.683 20.153 0.965 

500 0.432 12.744 0.611 
1000 0.306 9.011 0.432 
2000 0.216 6.372 0.305 
5000 0.137 4.029 0.193 
6000 3.679 
7000 3.406 
8000 3.186 
9000 3.004 

10000 2.8494 

Table 4.9 Table showing the calculated noise (cr@) values for associated laser 
energies in mJ, at the optimum range-gate for a beacon focus altitude of 20 km 
a n d  4 x 4  s u b a p e r t u r & s ,  2 0  k m  a n d  1 2  x  1 2  s u b a p e r t u r e s ,  a n d  1 5  k m  a n d  6 x 6  
subapertures. SA denotes subaperture 
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being optimized in this case. The sodium beacon is considered perfect. The as values 

at the different iaiser energies from table 4.9 are plotted for the focus altitude of 

20 km with 4x4 subaperttires at an optimum range-gate of 5 km. This distribution 

is logarithmic and shown in figure 4.32 (a) on a linear scale and in figure 4.32(b) on 

a log/log scale. To obtain the intermediate laser energy values and associated ag 

values needed for follow on calculations, interpolation was required. 

Figure 4.33 is derived from figure 4.32 and the data from table 4.8. The data 

shown on this plot, (to VS. the AO system BW for different laser powers, is also 

interpolated to obtain the intermediate vahies. Figure 4.34, a plot of SR vs. ag is 

derived from the AO parametrization plots shown in figures 4.12, 4.13 and 4.14 for 

each field. It is produced by taking a slice through each selected BW and plotting 

the values. This data is also interpolated. The interpolated values are used for 

the SR vs. BW plots that are plotted for 8 different laser powers. These results can 

be see in figures 4.35, 4.36, and 4.37 for the center, edge, and comer of the field. 

The process will be followed through for one value in hopes of completely illus

trating how the results were determined. The energy level chosen will be 50 mJ. 

At the optimum range-gate of 5 km for the focus altitude of 20 km with 4x4 sub-

apertures, 50 mJ is associated with about 1.2 firad of noise. Figure 4.32 is used to 

determine this. If a BW of 10 Hz is chosen than by either calculating or looking at 

figure 4.33, the laser power is determined to be 6 W. The only thing remaining is 

the associated SR. Using figure 4.34 with a ag value of 1.2 /irad and a BW of 10 Hz, 

the SR is about 0.68 for the center of the field, 0.62 for the edge and 0.48 for the 

corner. Repeating this process for many different laser pulse energies, enough values 

can be obtained to plot the SR vs. the AO system BW for different laser powers 

seen in figures 4.35, 4.36, and 4.37, for the center, edge, and comer of the field for 

8 different laser powers. Close-up versions of the plots for the edge and corners are 
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MCAO Rayleigh/Sodiurn Configuration 

Laser Power (W) Optimum BW (Hz) 
Center Edge Corner 

0.6 20 9 8 
1.2 18 7 I 

3 24 9 8 

6 20 11 10 
12 20 12 9 
24 17 12 11 
36 20 14 12 
60 19 12 10 

Table 4.10 Table of the Rayleigh laser powers and their associated optimum 
BW for the MCAO Rayleigh/sodium configuration. 

displayed in plot (b) of figures 4.36 and 4.37. In these plots it is easier to discern 

the peak SR value. It is at these peak SR values that the optimum AO system BW 

is determined for the different laser powers and shown in table 4.10. The BW in

creases with increase in laser power and at some point begins to decrease again. The 

point were the BW peaks is the optimimi system BW for that laser power. These 

BW results are considered low. This is due to the low Greenwood frequency (fG) 

of about 10 Hz that was calculated by LACE for this configuration. If the fG was 

higher, than the optimimi system BW would increase for the given powers allowing 

the system to rim on higher rates to adequately correct the turbulence. This entire 

process, of course, is not done by hand looking at plots, but by a program written 

to plot the applicable values, interpolate between the given points, and apply the 

results to the next step. 

Bandwidth Optimization for MCAO Rayleigh/Rayleigh Configuration 

The SR vs. BW for the MCAO Rayleigh/Rayleigh configuration consisting of 2 

DM's, 7 Rayleigh beacons at 20 km with 12 x 12 subapertiires, 5 Rayleigh beacons at 
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a vs. E at optimum RG {5 km); alt=20fcm sub=4by4 
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Figure 4.32 Plot of the noise, ay vs. the laser energy in mJ at the optimum 
range-gate of 5 km. The solid line indicates the Interpolated values and the 
o indicate the data points from table 4.9. Figure (b) is the same plot, only 
plotted in log/log allowing for values to be read easier. 
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a. vs. BW; Alt=20km siib=4by4 
o 

0.6 W 
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-1̂ ?. 36 W 
-A- 60W 

AO System BW (Hz) 

Figure 4.33 ag is plotted against AO System BW for different laser powers. 
This plot is derived from table 4.8 and figure 4.32. 

1 5  k m  with 6 x 6  stibapertures, and 1 tip/tilt natural beacon with 1x1 subapertures 

was calculated next. The same process that was discussed in section 4.5.2 was used 

for this configuration. The difference with this case is that there were no perfect 

artificial beacons. Only the tip/tilt natural beacon was considered perfect. The ctq 

values for a 20 km focus altitude, 12 x 12 subapertures, and optimum range-gate of 

6.8 km were used for the higher altitude beacons located at 20 km. The ag values 

from the 15 km focus altitude, 6x6 subapertures, and optimum range-gate of 24 km 

were used for the lower altitude beacons located at 15 km. These values are shown 

in table 4.9 and plotted in figures 4.38 and 4.39. Due to the complexity of having 

different WFS sampling rates for the two different altitudes, and therefore, different 

system BW's, all the Rayleigh beacons had the same WFS BW. This allowed the 

AO system BW to remain the same for both. 

Both sets of data used the same SR vs. system BW plots shown in figures 4.15, 
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SR vs.o for select BW; MCAO Rayleigh/sodiiun (center field) 
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Figure 4.34 These figures are derived from figures 4.12, 4.13 arid 4.14 respec
tively, by plotting the SR for select BW. These values are also interpolated 
shown by the solid lines and the shapes showing the actual data points used 
for the interpolation. Figures (a), (b), and (c) represent the center, edge and 
corner of the field. 
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SR vs. BW; MCAO Rayldgh/sodium (center) 
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Figure 4.35 SR vs. BW for 8 laser powers at the center of the field. 

4.16, 4.17, and figure 4.40(a) and (b) and the SR vs. ag plots shown in figure 4.41, 

since these are all configuration specific, to determine the final results. From these 

plots the SR vs. AO system BW for 8 different laser powers (same as for the MCAO 

Rayleigh/sodium configiu-ation) are determined for the low altitude beacons from 

the MCAO Rayleigh/Rayleigh configuration. The high altitude Rayleigh beacons 

for this configuration used 4 laser powers at higher values than for the low altitude 

beacons. Two different sets of Rayleigh beacons characteristics result. Figures 4.42, 

4.43 and 4.44 are the SR vs. system BW results for the low altitude Rayleigh 

beacons. Figures 4.45, 4.46, and 4.47 are the SR vs. system BW results for the 

high altitude Rayleigh beacons. As with the previous configuration, the values for 

the optimum system BW for each laser power are shown in tables 4.11 and 4.12 for 

the two different altitude Rayleigh beacons. The opt.imum BW for the low altitude 

Rayleigh Beacons range from about 2 to 7 Hz for the three fields, and only 1 to 
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SR vs. BW; MCAO Rayieigh/sodium (edge) 
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Figure 4.36 SR vs. BW for 8 laser powers at the edge of the field, (b) is an 
enhanced view of (a). . 
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SR vs. BW; MCAO Rayleigh/sodium (comer) 
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Figure 4.37 SR vs. BW for 8 laser powers at the corner of the field, (b) is an 
enhanced view of (a). 
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MCAO Rayleigh/Rayleigh Configuration: Low Altitude Beacons 

Laser Power (W) Optimum Bandwidth (Hz) 
Center Edge Corner 

0.6 3 3 2 
1.2 4 3 3 
3 6 5 4 
6 7 6 5 

12 4 3 3 
24 5 4 4 
36 6 5 3 
60 5 4 4 

Table 4.11 Table of the laser powers and their associated optimum BW for the 
MCAO Rayleigh/Rayleigh configuration for the low altitude Rayleigh beacons. 

2 Hz for the high altitude beacons. The maximum of 2 Hz is also for higher laser 

powers then for the low altitude beacons. This illustrates that much higher laser 

powers are going to have to be used for the high altitude beacons. Depending on 

the system BW chosen, this would be a minimum of 84 W. 

Bandwidth Optimization for Single Deformable Mirror Rayleigh/Sodium 

Configuration 

The last configurations to be calculated were the single DM, Rayleigh/sodiiim con

figurations. These configm-ations, DM conjugate to the PM and DM conjugate to 

6.5 km, had 1 Rayleigh beacon at 20 km with 12 x 12 subapertures, 1 sodium bea

c o n  a t  9 0  k m  w i t h  1 2  x  1 2  s u b a p e r t u r e s ,  a n d  a  1  t i p / t i l t  n a t u r a l  b e a c o n  w i t h  1 x 1  

subaperture. The same procedure that was outlined in section 4.5.2 was also used 

for these cases. As with the Rayieigh/sodium MCAO configuration, the sodium 

beacon in both cases was considered perfect, along with the tip/tilt natural beacon. 

For this case the 20 km altitude with 12 x 12 subapertures was used. The plot for 

(T0 VS. laser energy is identical to figure 4.39. The additional laser energies needed for 
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Og vs. E at optimum RO (2.4 km); ah- i 5km sub=6by6 
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Figure 4.38 Plot of the noise, 00 vs. the laser energy in mJ at the optimum 
range-gate of 2.4 km for the altitude of 15 km and 6x6 subaperture case. The 
solid line indicates the interpolated values and the o indicate the data points 
from table 4.9. Figure (b) is the same plot, only plotted in log/log allowing for 
values to be read easier. 
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0. vs. E at optimum RG (6.8 km); alt=20km sub=12by12 
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Figure 4.39 Plot of the noise, gq VS. the laser energy in mJ at the optimum 
range-gate of 6.8 km for the altitude of 20 km and 12 x 12 subaperture case. 
The solid line indicates the interpolated values and the o indicate the data 
points from table 4.9. Figure (b) is the same plot, only plotted in log/log 
allowing for values to be read easier. 
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Og vs. BW: Alt=15km sub-6by6 

• 0.6 W 
1.2 W 
3 W 
6 W 
12 W 
24 W 

60 W 

AO System BW (Hz) 

(a) 

o„ vs. BW; Alt=20km sub=12by12 tJ 
70 

6 W 
— 12 W 
- 24 W 

36 W 
60W 
84W 

-®- 120W 

60 

50 

AO System BW (Hz) 

(b) 

Figure 4.40 oq is plotted against AO System BVV for different laser powers. 
These plots are derived from table 4.8 and figure 4.38 for (a) and figure 4.39 
for (b). 
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SR vs.o^ for seiect BW; MCAO Rayleigh/Rayleigh (center field) 
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Figure 4.41 These figures are derived from figures 4.15, 4.16 and 4.17 respec
tively, by plotting the SR for select BW. These values are also interpolated 
shown by the solid lines and the shapes showing the actual data points used 
for the interpolation. Figures (a), (b), and (c) represent the center, edge and 
corners of the field. 
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SR vs. BW; MCAO Rayleigh/'Rayleigh Low Beacon (center) 
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Figure 4.42 SR vs. BW for 8 laser powers at the center of the field for the low 
altitude Rayleigh beacons. 

MCAO Rayleigh/Rayleigh Configuration: High Altitude Beacons 

Laser Power (W) Optimum Bandwidth (Hz) 
Center Edge Corner 

36 1 1 1 
60 1 1 1 
84 2 2 2 
120 2 2 2 

Table 4.12 Table of the laser powers and their associated optimum BW for the 
MCAO Rayleigh/Rayleigh configuration for the high altitude Rayleigh beacons. 
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Figure 4.43 SR vs. BW for 8 laser powers at the edge of the field for the low 
altitude Rayleigh beacons, (b) is an enhanced view of (a). 
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Figure 4.44 SR vs. BW for 8 laser powers at the comer of the field for the low 
altitude Rayleigh beacons, (b) is an enhanced view of (a). 
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SR vs. BW; MCAO Rayleigh/Rayleigh High Beacon (center) 
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Figure 4.45 SR vs. system BW for 8 laser powers at the center of the field for 
the high altitude Rayleigh beacons. 
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Figure 4.46 SR vs. system BW for 8 laser powers at the edge of the field for 
the high altitude Rayleigh beacons. 
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SR vs. BW; MCAO Rayleigh/Rayleigh Higb Beacon (comer) 
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Figure 4.47 SR vs. system BW for 8 laser powers at the corner of the field for 
the high altitude Rayleigh beacons. 

the high altitude Rayleigh beacons of the MCAO Rayleigh/Rayleigh configuration 

were not needed for this configuration. Therefore, a plot of vs. system BW for 

the single DM configurations is shown in figure 4.48. The plots of SR vs. BW 

for select ao are configuration specific and are shown in figures 4.18 and 4.19 for 

the DM conjugate to the PM, and DM conjugate to 6.5 km respectively. They are 

then used to produce figure 4.49 (a) and (b) which plots the SR vs. oy. Using 

the same procedure as described before, the SR vs. AO system BW are produced. 

These plots are shown in figures 4.50 and 4.51 for the two different DM conjugate 

positions. These cases have only one figure for the center, since wider FOV's are 

not optimized for these configurations. As with the previous configurations, the 

values for the optimum BW for each laser power and DM conjugate altitude are 

shown in table 4.13. For these cases the optimum system BW's are higher then for 

the previous cases. However, the fG was also much higher, on the order of 39 Hz, 
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a vs. BW; Alt=20km sub=12by12 9 
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Figure 4.48 ao vs. AO System BW for different laser powers. This plot is 
derived from table 4.8 and figure 4.39 and is identical for both DM conjugate 
altitudes. 

due to the way an earlier version of LACE calculated the fG. In the earlier version 

there was no input for the fG value as there was in the later version. Had the AO 

parametrization for these cases been calculated for to higher system BW's, then the 

optimum system BW for each laser power may be easier to discern, at least for the 

DM conjugate to the PM case. The DM conjugate to 6.5 km shows virtually no 

change in optimum system BW for the different laser powers. 

4.5.3 Dynamic Focus Case 

It is known that other researchers are investigating the use of only Rayleigh bea

cons, but dynamically refocusing them through the range-gate to optimize their 

signal [78,79]. To look at this type of problem, ao vs. range-gate was calculated 

for a 20 km focus altitude with 4 x 4, 6 x 6, and 12 x 12 subapertures. The higher 

focus altitude was used because of the decreased signal at this altitude for non-



195 

SR vs.o for select BW; 1 DM conjugate to PM; R/S 
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Figure 4.49 These figures are derived from figures 4.18 and 4.19 by plotting 
the SR for select BW. These values are also interpolated shown by the solid 
lines and the shapes showing the actual data points used for the interpolation. 
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Figure 4.50 SR. vs. BW for the single DM conjugate to the PM for 8 laser 
powers at the center of the field, (b) is an enhanced view of (a). 
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Figure 4.51 SR vs. BW the single DM conjugate to 6.5 km for 8 laser powers 
at the center of the field, (b) is an enhanced view of (a). 
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Single DM Rayleigh/ Sodium Configuration 

Laser Power (W) Optimum BW (Hz) for Center 
DM conj. to PM DM conj. to 6.5 km 

0.6 30 30 
1.2 30 30 
3 30 30 
6 30 30 
12 30 30 
24 30 30 
36 30 30 
60 30 30 

Table 4.13 Table of the laser powers and their a&sociated optimum BW for the 
single DM Rayleigh/soditim configuration for DM conjugate to the PM and 
DM conjugate to 6.5 km. 

dynamically focussing the beacon. By dynamically focusing the beacon, the signal 

will increase without the de-focus/elongation effects, and will also reduce the focus 

anisoplanatism error over the lower altitude beacons. 

To set this case up, the subaperture OTP's were re-calculated at the 10 m in

crements, but this time the de-focus effect or elongation effects were not included. 

Figures 4.52, 4.53, and 4.54 shows vs. range-gate for both the dynamically fo

cused case and non-focused case for all three sets of subapertures and two laser 

beacon energies. The traces on the top part of each set of plots, denoted by cir

cles, represents the non-focused case. The bottom traces, denoted by an asterisk, 

represent the dynamically focused cases. 

The higher range gates, of 5 km and larger (for the 12 x 12 case), produce 

lower ag values compared to the case that inchides the de-focus/elongation effect 

This illustrates the benefit of this method. There can also be a benefit to lower 

altitude range gates, that are large, due to the elimination of the elongation effects. 

If the range gates axe small, than dynamically re-focusing will not result in much 
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Figure 4.52 Comparison of dynamic focus case (o) to non-dynamic focus with 
elongation effects (*), for 4 x 4 subapcrtures and 2 laser pulse energies. 

improvement. This is because the signal is already sufficient and shorter range gates 

do not suffer as much from the elongation problem. 

4.6 Summary 

This chapter contained a large amount of information that basically boiled down 

to determining the optimum range-gate at the minimum NEA, and the optimum 

system BW for different laser powers, for the "best" configurations determined from 

Chapters 2 and 3. A lengthy procedure was employed to achieve these results. This 

procedure was laid out in outline form, shown in section 4.4, to aid in following 

the process. Summarizing, the process included calculating the OTF's for each 

a l t i t u d e  ( 1 0 ,  1 5 ,  a n d  2 0  k m )  a n d  s u b a p e r t u r e  c a s e  ( 4 x 4 ,  6 x 6 ,  a n d  1 2  x  1 2  

subapcrtures), determining the optimum range-gate by calculating the minimum 

NEA (erg) for different laser pulse energies, parametrization of the different AO 
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Figure 4.53 Comparison of dynamic focus case (o) to non-dynamic focus with 
elongation, effects (*), for 6x6 subapertures and 2 laser pulse energies. 
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Figure 4.54 Comparison of dynamic focus case (o) to non-dynamic focus with 
elongation effects (*), for 12 x 12 subapertures and 2 laser pulse energies. 
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configurations with different noise values, plots of the intermediate results and the 

final result consisting of SR vs. BW for different laser powers. In the course of this 

chapter, principles of Rayleigh scattering and the LIDAR equation were employed 

to determine the signal, in photons, that would be returned from the artificial star 

for each range-gate. The effects of de-focus/elongation were taken into account for 

the different ranges resulting in higher noise values for larger range gates. It was 

found that the low signal at smaller range gates also results in higher noise values 

due to the reduced signal. 

Figure 4.29 compiles the results for the optimum range-gate for each of the three 

focus altitudes. There are three traces for each of the different subaperture cases. 

The 10 km and 1-5 km focus altitude had the smallest optimum range gates for all 

three subaperture cases and the 20 km altitude had the largest optimum range gates 

due to the atmospheric density decreasing with altitude. 

Finally, by combining all of this information, a plot of optimum BW vs. Ray

leigh laser power is determined. Figure 4.55 (a) is derived from the data shown 

in plots 4.35, 4.36, and 4.37 for the MCAO Rayleigh/sodium configuration. Fig

ure 4.55 (b) is derived from figures 4,42, 4.43, 4.44, 4.45, 4.46, and 4.47 for the 

MCAO Rayleigh/Rayleigh configuration. Figure 4.56 is derived from the data shown 

in plots 4.50 and 4.51 for the single DM Rayleigh/sodium hybrid beacon cases. The 

data is also shown in tables 4.10, 4.11. 4.12 and 4.13. These plots can be used as 

a guide in choosing the Rayleigh laser power needed for a desired system. There 

appears to be a spike at 6 W in all parts of the field for the low altitude beacons in 

the MCAO Rayleigh/Rayleigh configuration. The BW is the same across the field 

for the high altitude beacons. The MCAO Rayleigh/sodium case does not display 

any consistent laser power across the field. Once a system BW is chosen then the 

WFS sampling rate can be determined. 
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Table 4.14 displays the compiled information for laser powers at the optimum 

system BW from each of the "best" configurations. For both single DM Ray-

leigh/sodium configurations the maximum system BW is greater than 30 Hz for 

all laser powers from 0.6 to 60 W. This would correspond to a WFS sampling rate 

of greater than 360 Hz. Therefore, the lowest laser power of 0.6 W can be used. For 

the MCAO Rayleigh/sodium configuration a laser power of 6 W with a system BW 

of 10 Hz and WFS sampling rate of 120 Hz would be a reasonable first choice. The 

MCAO Rayleigh/Rayleigh configuration is more difficult. The optimum system BW 

and laser power for the low altitude beacons is 5 Hz and 6 W respectively with a 

WFS sampling rate of 60 Hz. However, for the high altitude beacons, the optimum 

BW and laser power is 2 Hz and 84 W with a WFS sampling rate of 24 Hz. Since 

the configuration is restricted to a common optimum BW and, therefore, a common 

WFS sampling rate, either the laser power for the high altitude beacons will have 

to be greatly increased until a BW of 5 Hz is achieved, or use a much lower laser 

power and associated system BW for the low altitude beacons. Most likely it would 

be a combination of give and take from the system BW and required laser power at 

each altitude to determine the most suitable combination. 
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Optinuim BW vs. Laser Power 
for the MCAO Rayieigh/sodium case 
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Figure 4.55 Optimum system BW vs. laser power for the Rayleigh beacons 
in the MCAO hybrid laser-beacon configiiralions. (a) shows the results for 
the Rayieigh/sodium configuration and (b) shows the results for the Ray-
leigh/Rayleigh configuration. 



Configuration Min Laser Power (W) System BW (Hz) WFS Sampling Rate (Hz) 

R/S MCAO 6 10 120 
R/R MCAO (low alt) 6 5 60 
R/R MCAO (high alt) 84 2 24 

1 DM to PM 0.6 > 30 > 360 
1 DM to 6.5 km 0.6 > 30 > 360 

Table 4.14 This table compiles results from the previous plots and summarizes 
Rayleigh laser power at the optimum system BW and the associated WFS 
sampling rate. Data for the four different configurations are shown. 
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CHAPTER 5 

SUMMARY OF AO IMPROVEMENTS 

5.1 Introduction 

This final chapter is a culmination of the work performed in Chapters 2, 3, and 4. 

The research in this dissertation started out looking at configurations with single 

beacons at multiple altitudes with a single DM conjugate to one of two different alti

tudes, as a way of reducing focus anisoplanatism. It evolved into looking at multiple 

beacons at multiple altitudes to increase the FOV of a large telescope referred to as 

MCAO systems. First a summary of each type of system will be given. Then the 

"best" adaptive optical system from Chapters 2 and 3 are compared against each 

other and pros and cons discussed for each, with the radiometric information from 

Chapter 4. A brief description of the type of transmitter and receiver specification, 

including laser power strengths, launch telescope diameter, multiple beacons vs. 

single beacons, and the type and number of wavefront sensors. Economics vs. im

provement in image quality will be a factor in determining what type of AO system 

is best for large 8 m class telescopes. 
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5.2 "Best" Adaptive Optical Systems 

From Chapter 2, two main configurations were studied. The first, three sodium 

beacons at 90 km, the second, a hybrid configuration consisting of a single Rayleigh 

beacon at 20 km and a single sodium beacon at 90 km. Both configurations had a 

single DM that was conjugate to either the primary mirror or to a predominately 

turbulent layer in the atmosphere at 6.5 km. It was determined that the hybrid 

system not only aided in the reduction of focus anisoplaaatism, but it also reduced 

tilt anisoplanatism by allowing the tilt terms to be separated. From Chapter 2, 

the two hybrid configurations with the two different DM conjugate altitudes were 

considered the "best" systems. However, the configuration with the DM conjugate 

to 6.5 km was the better performer. Refer to figure 2.14 (a) and (b) for a review of 

their performance. 

Chapter 3 studied MCAO systems with multiple beacons at multiple altitudes. 

The purpose of these configurations is to increase the FOV, something that is de

sired in large aperture astronomical telescopes. These hybrid systems consisted of 

multiple Rayleigh beacons and multiple sodiima beacons, referred to as the MCAO 

Rayleigh/sodium configuration, and multiple Rayleigh beacons at two different al

titudes, referred to as the MCAO Rayleigh/Rayleigh configuration. A variety of 

variables v^'ere adjusted inchiding the Rayleigh beacon altitudes, number of Ray

leigh beacon subapertures, number of Rayleigh beacons, number of sodium beacons, 

and number of DM's. The optimum configuration determined for the MCAO Ray

leigh/sodium configuration consisted of 3 DM's, 5 Rayleigh beacons at 20 km with 

4x4 subapertures, 5 sodium beacons at 90 km with 12 x 12 subapertures, and 

1 tip/tilt natural beacon. The optimum configuration determined for the MCAO 

Rayleigh/Rayleigh configuration, consisted of 2 DM's, 5 Rayleigh beacons at 15 km 

with 6x6 subapertures, 7 Rayleigh beacons at 20 km with 12 x 12 subapertures, 
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and 1 tip/tilt natural beacon. Table 5.1 summarizes these optimum configurations 

and their associated AO performance in the form of SR for average seeing on Maima 

Kea. It also includes the best cases achievable with natural beacons for comparison. 

Chapter 4 looked at the "best" configurations from Chapters 2 and 3 with the 

purpose of determining the optimum range-gate at the minimum NEA (ae) and the 

optimum system BW for select laser powers for the Rayleigh beacons. Table 5.2 

summarizes these results for the "best" configurations. The lowest reasonable laser 

power that one cam purchase and still get the performance needed, would be the 

optimum choice for the Rayleigh beacons. 

This study has been performed mainly to look at what type of system will 

result in the best performance for a desired application. The issue of cost was not 

considered. The issue of complexity was considered, which was the reason to look 

at both 2 and 3 DM configurations. Reduced complexity naturally will translate 

to reduced cost. It would be prudent to look at other configurations to reduce 

cost, without a lot of sacrifice to performance. One of these configuration could be 

the Rayleigh/sodium configuration with 3 DM's, 5 sodium beacons at 90 km with 

12 X 12 subapertures, and 1 to 2 Rayleigh beacons at 20 km with 4x4 subapertures. 

Another configuration could be the Rayleigh/Rayleigh configuration with 2 DM's, 5 

Rayleigh beacons at 20 km with 12 x 12 subapertures, 1 Rayleigh beacon at 15 km 

with 12 X 12 subapertures, and 1 tip/tilt natural beacon. Both of these would reduce 

the number of Rayleigh beacons needed and would also sacrifice some performance at 

the edges and comers of the field. For a real system, further investigation would be 

needed to optimize performance based on cost. However, this dissertation provides 

a good basis for future performance vs. cost issues. 



DM Natural Sodium Rayleigh Rayleigh SR at 1.65 fim 

Nn N, 5, Nr Ar{km) Sr Nr Ar(km) Sr Center Edge Corner 

1 1 12 DM conj to PM 0.846 
1 1 1 1 12 1 20 12 DM conj to PM 0.78 
1 1 12 DM conj to 6.5 km 0.847 
1 1 1 1 12 1 20 12 DM conj to 6.5 km 0.8 
3 5 12 0.839 0.691 0.677 
3 1 1 5 12 5 20 4 0.812 0.655 0.583 
2 5 12 0.779 0.547 0.438 
2 1 1 7 20 12 5 15 6 0.57 0.357 0.23 

Table 5.1 This table represents a summary of the data for the optimum con
figurations, single DM, conjugate to 0 and 6.5 km, with single beacons at 2 
different altitudes. MCAO configurations with 3 DM's at conjugate altitudes 
of 0, 4.5, and 9 km and 2 DM's at conjugate altitudes of 0 and 6.5 km, multiple 
beacons at multiple altitudes, and a FOV of 148 //rad. iV„, Ng, and Av rep
resent the number of natural, sodium and Rayleigh beacons respectively. The 
column labeled S with the appropriate subscript is the number of subapertures 
used to collect the light for each type of beacon. Ar under Rayleigh is the 
altitude of the Rayleigh beacon in km. The height of the sodium beacons is 
assumed to be 90 km. All AO performance results are given as a ftmction of 
SR and are for average seeing. 



DM Natural Sodium Rayleigh Rayleigh Optimum BW Min Laser Power 

iVn Sn iV. 5. K Ar{ k m )  Sr Nr Ar{ k m )  5. Hz W 

1 1 1 1 12 1 20 12 DM conj to PM 30 0.6 

1 1 1 1 12 1 20 12 DM conj to 6.5 km 30 0.6 

3 1 1 5 12 5 20 4 10 6 

2 1 1 7 20 12 5 15 6 5 ( 2 )  6 (84) 

Table 5.2 This table represents a summary of the data for the optimum con
figurations, single DM, conjugate to 0 and 6.5 km, with single beacons at 2 
different altitudes MCAO configurations with 3 DM's at conjugate altitudes of 
0, 4.5, and 9 km and 2 DM's at conjugate altitudes of 0 and 6.5 km, multiple 
beacons at multiple altitudes, and a FOV of 148 /irad. iV„, Ng, and Nr rep
resent the number of natural, sodium and Rayleigh beacons respectively. The 
column labeled S with the appropriate subscript is the number of subapertures 
used to collect the light for each type of beacon. Aj. under Rayleigh is the 
altitude of the Rayleigh beacon in km. The height of the sodium beacons is 
assumed to be 90 km. All BW and laser power results are shown for average 
seeing. The numbers in parenthesis on the last line are for the high altitude 
Rayleigh beacons and the numbers not in parenthesis are for the low altitude 
Rayleigh beacons. 
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5.3 Transmitter/Receiver Specifications 

Some prelimiiiaxy specifications for the Transmitter and receiver are discussed briefly. 

For ail the systems, the transmitted laser beacons were assumed to be launched from 

smaller separate telescopes located behind the secondary mirror, as opposed to be

ing located on the side of the telescope. The optimimi size, at least for transmission 

characteristics, is about 80 cm. This may be an unreasonable size, due to weight 

and balancing, to use. A more reasonable size is from 40 cm to 60 cm. The informa

tion shown in Chapter 4 section 4.4.3, indicates that there is not really a significant 

improvement for larger launch tetecopes. On the other hand a laimch telescope two 

small, on the order of 20 cm will greatly reduce performance. 

On the receiver side of the system, the WFS and the DM are the main compon

ents to look at. There are three types of WFS that can be used, the Shack-Hartmann, 

shearing interferometer, and curvature sensing. They all have their good points for 

the systems they were designed for, including their cost effectiveness. However, the 

easiest to implement and the WFS used for all the analysis in this dissertation was 

the Shack-Hartmann. This type of WFS is recommended for any AO systems that 

have been described in this dissertation. DM's are rapidly getting smaller, more 

reliable, and cheaper. A brief discussion on DM's was discussed in Chapter 1 sec

tion 1.4.2, where it was mentioned that Xinetics is currently the main manufacturer 

of DM's [61-63]. Their web site and papers provide vahiable information on the 

progress of DM development. A state of the art DM wotild be the recommended 

choice. 

5.4 Summary 

To conclude this dissertation, much has been learned about different types of AO 

configurations to reduce focus and tilt anisoplanatism and increase the FOV for 
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laxge telescopes. The Gemini North telescope, located on Maiina Kea in Hawaii, has 

been the model used for this research. This includes the atmospheric characteristics 

at this site, which is nearly 4.2 km (13,780 ft), above sea level. This site does not 

contain the typical boundary layer problems seen at other sites located on large land 

masses and lower in altitude, which makes it so desirable. Not only is it desirable, 

but agreeable to novel ideas, such as placing the DM conjugate to the altitude of 

maximum turbulence. Since this telescope is used for astronomical piuposes, it is 

also a good model to look at for MCAO to increase the FOV. In addition, this 

telescope was designed for viewing in the IR, which makes for relaxed constraints 

such as the number of subapertures, as opposed to a system design for viewing in 

the visible. So in conclusion, this dissertation has addressed alternative ways to 

improve performance for adaptive optical systems for increasingly larger diameter 

telescopes, with viable options depending on the type of system that is desired. 

Suggested follow on work would be to look at the performance vs. cost issue and 

design an AO system incorporating the results from this dissertation. One final note 

on the reference list; additional references with related information have been added 

to the sources that were directly cited. 
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APPENDIX A 

LACE DESCRIPTION 

LACE, named after a satellite, is a comprehensive adaptive optics simulation code 

written by Dr. Brent L. Ellerbroek. It was used extensively in this dissertation, and 

thought it would be useful to define the input parameters and the main variables. 

A sample input and output file are also included. 

A.l Input parameters for LACE 

This section describes the input parameters for LACE. Following the definitions is 

a sample input file for used in the runs described in chapters 2 and 3. 

A. 1.1 Scenario Parameters 

DM: Aperture Diameter (m) 

rndap: Round Aperture — if T does an interpolation 

psid: Zenith Angle (deg) 

thedot; Slew rate/ld3 ld3*thedot = slew rate 

adds pseudo wind 

wvl: wavelength (ld6*wvl = wavelength) - reference 

wavelength keep set to 5 micro-meters 

rOnom: Nominal ro at wvl 

fgnom: Nominal Fg at wvl (ambient wind Fg) — if fgnom = -1 
will not compute, otherwise computes from C_n~2 profile 

10: Outer scale 

iwind: Wind Season profile number 
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rndwiKi: Random wiad direction — If riidwnd=l; will compute the 

covariance for a 360 deg random wind 

model: Turbulence model — G_n"2 model number 

hi: Minimum altitude - lower bound on integral 

h2: Maximum altitude - upper bound on integral 

nhu: lumber of altitudes 

debug: Debug flag - will give large matrices 

A.1.2 Evaluation Parameters 
nevl: lumber of evaluation directions 

nmrevl: lumber of evaluation wavelengths 

nnc: Mumber of noise cases 

nsysjit: Number of telescope jitter levels 

otfclc: OTF evaluation flag - will compute SR of DTF 

otfsqclc: Mean-square OTF evaluation flag 

saevl: Subaperture SIR evaluation flag 

leotf: Long-Exposure OTF evaluation flag 

seotf: Short-exposure OTF evaluation flag 

xyotf: X and Y DTF evaluation flag - will extend to subapertures 

otfplt: Two-dimensional OTF evaluation flag; this data goes to 

an output file 

saotfplt: Two-dimensional Subaperture OTF evaluation flag 

eib: Encircled energy calculation flag 

otffile; OTF output file - for 2D data 

simfile: Covariance simulation output file 

bwcvrfil: Normalized covariance output file that contains open loop 

covariance matrix in actuator space 

deleib: Spacing of encircled energy; delta for energy in a 

bucket in units of x/d 

iotf: lormalized spacing for OTF; spacing [k/d/x] 

\#rap - grid points across the pupil 

myaps: YAPS grid size - related to output of reconstructor for 

YAPS in relative grid points 

xyap: YAPS grid points per LACE grid point - same as above 

wvevl<l,nHvevl): evaluations wavelengths (m) 

sysjit(lji)j sysjit(2,i)5 sysjitCS^i) (for 1 to nsysjit): 

Telescope jitter levels - rms radians of tilt and 

RMS m (micro-radians)(micro-radians)(RMS micro-meters) 

of phase 
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A.1.3 Aperture/Actuator Parameters 

rap: Aperture radius - in grid points - less then 

(ngrd/2) - 2 

cobs: Central obscuration - fractional - r_i/r 

astop: Aperture stop flag 

hastop: iltitude of aperture stop 

dmpupil: DM flag If dmpupil is T then first DM is system pupil 

else PM is system pupil 

saamin: Minimum subaperture area - in square grid points 

mingrid: Minimum aperture grid limits - min roe in grid that 

actuators appear on 

maxgrid: Maximum aperture grid limits - max row in grid that 

actuators appear on 

ndm: lumber of DM's 

Parameters for Mirror (i) 

hdm(i): Conjugate altitude 

mir(i): Mirror radius (m) - must be large enough to ensure all 

actuators in the scenario will capture all beam foot prints 

zonaldm(i): Zonal DM flag 

dmfile(i): YAPS DM description file 

slaves: Slaving specified flag 

If zonaldia = T 

narow: lumber of actuator rows 

iarow: Actuator row number, spacing must be even 

If zonaldm = F 

izern: Zernike mirror with modes "izern" - list Zemike numbers 

up to 21 

If slaves = T 

nslv: lumber of actuators that drive the slave 

nactu: Actuator number for the master 

isly: Number of slaves for the master (nactu) 

isl; Actuator nuiaber for the Slave 

csl: Coefficient for the slaved actuator 

apifile: Input aperture description file 

apofile: Output aperture description file 
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A.1.4 Beacon Parameters 

nb; lumber of beacons - this number includes the total 

number of evaluation directions and beacons 

i=l 

lib(i): ld-3*lib(i) - Evaluation altitude 

dirb(l,i): ld6*dirb(l,i) - Evaluation direction in x (radians) 

dirb(2,i): ld6*dirb(2,i) - Evaluation direction in y (radians) 

oobs(i): Outer obscuration - a ratio - if less than 1; 

aperture is decreased 

fpw(i): Evaluation weight - field point weight, use for multi 

conjugate or multi evaluation scenarios 

evlfp(i): Evaluation flag 

If saevl = T 

signse(l,i,j), signse(2,i,j): 

heirtmann(i): 

wfsstop(i): 

shrwCi): 

nsrow: 

isrow(k,j,l,i): 

X and y tilt 

Hartmann ¥FS sensor flag 

Flag for WFS stop at DM altitude; 

T if WFS is at the aperture stop 

Shear width when hartiiiann=0 

Number of subaperture rows 

Subaperture location in x 

If hartmann = F 

isrow(k,j,2,i): Subaperture location in y. Read in if a shearing 

WFS(hartmann=0); need both x and y 

phifile: Non-common path aberration file 

i=2 

hb(i): 

dirb(l,i); 

dirb(25i); 
oobs(i): 

diainb(i): 

irmvtlt(i): 

hartmann(i) 

wfsstop(i); 

shmd): 

wfsfile(i): 

ld-3*hb - Beacon iltitude 

ld6*dirb(l,i) - Beacon direction in x (radians) 

ld6*dirb(2ji) - Beacon direction in y (radians) 

Outer obscuration 

ld6*diainb - beacon subtense 

tilt removal flag 

Hartmann ¥FS sensor flag 

Flag for WFS stop at DM altitude; T if WFS is at the 

aperture stop. 

Shear width (hartmann = 0) 

YAPS ¥FS description file 
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radioclc(i): 

isrv(i): 

Radiometric calculations flag - if radioclc=T then 

add input information on beacon 

Servo filter 

isr(i): Sampling rate (Hz) 

delta(i): Pulse offset - IDT USED 

delay(i); Intentional time delay (ms) 

beacon recycling 

use if wcint to do 

If nnc > 0 & radiocalc(i) = T 

zeropt: Radiometric zeropoint (piiotons/m2/sec) - for 0 

magnitude at top of atmosphere 

transO: End-to-End transmittance at zenith 

amfac; Magnitudes attenuation per air mass 

bkmag: Sky background magnitude 

pixsz: WFS pixel width (arcsec) 

readnse: Read noise 

wfSOTl: Sensing wa¥elength 

sigl: Lenslet blurring 

sigp; Pixel blurring 

dtrans(i): Guide star transit diameter (meters) 

dbnom(i): Guide star beam l/e''2 diameter (meters) 

bq(i): Guide star beam quality (=i= Diffraction Limit (DL)) 

hb£irnom(i): Mean sodium layer altitude (kilometers) 

delhnom(i): Sodium layer depth (kilometers) 

gsmag: List of guide star (beacon) magnitudes 

If nnc > 0 

signse(l,i,j) : 

signse(2,i,j) : 

Beacon NEA values x 

Beacon NEA values y 

(micro-radians) 

(micro-radians) 

nsrow: 

isrow(l,j,l,i); 

isrow(2,j,2,i): 

snifile(i): 

snofile(i); 

number of subaperture rows 

X-subaperture rows - locations 

Y-subaperture rows - locations 

Input WFS sensor description file 

Output WFS sensor description file 

A.1.5 Servo Bandwidth Parameters 
igoto: Go-to adaptive optics flag - rarely use (set to F) 

zxform: Flag for C_n + 1 = = C_n + aen (set to F) 
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inimp: Input filter function flag — can be either T or F 

navg: Evaluation average set to 1 

nsrv: Mumber of servo filters set to 3 

If igoto = T 

nps: Integrated sampling rate (samples/sec) 

simgoto: Simulated goto flags (by beacon) 

Else if inimp = T 

nps: Filter sampling rate (samples/sec) 

sbwwt: Subaperture bandwidth 

Else if zxforin = T 

nps; Filter sampling rate (samples/sec) 

nt: Time steps 

zxforma: Time step and gain coefficient: a in equation shown 

in zxform above - set to 0 

Else 

nps: Filter sampling rate (samples/sec) usually set to 

4p * BW of AO system 

mpn; np8*mpn - integration sampling rate (samples/sec) 

m; Integration steps 

nt(i+l): Time steps - number of points in impulse response function 

cl(i): Tilt servo and higher order servo (set to 0) 

c2(i): Tilt servo and higher order servo (set to 1) 

c3(i): Tilt servo and higher order servo (set to 0) 

cpl(i): Tilt servo and higher order servo (set to 0) 

cp2(i): Tilt servo and higher order servo (set to 0) 

cp3(i); Tilt servo and higher order servo (set to 100 * 2p) 

A.1.6 Reconstructor Flags 

Isqest: Noise weighted least squares reconstructor 

thrlsq: Mode threshold 

clcon; Minimal variance estimator with or without closed loop 

constraints flag. If T then EG=I. 

supmodes: Poorly sensed modes suppressed. If T then EG=I. 

minslv; minimum slaved modes (a number) - code that attempts 

automated slaving 

tslave: Slaved modes with minimal turbulence variance (if T) 

Slaved modes in null space of G (if F) 
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reifile: Input reconstructor file 

reofile: Output reconstructor file 

gifile: Input g matrix file 

gofile: Output g matrix file 

snsp: If snsp = T Then first part of MCAO Natural Beacon modal 

analysis 

If snsp = T 

snspfile: First output file for modal analysis 

nngs: lumber of natural beacon or IGS 

rcsp: If rcsp = T Then second part of MCAO natural beacon modal 

analysis 

If rcsp = T 

rcspfile: Input file for controlled subspace 

moutfile: MCiO natural beacon modal analysis output file 

nngs: lumber of IGS (natural beacons) 

snsp and rcsp are specified together 

acvrfile: A covariance matrix file 

bcvrfile; B covariance matrix file 

ccvrfile: C covariance matrix file 
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A.2 Variable Description 

The variables described in this section are foimd in the first two pages of the LACE 

code. The variables that are typically changed for different scenarios are the only 

ones included. 

nbm: 

nevlmx: 

nh: 

ndnimx: 

ngrd; 

npmx: 

narowm: 

nactm: 

nzern: 

nacttm: 

nagbm: 

nactpm: 

nsnsm: 

nsmtot; 

nsnspm: 

Maximum number of beacons including all evaluation and 

¥FS beacons 

Maximum number of evaluation directions 

Number of altitudes in turbulence profile; 

usually set to 11 

Maximian number of DM's 

lumber of points across the aperture grid - guard band 

of 2 around pupils 4 + diameter of pupil, this number 

(ngrd/2-+l) should be odd; starts in center of pupil. 

Number of points in the aperture less than ngrd2 

Maximum number of actuator rows across the DM 

Number of actuators on the DM (naroraii**2) 

Maximum number of Zernike'Ss if use Zemike mirrors 
where influence functions are Zemike' s (=21) 

Total number of actuators in the system (ndxnmx*nactm) 

Actuator guard band - maximum inter-actuator spacing -

determines the maximum number of points an actuator 

can adjust. Use 2 or 4. 

Maximum number of nonzero entries in the Poke 

matrix (sparse matrix); ndfflmx*nactm*(2*nagbm-l)"2 

Number of sensor measurements per WFS - upper bound is 

2 (narowii-i) 2+2 

Total number of subaperture measurements for all WFS's 

(nsnsm+2) 

Number of nonzero elements into a phase to WFS poke 

matrix for 1 individual sensor 2(nagbm+l)nsnsm9*iisnsia 
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A.3 Sample Input/Output Files 

This inpnt file is an example of a miilti-conjugate configuration. 

IIPUT FILE 

7.99 t 0.0 0.0 5.0e-07 0.235 -1 1.0d20 99973 t 999709 1.0 25.0e3 11 f 

9311fffffffff 'none' 'none' 'none' 0.5 2 512 2.5 

I.25d-6 1.65d-6 2.2d-6 

O.OdO O.OdO O.OdO 

II.999 0.152 f 0.0e3 f 0.01 3 35 

3 

0.0e3 12.0d0 t 'none' f 

13 

7 9 11 13 15 17 19 21 23 25 27 29 31 

4.5e3 12.0d0 t 'none' f 

15 

5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 

9.0e3 12.0d0 t 'none' f 

9 

3 7 11 15 19 23 27 31 35 

'none' 'none 

20 

1.0el2 0. Od-6 0. Od-6 1 .OdO 0. ,5d0 t 'none' 

1.0el2 148. 148d-•6 0. Od-6 1 .OdO 0, • IdO t 'none' 

1.0el2 0. Od-6 148. 148d-6 1 .OdO 0, • IdO f 'none' 

1.0el2 -148. 148d-•6 0. Od-6 1 .OdO 0, ,ldO f 'none' 

1.0el2 0. Od-6 -148. 148d-6 1 .OdO 0^ • IdO f 'none' 

1.0el2 148. 148d--6 148. 148d-6 1 .OdO 0, .025d0 t 'none' 

1.0el2 -148. 148d-•6 148. 148d-6 1 • OdO 0. .025d0 f 'none' 

1.0el2 148. 148d--6 -148. 148d-6 1 .OdO 0, .025d0 f 'none' 

1.0el2 -148. 148d--6 -148. 148d-6 1 .OdO 0, .025d0 f 'none' 

90.0e3 O.Od-•6 O.Od-6 l.OdC 1 O.OdO 1 t f 0, .000 'none' f 2 

1000 0.0 0.0 
O.Od-6 O.Od-6 

13 13 

7 9 11 13 15 17 19 21 23 25 27 29 31 

7 9 11 13 15 17 19 21 23 25 27 29 31 

'none' 'none' 
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90.0e3 148.148d-6 148.148d-6 i.OdO O.OdO 1 t f 0.000 'none' f 2 

1000  0 .0  0 .0  
O.Od-6 O.Od-6 

13 13 
7 9 11 13 15 17 19 21 23 25 27 29 31 

7 9 11 13 15 17 19 21 23 25 27 29 31 
'none' 'none' 

90.0e3 -148.148d-6 148.148d-6 l.OdO O.OdO 1 t f 0.000 'none' f 2 

1000  0 .0  0 .0  
O.Od-6 O.Od-6 

13 13 

7 9 11 13 15 17 19 21 23 25 27 29 31 

7 9 11 13 15 17 19 21 23 25 27 29 31 

'none' 'none' 

90.0e3 148.148d-6 -148.148d-6 l.OdO O.OdO 1 t f 0.000 'none' f 2 

1000  0 .0  0 .0  
O.Od-6 O.Od-6 

13 13 

7 9 11 13 15 17 19 21 23 25 27 29 31 

7 9 11 13 15 17 19 21 23 25 27 29 31 

'none' 'none' 

90.0e3 -148.148d-6 -148.148d-6 l.OdO O.OdO 1 t f 0.000 'none' f 2 

1 0 0 0  0 . 0  0 . 0  
O.Od-6 O.Od-6 

13 13 

7 9 11 13 15 17 19 21 23 25 27 29 31 

7 9 11 13 15 17 19 21 23 25 27 29 31 

'none' 'none' 

20.0e3 O.Od-6 O.Od-6 l.OdO O.OdO 1 t f 0.000 'none' f 2 

1 2 0  0 . 0  0 . 0  
O.Od-6 O.Od-6 

5 5 

7 13 19 25 31 

7 13 19 25 31 

'none' 'none' 

20.083 148.148d-6 148.148d-6 l.OdO O.OdO 1 t f 0.000 'none' f 2 

1 2 0  0 . 0  0 . 0  
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O.Od-6 O.Od-6 

5 5 

7 13 19 25 31 

7 13 19 25 31 

'none' 'none' 

20.0e3 -148.148d-6 148.i48d-6 l.OdO O.OdO 1 t f 0.000 'none' f 2 

1 2 0  0 . 0  0 . 0  
O.Od-6 O.Od-6 

5 5 

7 13 19 25 31 

7 13 19 25 31 

'none' 'none' 

20.0e3 148.148d-6 -148.148d-6 l.OdO O.OdO 1 t f 0.000 'none' f 2 

120  0 .0  0 .0  
O.Od-6 O.Od-6 

5 5 

7 13 19 25 31 

7 13 19 25 31 

'none' 'none' 

20.0e3 -148.148d-6 -148.148d-6 l.OdO O.OdO 1 t f 0.000 'none' f 2 

1 2 0  0 . 0  0 . 0  
O.Od-6 O.Od-6 

5 5 

7 13 19 25 31 

7 13 19 25 31 

'none' 'none' 

1.0el2 O.Od-6 O.Od-6 l.OdO O.OdO 0 t f 0.000 'none' f 2 

1 0 0 0  0 . 0  0 . 0  
O.Od-6 0.Od-6 

2 2 
7 31 

7 31 

'none' 'none' 

f t f 1 3 

126 
10 -0.5 

10 -0.5 
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f 0.01 t t 0 t 

'none' 
'none' 

'avcr2' 'bcvr2' 

'none' 

'none' f f 

'ccvr2' 

OUTPUT FILE 

LACE adaptive optics performance evaluation code 

Reading scenario parameters 

Aperture diameter: 

Round aperture: 

Zenith, angle: 

Slew rate; 

Wavelengtli: 

Nominal rO: 

lominal fg: 

Outer scale: 

Wind season: 

Random wind direction: 

Turbulence model: 

Minimum altitude: 

Maximum altitude: 

Number of altitudes: 

Debug flag: 

Reading evaluation parameters 

7.999 

T 

0.000 
0.000 

0.500 
0.235 

-1.000 

99973 

T 

999709 

1.000 
25000.000 

11 
F 

meters 

degrees 

milliradians/ 

second 

microns 

meters 

Hz 

meters 

meters 

meters 

Evaluation wavelengths: 

Telescope jitter levels 

1.250 microns 

1.650 microns 

2.200 microns 

(muRadians/muRadians/RMS microns) 

0.000 0.000 0.000 
No OTF evaluation 

Yaps simulation output 

Yaps grid size: 

Yaps grid points per LACE grid point: 

2 
512.000 

Reading aperture/actuator parameters 
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Aperture radius: 

Central obscuration: 

Minimum subaperture area; 

Aperture grid limits: 

Ho additional aperture stop 

Primary mirror is system pupil 

11.999 

0.152 

0.010 
3 35 

grid points 

Number of deformable mirrors: 

Reading parameters for mirror 1 

Conjugate altitude: 

Mirror radius: 

Slaving specified: 

Zonal DM: 

Yaps DM description file: 

lumber of actuator rows: 

none 

0.000 
12.000 

F 

T 

13 

meters 

meters 

Reading parameters for mirror 2 

Conjugate altitude: 

Mirror radius: 

Slaving specified: 

Zonal DM: 

Yaps DM description file: 

Mumber of actuator rows: 

4500.000 

12.000 
F 

T 

none 

15 

meters 

meters 

Reading parameters for mirror 3 

Conjugate altitude: 

Mirror radius: 

Slaving specified: 

Zonal DM: 

Yaps DM description file: 

Number of actuator rows: 

9000.000 

12.000 
F 

T 

none 

9 

meters 

meters 

Reading beacon parameters 

Number of beacons: 20 

Number of evaluation directions: 9 

Reading parameters for evaluation direction 1 
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Evaluation altitude: 

Evaluation direction (microradians): 

Outer obscuration: 

Evaluation weiglat; 

Evaluation flag: 

Reading parmeters for evaluation direction 

*****+**>(<* 

0.000 
0.000 
1.000 
0.500 

T 

2 

kilometers 

(x) 

(y) 

Evaluation altitude: «=!=*•»!!***** 

Evaluation direction (microradians): 148.148 

0.000 
Outer obscuration; 1.000 

Evaluation weight: 0.100 

Evaluation flag: T 

Reading parameters for evaluation direction 3 

kilometers 
(x) 

Cy) 

Evaluation altitude: 

Evaluation direction (microradians): 0.000 

148.148 

Outer obscuration: 1.000 

Evaluation weight: 0.100 

Evaluation flag: F 

Reading parameters for evaluation direction 4 

kilometers 

(x) 
(y) 

Evaluation altitude: 

Evaluation direction (microradians) 

Outer obscuration: 

Evaluation weight: 

Evaluation flag: 

Reading parameters for evaluation direction 5 

-148.148 

0.000 
1.000 
0.100 

F 

kilometers 

(x) 

(y) 

Evaluation altitude: 

Evaluation direction (microradians): 

Outer obscuration: 

Evaluation weight; 

Evaluation flag; 

Reading parameters for evaluation direction 6 

********** 

0.000 
-148.148 

1.000 
0.100 

F 

kilometers 

(x) 

(y) 

Evaluation altitude; 

Evaluation direction (microradians): 148.148 

kilometers 

(x) 
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148.148 

Outer obscuration: 1.000 

Evaluation weight: 0.025 

Evaluation flag: T 

Reading parameters for evaluation direction 7 

(y) 

Evaluation, altitude: 

Evaluation direction (microradians) 

Outer obscuration: 

Evaluation weight: 

Evaluation flag: 
Reading parameters for evaluation direction 8 

********** 

-148.148 

148.148 

1.000 
0.025 

F 

kilometers 
(x) 
(y) 

Evaluation altitude: 

Evaluation direction (microradians): 

Outer obscuration; 

Evaluation weight: 

Evaluation flag: 

Reading parameters for evaluation direction 9 

148.148 

-148.148 

1.000 
0.025 

F 

kilometers 
(x) 

(y) 

Evaluation altitude: 

Evaluation direction (microradians) 

Outer obscuration: 

Evaluation weight: 

Evaluation flag: 

********** 

-148.148 

-148.148 

1.000 
0.025 

F 

kilometers 

(x) 

(y) 

Reading parameters for beaconlO 

Beacon altitude: 90.000 ki1ometers 

Beacon direction (microradians) 

Outer obscuration: 

Beacon subtense (microradians): 

Tilt removal flag: 

Hartmann sensor: 

WFS stop at DM altitude: 

Radiometric calculations: 

Servo filter: 

0.000 
0.000 
1.000 
0.000 

1 
T 

F 

F 

2 

(x) 
(y) 
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Yaps WFS description file: 

Sampling rate; 

Pulse offset: 

Intentional time delay: 

Beacon lEA values (microradians) 

Level 1: 

Reading parameters for beaconll 

Beacon altitude: 

Beacon direction (microradians): 

Outer obscuration: 

Beacon subtense (microradians): 

Tilt removal flag; 

Hartmann sensor: 

WFS stop at DM altitude: 

Eadiometric calculations: 

Servo filter: 

Yaps WS description file: 

Sampling rate: 

Pulse offset: 

Intentional time delay: 

Beacon lEA values (microradians) 

Level 1: 

Reading parameters for beaconl2 

Beacon altitude: 

Beacon direction (microradians): 

Outer obscuration; 

Beacon subtense (microradians): 

Tilt removal flag: 

Hartmann sensor: 

WFS stop at DM altitude: 

none 

1000 pulses/second 

0.000 pulse-to-pulse 

intervals 

0.000 milliseconds 

0.000 (x) 

0.000 (y) 

90.000 kilometers 

148.148 

148.148 

1.000 
0.000 

1 
T 

F 

F 

2 
none 

1000 
0.000 

0.000 

0.000 
0.000 

-148.148 

148.148 

1.000 

0.000 
1 
T 

F 

(x) 

(y) 

pulses/second 

pulse-to-pulse 

intervals 

milliseconds 

(x) 

(y) 

90.000 kilometers 

(x) 

(y) 
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Radiometric calculations: 

Servo filter: 

Yaps ¥FS description file; 

Sampling rate: 

Pulse offset: 

Intentional time delay: 

Beacon lEA values (microradians) 

Level 1: 

none 

F 

2 

1000 
0.000 

0.000 

0.000 
0.000 

pulses/second 

pulse-to-pulse 

intervals 

milliseconds 

(z) 
(y) 

Reading parameters for beacon13 

Beacon altitude; 

Beacon direction (microradians): 

Outer obscuration: 

Beacon subtense (microradians); 

Tilt removal flag; 

Hartmann sensor: 

WES stop at DM altitude: 

Radiometric calculations: 

Servo filter: 

Yaps WES description file: 

Sampling rate; 

Pulse offset; 

Intentional time delay; 

Beacon NEA values (microradians) 

Level 1; 

Reading parameters for beaconi4 

Beacon altitude: 

Beacon direction (microradians): 

Outer obscuration; 

Beacon subtense (microradians); 

Tilt removal flag: 

90.000 kilometers 

148.148 

-148.148 

1.000 
0.000 

1 
T 

F 

F 

2 
none 

1000 
0.000 

0.000 

0.000 
0.000 

-148.148 

-148.148 

1.000 

0.000 
1 

(x) 

(y) 

pulses/second 

pulse-to-pulse 

intervals 

milliseconds 

(x) 

(y) 

90.000 kilometers 

(x) 

Cy) 
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Hartmaim sensor: 

¥FS stop at DM altitude: 

Radiometric calculations: 

Servo filter; 

Yaps WFS description file; 

Sampling rate: 

Pulse offset: 

Intentional time delay; 

Beacon lEA values (microradians) 

Level 1: 

Reading parameters for beaconlS 

Beacon altitude: 

Beacon direction (microradians): 

Outer obscuration; 

Beacon subtense (microradians): 

Tilt removal flag; 

Hartmann sensor: 

WFS stop at DM altitude: 

Radiometric calculations; 

Servo filter: 

Yaps WFS description file: 

Sampling rate: 

Pulse offset: 

Intentional time delay: 

Beacon MEA values (microradians) 

Level 1: 

Reading parameters for beaconl6 

Beacon altitude: 

Beacon direction (microradians); 

Outer obscuration: 

none 

T 

F 

F 

2 

1000 
0.000 

0.000 

0.000 
0.000 

none 

0.000 
0.000 
1.000 
0.000 

1 
T 

F 

F 

2 

120 
0.000 

0.000 

0.000 
0.000 

148.148 
148.148 

1.000 

pulses/second 

pulse-to-pulse 

intervals 

milliseconds 

(x) 
(y) 

20.000 kilometers 

(x) 

(y) 

pulses/second 

pulse-to-pulse 

intervals 

milliseconds 

(x) 

(y) 

20.000 kilometers 

(x) 

(y) 
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Beacon subtense (ffiicroradians): 

Tilt removal flag: 

Hairtniami sensor; 

¥FS stop at DM altitude: 

Radiometric calculations: 

Servo filter: 

Yaps ¥FS description file: 

Sampling rate: 

Pulse offset: 

Intentional time delay: 

Beacon NEi values (microradians) 

Level 1: 

none 

0.000 
1 

T 

F 

F 

2 

120 
0.000 

0.000 

0.000 
0.000 

pulses/second 

pulse-to-pulse 

intervals 

milliseconds 

(x) 

(y) 

Reading parameters for beaconl? 

Beacon altitude: 20.000 kilometers 

Beacon direction (microradians): 

Outer obscuration: 

Beacon subtense (microradians): 

Tilt removal flag: 

Hartmann sensor: 

WFS stop at DM altitude: 

Radiometric calculations: 

Servo filter: 

Yaps WFS description file: 

Sampling rate; 

Pulse offset: 

Intentional time delay: 

Beacon lEA values (microradians) 

Level 1: 

-148.148 
148.148 

1.000 
0.000 

1 

T 

F 

F 

2 
none 

120 
0.000 

0.000 

0.000 
0.000 

(x) 

(y) 

pulses/second 

pulse-to-pulse 

intervals 

milliseconds 

(x) 
(y) 

Reading parameters for beaconl8 

Beacon altitude: 

Beacon direction (microradians); 

20.000 

148.148 

kilometers 

(x) 
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Outer obscuration; 

Beacon subtense (microradiaas): 

Tilt removal flag: 

Hartmaim sensor; 

¥FS stop at DM altitude: 

Radiometric calculations: 

Servo filter: 

Yaps WFS description file: 

Sampling rate: 

Pulse offset: 

Intentional time delay: 

Beacon NEA values (microradians) 

Level 1: 

Reading parameters for beaconl9 

Beacon altitude: 

-148.148 

1.000 
0.000 

1 
T 

F 

F 
2 

(y) 

none 

120 
0.000 

0.000 

0,000 
0.000 

pulses/second 

pulse-to-pulse 

intervals 

milliseconds 

(x) 

(y) 

20.000 kilometers 

Beacon direction (microradians); 

Outer obscuration: 

Beacon subtense (microradians): 

Tilt removal flag: 

Hartmann sensor: 

WFS stop at DM altitude: 

Radiometric calculations: 

Servo filter: 

Yaps WFS description file: 

Sampling rate; 

Pulse offset; 

Intentional time delay: 

Beacon NEA values (microradians) 

Level 1: 

-148.148 

-148.148 

1.000 
0.000 

1 
T 

F 

F 

2 
none 

120 
0.000 

0.000 

0.000 
0.000 

(x) 

(y) 

pulses/second 

pulse-to-pulse 

intervals 

milliseconds 

(x) 

(y) 

Reading parameters for beacon20 

Beacon altitude: ********** kilometers 
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Beacon direction (microradians): 

Outer obscuration: 

Beacon subtense (microradians): 

Tilt removal flag: 

Hartmaim sensor: 

¥FS stop at DM altitude: 

Radiometric calculations: 

Servo filter: 

Yaps WFS description file: 

Sampling rate: 

Pulse offset; 

Intentional time delay: 

Beacon NEA values (microradians) 

Level 1: 

none 

0.000 
0.000 
1.000 
0.000 

0 
T 

F 

F 

2 

1000 
0.000 

0.000 

0.000 
0.000 

(x) 

(y) 

pulses/second 

pulse-to-pulse 

intervals 

milliseconds 

(x) 
(y) 

Reading servo bandwidth parameters 

Number of servo filters: 

Go-to adaptive optics flag: 

Input filter functions: 

F 

F 

Closed-loop z-transform servodynamics 

Filter sampling rate: 

Time step Etnd gain coefficient: 10 

Time step and gain coefficient: 10 

126 samples/second 

-0.500 

-0.500 

Reading reconstructor flags 

Minimal variance estimator with closed loop constraints 

Poorly sensed modes supressed 

Minimum slaved modes: 0 

Slaved modes with minimal turbulence variance 

Evaluating atmospheric models 

r_0: 

theta_0: 

f-g: 

0.236 

11.125 

9.953 

meters 

microradians 

Hertz 
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Scaled r_0: 

Scaled tlieta_0: 

rO: 

Turbulence/wind/pseudowind models: 

i li(i) jin wf]a(i) ¥li(i) 

0.235 

11.072 

meters 

fflicroradians 

0.235 meters 

pw(i) 

1 90. .867327 -0. 002875 4. .242730 0, .000000 0. ,000000 

2 1825. .721713 -0. ,131600 4, .244550 0, .000000 0, .000000 

3 2719. ,831705 -0. ,157733 4, ,250313 0, .000000 0, ,000000 

4 4255. .928075 -0. ,156297 4, ,304410 0 .000000 0, .000000 

5 6268. .938706 -0. ,161900 4, .756478 0 .000000 0, .000000 

6 8340, .357458 -0. .227578 6 .318306 0 .000000 0, .000000 

7 10546.428637 -0. ,065744 8, .488049 0, .000000 0, .000000 

8 12375, .493106 -0. .031524 9 .015662 0, .000000 0, .000000 

9 14609, ,649502 -0. 022117 7, .424048 0 .000000 0, .000000 

10 16470, .941062 -0. .006039 5, .561693 0, .000000 0, .000000 

11 17028, .273673 -0, .006593 5. .144629 0 .000000 0, .000000 

Hypergeometric accuracy= 0.3975E-13 

Hjrpergeometric accuracy= 0.5993E-12 

Computing aperture geometry 

Computing dm geometry for mirror number 1 

Number of actuators: 169 

Computing dm geometry for mirror number 2 

Number of actuators: 225 

Computing dm geometry for mirror number 3 

lumber of actuators: 81 

Computing ¥FS geometries 
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lumber of aperture points: 

Total number of actuators: 

Total number of measurements: 

Aperture diameter: 

577 

475 

1502 

23.998 grid point units 

Geometry for WFS number10 

Number of measurements: 

Number of points; 

Number of coefficients: 

266 
493 

2428 

Geometry for WFS numberll 

Number of measurements: 

Number of points: 

lumber of coefficients: 

266 
493 

2428 

Geometry for WFS numberl2 

Mumber of measurements; 

lumber of points: 

lumber of coefficients: 

266 
493 

2428 

Geometry for WFS numberlB 

Number of measurements: 

lumber of points: 

Number of coefficients: 

266 
493 

2428 

Geometry for WFS number14 

Number of measurements: 

Number of points; 

Number of coefficients; 

266 
493 

2428 

Geometry for WFS numberlS 

lumber of measurements: 

Mumber of points: 

Number of coefficients: 

34 

369 

1452 

Geometry for WFS numberlS 

Number of measurements: 

lumber of points: 

Number of coefficients: 

34 

369 

1452 

Geometry for WFS number17 

Number of measurements; 34 
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Number of points: 

lumber of coefficients: 

369 

1452 

Geometry for ¥FS nimberlS 

lumber of measurements: 

Number of points: 

lumber of coefficients: 

34 

369 

1452 

Geometry for ¥FS number19 

lumber of measurements; 

Number of points: 

Number of coefficients: 

34 

369 

1452 

Geometry for ¥FS mMber20 

Number of measurements: 

Number of points: 

Number of coefficients; 

2 
288 
556 

32 truncated eigenvalues in ptpev 

Minimum retained eigenvalue: 

errmx= 4.107825191113079E-015 in evv 

Eigenvalue range in ptpev: 

Truncated eigenvalue in ptpev: 

Truncated eigenvalue in ptpev: 

Truncated eigenvalue in ptpev: 

Truncated eigenvalue in ptpev: 

Truncated eigenvalue in ptpev: 

Truncated eigenvalue in ptpev; 

6 truncated eigenvalues in ptpev 

Minimum retained eigenvalue; 

0.2983E-09 

O.lOOOE+01 
0.2698E-12 

0.8870E-13 

0.6305E-13 

0.1108E-14 

0.9471E-15 
-0.1132E-14 

0.8415E-i-00 

ern!ix= 4.656612873077393E-010 in evv 

Initial gtg matrix eigenvalue range in gmod2: 

0.215683E+06 

-0.1132E-14 

-0.288198E~10 

Truncated 

Truncated 

Truncated 

Truncated 

Truncated 

Truncated 

eigenvalue 

eigenvalue 

eigenvalue 

eigenvalue 

eigenvalue 

eigenvalue 

in gmod2: 

in gmod2: 

in gmod2: 

in gmod2: 

in gmod2: 

in gmod2: 

0.1303E-10 

0.9883E-11 

0.4345E-11 

-0.4729E-11 

-0.8754E-11 

-0.1896E-10 
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Truncated eigenvalue in gmod2; -0.2882E-10 

7 truncated eigenvalues in gmod2 

Turbulence-weighted slaving of uaobservable modes 

gnoll matrix trace= 373.729750428435 

Turbulence variance in G nullspace: 0.183288E-01 

errmx= 1.7433103571828921-013 in ew 

Gnoll matrix eigenvalue range in gniod2: 0.1618E^-03 

Turbulence variance in weakest modes: 0.837855E-03 

ernnx= 2.677552402019501E-009 in evv 

Final gtg matrix eigenvalue range in gmod2: 

0.166941E+07 

Computing covariance pointers 

nx= 430 

ny= 1502 

Computing servodynamic filters 

Filter and noise gain summary 

Block: 1 1 120 2020 

Gain: 0.0000 0.0000 0.0423 

-9 0, .0000 0. .0039 0, .0000 

-8 0. .0000 0, .0078 0. .0000 

-7 0, .0000 0, ,0157 0, .0020 

-6 0 .0000 0, .0314 0. .0049 

-5 0, .0000 0, .0627 0. .0103 

-4 0 .0000 0. .1255 0, .0209 

-3 0 .0000 0, .2510 0, .0420 

-2 0 .0000 0. .5020 0, .0840 

-1 0 .0000 0. .0000 0, .1680 

0 1, .0000 0. ,0000 0, ,3359 

1 0. .0000 0, ,0000 0. ,1680 

2 0, .0000 0. .0000 0. .0840 

3 0. .0000 0. ,0000 0. .0420 

4 0. .0000 0. .0000 0, .0209 

5 0. .0000 0. ,0000 0. .0103 

6 0. .0000 0. 0000 0. .0049 

7 0, .0000 0. ,0000 0. .0020 

0.1197E-03 

0.170709E-09 
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Evaluating noise case number 1 

erniix= 1.897787482718627E-015 in evv 

Maximum eigenvalue in pseudin¥= 0.i471E+01 

Minimuin retained eigenvaliie= 0.3403E-08 

erriiix= 4.023313522338867E-007 in ew 

Maximim eigenvalue in pseudinv= 0.3512E+09 

Truncated eigenvalue: 0.1178E-06 

Minimum retained eigenvalue= 0.2255E+01 

Reducing DM actuator command subspace 

errnix= 9.992007221626409E-016 in ew 

Eigenvalue sum; -0.101242E-J-01 

legative eigenvalue sum: -0.104155E+01 

Corrected modes: 333 

Checking constraint on estimator 

Ratio= 0.1290E-09 

Open-loop performance evaluation 

System evaluation for jitter level 1 

ernnx= 2.131628207280301E-014 in ew 

Tilt included phase variance: 376.599 

Tilt included strehl ratio: 

0.007810 at 1.250 microns (tisr) 

0.014285 at 1.650 microns (tisr) 

0.027159 at 2.200 microns (tisr) 

Tilt removed phase variance: 48.045 

Tilt removed strehl ratio: 

0.016732 at 1.250 microns (trsr) 

0.046493 at 1.650 microns (trsr) 

0.131198 at 2.200 microns (trsr) 

Hormalized RMS tilt: 8.067 8.067 8.067 

Evaluating field point number 1 

Direction: O.OOOE-i-00 O.OOOE+00 microradians 

Final evaluation 

System evaluation for jitter level 1 

errmx;= 2.131628207280301E-014 in ew 

Tilt included phase variance: 

Tilt included strehl ratio: 

0.614061 at 1.250 microns (tisr) 

3.002 
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0,755812 at 1.650 microns (tisr) 

0.854197 at 2.200 microns (tisr) 

Tilt removed phase variance; 2.770 

Tilt removed strehl ratio: 

0.637036 at 1.250 microns (trsr) 

0.771987 at 1.650 microns (trsr) 

0.864461 at 2.200 microns (trsr) 

Normalized RMS tilt: 0.214 0.214 0.214 

Evaluating field point number 2 

Direction: 0.148E+03 O.OOOE+00 microradians 

Final evaluation 

System evaluation for jitter level 1 

errmx= 2.13162820728030iE-014 in ew 

Tilt included phase variance: 5.163 

Tilt included strehl ratio; 

0.441665 at 1.250 microns (tisr) 

0.623462 at 1.650 microns (tisr) 

0.765646 at 2.200 microns (tisr) 

Tilt removed phase variance: 4.341 

Tilt removed strehl ratio: 

0.499148 at 1.250 microns (trsr) 

0.670268 at 1.650 microns (trsr) 

0.798054 at 2.200 microns (trsr) 

Normalized RMS tilt: 0.463 0.333 0.403 

Evaluating field point number 6 

Direction: 0.148E+03 0.148E+03 microradians 

Final evaluation 

System evaluation for jitter level 1 

errmx= 2.131528207280301E-014 in ew 

Tilt inclMed phase variance: 6.496 

Tilt included strehl ratio: 

0.366126 at 1.250 microns (tisr) 

0.557025 at 1.650 microns (tisr) 

0.717413 at 2.200 microns (tisr) 

Tilt removed phase variance: 5.060 

Tilt removed strehl ratio: 

0.449394 at 1.250 microns (trsr) 

0.630071 at 1.650 microns (trsr) 
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0.770449 at 2.200 microns Ctrsr) 

Hormalized RMS tilt; 0.533 0.533 0.533 

Tilt included average variance; 4.216 

Tilt removed average variance: 3.627 

Tilt included variance reduction: 372.384 

Tilt removed variance reduction: 44.418 

IDL results: 
xdir = [ 0.000,$ 

30.546 J 

30.546] 

ydir = [ 0.000,$ 

0.000,$ 

30.546] 

si = [ 0.614061,$ 

0.441665,$ 

0.366126] 

s2 = [ 0.755812,$ 

0.623462,$ 

0.557025] 

s3 = [ 0.854197,$ 

0.765646,$ 

0.717413] 
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A.4 Modifications Made to LACE 

Most of the modifications made to LACE were discussed in Chapter 4. Some will be 

reiterated here, with additional detail that is unique to the LACE program. First, 

LACE in its original configuration did not account for multiple evaluation directions 

at different altitudes, only at single altitudes. A new subroutine was written called 

altevi.r to account for this. The information passed to altevl.r includes: h, the 

height of the profile calculated in the subroutine wfhmk; wfh, the values at 

the different altitudes Ixom wfhmk; nh, the number of altitudes in the turbulence 

profile; hb, the evaluation/beacon altitudes; ievl, the evaluation direction number 

from the loop the subroutine is called from; the blk matrix used to calculate the 

covariance matrix and is called wrk in this subroutine; ni and nj, the number of 

points in the aperture plane for the beacon or evaluation direction. Equation (A.l) 

reducing to equation (A.2) describes the average of the difference squared of two 

phase points in the aperture. H is the evaluation altitude and Vi and r2 are the two 

points in the aperture. This can also be written with the limits on the integral from 

0 to Ho, the focus altitude. If these two equations are divided, the terms outside 

the integral cancel out and the result is equation (A.3). This is what is produced 

by the subroutine altevl.r and stored in the matrix variable wrk. Therefore, the blk 

matrix or covariance matrix is scaled by equation (A.3) to account for the evaluation 

directions at the different altitudes. 

(A.l) 

(A.2) 
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S fdhCi ih ) ,  „ , 
C dhCl(h) 

The call to the subroutine altevl.r occurred in the main iace.r code in the compute 

estimate/estimate term of the covariance matrix section. The call was put in right 

after the call to getblk, which retrieves the blk matrix that is performed in the 

closed loop evaluation section. This call, and the rest of the code in this section, 

cycle through the number of evaluations. Therefore, the covaxiance matrix for each 

evaluation altitude can be correctly calculated. To verify that the modifications 

worked, a large number for the noise was entered. For this case the closed loop 

should look like the open loop results, which it did. For the different altitudes, the 

mean square phase error in the output was examined and made sure it scaled by 

equation (A.3). 

More will be said abotrt the subroutine wfhmk at this time. This subroutine 

evaluates the turbulence and wind models. It calls mkwind, which generates an 

array of wind velocities at altitudes about the site. The mkwind subdirectory makes 

use of the variable iwind, the wind model, which is an input variable and printed 

in the otitput. The last digit of the wind model variable indicates what type of 

wind model will be used. 0 is for no wind, 1 is for SOR seasonal wind models (with 

an additional variable for spring, summer, winter, or fall), 3 is for a Bufton wind 

profile [72], and 4 is for a measured wind profile. The output of this subroutine is 

shown in the output file imder the turbulence, wind, pseudowind models heading. 

All the wind models used in this dissertation were of type 3; Bufton wind profile. 

LACE, in it's original configuration, also did not account for any de-focus of 

the beam. This de-focus term was needed because the beacon will be at a finite 

altitude, and the evaluation direction will be at an altitude other than the beacon 

H n — h  

Ho 
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altitude. LACE originally assiuned that the beam was being re-foaised at the 

evahiation direction, and did not have a focus shift. Equations (A.4) to (A.6) were 

used to determine tMs focus shift. The square root terms are approximated in 

equation (A.4) by using the binomial theorem and taking the first two terms. This 

results in equation (A.5) which then reduces to equation (A.6). The final equation 

represents the de-focus term which is applied to each grid point. Ri and i?2 represent 

the ranges, where one is the focus range, and r is the radius in the phase profile. 

-  R2-y^  (A.4) 

Rj — R2 — 
1 

Ri l  1  +  7:  
2 \R i  - f -2 V «2 

(A.5) 

1 2 
2^ 

1 

Wi 
(A.6) 

Therefore, when the input files were set up to determine the OTP's at the dif

ferent altitudes, 11 evaluation directions were set up, with the focus altitude always 

first. The remaining evaluation altitudes that were NOT at the focus altitude were 

entered in 10 m increments and tagged with the word "quad". This told the code 

to calculate the de-focus for this altitude. The focus altitude was needed in each set 

to determine the correct focus shift for each evahiation altitude. The result was 401 

OTP's for a 4000 m range-gate. This was done in sets of 10 out of focus altitudes 

due to limitations on the available computers. The input file also included a Ray-

leigh beacon at whatever the focus altitude was and a natural beacon for tip/tilt 

correction. These resulting subaperture OTP's have the de-focus or elongation term 
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accounted for, which is then read into the MATLAB scripts and processed. The 

MATLAB scripts are described in the following appendix (B). 

A small, final modification to LACE was in the mkotf.r subroutine. This was to 

rewrite the output of the 2D OTF such that it was easier for MATLAB to read in. 
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APPENDIX B 

MATLAB SCRIPTS 

The main MATLAB scripts written for this research are shown in this appendix. 

They include, rangegate_sub, signal, illum_sub, defocus_sub, theta_sub, calcotfl2, 

and sample input file RGinput_otfl5-6. The first two sections of the outline from 

Chapter 4, section 4.4 are shown which describe the procedure used to determine 

the optimum range-gate, noise, optimum BW and laser power. The portion of 

the outline shown also indicates their relation to the appropriate code, shown in 

parenthesis. 

There is one additional code, rangegate_sub_12, that is virtually identical to 

rangegate_sub. The difi^erence is that it calls paralx_sub to determine the de-focus 

effects for the 12 x 12 subaperture cases, which were already accounted for in the 

4x4 and 6x6 subaperture cases. 

1. Calculate Optical Transfer function 

(a) OTF's calculated for the 4x4 and 6x6 subapertures cases for altitudes 

of 10, 15, and 20 km were calculated using LACE 

(b) OTF's calculated for the 12 x 12 subaperture cases for altitudes of 10, 15, 

and 20 km used Fried's short exposure equations. The matrices in LACE 
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were to large for the available computer to handle, in order to obtain the 

required resolution. (caicotfl2.ni) 

2. Determine the optimum range-gate based on the minimum noise equivalent 

angle (NEA) or <Je foi" different laser energies. (rangegate_sub.m) 

(a) Read in OTP's for the appropriate case being investigated. 

(b) Calculate signal for each range-gate increment from 10 to 100 m. (sub

routine signal.m). 

i. Multiply signal by the OTF at the corresponding range-gate incre

ment. 

ii. Sum these increments through out the gate. 

iii. Add up signal, resulting in total signal throughout the gate. 

(c) Calculate additional OTP's and multiply together. 

i. Gaussian laser beam OTF 

ii. Upward atmospheric transmission OTF 

iii. Detector OTF 

iv. Lenslet OTF 

V. Pixel OTF 

(d) Multiply the summed OTF's from 2(b)ii by the OTF's from 2(c)i through 

2(c)v and divide by the total signal 2(b)iii. 

(e) Integrate over the total OTF resulting in Ob , the subapertiire blur, (sub-

aperture thetab_siib.m) 

(f) Take the rms of the blur, calculate the SNR, resulting in the NEA (erg). 

(g) Plot ae vs. the range-gate. (RGinput_OTF'alt'_'subnum', where alt is 

the altitude and subniim is the number of subapertiires.) 
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i. Repeat for several laser energies and plot. 

ii. A minirmiTn range-gate will be obvious for the different laser energies 

plotted. 
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B.l Range-Gate 
function [rgstruct] = rangegate_sub(saTCniii5sa¥edir,filelist, 

rgoffset,nfile,foc) 

% raiigegate_sub(savenm,savedirsfilelist.rgoffsetjiifile) 

7o This is the main script that reads in tbe OTF data and calls 

7o subroutines signal 5illtim_sub5 pau:alx_sub (for 12 x 12 subaperture 

% cases), and tlietab_siib calculate the subaperture blur, rms blur, 

% and the lEA as range-gate varies. 

7J The WA is plotted as a function of range-gate, to determine 
*/, the optimum range-gate, 

'/„ The variables are listed in alphabetical order in three sets. 

X They ar the input, output, and additional variables used in 

% the script. 

% 

I 
7, Input variables 

% savenin: lame of file to store data 

7» savedir: Directory where data will be saved 

7« filelist: File list holds the list of the following input 

% Vcuriables. 

7B filelist.rgcomp.fnotf: File name variables are stored in. 

7» filelist.rgcomp.Diam: Diameter of the telescope in meters. 

% filelist.rgcomp.lambda: Laser wavelength in m. 

°L filelist.rgcomp.fh: Focused height of the laser in meters 

I (10 - 20 km). 

% filelist.rgcomp.subnum: Number of subapertures. 

% filelist.rgcomp.Plas: Power of the laser pulse in joules. 

7o filelist.rgcomp.samp: Repetition rate of the laser or ¥FS 

7» sampling rate. 

% filelist.rgcomp.BQ: Beam quality of the laser 

X filelist.rgcomp.dBO: Diameter of the best-fit gaussian 

% filelist.rgcomp.Dlaunch: Diameter of the launch telescope 

% filelist.rgcomp.rg: Actual height of the range-gate. 

% rgoffset; Flag to determine if the range-gate is symmetric (0) 

% or not symmetric (1). 

% nfile; lumber of files to process. 

I 
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% Output variables stored in rgstruct 

% rgstruct.PDE: lumber of photo detection e¥ents returned 

% from the gate. 

% rgstruct.snr: Signal to loise with given read noise. 

7» rgstruct.mag: Visual magnitude of the artificial star. 

% rgstruct.Tb: Blur for each subaperture, 

% rgstruct.Tbavg: Average blur over the entire aperture. 

"L rgstruct.sigma_Tb: Blur over entire aperture divided by SIR. 

'/o Additional variables used in script in alphabetical order 

% altord: Vector to store the altitudes in ascending order. 

% alttag: Vector to store altitudes in order to retrieve the 

% correct altitude with the correct DTF in the correct 

7o order. 

% alttot: Vector to store all altitudes to order them from 

y, lowest to highest. 

"k apix: Angular pixel subtense in arcsec. 

% Asub: Area of subaperture. 

% BQ: Beam Quality. 

X c: Speed of light. 

% cols: lumber of columns in otfdata. 

% db: Full-width, l/e"2 maiximum of the beam. 

% dbO: Diameter of the best-fit Gaussian. 

% Defocus_OTF: Variable returned from paralx_sub that holds 

% the information on the defocus for each subaperture. 

% Only applies to the 12 x 12 subaperture case. 

% dif: Increment for range-gate. 

% ilium: Vairiable returned from subroutine illum_sub that 

% Hold information on which subapertures are illuminated. 

7» inc; Increment for trapz integration. 

% indl: Index of lowest altitude. 

% ind2: Index of highest altitude. 

% kap: Angular spatial frequency variable. 

% kapx: Angular spatial frequency in x. 

y, kapy: Angular spatial frequency in y. 

% ne: Mumber of read noise electrons. 

7. notfindx: Counter for the number of otf datasets processed. 

% Nphot: lumber of photons at the range in the gate, not 

% including transmission of optical components, QE 

% of detector and number of background noise 

% photoelectrons. 

y, Iphottot: Total number of photons in the range-gate. 
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oindx: number of chunks of data in otfdata. 

OTF: Final OTF for the entire pupil after all multiplied 

together. 

otfdata; temporary file to hold the otf data for the correct 

altitude. 

otffid: holds the correct index for the otf data set of the 

altitude in question. 

otfindx: holds the correct number for the chunk of otf data 

desired in the correct data set. 

otfdatapar; OTF with parallax included for each subapertures. 

OTFdet: OTF of the square tophat detector response. 

OTFlas: OTF for an ideal, untruncated Gaussian laser beam. 

OTFlen: OTF of the lenslet array, approximated by a 

Gaussian transfer function. 

OTFrec: OTF of the atmospheric turbulence^ that has been 

corrected for parallax, and signal returned from 

the range-gate. 

OTFtran: OTF of the atmospheric turbulence in the transmit 

path. 

paralx_sub: subroutine to determine the parallax on each 

subaperture. 

depending on their location in the aperture, 

pi: value of pi. 

planck: Planck's constant. 

read: Flag to read in atmospheric data in signal subroutine, 

rows: number of rows in otfdata. 

sig: signal returned function signal used to calculate 

signal returned from specified range-gate. 

siglen: standard deviation of the Gaussian blur expressed 

as a fraction of the diffraction angle (lambda/dsub) 

signal: Subroutine to calculate the signal. 

sigpix: Standard deviation of the Gaussian expressed as a 

function of the angular pixel subtense apix. 

sigtot: ToOotal signal returned from range-gate. 

sigotf: Signal where OTF is corrected for parallax, 

tl: number of data sets stored in alttag. 

t2: number of chunks of data in each data set stored 

in alttag, 

thetab: Subroutine to calculate the blur size for each 

subaperture. 

wp: Angular pixel width in the ¥FS camera in arcsec 



7s initialize rgstruct 
rgstruct.PDE = [] ; 

rgstruct.snr = []; 

rgstruct.Tb_sub = []; 

rgstruct .sigiiia„Tbsub = []; 

rgstruct .Tb_nns = []; 

rgstruct .si^a_Tb = []; 

rgstruct .Tb_sub„inig = []; 

arcsec = (2 * pi)/(360 *60 * 60); 

Zprint out the name of the file for verification 

savenm_rg - savem; 

y. Assign values to the veiriables. 

D = filelist,rgcomp(nfile).Diam; 

DL = filelist.rgcomp(nfile).Dlaunch; 

h = filelist.rgcompCnfile).fh; 

lambdalas = filelist.rgcomp(nfile).lambda; 

subnum = filelist.rgcomp(nfile).subnum; 

subn = sqrt(subnum); 

Plas = filelist.rgcompCnfile).Plas; 

BQ = filelist.rgcompCnfile).BQ; 

dBO = filelist.rgcompCnfile).dBO; 

siglen = filelist.rgcompCnfile).siglen; 

sigpix = filelist.rgcomp(nfile).sigpix; 

apix= filelist.rgcompCnfile).apix; 

wp = filelist.rgcompCnfile).¥p/arcsec; % convert to arcsec 

datafile = filelist.rgcompCnfile).datafile; 
if foe == 0 

fnotf = strcatCdatafile,'in-data\','OTF',nuffl2strCfilelist 

rgcompCnfile) .fnotf),num2strCsubii)) 

else 

fnotf = strcat (dataf ile J'in-data\^ J'0TF\num2str (filelist 

rgcompCnfile) .fnotf) ,nuia2strCsubn) 

end 

dsub = D/sqrt(subnum); 

ilium = zeros(subnum); 

7B For s3riBmetric range gates. 
if rgoffset == 0 

rl = h - filelist.rgcompCnfile).rg/2; 



252 

r2 ~ h. + filelist.rgcompCnfiie) .rg/2; 
end 

X For non symmetric range gates. 
if rgoffset == 1 

rl = filelist.rgcomp(nfile).rg(l); 

r2 = filelist.rgcomp(nfile).rg(2); 

end 

% constants 
inc = 1; 

pi = 3.141592654; 

Asub = pi * ((D/sqrt(subnimi))/2)''2; 

c = 3e8; % speed of light in in/sec''2 

planck = 6.626e-34; % planck's constant in J s 

rO = 0.235; % rO for average seeing in meters 

% load otf ¥ar 

loaddnotf ); 

% Locate indexes for location of correct lowest and highest altitude, 
for j = l:max(size(alttot)) 

if alttot(order(j)) == rl 

indl = j; 

elseif alttot(order(j)) == r2 

ind2 = j; 

end 

end 

% Determine the increment 

% following lines. These 

7, they type of run. Rnns 

% larger increments. 

difrg = abs(rl - r2); 

if difrg <= 4000 

dif = 1 * abs(altord(l) - altord(2)); 

elseif difrg > 4000 k difrg < 6000 

dif = 2 * (absCaltordCl) - altord(2))); 

else 

dif = 5 * (abs(altord(l) - altord(2))); 

end 

for the range-gate in the 

will change depending on 

with larger range-gates sill require 



253 

notfindx = 0; 

w = indl; 

for i = ri:dif:r2 

Eotfindx = notfindx + i; 

% find correct index for corresponding otf to altitude 
for j = l;tl; 

for k = 2:t2; 

if alttag(jjkjOrderC®)) == i 

otffld = j; % wliicli data file 

otfindx = k; X which chunk 

break 

end 

end 

end 
¥ = w + 1; 
e¥al(['otfdata =' strcatC'otf',num2str(otffld)) / ;']); 

eval(['otfdatas =' strcatCotfs',mjiii2str(otffld)); 

[rows,cols,nChunks] = size(otfdata); 

[rows,colSjnChunks,subGhunks] = size(otfdatas); 

"!, Determine which subapertures are illumated. 

[ilium] = illuin_sub(h,ijD,subnuia); 

°/o Re-write to match the rest of the code 

for m = l:subnum 

otf_par_sub(:,:,notfindx.m) = otfdatas(:,:,otfindx,m); 

end 

end 

7e Calculation of the signal S ,  by calling the subroutine signal, 

% which is a function of the scattering in the atmosphere^ for 

% different altitudes. Determine the signal at different altitudes 

7, and multiply by OTF at that altitude. 

Sum this multiplication up over the range-gate. 

sigtot = 0; 

sigotf = 0; 

Nphottot = 0; 
y = 0; 

read =1; % Tells signal to read in the atmospheric data. 
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for i = rl;dif:r2 
y = y + 1; 

[sigjipliot] = signal(i,Plas,Asiibjlambdalas,dif jTead) ; 

sigtot = sigtot + sig; 

Nphottot = Mphottot + Iphot; 

for j = l:sub]ium 

sigotf_STib(:,; ,y, j) = sig .* otf_par_sub(:,: j) ] 

end 

X Sum up the rms values for each altitude 

% OTFrec = DTFrec + sqrt(sigotf/subchunks); 

read =0; % Tells signal act to read in atmospheric data 

% but to just read in variables. 

7» Saves time on subsequent runs. 

end 

% Sum up the illuminated subaperturs OTF's throughout the range-gate, 

intsub = zerosCrowSsCols.notfindXjSubmim): 

for i = l:notfindx 

for j = l:subnum 

if illiim(j) == 1 
intsubC:,;,i,j) = sigotf_sub(:,:,i,j); 

end 

end 

end 

intsum = sum(intsub,3); 

% convert to indexing for subapertures 

for z = l:submi3ii 

otf_sub_tot(:,:,z) = intsum(;,:^1,z); 

end 

X Calculate the OTP's for the outgoing laser, the uplink 
% turbulence, the detector,the lenslets and pixels. 

nkap = size(otf„sub_tot,1); % size in the first dimension 

kapmax = dsub/lambdalas; 

dkap = 2 * (dsub/lambdalas)/(nkap -1); 7» nkap - 1, for bins, 

7o not actuator points 
kapx = dkap * (-(nkap-l)/2:(nkap-l)/2); 
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kapx = ones(akapJ1) * kapx; 

kapy = kapx'; '/. transpose of kapx 

kapx_lam = kapx * lambdalas; 

kapy_lam = kapy * lambdalas; 

sqx = kapx .' 2; 

sqy = kapy 2; 
kap = sqrt(sqx + sqy); 

db = dBO/BQ; 

for i = l:nkap 

for j = l:nkap 

if kapdsj) <= (DL/lambdalas) 

tempCi,j) = kapCi,j); 

else 
temp(i,j) = 0; 

end 

end 

end 

kap= temp; 

kap.lam = kap * lambdalas; 

% Outgoing laser - gaussian beam 

OTFlas = exp(-2 * ((kap_laiii/db) . ~2)) ; 

Otf for upward transmission 

OTFtran = exp(-3.44 * (DL/rO)"(5/3) * ((kap_lam/DL).^(5/3) 

.* (1 - (kap_lam/DL).''(l/3)))); 

7, OTF for lenslets and pixels 

OTFlen = exp(-2 * pi'"2 * (kap_lam * siglen/dsub). "2); 

OTFpix = exp(-2 * pi'"2 * (kap * apix * sigpix). "2); 

% get rid of tlie kapx and kapy ¥alues that are zero 

for i = Irnkap 

for j = l:nkap 

if kapxdsj) == 0 

kapx(isj) = 0.001; 

end 
if kapy(i,j) == 0 

kapy(i,j) = 0.001; 
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end 

end 

end 

detx = sin(pi * wp * kapx) ./ 

nkapc = (nkap + l)/2; 

detx(:,nkapc) = wp; 

dety = sin(pi * wp * kapy) ./ 

dety(nkapc,:) = wp; 

OTFdet = detx .* dety; 

% Calculate the final OTF for 

% by the OTP's describing the 

OTFint = OTFlas .* DTFtran .* 

for s = l:subnian 

OTF_STib(: J: ,s) = (otf_sub, 

end 

(pi * kapx); 

(pi * kapy); 

each subaperture by multiplying 

system and atmosphere 

OTFlen ,* DTFpix .* OTFdet; 

.tot(;s:sS) .* OTFint) / sigtot; 

yBcalculate the blur for each subaperture by calling 
7oSubroutine thetab 
[Tb_siib,Tb_rms] = thetab_siib(subniim,OTF_sub,ilium); 
Tb = Tb_rms; 

'/» Calculate SNR with read noise (ne) = 3 
ne = 3; 

snr = Nphottot/sqrt(Nphottot + 4 * ne"2); 

% Calculate sigma of thetaB for each subaperture and then for 

X the entire aperture 

for i = l:subnum 
if illum(i) == 1 

sigma_Tbsub(i) = Tb_STib(i)/snr; 

end 

end 

sigma_Tb = (Tb_rms/snr); 

y, first take out atmospheric effect (Ta) 

7, to effectively be at the top of the atmosphere 
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Talt = str2Biim(fnotf (53:54)); 
if Talt == 10 

Nphottot = Mphottot/0.94; 

elseif Talt == 15 

Nphottot = Iphottot/0.93; 

elseif Talt == 20 

Nphottot = Nphottot/0.92; 

end 

rgstruct.PDE = Iphottot; 

rgstruct.snr = snr; 

rgstmct. Tb_sub = Tb_siib; 

rgstruct. si^a_Tbsub = sigma_Tbsub; 

rgstmct. Tb_ms = Tb„rms; 

rgstruct.sigma_Tb = sigma_Tb; 

rgstruct.Tb_sub_img = Tb_sub_inig; 

% Save all the variables 

save (saveBm_rg,'rgstruct') 
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B.2 Signal 
function [sig.Iphot] = signal(rsPlaSjAsubjlambdajdelr^read) 

% This function is used to calculate the amount of signal in Watts, 

7o Joules or Photons for a given laser power. It reads in atmospheric 

7» information generated from PLEXUS to calculate the Rayleigh 

7o backscatter and Rayleigh volume Scattering coefficients. 

% These are needed to calculate the returned signal using a 

7. modified version of the LIDAR equation. 

% Csig.sigma^beta] = signal(r); 

% 
7, Returns: 

% sig: Signal at altitude r in photons 

7o Iphot: lumber of photons returned to the telescope 

7» pupil without optical losses in the path to 

% the detector (same as sig). 

7. 
"k Inputs; 

% r: altitude in the range-gate in m 

X Plas: Power of the laser in ¥ 

% Asub: Area of a subaperture in m (calculated in rangegate) 

y, lambda; wavelength of laser in m 

% delr: increment in range-gate in m 

% read: switch to indicate when to read in atmospheric data, 

% this will speed up run time by eliminating reading 

% in the data each time. 

7. 1 = read in atmospheric data 

7s 0 = read in atmospheric variables 

7o (data already read in) 

7. beta: Rayleigh volume scattering coefficient 

7, index; refractive index at a given altitude 

% indexs: refractive index for standard T and P 

% indexsl: From Hardy's book, result of Edlin's formula -

% refractivity of dry air at standard T and P 

7. indexalt: refractive index at a given altitude 

% rhos; Density in kg/m"3 for standard T and P 

% Sigma: angular scattering cross section 



259 

lambda = lambda/le-6; 

rhos = 1.225; 

I 
pi = 3.141592654; 
c = 3e8; 

plaBck = 6.626e-34; 
E = Plas; 

\ units in micro m 

7, units of kg/iii"3: value from Optics of the 

itmosphere by McCartney 

% speed of light in in/sec''2 

% planck^s constant in J s 

% laser energy in Watts 

X Only need to read in this data once and process it, then store in 

X file to read in variables for subsequent runs. 

atmosdir = ('C:\DeLaRTie\DissertatiDn\matlab-pM\RG-study\data 

\atmos\'); 

Plxl = strcat(atmosdir,'plexusTPp.txt'); % Temp, Pressure & Density 

Plx2 = strcat(atmosdir,'plextrans.txt*); % Atmospheric transmission 

% data 

if read == 1 

% Read in Temp, Pressure, density and number density 

X from PLEXUS output which was run for Mauna Kea. 

7, Interpolation at 10 m increments between given altitudes 

7J was done in EXCEL to give more the flexibility. 

load(Plxl); 

7, read in transmittance coefficients from PLEXUS/FASCDDE3 file, 

7, run for Mauna Kea. 

load(Plx2); 

alt = plexusTPpC:,1); ^altitude above sea level starting at alt 

%of Mauna Kea 

P = plexusTPpC:,2); ^Pressure in atm above sea level 

T = plexusTPp(:,3); XTemperature in k above sea level 

rho = plexusTPpC: ,4); 7J)eiisity calculated from P and T in excel 

7oin kg/m"3 

10 = plexusTPpC:,5); yjfumber density for molecular oxygen in 

Xcm^C-S) above sea level 

altt = plextransC:, 1) ;7.altitude above sea level starting at 

^altitude of Mauna Kea 

tau = plextransC: ,2); Xtramsmission above I4aiuia Kea in 10 m 

7,increments 
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7» convert altitudes from plexusTPp.txt file from km to m. 

for j = l:length(alt) 

alt(j) = altCj) * 1000; 

altt(j) = altt(j) + 1000; 

end 

7t make sure that alt and altt have integer mimbers for 

% the altitude 

for k = l:length(alt) 

alt(k) = round(alt(k)); 

altt(k) = round(altt(k)); 

end 

% From Hardy's book pg 82 - Edlin's formula for standard index 

I H = (n-l)xl0e6 

indexsl = 8.34213e-5 (2.40603e-2/(130 - lambda~-2)) + 

(1.5997e-4/(38.9 - lambda"-2)); 

indexs = indexsl + 1; 

for i = l:length(alt) 

indexalt(i) = indexsl * rho(i)/rh,os; % Can convert index 

% to correct via 

% assumption of 

^isothermal atmosphere 
index(i) = indexalt(i) + 1; 

sigma(i) = (pi"2 * ((index(i)"2-1)"2))/((lambda * le-4)"4 

* (10(i)-2)); 

beta(i) = sigma(i) * IO(i); 

end 

save atmosvar alt sigma beta betal tau 

else 

load('atmosvar'); 

"L adjust altitude to match above Mauna Kea 
rmk = r + 4200; 

rmk == round (rmk=i'1000)/1000; 

for y = l:length(alt) 



if mk == alt(y) 

s = sigma(y); 

b = beta(y); 

trans = tauCy); 

end 

end 

X attenuation can be written as traas^Q — 

% trans~2 = exp(-2 * integral of 0 to r of attenuation) 

% Found in Measures Book Ch 7 pg 240, calculates the signal 

7, level at the telescope (subaperture) entrance. 

% convert isub from m to cm, r from m to cm, and delr 

% from m to cm. 

% Convert E in ¥ to photons 

sig =(E * lambda * le-6)/(planck * c) * (Asub * le4) * 

(delr * 100)/(4 * pi * (r * 100)"2) * b * trans"2; 

Iphct = sig; Xsignal in photons 

save sigvar sig Nphot 
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B.3 Illumination 
function [illum_sub] = ilium(hsrjD.submjm) 

'/o This function determines which subapertures are 

'/o illuminated. 

% Input vairiables 

% h: focus altitude of the beacon 10, 15 or 20 km 

7a r: altitude in the range-gate 

"L D: diameter of telescope in m 

7s subnum: number of subapertures 

7, Output variables 

7# ilium: holds information on whether a subaperture 

7. illuminated, mostly illuminated or not illuminated 

7» will have to convert the grid points to units of meters 

sub = sqrt(submffli); 

subfact = D/sub; 

z2 = sub/2 - 0.5; 

7i May need to change the percent variable to match the 
7, subapertures that you are working with. 
perc = 0.1; 
s = 0; 

for k = l;sub 

for j = 1:sub 

rsq(k,j) = (sqrt(((k-l) - z2)"2 + ((j-1) - z2)~2)) * subfact; 

if rsqCkjj) > D/2 
dif = rsq(k,j) - D/2; 

if dif > (subfact/2 + (perc * subfact/2)) 

illtm_i(k,j) =0; % subaperture is partially 

% illuminated or not 

else 7» illuminated at all 

I at all. 

% sub: 

% rsq: 

I 

The number of subapertures across the mirror 

square root of the radius from the center of the 

mirror to the center of the subaperture 
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illuiri_i(k, j) = 1; 

end 

else 

illiim_i(k,j) = 1; 

end 
s = s + 1; 

illiiin(s) = illuiii_i(k, j) ; 

end 

end 

% subapertTire is mostly 

7e illuminated 

% subaperture fully 

7. illiminated 
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B.4 De-Focus 
function [DGfocus_DTF,illtiai] = 

paralx_sub (H, r jD, submim^ lambdalas .nkap) 

This function determines the amount of de-focus or elongation 

for each subaperture. It also determines which subapertures are 

illuminated. This subroutiiie is only used for the 12 X 12 

subaperture case. It is called from the rangegate_sub_12 version. 

Input variables 

H: focus altitude of the beacon 

r: altitude in the range-gate 

D: diameter of telescope in m 

subnum: number of subapertures 

lambdalas: laser wa¥elengtli 

nkap: array size: number of rows and columns 

Output variables 

Defocus_OTF: amomit of defocus per subapertures after 

taking into account kappa * lambdalas 

ilium: holds information on whether a subaperture is mostly 

illuminated or not. 

Additional variables 

sub: the number of subapertures across the mirror 

rsq: square root of the radius from the center of the 

mirror to the center of the subaperture 

defocus_sub: the amount of defocus per subaperture 

kap: angular spatial frequency variable 

kapx; angular spatial frequency in x 

kapy: angular spatial frequency in y 

7, will have to convert the grid points to units of meters 
sub = sqrt(subnum); 

dsub= D/sub; 

alpha.int = zeros(sub,sub); 

z2 = sub/2 - 0.5; 

Defocus_OTF = zeros(nkap,nkap,subnum); 

kapmax = dsub/lambdalas; '/, resolution limit for each subap 
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7s akap - for bins, not actuator points 

dkap = 2 * (dsnb/lambdalas)/(nkap - 1); 

kapx = dkap * (-(nkap-l)/2: (iikap-l)/2); 

kapx = ones(nkap,l) * kapx; 

kapy = kapx'; transpose of kapx 

kapx_laiE = kapx * lambdalas; 

kapy.lam = kapy * lambdalas; 

sqx = kapx ." 2; 

sqy = kapy 2; 

kap = sqrtCsqx + sqy); 

kap_lam = kap * lambdalas; 

% May need to change the percent ¥ariable to match the 

% subapertures that you are working with. 
perc =0.1; 
s = 0; 

delta = abs(H-r); 

for k = 1:sub 

for j = l:siib 

rsq(k,j) = (sqrt(((k-l) - z2)''2 + ((j-1) - z2)"2)) » dsub; 

if rsq(k,j) > D/2 

dif = rsq(k,j) - D/2; 

if dif > (dsiib/2 + (perc * dsub/2)) 

illum_i(kjj) =0; % subaperttire is partially 

% illuminated or not 

else % illuminated at all 

illum_i(k,j) =1; X subaperture is mostly 

7. illiminated 

end 

else 

7, subaperture fully illuminated 

illum_i(k,j) = 1; 

end 

7. From the definition of defocus 

defocusl(s) = delta/(8 * lambdalas * {H/(2 *rsq(k,j)))~2); 

s = s + 1; 

Defocus_OTFl(i,j,m) = kap_lam(i,j) * defocusl(m); 

illum(s) = illum_i(kjj); 

end 

end 
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for m = Irsubntus 

for i= l:nkap 

for j = l:nkap 

if kap(i,j) <= kapmax 

Defocus.OTFCi, j ,in) = kap.lamCi, j) * defocus„sub(m); 

end 

end 

end 

end 
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B.5 Ob 

function [Tb_subjTb_ms] = tlietab(sTibnum,OTF_siib,ilium) 

7» Tliis subroutine calculates the subaperture blur, thetabj 

% for each subaperture and the rms blur. It sends this information 

% back to the main program where the NEl is calculated and plotted. 

% Input variables 

% subnunt = number of subapertures 

7o OTF_sub = final OTF for each subaperture 

% ilium = list of I'a and O's indicating which subapertures 

7o axe illuminated or not 

% Integrate over each, subaperture 

for i = l:subnuia 

int = trapz(trapz(real(DTF_siib(:,: ji)))); 
if int == 0 

Tb_subCi) = 0; 

else 

Tb_sub(i) = 1/(4 * int); 

end 

end 

% Take the rms of thetaB for all the subapertures. 

% Check to make sure the subaperture is illuminated before 

% including 

% it in the rms calculation 
rms = 0; 

cnt = 0; 

for j = l:subnian; 
if illum(j) == 1 

cnt = cnt + 1; 

rms = rms + Tb_sub(j)~2; 

end 

end 

% Calculate the rms for thetab 

Tb_rms = sqrt(rffls/cnt); 

save tbvar 
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B.6 12 X 12 Optical Transfer Function Calculation 
function C0TF12jilium] = calcotf12(H,rl,r2,file); 

% This function calculates the OTF for 12 by 12 subapertures 

7, using the Fried approximations for the short exposure DTF. 

% Input variables 

% H = focus altitude in m 

% rl = first altitude in the range-gate in m 

% t2 = second altitude in the range-gate in m 
"L file = a number to indicate which file is processed in the 

% sequence of files. It basically tells which range 

% gates are being processed. 

7, Output variables 

7. OTF 12 = 12 X 12 sub aperture OTF 
7o ilium = information on which subapertures are illuminated 

7» Additional variables 

7. lambda = wavelenth of beacon 

'/, D = Diameter of the telescope 

% subnum = number of subapertures (16 for 4 by 4 etc.) 

7o OTFdl = diffraction limited DTF 

7o OTFa = transfer function approximation to the effect of 

7o uncompensated atmospheric turbulence upon 

7. short-exposure imaging 

7» fsl = intermediate variable for calculating de-focus 

7e fs = de-focus term 

7» Set up location to store the data based on altitude and 

7o subaperture number. 

sprintf('Processing file 7sd',file) 

parentdir = ('/users/delarue/matlab-phd/data'); 

altnum= H/1000; 

alt = strcat('/alt',num2str(altnum)); 

subap = Vl2byl2/'; 

savedir = strcat(parentdir,alt,subap,'in-data/'); 

savenm = strcat(savedir,'rlnla',num2str(altnum),'otf', 

num2str(file),'.txt'); 

fid = fopen(savenm,'wt'); 
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D = 8; 

subnum = 144; 7. number of subaps 

nkap =29; % number of ro¥s or cols in the array 

% this is also the ngrd ¥ariable from LACE, 

sub = sqrt(subnum); Xninaber of subaps in x and y direction (12) 

dsub = D/sub; % diameter of each subap in m (0.6667m) 

rO = 0.235; 7, rO for average seeing in meters 

lambdalas = 0.532e-5; % in meters 

7, distance in subap numbers in x and y to center of subap 

z2 = sub/2 - 0.5; 

perc =0.1; 

ng2 = floor(nkap/2) + 1; 

xdir = floor(nkap/2) + 1; 

ydir = xdir; 
z = 0; 

s  =  0 ;  
inc = 10; 

nchunks = (abs(r2 - rl))/iiic + 1; 

alt = H/1000; 7, convert to km 

arcsec = (2 * pi)/(360 *60 * 60); 7, conversion to arcseconds 

murad = l.Oe-6; 

OTFfs_sub = zeros(nkap,nkap,nchunksJsubnum); 

% determine which subapertures are illuminated 

for k = l:sub 

for j = l:sub 

rsqi(k,j) = (sqrt(((k-l) - z2)''2 + ((j-1) - z2)''2)) • dsub; 

if rsqi(k,j) > D/2 

dif = rsqi(k,j) - D/2; 

illum_i(k,j) =0; % subaperture is partially 

else 

% illuminated or not 

Z illuminated at all 

illi3ia_i (k 5 j) =1; % subaperture is mostly 
X illuiaiaated 

end 

else 

illum_i(k,j) = 1; 

end 
s = s + 1; 

illum(s) = illum_i(k,j); 

% subaperture fully 

% illuminated 



end 
end 

7, determine the mmber of illminated subapertures 

illum.iium = 0;  
for i = l:s 

if illumd) == 1 

illiaa.mjm = illum_niim + 1; 

end 

end 

DTFidl = zerosCnkap.nkapsncliunks); 

OTFia = zerosCnkapsHkapjncliunks); 

OTFdl = zeros(nkap^akapjiichunks) ; 

OTFa = zerosCnJsapsnkapjnclmnks); 

kapmax = dsub/lambdalas; % resolution limit of each subap 

% nkap - Is number of bins, not actuator points 

dkap = 2 * (dsub/lambdalas)/(nkap - 1); 

kapx = dkap * (-(nkap-l)/2:(nkap-l)/2); 

kapy = kapx'; % transpose of kapx 

kapx_lain = kapx * lambdalas; 

kapy_lani = kapy * lambdalas; 

sqx = kapx 2 ;  

sqy = kapy 2; 

for i = l:nkap 

kap(i) = sqrt(sqx(l,i) + sqy(i,l)); 

end 

kap_lam = kap * lambdalas; 

for k = rl:inc:r2 

z = z + 1; % altitude counter through the gate 
i = xdir; 

for j = l;nkap 

if kap(j) <= kapmax 

OTFidKi, j ,z) = 1 - (kap_lain(j)/dsub); 

OTFia(i,j,z) = exp(-3.44 * ((kap_lam(j)/r0)"'(5/3)) 

(1 - ((kap_lam(j)/dsub)"(l/3)))); 

else 

OTFidKi jj ,z) = 0; 

OTFiad, j 5z)= 0; 

end 
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ead 

3 = ydir; 
for i = l:nkap 

if kap(i) <= kapmax 

DTFidKi, j ,z) = 1 - (kap_laia(i)/dstib); 

DTFia(i,j,z) = exp(-3.44 * ((kap_lam(i)/r0)''(5/3)) * 

(1 - ((kap„lam(i)/dsub)''(l/3)))); 

else 
OTFidKi, j ,z) =0; 

OTFiad, j ,z)= 0; 

end 

end 

% To fill in the quadrants, mult the OTP's on each axis together, 

% i.e x(l,2) y(2,1)). 

for y = 1:nkap 

for X = l:nkap 

if X == xdir k j == ydir X check for the middle value 

OTFdl(y,x,z) = OTFidl(ydir,xdir,z); 

OTFa(y,x,z) = OTFia(ydir,xdir,z); 

elseif y == ydir & x "= xdir '/, check to see if on x axis 

OTFdl(y,x,z) = OTFidl(ydir,x,z); 

OTFa(y,x,z) = DTFia(ydir,x,z); 

elseif X == xdir & y ~= ydir % check to see if on y axis 

OTFdKy,x,z) = OTFidl(y,xdir,z); 

OTFa(y,x,z) = OTFia(y,xdir,z); 

else y, all the rest 

OTFdKy,x,z) = OTFidl (y, xdir, z) * OTFidl (ydir, x, z) ; 

OTFa(y,x,z) = OTFia(y,xdir,z) * OTFia(ydir,x,z); 

end 

end 

end 

end 

y« Gi¥e us the OTP for x number of grid points for # Chunks 

0TF12 = OTFdl .* DTFa; 

XSave the header information 

header = [nchunks subnum illum_iiuni nkap nkap]; 

fprintf (fid, 'ysSdXn',header); 
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OTFfs_siib = zeros (nkap J nkap J ncliiuiks s subnum) ; 
z = 0; 

for r = rl:iiic:r2 % counter through altitudes 
z = z + 1; 

for y = 1;subnum 

if illum(y) == 1 

fprintf(f id 3 * %8d\n ̂,r,y); 

OTFfs_sub(:,:.Zjj) = 0TF12(:,:,z); 

fprintf (fids ''/slS.SeXt' ,OTFfs_sub(:,: ,Zjy)); 

else 

fprintf(fid,'X8d\n',r,y); 

fprintf (fid, 'y,18.8e\t' ,DTFfs_sub(;,: sZ,y)); 

end 

end 

end 

fclose(fid); 
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B.7 Sample Input File 
y,RGinpTit_otf 15_6 

7, This is a sample input file that calls rangegate.sub for each 

% laser power and plots the data. The one for R6inpiit_otf 15_6 

7, is shown and the remaining follow the same pattern. The only 

% thing that changes in the others is focus altitude^ number of 

1 subaperturesj and storage location changes. For this sample 

% input file^ 15 is the altitude and 6 is the number of 

t subapertures across the diameter. 

clear all 

parentdir = ('C:\DeLaRue\Dissertation\matlab-phd\RG-study\data'); 

t TD SET THESE NUMBERS FDR EACH DIFFERENT RUM 

7. Set rgoffset flag to 1 if you want to include Range Gates that 

% are not symmetric 
rgoffset = 0; 

% Set proc flag to 1 if you are going to be processing files 

7» and plotting them. 

7o Set proc flag to 0 if you are going to read in processed 

7. data and plot. 
proc = 0; 

% Set focus flag to 1 if through focus cases are being run, 

^otherwise set to 0. 
foe = 0; 

7o Number of range gates to process. Should correspond to list below, 
nf iles = 24; 

for i = 1:11 

las(i) = 0; 

end 

% List laser powers that you want to run in watts. Comment out 

7. the ones not to be processed or plotted. 

las(l) = 1; 

las(2) = 2; 
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las(3) = 5; 

las(4) = 10; 

las(5) = 20; 

las(6) = 25; 

las(7) = 30; 

las(8) = 50; 

las(9) = 100; 

las(10) = 200; 

las(11) = 1000; 

% Altitude and number of subapertures for directory purposes 

7o (ex: 4by4, 12byl2) 
alt = '\altl5\'; 

subap = '6by6\'; 

% Need to change subdir, depending on the altitude of the 

% runs and the number of subapertures. 
if foe == 0 

subdir = strcat(alt,subap); 

else 

subdir = strcat(alt,subap,'focus\'); 

end 

datafile = strcat(parentdir,subdir); 

for i = 1:nfiles 

filelist.rgcomp(i).datafile = datafile; 

filelist.rgcomp(i).fnotf = 15; 

filelist.rgcomp(i).fh = 15000; 

filelist.rgcomp(i).Diam = 8; 

filelist.rgcomp(i).lambda = 0.532e-6; 

filelist.rgcomp(i).subnum = 36; 

filelist.rgcomp(i).BQ = 1.2; 

filelist.rgcomp(i).dBO = 0.3; %in meters, depends on the size 

7,of the launch telescope 

filelist.rgcomp(i) .Dlaunch = 0.45; 7,diameter of launch telescope 

%in meters 

filelist.rgcomp(i).siglen = 0.25 • filelist.rgcomp(i).lambda/ 

(filelist.rgcomp(i).Diam/sqrt(filelist.rgcomp(i).subnum)); 

% = 0.25 * lambdalas\dsub 

filelist.rgcomp(i) .apix = l.Oe-6; '/,called wD in paper - angular 

'/.pixel subtense 

filelist.rgcomp(i).wp = (filelist.rgcomp(i).Diam/ 
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sqrt(filelist.rgcomp(i) .siibmim))/filelist.rgco!!ip(i) .fh; 

y,niicro-rad pixel width in the WFS camera 

filelist.rgcompd) .sigpix = 0.25 * filelist.rgconip(i) .wp; 
%= 0.25 * ¥p 

end 

% List all the range gates to calculate. 
if rgoffset == 0 

filelist.rgcomp(l) rg = 1000; 

f ilelist .rgcoinp(2) rg = 1200; 

filelist.rgcomp(3).rg = 1400; 

filelist.rgcomp(4) rg = 1600; 

filelist.rgcomp(5) rg = 1800; 

filelist.rgcomp(6) rg = 2000; 

f ilelist.rgcomp(7) rg = 2200; 

f ilelist.rgcomp(8) rg = 2300; 

f ilelist.rgcomp(9) rg = 2400; 

filelist.rgcomp(10 .rg = 2500 

filelist.rgcompCli .rg = 2600 

filelist.rgcomp(12 -rg = 2700 

f ilelist.rgcomp(13 •rg = 2800 

f ilelist.rgcomp(14 •rg = 3000 

filelist.rgcomp(15 .rg = 3200 

filelist.rgcomp(16 •rg = 3400 

f ilelist.rgcomp(17 •rg = 3600 

f ilelist.rgcomp(18 .rg = 3800 

filelist.rgcomp(19 •rg = 4000 

f ilelist.rgcomp(20 .rg = 4200 

filelist.rgcomp(21 •rg = 4400 

f ilelist.rgcomp(22 •rg = 4600 

filelist.rgcomp(23 • rg = 4800 

filelist.rgcomp(24 • rg = 5000 

end 

figure(1) 

clf 

setCgcfj Mefaiiltaxesfontsize' sl6); 

if las(l) == 1 

savedir = strcatCdatafile,'Plasl\'); 

disp('processing laser power = 1 mJ'); 

for i = l:nfiles 
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sprintf('processing file nmber %3d\n',i) 

filelist.rgcomp(i).Plas = le-3; 

savelist.rgcompd) .savename = strcatCsavedir,'rg_', 

iiiHE2str(filelist.rgcomp(i) ,rg),'m'); 
if proc == 1 

try 
rgstruct = rangegate_siib(sa¥elist.rgcomp(i).saYename, 

savedir ̂ f ilelist,rgof f set,i,f oc); 

catch 

lasterr 

dispCerror in processing laser power of 1 mJ'); 

end 

end 

end 

for p = l:nfiles 

7e Only need the next two lines if rangegate_siib as already 

% been run and the data needs to be loaded. 
if proc == 0 

fname = sa¥elist.rgcompCp).savename; 

load(fname); 

end 

RG(p) = filelist.rgcompCp).rg; 

Tb_rms(p) - rgstruct. Tb_rms; 

sigTb(p) = rgstruct.sigma_Tb; 

end 

plotCRGsSigTb,'bo-','linewidth',2) 

hold on 

end 

if las(2) == 2 

savedir = strcat(datafile,'Plas2\'); 

disp('processing laser power = 2 mJ'); 

for i = Irnfiles 

sprintf('processing file number %3d\n',i) 

filelist.rgcomp(i).Plas = 2e-3; 

sa¥elist.rgcoiEp(i).savename = strcatCsavedir,'rg_', 

nuHi2str(filelist .rgcompCi) .rg) ̂'m'); 
if proc == 1 

try 

rgstruct = rangegate_STib(sa¥elist.rgcomp(i).savename, 

savedir,filelist,rgoffset,i,foe); 
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catcli 

lasterr 

dispCerror in processing laser power of 2 mJ'); 

end 

end 

end 
for p = l:nfiles 

% Oaly need the next two lines if rangegate_sub as already 

% been run and the data needs to be loaded. 
if proc == 0 

fname = savelist .rgcoiap(p) .savename; 

load(fname); 

end 

RG(p) = filelist.rgcomp(p).rg; 

Tb_rms(p) = rgstmct. Tb_niis; 

sigTb(p) = rgstruct.sigma_Tb; 

end 

plot(RG,sigTb,'bs-','linewidth',2); 

hold on 

end 

if las (3) == 5 

sprintf('processing file number %3d\n',i) 

savedir = strcat(datafile,'Plas5\'); 

dispC'Processing laser power = 5 mJ'); 

for i = irnfiles 

filelist.rgcomp(i).Plas = 5e-3; 

savelist.rgcomp(i).savename = strcat(savedir,'rg_', 

num2str(filelist.rgcomp(i).rg),'m'); 
if proc == 1 

try 

rgstruct = rangegate_sub(savelist.rgcomp(i).savename, 

savedir,filelist,rgoffset,i,foe); 

catch 

lasterr 

disp('error inprocessing laser power of 5 mJ'); 

end 

end 

end 

for p = 1:nfiles 

% Only need the next two lines if rangegate_sub as already 

7, been run and the data needs to be loaded. 
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if proc == 0 

fname = savelist.rgcompCp).saYename; 

load(fname); 

end 

RG(p) = filelist.rgcomp(p).rg; 

Tb_rnis(p) = rgstruct. Tb_ms; 

sigTb(p) = rgstruct.sigma.Tb; 

end 

y,figure(l) 

%clf 

plot (RG^sigTb, 'g*—', 'linewidtli' ,2); 

liold on 

end 

if las(4) == 10 

savedir = strcatCdatafile,'PlaslOX'); 

disp('Processing laser power = 10 mJ'); 

for i = l:nfiles 

sprintf('processing file number ZSdXn'ji) 

filelist.rgcomp(i).Plas = lOe-3; 

savelist.rgcomp(i).savename = strcat(savedir,'rg_', 

nuitt2str(filelist.rgcoiiip(i) .rg) ,'m'); 
if proc == 1 

try 

rgstruct = raagegate.siibCsavelist .rgcomp(i) .savename, 

savedir,f ilelist,rgoff set,i,f oc); 

catch 

lasterr 

disp('error in processing laser power 10 mJ'); 

end 

end 

end 
for p = l:nfiles 

% Only need the next two lines if rangegate_sub as already 

% been run and the data needs to be loaded. 
if proc == 0 

fname = savelist.rgcompCp).savename; 

load(fname); 

end 

RG(p) = filelist.rgcomp(p).rg; 

Tb_r!iis(p) = rgstruct. Tb_rms ; 

sigTb(p) = rgstruct.sigma_Tb; 
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end 
plotCRG.sigTbj'gd-','linewidth'52); 

hold, on 

end 

if las(5) == 20 

savedir = strcatCdatafile,^Plas20\'); 

dispC'Processing laser poser = 20 mJ'); 

for i = Irnfiles 

sprintf ('processing file number J,dd\n' 
filelist.rgcomp(i).Plas = 20e-3; 

savelist.rgcomp(i).savename = strcat(savedir,^rg_', 

mim2str(filelist .rgcoiiip(i) .rg) ,'m'); 
if proc == 1 

try 
rgstruct = raiiigegate_sub(savelist.rgcomp(i) .savename, 

savedir ;,filelist,rgoff set si, foe); 

catch 

lasterr 

disp('error processing laser power 20 mj'); 

end 

end 

end 
for p = l:nfiles 

% Only need the next two lines if rangegate_siib as already 

% been run and the data needs to be loaded. 
if proc == 0 

fnaine = savelist.rgcomp(p) .savename; 

load(fname); 

end 

RG(p) = filelist.rgcomp(p).rg; 

Tb_rms(p) = rgstruct. Tb_rnis; 

sigTb(p) = rgstruct.sigma_Tb; 

end 

plotCRGjSigTb,'ro—','linewidth',2); 

hold on 

if las(6) == 25 

savedir = strcat(datafile,'Plas25\'); 

disp('Processing laser power = 25 mJ'); 

for i = 1:nfiles 
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sprintf(^processing file number %3d\n',i) 

filelist,rgcomp(i).Plas = 25e-3; 

savelist .rgcompd) .savename = strcatCsavedir,'rg_', 

ntaa2str(filelist.rgcomp(i) .rg),'m') ; 
if proc == 1 

try 
rgstruct = rangegate_siib(sa¥elist.rgcomp(i).savename, 

savedirjfilelist.rgoffset.ijfoc); 

catch 

lasterr 

disp('error in processing laser power 25 mJ'); 

end 

end 

end 

for p = Itnfilss 

% Only need the next two lines if rangegate_STib as already 

y, been run and the data needs to be loaded. 
if proc == 0 

fname = savelist.rgcompCp).sa¥ename; 

load(fname); 

end 

RG(p) = filelist.rgcompCp).rg; 

Tb_rms(p) = rgstruct. Tb_rms; 

sigTbCp) = rgstruct.sigma_Tb; 

end 

plot(RG,sigTb,'kp;'); 

hold on 

if las(7) == 30 

savedir = strcatCdatafile^'Plas30\'); 

dispC'Processing laser power = 30 mJ'); 

for i = l:nfiles 

sprintf('processing file number 7,3d\n'si) 

filelist.rgcompCi).Plas = 30e-3; 

savelist.rgcomp(i).savename = strcatCsavedir,'rg_'^ 

nuiE2str(filelist.rgcompCi) .rg),'m') ; 
if proc == 1 

try 

rgstruct = rangegate_sub(savelist.rgcomp(i).savename, 

savedir,filelist^rgoffset,i,foc); 

catch 
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lasterr 

disp('error in processing laser power 30 mJO; 

end 
end 

end 

for p = Irnfilss 

% Only need the next two lines if rangegate_siib as already 

% been run and the data needs to be loaded. 
if proc == 0 

fname = savelist.rgcomp(p).savename; 

load(fname); 

end 

RG(p) = filelist.rgcomp(p).rg; 

Tb_rms(p) = rgstrnct.Tb_rms; 

sigTb(p) = rgstruct.sigma_Tb; 

end 

plot(RG,sigTb,'b+—','linewidth',2); 

hold on 

end 

if las(8) == 50 

savedir = strcatCdatafile,'Plas50\'); 

disp('Processing laser power = 50 mJO; 

for i = l:nfiles 

sprintfC'processing file number %3d\n'ji) 

filelist.rgcompCi).Plas = 50e-3; 

savelist.rgcomp(i).savename = strcatCsavedir,'rg_', 

mim2str(filelist.rgcompCi).rg),'m'); 
if proc == 1 

try 

rgstruct = raagegate_sub(sa¥elist.rgcoinp(i).savename, 

savedir,f ilelist,rgoffset,i,foc); 

catch 

lasterr 

dispC'error in processing laser power 50 mJ') 

end 

end 

end 
for p = l:afiles 

% Only need the next two lines if rangegate.sub as already 

X been run and the data needs to be loaded. 
if proc == 0 
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fname = savelist.rgcomp(p).savename; 

load(fname); 

end 
RG(p) = filelist.rgcoiflp(p).rg; 

Tb_rms(p) = rgstruct.Tb_rms; 

sigTb(p) = rgstruct .si^a_Tb; 

end 

plot(RG,sigTt>5 'ro-' ̂ 'linewidth' ,2) 

hold on 

end 

if las(9) == 100 

savedir = strcat(datafile,'PlaslOO\'); 

disp(^Processing laser power = 100 mJ'); 

for i = l:nfiles 

sprintf('processing file number 7o3d\n',i) 

filelist.rgcomp(i).Plas = lOOe-3; 

savelist.rgcomp(i).savename = strcat(savedirj'rg_', 

mim2str(filelist.rgcomp(i).rg)^'m'); 
if proc == 1 

try 

rgstruct = raiigegate_sub(sa¥elist.rgcomp(i).savename, 

savedir^filelist^rgoffset^i.foc); 

catch 

lasterr 

disp('error in processing laser power 100 mJ') 

end 

end 

end 
for p = 1:nfiles 

"k Only need the next two lines if rangegate.sub as already 

% been run and the data needs to be loaded. 
if proc == 0 

fname = savelist.rgcomp(p).savename; 

load(fname); 

end 

RG(p) = filelist.rgcomp(p).rg; 

Tb_rms(p) = rgstruct.Tb_rms; 

sigTb(p) = rgstruct.s igma_Tb; 

end 

plot(RG,sigTb,'g*-','linewidth',2); 

hold on 
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end 

if las(10) == 200 

savedir = strcatCdatafilej'Plas200\'); 

dispC'Processing laser power = 200 mJ'); 

for i = l:iifiles 

sprintf(^processiag file number X3d\ii',i) 

filelist.rgcomp(i).Plas = 200e-3; 

savelist.rgcompd) .savename = strcatCsavedir,'rg„', 

nm2strCfilelist.rgco!iip(i) .rg), 'mO ; 
if proc == 1 

try 
rgstruct = rangegate_sub(savelist.rgcomp(i).savename, 

savedir,filelist,rgoffsetjijfoc); 

catch 

lasterr 

disp('error in processing laser power 200 mJ') 

end 

end 

end 

for p = l:nfiles 

7. Only need the next two lines if rangegate_sut> as already 

% been run and the data needs to be loaded. 
if proc == 0 

fname = savelist.rgcomp(p).savename; 

load(fname); 

end 

RG(p) = filelist.rgcomp(p).rg; 

Tb_rms(p) = rgstruct.Tb_rms; 

sigTb(p) = rgstruct.sigma_Tb; 

end 

plot(RG,sigTb,'k"-','linewidth',2) 

hold on 

end 

if las(ll) == 1000 

savedir = strcat(datafile,'PlaslOOOV'); 

disp('Processing laser power = 1000 mJ'); 

for i = Itnfiles 

sprintf('processing file number %3d\n',i) 

% sprintf ('processing file number 7,3d\n' ,i) 

filelist.rgcomp(i).Plas = lOOOe-3; 
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savelist.rgcompCi).savename = strcatCsavedir,'rg_', 

nui!i2str(filelist.rgcompCi) .rg),'m') ; 
if proc == 1 

try 

rgstruct = rangegate_siib(sa¥elist.rgcomp(i).sa¥ename, 

savedir,filelist^rgoffset^ijfoc); 

catch 

lasterr 

dispCerror in processing laser power 1000 mJ') 

end 

end 

end 
for p = Imfiles 

y, Only need the next two lines if raiigegate_sub as already 

°k been run and tlie data needs to be loaded. 
if proc == 0 

fname = savelist.rgcomp(p).savename; 

load(fname); 

end 

RG(p) = filelist.rgcomp(p).rg; 

Tb_nns(p) = rgstruct.Tb_rms; 

sigTb(p) = rgstruct.sigma_Tb; 

end 

plot(RG.sigTb,'c*-','linewidth',2); 

end 

xlabel('range-gate (m)'); 

ylabel('\sigma_\theta (rad)'); 
if foe == 1 

title('Focus Alt = 15 km; 6 by 6 subap; 

no defocus of beam through RG'); 

else 

title('Focus Alt = 15 km; 6 by 6 subapertures'); 

end 

legend('2 mJ','10 mJ', '50 mJ','200 mJ','1000 mJ',0); 

grid on 

axis([1000 4000 1.9e-6 2.2e-6]) 

print('-depsc',[datafile,'\fig_htl5km_6.eps']) 

print('-djpeglOO',[datafile,'\fig_htl5km_6.jpg']) 
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