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Powerful lasers are needed to generate artificial guide stars for astronomical 

adaptive optics. Continuous wave (CW) lasers yield the most efficient excitation of 

the D2 line in the mesopheric sodium layer. Data is presented from early systems 

which used commercially available CW dye lasers. 

Building on these results, a dye laser was designed and constructed which incor

porates a sodium Faraday filter (SFF) to select and lock the laser frequency to the 

peak of the D2 sodium resonance. This laser was the first ring dye laser made using 

an intra-cavity SFF, and also the first incorporating a SFF to produce a significant 

amount of power in a single longitudinal mode. 

A major part of this thesis concerns the design and construction of the SFF. 

The theory of operation is developed and then used to design a SFF with a high 

throughput at the D2 line of sodium. The two main elements of a SFF are a sodium 

cell and a magnet. The design and construction of these two elements is discussed 

in detail. 

The design and construction of a wavefront sensor for the Multiple Mirror Tele

scope's unique geometry is presented. This wavefront sensor and a CW dye laser 

were used to generate the first astronomical images sharpened by an adaptive optics 

system incorporating a sodium laser guide star. 
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

A number of large telescopes (6.5 m class and larger) are expected to be in operation 

in the next few years (two 10 m telescopes are already in operation). Adaptive 

optics (AO) systems need to be implemented in these telescopes in order to get near 

diffraction limited imaging. Otherwise, the imaging capabilities of these telescopes 

would be limited by the dynamic aberrations induced by the atmosphere. In order to 

achieve good, rapid atmospheric correction a bright reference source must be found 

near the object being observed. Natural stars are typically used as the guide source 

in AO systems. However, natural stars with sufficient irradiance are not commonly 

found next to objects of interest. One way of overcoming this problem is to create 

an artificial guide star next to the object of interest. In order for the AO correction 

to work well, the altitude of the artificial guide star must be much greater than the 

altitude of the atmospheric induced aberrations. This is best done by projecting a 

laser into the sky, tuned for resonant scattering from the mesospheric sodium layer 

at a height of about 90 km. 
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Group CAAO LLNL SOR ChAOS 
Return(;:;;^^) 0.12 0.02 0.03 0.02 

power(W) 1.6 20 9 1 
raw data 9.9 R mag 0.5-^ CTTl^mS 5538 i 12 V mag 

pulse format CW 100ns 11 kHz 47.5/zs 840Hz CW 

bandwidth <10 MHz 3GHz 3.5GHz <10 MHz 

spot size (FWHM) 1.6" 1.8" 6" 1.6" 
Reference Chap. 6 [34] [46] [44] 

Table 1.1: Sodium Return Measurements. CAAO is the Center for Astronomical 
Adaptive optics, LLNL is Lawrence Livermore National Laboratory, SOR is the 
Starfire Optical Range, and ChAOS is the Chicago Adaptive Optic System. Caveat: 
To make a fair comparison of return for different laser systems, it is critical to know 
the sodium column density. The return is proportional to the density and can vary. 
This table does not include the density because that measurement is not always 
taken when return measurements are made. 

1.2 Present State of Sodium Laser Guide Stcir Systems 

There are only a few groups which have actually attempted to use a sodium laser 

guide star(SLGS) for adaptive optics, shown in Table 1.1. Of these, only two have ac

tually achieved image improvements using a sodium laser guide star system (CAAO, 

refer to section 1.2.1, LLNL, refer to section 1.2.2). The following sections discuss 

the present state of existing sodium laser guide star systems. 

1.2.1 The Center for Astronomical Adaptive Optics at Steward Obser

vatory 

The main goal of the Center for Astronomical Adaptive Optics (CAAO) is to install 

an AO system utilizing a sodium laser guide star on the Multiple Mirror Telescope 

(MMT) when it is converted to a single 6.5 m monolithic honeycomb mirror in 1998. 

This system is designed to give near diffraction limited imaging in the near infrared. 

The MMT is located in Arizona on Mt. Hopkins. Initial experiments were carried 

out on the existing MMT to demonstrate the feasibility of such a system and to 



Figure 1.1: The Multiple Mirror telescope (MMT) is pictured on the left. The 
right picture shows the CAAO dye laser projected from the center of the MMT. 
Reproduced from references [3] [16]. 

gain experience and valuable data [1-15], 

The amount of return achieved per watt of laser power is a reasonable figure 

of merit for judging laser performance. This is a function of the pulse format and 

spectral bandwidth of the laser. From Table 1.1 it can be see that CAAO has 

obtained the highest return per watt suggesting that we are exciting the sodium 

atoms in the most efficient manner of the groups to date. Our group was the first 

to demonstrate an AO system which used a sodium laser guide star that sharpened 

astronomical images[l][3]. The present system uses a CW ring dye laser which we 

designed and built (this design will be discussed in detail in the following chapters). 

The dye laser uses Rhodamine 6G dye and is pumped by a 25 W argon ion laser. 

The dye laser produces about 4 W of power in a single longitudinal mode at 589 

nm. Figure 1.1 shows the present MMT with dye laser light projected through the 

center of the telescope. A CW ring dye laser has sufficient power to produce a usable 

sodium guide star for infrared adaptive optics on large telescopes. 

The group is also working with Lite Cycles, Inc. to produce a 10 W solid state 
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Figure 1.2: The LICK telescope with the LLNL laser. Reproduced from reference 
[18). 

laser, which has the potential for scaling to a higher power level[17]. There are 

two ways that Lite Cycles is trying to achieve this. The first is by using a diode 

pumped mode locked NdrYGAG laser which is at 1.0638 fim and then frequency 

doubling this light using an LBO crystal to get 531.9 nm. This is then used to 

sync-pump a Raman ring resonator containing two CaW04 Raman crystals which 

produces 589 nm. The second system under development is a Raman shifted fiber 

laser. The 1.1137 ^m light from a diode pumped Yb doped fiber laser is Raman 

shifted to 1.178 /xm in a germanosilicate Raman fiber. The 1.178 ptm light from the 

Raman fiber is then frequency doubled to produce 589 nm light. These lasers have 

the potential to produce at least 10 W of power. 

There are two main reasons for desiring more power. The first is to allow for 

nights when the sodium column density is low[76]. Secondly, if significantly higher 

powers are realized then there is the possibility of having AO for shorter wavelengths, 

possibly extending into the visible region of the spectrum. 

1.2.2 Lawrence Livermore National Laboratory 

The Lawrence Livermore National Laboratory(LLNL) group demonstrated the first 

sodium laser guide star visible to the naked eye(V magnitude 5.1) using an 1100 



Figure 1.3: The Apache Point Telescope with the ChAOS Laser. Reproduced from 
reference [43]. 

W laser[19-28]. However, this laser was not practical for astronomers because of its 

size and expense. LLNL used a pulsed dye laser pumped by a copper vapor Iciser, 

originally designed for fusion experiments. They have developed a more palatable 

version which produces about 18 W. This pulsed dye laser is pumped by a frequency 

doubled YAG laser and is less expensive. However, because of the pulse format, 

almost all of the power is expended in short, inefficient pulses which momentarily 

saturate the sodium layer. The return is therefore short lived, and limited in power 

by the sodium saturation level, causing most of the laser power to be wasted [29] [30]. 

This 18 W laser is used at the Lick observatory (3.5 m primary mirror) shown in 

Figure 1.2 [31-38]. LLNL is the only other group which has obtained improved 

images using a sodium laser guide star AO system. They are duplicating the Lick 

system for use on the KECK telescope(10 m segmented primary mirror) [39-42]. 

1.2.3 Chicago Adaptive Optic System 

The University of Chicago group, Chicago Adaptive Optic System(ChAOS), per

formed initial experiments with a CW dye laser initially at the Yerkes [44] [45] tele

scope, followed by joint experiments at the MMT with CAAO [2]. Their first laser 

was a Spectra Physics CW ring dye laser operating without active frequency stabi-



Figure 1.4: Calar Alto 3.5 m Telescope with the ALFA laser. Reproduced from 
reference [47]. 

lization. The laser was very difficult to work with and only produced a little over 

1 W of power. ChAOS then purchased a sum frequency solid state laser from Lin

coln Laboratory which produces about 8 W. This laser uses a non-linear crystal to 

combine the light from two YAG lasers to produce 589 nm light. One YAG laser 

operates at 1.06 /xm and the other at 1.315 iim. The laser was installed at the 3.5 m 

ARC telescope in Apache Pt., New Mexico in 1995. However, the laser was damaged 

before any sodium return measurements could be made. Figure 1.3 shows this laser 

projected from the ARC telescope. 

1.2.4 Adaptive Optics with Laser for Astronomy 

Adaptive optics with Laser For Astronomy(ALFA) recently started using a sodium 

laser guide star. They are using a commercially purchased 899 Coherent ring dye 

laser. They have projected it into the sky but as of yet have not closed the loop 

around the sodium laser guide star. Figure 1.4 shows the dye laser projected from 

the 3.5 m telescope in Spain. ALFA has made a modification to this laser. They 

replaced Coherent's stainless steel nozzle with a sapphire nozzle purchased from 

Radiant Dye Laser Accessories and increased the pump pressure to maintain a high 

flow rate [48]. The dye laser is producing about 4 W of power in a single longitudinal 



Figure 1.5: The SOR 1.5 m telescope with SOR Rayleigh laser. Reproduced from 
reference [50]. 

mode. They are expecting the limiting magnitude for the artificial guide star to be 

rrty = 13 [49], which from our data is easily achievable with 4 W. In Chapter 3 early 

results show guide stars with = 9.9 using a 3 W laser. In addition ALFA will 

also be providing ADONIS with one of these modified Coherent ring dye lasers for 

AO on the ESO 3.6m Telescope in La Silla, Chile. 

1.2.5 The Starfire Opticed Range 

The Starfire Optical Range(SOR) is located in Albuquerque, New Mexico on Kirt-

land Air Force Base. The main goal of the SOR is to achieve diffraction limited 

imaging in the 0.6 - 2.2 fj.m range using the 3.5 m telescope. This telescope is 

primarily a military telescope with a small percentage of time for astronomy. The 

SOR is interested in solid state technologies for its sodium laser guide star sys

tem because of their high power requirements of about 200 W(required for visible 

wavelengths) [30] [52]. They have expressed interest in LLNL laser, and have an 8 

W sum frequency pumped NdrYAG laser made by Lincoln Laboratory. They ex

pressed interest in a TRW Raman shifted NdrYAG laser. This laser uses a mode 
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locked Nd:YAG laser at 1.064 //m to sync pump a ring laser which has two CaVV04 

Raman crystals to shift the wavelength to 1.178 //m. The light is then frequency 

doubled to 589 nm [51]. The SOR has also expressed interest in the Lite Cycles 

laser described earlier. The SOR is trying to achieve AO in the visible, requiring 

large amounts of power, and are waiting for someone to demonstrate a laser with 

at least 50 W[53]. Since no laser is yet available which will provide this amount of 

power they are implementing an initial hybrid system which will use a copper vapor 

laser to provide a Rayleigh beacon to do higher order correction and a 10 W sodium 

laser to do lower order correction. 

1.3 Dissertation Overview 

Chapter two provides a brief overview of AO and SLGS. This chapter is also used to 

introduce the reader to CAAO's current AO system, FASTRAC II. Chapter 3 sum

marizes the properties of sodium atoms and their excitation, the principles of oper

ation of dye lasers and early guide star results using commercial dye lasers. Chapter 

4 analyzes the operation of a sodium Faraday filter (SFF). Chapter 5 presents the 

design and construction of the frequency selection device used to operate a ring dye 

laser at the D2 line, the design of a ring cavity using ZEMAX optical design code, 

and the measured characteristics of the laser with an intra-cavity sodium faraday 

filter. In Chapter 6, the wavefront sensor that was designed for the existing MMT 

and the first astronomical images improved using AO with a sodium laser guide star 

are presented. Chapter 6 also describes the sodium layer data obtained using a CW 

dye laser. 
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1.4 My Work within CAAO 

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

group of researchers. I wish to describe my role within the group. The concept, 

design and construction of a dye laser with an intra-cavity Faraday filter was my 

work. This, however, entailed a few other interesting responsibilities. When tele

scope runs were scheduled on the MMT, I was responsible for providing the 589 

nm light out of the telescope. I had to stop what I was working on and rebuild a 

more conventional laser for the MMT which could be used to produce a SLGS. This 

involved dismantling the dye laser system at the University of Arizona and taking 

it to the MMT, generally a week before the scheduled telescope run. While at the 

MMT, I became involved with taking measurements of the return from the sodium 

layer. I was also the optical designer and co-manufacturer of the Shack-Hartmann 

sensor used by FASTRAC II at the MMT. 
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CHAPTER 2 

ADAPTIVE OPTICS AND ARTIFICIAL 

GUIDE STARS 

2.1 Adaptive Optics 

Adaptive optics is used in astronomy to remove the dynamic aberrations induced 

by the atmosphere on objects of interest. To do this one needs to be able to sense 

what the aberrations are and then to adapt the shape of an optical element in the 

system. Figure 2.1 is a schematic of a general astronomical AO system. This system 

uses a Shack-Hartmann sensor to detect the aberrations and a deformable mirror to 

correct detect them. In order to make the corrections, a model describing how the 

atmosphere causes these aberrations and their magnitude and frequency is required. 

2.1.1 The Source of the Problem 

Over the years a great number of people have worked on characterizing the dynamics 

of the atmosphere. The following will summarize important aspects of atmospheric 

turbulence in how it pertains to astronomical adaptive optics. For more details the 

reader is directed to several good review papers on the subject [54-56]. 

The atmosphere's refractive index varies with temperature, pressure, humidity, 
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Figure 2.1: General AO system[90]. 

and optical wavelength. The change in index of refraction of air is given approxi

mately by [54] [55] 
-7Q in-6p 

(2.1) 
- 7 9 x l O - ® P , , ^  

An = z::: AT. rp2 

where T is the average temperature in degrees Kelvin and P is the pressure in milli

bars. Wavelength is neglected here because in terms of fluctuations its effect is small, 

however the wavelength dependence of the average part of the index still plays an 

important role and AO systems will usually incorporate a dispersion corrector to 

compensate for this effect. The humidity induced fluctuations are only significant 

in very humid conditions (telescopes are not operated under humid conditions). The 

isobaric approximation is typically used because pressure disturbances are rapidly 

dissipated and excess energy is lost as sound waves. 

The phase, 0, of a wavefront is given by[90] 

27r 
= — ̂  n{z)dz, (2.2) 
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where A is the wavelength, and n is the refractive index which varies over the path 

from Zi to 22- The integration of the index over the path gives the optical path 

length, OPL. Differences in OPL across the wavefront induce phaise variations across 

the wavefront. The distribution of energy across the image is determined by the 

phase, variations of which manifest themselves as the aberrations we are attempting 

to eliminate. We can see that the phase 0 oc which means that there is less 

effect on image degradation as we go to longer wavelengths. 

2.1.2 Atmospheric Theory 

Kolmogorov theory is used to describe the statistical effects of the atmosphere. 

Although this theory is not correct for extreme conditions, it does provide excellent 

agreement for good telescope sites. Large eddies of mixed hot and cold air are 

formed by geographic and meteorological conditions. The size at which these eddies 

are introduced is called the outer scale, Lg. The size is typically about 100m but 

can range from meters to global scales. The large eddies transport energy to smaller 

and smaller eddies until the Reynolds number is small enough that the energy is 

converted into heat through friction. The Reynolds number is [54] 

fle = —, (2.3) 
u 

where Vo is wind velocity, L is the characteristic size of an eddy and u is the kinetic 

viscosity(1.5 x 10~®)[54]. In the region between the inner and outer scale the condi

tions are such that the Reynolds number exceeds a critical number driving turbulent 

flow. This lower limit is called the inner scale, and is on the order of millimeters. 

Kolmogorov theory is valid within the outer scale and the inner scale. The atmo

sphere is in turbulent motion, which means that the velocity of the atmosphere's 

motion at spatially separated points varies randomly. This random variation in the 

atmosphere's refractive index is the source of image blur. 
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To, defined by Fried, is referred to as Fried's coherence diameter. Fried defined Tq 

such that the limiting resolution obtained in the presence of atmospheric turbulence 

is the same as that obtained by a diffraction limited lens of diameter in the absence 

of the atmosphere. Tq is generally between 10 and 30 cm in the visible[88]. At the 

MMT, To is typically 90 cm at 2.2//m. The mean phase error of the atmospheric 

induced aberrations is [56] 

El(0) = 1.0363{-)lrad^ (2.4) 
To 

where D is the diameter of the entrance pupil and To is Fried's coherence diameter 

for the atmosphere. The mean phase error of the atmospheric induced aberrations 

with tilt removed is [56] 

f;|(2) =0.1345(-)trarf2 (2.5) 
To 

Tilt is about 87% of the error present[56]. The 6.5 m diameter telescope on the 

MMT will have a average Xq of 90 cm at 2.2 jim. Using these values in Equations 

2.4 and 2.5, a total error of 28.0 rad^ RMS (0.84 waves RMS) is expected with a tilt 

contribution of 24.3 rad^ RMS (0.79 waves RMS). 

2.2 Wavefront Sensors 

There are different ways of sensing and correcting for the dynamic aberrations. The 

most common method used in astronomy is a Shack-Hartmann wavefront sensor 

and a deformable mirror. The Shack-Hartmann sensor proposed in 1971 by Shack 

is an improved version of the classical Hartmann test. The Hartmann screen in 

the pupil is replaced by an array of small lenslets at an image of the pupil. The 

advantage of the lenslet modification is in enhanced sensitivity since almost all the 

light collected is used for wavefront measurement. The lenslet array forms an array 

of images whose positions are measured to give the full vectorial wavefront tilt in 
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Figure 2.2: Shack-Hartmann wavefront sensor[88]. 

the areas of the pupil covered by each lenslet. In Figure 2.2 the tilt in x and y are 

given by the centroid image and its location in a quad cell. The smaller the lenslets 

the greater the sampling is and the more accurate the measurement. However, 

the smaller the lenslets the less light collected and the more noise dominates the 

measurement. The dimensions of the lenslets are determined by the desire to have 

them as large as possible to collect light with the need to keep them small so that the 

residual aberrations are kept small. For a given system there is a limit to minimum 

brightness of a reference star required to make a wavefront measurement. 

2.3 Isopl£uiatic Angle 

The field angle over which the aberrations induced by the atmosphere are uniform 

is referred to the isoplanatic angle. This angle is given by [82] 

0.314ro eo = 
H 

(2.6) 
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where h is the height of the turbulent layer. Figure 2.3 shows the isoplanatic angle. 

9o- Typical values for the isoplanatic angle are 1 to 3 arc sec[54] in the visible. 

Using Equation 2.6 with typical values for the MMT, Tq of 90 cm at 2.2 /xm and a 

turbulent layer height of 10 km, results in an angle of about 20 arcsec. This angle 

and the limit on brightness needed to make a wavefront measurement are critical in 

determining where in the sky AO can be accomplished with natural guide stars. 

2.4 Laser Guide Star 

The distribution of bright stars in the sky is such that only a minor fraction of the 

sky can be covered using natural guide star AO[82]. To improve the sky coverage 

artificial guide source is needed which can be placed at any location in the sky. 

Figure 2.4 shows a sodium laser guide star AO system. The laser is projected into 

the sky and creates the sodium laser guide star. The return from this artificial star 
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Figure 2.4: Laser guide star adaptive optic system[89]. 

is then used to sense the wavefront and alter the shape of the deformable mirror to 

correct the aberrations. 

2.4.1 Global Tilt 

When the source is projected into the sky to create the artificial guide star the 

atmosphere causes it to wander. Since the light returns essentially through the 

same path the observer does not detect this wandering. In this process the LGS 

loses global tilt information and can only be used to detect differential tilts across 

the wavefront. Therefore, a natural guide source is still required to get the global 

tip tilt information. Using an artificial guide star for higher order correction and 

a natural for tilt correction still improves the sky coverage because the wavefront 

used by the natural guide star tilt sensor does not need to be split into several 

pieces and therefore decreases limiting brightness which may be used. Furthermore, 

the centroid of the AO sharpened image can be measured to a higher accuracy. In 
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Figure 2.5; Focus anisoplanatic schematic[82]. 

Figure 2.4 the concept for using a natural star in conjunction with a LGS has been 

employed. 

2.4.2 Focus Anisoplanatism 

Another problem associated with sodium laser guide stars is focus anisoplanatism, 

or cone effect. Figure 2.5 shows that there are certain places where the artificial 

guide star does not sample a portion of the atmosphere that the object of interest 

propagates through. The cone effect is dependent on the height of the LGS. 

2.5 FASTTRAC 11 Description 

Figure 2.6 shows a schematic view of the instrument used with the MMT array. 

Light from the six separate Cassegrain telescopes is reflected to the central beam-



31 

—>• -
From MMT 
tertiary mirror 

'Adaptive beam 
' combiner 

•<— 

I Articulated sodium 
I notch renector 

mitror 

Removabl 
acquis! tio 

Global tut 
sensor 

Tilt star 
acqiiisition 
camera 

Articulated mirror 
(selects fleld atar) 

Sodium beacon 
wave-front 
sensor 

/I 
/' , / I / 

/ I / / (/ 
WFS acquisition 
camera 

Infrared science 
camera 

Figure 2.6: FASTTRAC II AO instrument [3], 

combining pyramid(shown in Figure 2.7) by tertiary mirrors. The facets of the beam 

combiner provide tip/tilt correction for the wavefront coming from each particular 

telescope. The beam combiner directs light to the infrared science camera. The 

entrance window to the infrared science camera dewar is a dichroic beamsplitter 

which transmits wavelengths from 1 fim to 2.5 /zm and reflects 450 nm to 900 nm. 

Visible light is reflected upward through a relay lens to an articulated mirror 

that can direct any selected portion of a 4 arcmin field to the Shack-Hartman WFS. 

This mirror is a broadband reflector when the wavefront sensor is used in natural 

guide star mode and a notch reflector when used in Sodium laser guide star mode. 

In SLGS mode the remaining light is transmitted and then directed to the global 

tilt sensor. The tilt sensor is a fast scanned CCD array, operated as a single quad 

cell. Its measure of overall tilt is added to the signals from the WFS in the computer 

which applies corrections to the beam combiner facets. 

A lens before the sodium beacon wavefront sensor places the entrance pupil at 
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Figure 2.7: The adaptive beam combiner for the FASTTRAC II AO instrument [3]. 

infinity, so that continuous translation of the wavefront sensor to maintain focus on 

the sodium layer(whose distance is a function of elevation), leaves the pupil still in 

focus on the lenslets. Inside the wavefront sensor, the star images formed by the 

lenslets are relayed by a microscope objective to a small format CCD array. The 

scale is chosen so that when the wavefront is unaberrated, each image is centered at 

the intersection of 4 pixels. The adaptive control servo moves the beam-combiner 

facets to make the 4 signals equal in each quad cell, thus keeping the six images at 

the focal plane in coincidence. 
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CHAPTER 3 

THEORY OF EXCITATION OF SODIUM 

ATOMS, OPTICAL PUMPING, CW 

LASER DESIGN 

3.1 Introduction 

In order to optimize the return from artificial guide stars in the mesospheric sodium 

layer, an understanding of how sodium absorbs and then emits light is needed. The 

effect of optical pumping, radiation pressure and saturation on the return from the 

sodium layer is analyzed for excitation with a single longitudinal mode dye laser. 

The information on sodium presented here is a summary from several texts and 

journal publications[66-75]. 

This chapter also presents some early results obtained using commercially avail

able dye lasers. Included is a brief explanation of dye lasers and their operation. 
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3.2 The Sodium D Line 

The two yellow absorption lines of sodium are historically referred to as the D 

lines or as Di and D^- When Fraunhofer discovered solar absorption lines, he began 

designating them with letters. The sodium D lines are actually two of the Fraunhofer 

D lines. 

Occasionally the literature refers to wavelength of the sodium D line as 589.2 

nm [78] because the instrument used to take the measurement does not have enough 

resolution to resolve the Di and D2 lines separately; the center of gravity for the 

two lines is at 589.2 nm. Others give a wavelength of 589.3 nm for the D line of 

sodium[85], the average wavelength of the Di and the Do lines. 

The final bit of confusion comes about in reference to the wavelength of the 

stronger line, £>2, which is usually said to have a wavelength of 589.0 nm. However, 

others give a value of 589.2 nm. The confusion arises because 589.0 nm is the 

wavelength in air while the other is a vacuum measurement. The relation for these 

values is given by [85] 

A = ^, (3.1) 
n 

where n is the index of refraction for air and Xg the wavelength in vacuum. The 

wavelength of the Di line is 589.6 nm in air. However, the accuracy of the value 

needed to excite the sodium layer with a single longitudinal mode laser requires 

knowing the wavelength of the D2 to a much higher accuracy than 4 significant 

digits. 

3.3 The Sodium Layer 

The sodium layer is located in the mesosphere at approximately 90 km and is about 

10 km thick. It is believed that this layer is created by meteor ablation[76]. The 

thickness, height, and column density of the mesospheric sodium layer are known 



35 

T—F—r 
; Anoual Me^n = 4.3 lIxIO'/cmT 

B o 

u u 

< 
"Z 

J  F M A M J J  A S O N D  
Month 

Figure 3.1: Sodium Abundance taken from Papen et a/. [76]. 

to vary seasonally and recently it has been observed to vary over much smaller time 

scales [76]. 

Figure 3.1 shows the annual variation of the sodium abundance in the mesosphere 

measured by Papen et al. [76] at a latitude of 40" N. To obtain the average sodium 

density from the abundance we simply divide by the thickness of the sodium layer. 

The day to day variations can be as large as the seasonal variations. Papen et 

al. [76] have also determined that the layer density can change by a factor of 2 in 

a span of minutes. Figure 3.2 and 3.3 show the seasonal variation of the sodium 

layers RMS thickness and centroid height. The fact that these can change so rapidly 

necessitates a way to make the measurements quickly. From Figures 3.1, 3.2, 3.3, we 

can see that the mean abundance is 4.31 x 10® cm~^ and the mean RMS thickness 

is 4.36 km and the mean centroid height is 91.7 km. In order to compare return 

measurements from different laser systems one needs to know the column density 

since the return varies linearly with it. It is also important to know that the height 

of the layer changes and a way of determining this height is needed or the wavefront 
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Figure 3.3: Sodium layer centroid height taken from Papen et al. 
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sensor will see this change in height as a focus adjustment that needs to made which 

is incorrect. 

3.4 Energy Levels and Transitions 

Atomic sodium has 11 electrons, one of which is a valence electron. The single 

valence electron ground state has a principle quantum number of n=3, an orbital 

angular momentum quantum number of L=0, and a spin angular momentum of S=j 

giving a total electron angular momentum quantum number of J=|. Sodium has 

a nuclear spin angular momentum quantum number of I = |. The total angular 

momentum of the ground state sodium atom is the sum of the total electron angular 

momentum (J=j) and the nuclear spin angular momentum (I=|). The total angular 

momentum quantum number can take on values of either lor2(F = I±J = 1,2). 

The magnetic interaction between the electron and nuclear magnetic dipole moments 

causes these two different total angular momentum states to have different energies. 

The state with total angular momentum quantum number F = 2 lies above the state 

with F =1 by 1.772 GHz(0.02 A). The spectroscopic notation for the ground state 

is 3^Si. 
2 

In the presence of a weak external magnetic field, the two ground states are 

Zeeman split. An external magnetic field is said to be weak when the splitting due 

to the magnetic field is small compared to the hyperfine splitting(B < IkG). In this 

case, the total electron angular momentum and the nuclear spin angular moment 

remain strongly coupled. The two ground states are Zeeman split into 2F+1 states. 

Each Zeeman substate is designated by its magnetic quantum number of m/r, where 

—F < mp < F. The F = 1 level is split into 3 equally spaced magnetic sub-levels mp 

= -1, 0, and 1. While the F=2 ground state is split into 5 equally spaced magnetic 

sub-levels mp = -2, -1, 0, 1, and 2. The separation of these levels is determined by 
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the external field. 

In the presence of a strong external magnetic field the total electron angular 

momentum and the nuclear spin angular moment are decoupled. An external mag

netic field is said to be strong when the splitting due to the magnetic field is large 

compared to the hyperfine spitting. In this case, the same total number of Zeeman 

levels exist; however, F is no longer a good quantum number. J and I are used with 

two groups of four equally spaced levels resulting. One group is my = — | and mj 

= -5, While the other is given by my = | and m/ = -j, |. 

The first excited state of sodium also has a principal quantum number of n=3 

but it has an electron orbital angular momentum quantum number of L=l. The 

combination of electron spin and orbital angular momentum results in two possible 

total electron angular momentum quantum numbers J=| and |. These two excited 

states are separated by 520 GHz(6 A). The J=| state can be excited by radiation 

with a wavelength of 589.1583 nm (£>2 line in vacuum) while the J=| state can be 

excited by a wavelength of 589.7558 nm {Di line in vacuum)[91]. The interaction 

of the total electron magnetic moment with the nuclear magnetic moment causes 

a further splitting of both the J=i and | states . The J=i state is split into 

two hyperfine states (F = J±I=1,2) with a separation of 189 MHz(0.002 .4). The 

spectroscopic notation for the L =1, J=| excited states is 3^Pi. The J=| state is 

split into four hyperfine states (F= 0, 1, 2, 3) with separations of 16.5, 35.5, and 

59.6 MHz, respectively. The spectroscopic notation for the L=l, J=| excited states 

is 32? 3 .  
2 

Figure 3.4 shows all the possible levels for the sodium D lines for zero magnetic 

field, weak magnetic field and a strong magnetic field and also shows the lines due 

to these levels under zero magnetic field. There are a large number of possible 

transitions with all the levels in Figure 3.4. However, the selection rules for electric 
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dipole radiation limit this number. In the absence of an external magnetic field, 

they are simply[72], 

AF = ±1,0. (3.2) 

In the presence of a weak external magnetic field the selection rules become a little 

more involved. The selection rules are[72] 

Am/r = 0 and A F  ̂ 0  tt components. 
Amp = ±1 components. 

In a strong external magnetic field the selection rules become[72] 

A m / =  0  a n d  Amj = Q TT components 

Am J = ±1 components. 

(3.3) 

(3.4) 

Table 3.1 shows the spontaneous emission branching ratios for each excited state 

in the D2 transition under a weak magnetic field [75]. The transitions are obtained 

using the selection rules for a weak magnetic field. This table will be used to help 

explain the effects of optical pumping on the return from the sodium layer. 

3.4.1 Optical Pumping 

Optical pumping plays an important role in efficiently exciting the sodium layer with 

a single longitudinal mode CW laser. Figure 3.5 shows the optical transitions for 

the peak of the D2 line for linear and circularly polarized light using the transition 

rules given in Equation 3.3. Once a sodium atom is excited from the ground F = 2 

state to the excited F = 2 or F = 1 state it can decay to the ground F = 2 or F = 1 

state. If we are only irradiating with light at the peak of the F = 2 transitions, the 

atoms which end up in the F = 1 state are no longer available for excitation. With 

linearly polarized light after several absorption emission cycles all the sodium atoms 

would be in the F = 1 ground state and therefore would become transparent to this 

light. However, circularly polarized light will move a number of atoms into the F = 

2, rrif- = 2 ground state which will only allow transitions into the F = 3, mp = 3 
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Table 3.1; Spontaneous emission branching rations for the Sodium D2 transition 
from [75]. 
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state which can only decay back to the F = 2, mp = 2 state. Tables 3.2, 3.3 and 3.4 

were generated using the spontaneous emission branching ratios given in Table 3.1. 

N is the number of absorption emission cycles. In generating these tables, it was 

assumed that we were far from saturation and could ignore the effects of stimulated 

emission. From Table 3.2 one can see that after several absorption emission cycles 

the ground state population for the F = 2, mp = 2 state has increased in the 

circularly polarized case. While in the linear case. Table 3.4, eventually no atoms 

are in the F = 2 ground states causing the sodium to become transparent to this 

radiation. Figure 3.5 shows how optical pumping occurs for these two cases. The 

Figure also shows that radiation at the ground F=2 state to the F=1 of F=2 excited 

states also become transparent with either linear of circular polarization (no trapped 

states). Optical pumping of ground levels can be degraded by Larmor procession, 

which mixes the magnetic levels and collisions, which mix different F levels. Table 

3.3 shows how optical pumping affects when illuminating with radiation the peak of 

the F=1 transitions. In this case, it would become transparent to the illumination 

radiation. However, if a two laser frequencies were use such that one was the peak 

of the F=2 transitions and the other was the peak of the F=1 transitions then you 

could enhance the return for the F=2 transitions because this would cause a larger 

number of atoms to become trapped in the F=2, mp=2 to F=3, mf=3 transition. 

3.4.2 Experimental observation of Optical Pumping 

Using the commercial ring dye laser described in section 3.6.2 a measurement was 

made at the MMT showing optical pumping in the mesospheric sodium layer. Figure 

3.6 shows the return from the sky using circularly polarized light[2]. In the Figure, 

it is evident that optical pumping has occurred since the ratio of the F=2 to F=1 

peak is 10:3 instead of the expected 5:3 due to the number of ground states in the 

F=2 and F=1 levels. This is the first spectral measurement made of the return 
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N 
Ground State (F,m/r) 

N 1,-1 1,0 1,1 2,-2 2,-1 2,0 2,1 2,2 

0 1 1 1 1 1 1 1 1 
1 1.33 1.52 1.29 0.13 0.37 0.79 1.13 1.44 
2 1.40 1.70 1.51 0.02 0.10 0.38 1.00 1.90 
3 1.41 1.76 1.66 0.00 0.02 0.16 0.72 2.27 

4 1.41 1.78 1.75 0.00 0.01 0.06 0.47 2.53 
5 1.41 1.79 1.81 0.00 0.00 0.02 0.29 2.69 
6 1.41 1.79 1.84 0.00 0.00 0.01 0.17 2.79 
7 1.41 1.79 1.85 0.00 0.00 0.00 0.10 2.84 
8 1.41 1.79 1.86 0.00 0.00 0.00 0.06 2.88 
9 1.41 1.79 1.87 0.00 0.00 0.00 0.03 2.90 
10 1.41 1.79 1.87 0.00 0.00 0.00 0.02 2.91 

Table 3.2: Relative ground state populations for circular polarization for transitions 
at the F=2 ground state. N is the number of absorption/emission cycles. 

N 
Ground State {F,mp) 

N 1,-1 1,0 1,1 2,-2 2,-1 2,0 2,1 2,2 

0 1 1 1 1 1 1 1 1 
1 0.35 0.52 1.20 1.00 1.05 1.14 1.28 1.46 
2 0.12 0.24 0.91 1.00 1.07 1.20 1.53 1.92 
3 0.04 0.11 0.58 1.00 1.07 1.23 1.70 2.26 
4 0.02 0.04 0.34 1.00 1.08 1.25 1.81 2.47 
5 0.01 0.02 0.19 1.00 1.08 1.25 1.87 2.59 
6 0.00 0.01 0.11 1.00 1.08 1.25 1.90 2.65 
7 0.00 0.00 0.06 1.00 1.08 1.25 1.92 2.69 
8 0.00 0.00 0.03 1.00 1.08 1.25 1.93 2.71 
9 0.00 0.00 0.02 1.00 1.08 1.25 1.94 2.72 
10 0.00 0.00 0.01 1.00 1.08 1.25 1.94 2.72 

Table 3.3: Relative ground state populations for circular polarization for transitions 
at the F=1 ground state. N is the number of absorption/emission cycles. 
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N 
Ground State (F,mf) 

N 1,-1 1,0 1,1 2,-2 2,-1 2,0 2,1 2,2 

0 1 1 1 1 1 1 1 1 
1 1.35 1.13 1.35 0.41 1.04 1.25 1.04 0.41 
2 1.58 1.26 1.58 0.22 0.86 1.42 0.86 0.22 
3 1.74 1.36 1.74 0.15 0.74 1.38 0.74 0.15 
4 1.88 1.46 1.88 0.11 0.64 1.28 0.64 0.11 
5 2.00 1.54 2.00 0.09 0.56 1.15 0.56 0.09 
6 2.11 1.61 2.11 0.08 0.50 1.03 0.50 0.08 
7 2.20 1.67 2.20 0.07 0.44 0.91 0.44 0.07 
8 2.28 1.72 2.28 0.06 0.39 0.81 0.39 0.06 
9 2.36 1.77 2.36 0.05 0.35 0.72 0.35 0.05 

10 2.42 1.82 2.42 0.05 0.31 0.64 0.31 0.05 

Table 3.4; Relative ground state populations for linear polarization for transitions 
at the F=2 ground state. N is the number of absorption/emission cycles. 

showing the effect of optical pumping. 

3.4.3 Radiation Pressure 

Radiation pressure can also play an important negative role in the efficient excitation 

of the sodium layer. After an atom absorbs a photon traveling in the direction of the 

laser, the atom radiatively decays by emitting a photon in an arbitrary direction. 

This process on the average causes the atom to absorb one unit of photon linear 

momentum per absorption emission cycle[73]. This change in momentum(Ap = 

^ = 1.1 X leads to a change in velocity (Au = = 0.029y) which 

then leads to a Doppler shift of about 50 kHz (fj = = 50 kHz). This change 

in frequency of 50 kHz every absorption emission cycle could lead to a situation 

where the atoms at a given velocity class are driven out of resonance with the 

exciting radiation after about 100 absorption emission cycles(5 MHz or ^ the natural 

broadening width). 
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Figure 3.6: Sodium layer return versus frequency. This was the first measurement 
of this type and shows the effect of optical pumping on the return [2], 
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Figure 3.7: Sodium D2 line homogeneous and inhomogeneous cross section. The 
homogeneous broadening is 10 MHz FWHM and the six Unes which make of the D2 
line are clearly visible. The inhomogeneous broadening is on the order of 1 GHz for 
the three temperatures shown. 

3.4.4 Broadening 

The sodium atom has a spontaneous emission time of 16.3 ns [87]. This leads 

to a homogeneous broadening of about 10 MHz (Ai/ = = 9.70 MHz). The 

inhomogeneously broadened cross section and the homogeneously broadened cross 

section shown in Figure 3.7 are given by [71] 

o2 6 Jjj O . 1 —lln2(l/-^'o-i/r)^ 

and 
fp2 _6_ 

(3.6) 

f<^ ^ , ,4102,1 1 -""'7! 
(3.5) 

f p 2  6 
^  i l f r -A-Keovnc (u - Uo - VrY + ' 

where / is the oscillator strength of the line, /r is the relative line strength of 

each of the six lines which make up the line (given at the bottom right side 

of Figure 3.4), 6vo is the HWHM homogeneous broadening width, Vo is the center 

frequency, Vr is frequency shift for the hyperfine lines, is the Doppler FWHM 



48 

given by [71] 

fo, = 2-^ pLhl. (3,7) 
C V rriNa 

where is the mass of a sodium atom, k is the Boltzmann constant, T is the 

temperature in Kelvin. In Figure 3.7 the inhomogeneous broadened cross section 

was calculated using a temperature of 200 K, which is a tv-pical temperature for the 

mesosphere. 

3.4.5 Saturation 

The saturation irradiance, I sat-, is the irradiance at which the homogeneous absorp

tion coefficient is reduced by a factor of two. Isat is 6.3 for sodium [75][70][73]. 

On resonance, the relative scattered intensity for homogeneous broadening is given 

by [83] 

/i,) = y- TTTT' (^-S) 

where g { u )  is the line shape function(a Lorenzian for homogeneous broadening). 

is the incident irradiance at a particular frequency u. 

For the inhomogeneously broadened case, an integration is performed over all 

velocity groups, leading to a relative scattered intensity of [83] 

Siilu) = r- (3-9) 

The reduced saturation of the inhomogeneously broadened case is due to the fact 

that contributions from detuned atoms are included in the average over the frequency 

being absorbed. 

The major assumption that goes into deriving these equations is that the fre

quency of the laser is narrow with respect to the absorption profile. This is a valid 

assumption with the single longitudinal mode dye laser. The most important result 

of this is that the point at which the absorption and therefore the return from the 
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sodium layer drops by a factor of two is not at Ijot for the inhomogeneous case. It 

does not drop by a factor of two until the irradiance is 3 times Lat or 19.2 *• cm-

In Chapter 6 data taken from the sodium layer are presented. Irradiance values 

on the sky ranged from 0.5 to 2 This shows that we were operating the sodium 

laser guide star far from saturation. These are also typical values for the data 

presented later in this chapter. 

3.5 Dye lasers 

Dye lasers are the only commercially available lasers which can generate light at 

589 nm. There are several good dye laser review articles [57-59] and even a few 

textbooks [60-62]which go into great detail on the operation of continuous wave dye 

lasers. I will only summarize some of the more important results for continuous 

wave dye lasers. 

The first continuous wave dye laser was made in 1970 at Kodak. To get the 

dye laser above threshold the pump power needs to exceed the saturation irradiance 

given by [83] 
hu 

hat = —, (3.10) 
ar 

where the h is the Planck's constant, u is the irradiating frequency, a is the cross 

section, r is the spontaneous emission lifetime. The absorption cross section for 

Rhodamine 6G is about lxlO~^®cm^ and the spontaneous emission is about 4.8 ns 

[58][59]. Using these values in Equation 3.10 results in a saturation irradiance of 

about l^r[59]. In operating a dye laser, the pump irradiance in the dye is usually 

several times the saturation irradiance. In order to get this irradiance from a 25 W 

argon ion laser, the mode volume needs to be very small. Dye lasers typically have a 

waist around 20 nm. This requires using very short focal length optics to attain this 

waist. The first CW dye laser used a radius of curvature of 4.5 mm and a flat mirror 
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and had an 11 /xm waist. The small size of the cavity did not allow the use of any 

tuning elements. The dye was flowed through a dye cell alleviate the problem with 

triplet state absorption. Rhodamine 6G has a triplet state which absorbs radiation 

at the same wavelengths that the dye emits. The triplet state has a long lifetime 

compared to the excited lifetime and will quench the lasing process[57-59]. The 

next design was a 3 mirror cavity which used a flat output coupler and a curved 

fold mirror to produce a small effective focal length. This system allowed tuning 

elements to be placed in the cavity which lead to a laser whose output could be tuned 

over a wide wavelength range. Figure 3.8 shows a three mirror cavity with tuning 

elements. Replacing the dye cell with a dye jet led to lasers with significantly more 

power. This was because something always burnt on the cell windows and quenched 

the lasing when pumped \vith high power levels. The next major achievement in 

improving the dye laser was in narrowing the frequency while maintaining high 

output power levels. This was achieved by using a ring dye laser which allowed only 

a single longitudinal mode in the cavity. 

3.5.1 Dye laser cavities 

The two most common dye laser cavities are the three mirror cavity and the ring 

laser shown in Figure 3.8. I will discuss these two cavities and also a Z-cavity 

design(Figure 3.9) which was suggested to us by H. Friedman[92]. 

The three mirror cavity Iziser shown at the top of Figure 3.8 is a standing wave 

laser. The mode separation for this cavity is given by [83] 

(3.11) 

where c is the speed of light and I is the cavity length. The standing wave leads 

to spatial hole burning in the gain volume [59]. At high output powers, this laser 
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produces at least two longitudinal modes separated by at least [59] 

where c is the speed of light and d is the distance from the dye to nearest end mirror. 

The ring dye laser is a traveling wave laser. This means that spatial hole burning 

is no longer a problem since a standing wave is not formed in the cavity. This laser 

is capable of producing high output powers in a single longitudinal mode. The mode 

spacing for this leiser is given by [83] 

A : / = y  ( 3 . 1 3 )  

where c is the speed of light and I is the perimeter of the cavity. 

The Z cavity laser is shown in Figure 3.9. Since it is a standing wave laser, its 

cavity mode separation and spatial hole burning separations are the same as for the 

3 mirror cavity(Equations 3.11, 3.12). This laser can potentially produce two modes 

separated by 1 cavity mode separation because the cavity mode separation and the 

spatial hole burning separation are equal. They are equal because the cavity length, 

I, is twice the distance from the dye to the closest end mirror, d. The condition 

required for two mode operation is that the two arms of the Z-cavity be exactly 

equal. If the lengths differ by millimeters, additional modes will be present in the 

laser. This condition implies that for the final aUgnment of this laser, a Fabry-Perot 

interferometer is necessary to look at the modes and adjust the path of one leg until 

only two modes are oscillating. With the inclusion of etalons in the cavity one can 

select any two adjacent modes in the cavity as long as the spacing is not so large 

that the two modes are not effectively 90 degrees out of phase throughout the dye. 
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Figure 3.9: Z cavity standing wave laser cavity 

3.6 Systems used in early measurements 

The following sections discuss early results CAAO obtained using dye lasers. These 

were presented by Jacobsen, Martinez, Angel, Lloyd-hart, Benda, Middleton, Frie-

man, Erbert [2] in 1994. Included are some results obtained after 1994. The power 

levels discussed were measured at the laser(not projected power). 

3.6.1 Spectra Physics ring dye laser 

The first 589 nm light out of the MMT was made using a ring dye laser. This laser, 

provided by the ChAOS group in May of 1993 [45], was a Spectra Physics 380c ring 

dye laser pumped by a Spectra Physics 171 argon ion laser operating in all lines. 

The pump power was typically 16 VV and the output power of the dye laser was 

1.2 W. The resonant back scattered light appeared as a source of 1.3 arcsec FWHM 

and had a brightness equivalent to a natural star of magnitude 12.5 seen through 

a standard V filter. This magnitude is quite low for the amount of power being 

sent out. This is because the laser was not equipped with the optional frequency 

stabilized electronics and hardware, and therefore during a typical exposure the laser 

would hop in and out of resonance with sodium [2]. 
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Figure 3.10; The picture on the left shows the laser projected out of the MMT. The 
Rayleigh column can be seen exiting the telescope. The picture on the right was 
taken using an 8 inch Celestron telescope. The sodium guide star and part of the 
Rayleigh column can be seen [2]. 



3.6.2 Coherent ring dye laser 

The next system used at the MMT was a Coherent ring dye laser. This laser was 

brought to the MMT in December of 1993 by Steve Benda and Dave Middleton of 

Coherent Laser Group. This was a Coherent Model 899-21 ring dye laser, equipped 

with frequency stabilized electronics and a temperature stabilized referenced cavity. 

It could hold the dye laser in a single longitudinal mode at any desired frequency 

for several hours at a time without any attention. The dye laser was pumped with 

a Coherent Model 1-425 argon ion laser which typically put out about 23 W. At 

this level of pump power the dye laser tjrpically put out 2.7 W and at best 3.1 

W. The resonant back scattered light appeared as a source of 1.6 arcsec FWHM 

and equivalent in brightness to a natural star of magnitude 9.85 as seen through a 

standard V filter. This laser also had the ability to scan over a desired frequency 

range. This allowed us to take the data shown in Figure 3.6, showing the hyperfine 

structure of the line. We projected circularly polarized light which resulted 

in optical pumping, evidenced by the ratio the F=1 and F=2 peak of 10:3 [2]. 

Cyclooctatetraene (COT) increases output by about 50% so scaling the results for 

the coherent ring we should get about 4.6 W. This is a watt less than what was 

reported in the literature by Johnston et al. [57]. Some of the problem might be 

the harsh environment which the laser is exposed to at the MMT. 

3.6.3 Lawrence Livermore standing wave dye laser 

In February of 1994 we used a 4 mirror Z-cavity dye laser loaned to CAAO by 

Lawrence Livermore National Laboratory. They modified a Coherent 599 three 

mirror standing wave laser to make this laser. The Z cavity design can forces the 

laser to operate in only two adjacent modes. The LLNL laser had a cavity length 

of 1 m which results in two adjacent modes separated by 150 MHz. This laser was 

pumped with ChAOS Spectra Physics 171 argon ion laser. The dye laser would 
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stay on resonance for an hour without any active stabilization. We were able to 

get about 1.7 W of output using this system. The resonant back scattered light 

appeared as an elongated source of 1.2 by 0.9 arcsec FWHM. Projecting linearly 

polarized light it produced a brightness equivalent to a natural star of m„ = 10.4 

[2]. Since this time, we have been able to increase the output of the Z-cavity laser 

to 4.5 W by using better alignment techniques and by using COT a triplet state 

quencher. However, we were not able to view this on the sky because of clouds, 

snow and fog (see Figure 5.13 for a typical CAAO run). 
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CHAPTER 4 

SODIUM FARADAY FILTER THEORY 

4.1 Introduction 

Single longitudinal mode ring dye lasers are usually tuned by adding several fre

quency selective elements to the cavity. These elements are usually a unidirectional 

device, a three-plate birefringent filter and two etalons. They are used to select a 

single mode and to lock to a specific frequency. Electronic feedback to several of 

the frequency selective elements and a cavity mirror is used in conjunction v\*ith an 

external reference to achieve the frequency lock[o7]. 

In developing a laser locked to the D2 line of sodium, we wondered if sodium 

could be used to accomplish the lock passively. The sodium Faraday filter (SEE) 

provides a potential way to lock a dye laser to the Di or the D2 line of sodium, given 

the right set of conditions. A SEE is made of a sodium cell in an axial magnetic field 

placed between crossed polarizers as shown in Figure 4.1. This chapter describes 

the operation of a conventional SEE and the next (Chapter 5) shows how such a 

filter has been adapted to work inside of a ring dye laser cavity. 

A great deal of trouble is taken to understand how a SEE can be controlled to 

allow very high transmission. This is essential for use in a dye laser ca\-ity. The 
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Figure 4.1: Sodium Faraday filter consists of a sodium cell in an axial magnetic field 
sandwiched between crossed polarizers. 

analysis is primarily concerned with obtaining high transmission at the peak of the 

D2 line. 

4.2 Theory of sodium in a magnetic field 

When sodium is placed inside an axial magnetic field, Zeeman splitting occurs ( for 

more details on splitting refer to Chapter 3). The D2 line is split into a components 

which absorb circularly polarized light. The dispersion associated with Zeeman 

spUtting produces Faraday rotation, an effect where isotropic materials rotate the 

plane of polarization of polarized light when placed in an axial magnetic field. This 

can be explained by examining the absorption and dispersion curves for a single 

line which has undergone Zeeman splitting. Figure 4.2 shows these curves for a line 

centered at £/„ that has been Zeeman split to i/i and 1/2 • n+ and n_ are the disper

sion curves associated with the absorption at i/i and 1/2 respectively. n+ is greater 

than n_ between and U2. Therefore, the right circularly polarized component of 

linearly polarized light would experience a larger phase delay than the left circularly 

polarized component and would produce a rotation of the plane of polarization. 

Figure 4.2c shows that an opposite sense of rotation occurs for frequencies outside 
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Figure 4.2: (a) Absorption of a Zeeman split line, (b) dispersion of a Zeeman spit 
line, (c) the difference between the two dispersion curves in (b). Adapted from [78]. 

the region of to 

The D2 line of sodium, as observed earlier in Chapter 3, is made up of a number of 

lines. In the following sections a detailed analysis of the absorption and dispersion 

curves for sodium is carried out. In these calculations the hyperfine structure is 

included in the calculations since the D2 line hyperfine splitting is 1.77 GHz which 

is on the order of the Doppler broadening(1.66GHz) and the magnetic splitting 

achievable in fields of a few kO. 

4.2.1 General Approach for Calculations 

The problem was approached by first calculating absorption of sodium when placed 

in an axial magnetic field. Then using the Kramers-Kronig relations the dispersion 
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Figure 4.3; Zeeman splitting of Sodium going from the weak field to the strong 
Field. Adapted from [63]. 

is determined. Once the this was determined, calculation of the Faraday rotation 

was possible. Finally using Jones calculus and the absorption calculations the trans

mission was determined. Appendix A contains the Mathematica routines which were 

used to generate the plots in the following sections. 

4.2.2 Zeeman Splitting 

In Chapter 3 it was shown that the levels for sodium had different selection rules 

for a strong field versus a weak field. In order to calculate the absorption, we need 

to determine whether the fields under consideration are weak or strong. Figure 4.3 

[63] shows the energy levels for the sodium D2 line going from a weak field to a 

strong field. This Figure shows the TT transitions. In Figure 4.4 all the levels and a 

transitions are shown for the sodium D2 line in an axial magnetic fiield. The strong 

field approximation is used for the hyperfine levels since the fields we will consider 

are above ~300G G [63]. The relative weights of the a transitions of 3:1 [63] are 

determined with the following argument [63]. 

The sura of the TT components as observed from the transverse direction is given 
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Figure 4.4: Energy level diagram for sodium D2 in a strong magnetic field with the 
allowed a transitions. The corresponding spectra and their relative intensities are 
also shown in the bottom, where Ai/ is given by 4.16. 
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by 

E (4-1) 
m,m' 

and the sum of the a components as observed from the transverse direction is given 

by 

E (4-2) 
m,77i 

As the field strength goes to zero we expect the light to become unpolarized which 

implies that 

Y.''=Y. '<•• (-i-a) 
/ / 

m,m TTiyTTi 

Now, the rate of emission of any TT component is found by summing the intensities 

observed from the two transverse directions (x,y) and the longitudinal direction (z). 

This rate is 

/JR = 21.^ + 0, (4-4) 

and the rate of emission of any a component is found in the same manner and is 

L = 44. (4.5) 

The total emission rates for the cr and it components shows that twice the weight is 

given to the a components as to the TT components, both in transverse observation. 

This leads to the sum rule given by 

^[/.(m,) + 2/,(m,)i = + 2/,(">2)1 (4.6) 
/ / m m 

Now applying these equations to the D2 line gives 

IA\ + I<T2 = IN (4-7) 

and 

2/(RL + /JT = 2/(J2 (4.8) 
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which results in 

: /^2 : /<.! = 4 : 3 : 1 (4.9) 

With this information the absorption may be calculated. The following equations 

will be very similar to Equations 3.5 and 3.6, except in this case a Voigt profile 

is used instead of a Gaussian or a Lorentzian. The Voigt profile gives a better 

prediction of what is occurring in the wings of the absorption profile than does a 

Gaussian and this was of major concern in predicting the absorption at line center 

which is in the wings of the Zeeman split lines. The absorption coefficient for a 

single line using a Voigt profile is given by [71] 

a{u) = aoRe[w[z)] (4.10) 

where Q:„ is 

and z is 

iVeV /41n2 , , 
ao = -^ Y-\ ^^-11 

4EOMCD^D V TT 

z = \/4ln(2)'^° ^ +i^A\xi{2)^ (4.12) 
(>ud 

and w(z) is the error function of a complex argument [77]. 

2 
w ( z )  = exp[-2^][l [ exp[-i^]c/f] (4.13) 

TT Jo 

In Equations 4.11 and 4.12 / is the oscillator strength for the Dg line, is the 

Doppler full width at half maximum(given in Equation 3.7), is the natural line 

half-width, i/o is the center frequency, N is the number density of atoms, m is the 

mass of an electron, c is the speed of light, Cq is the permittivity of vacuum, and e 

is the charge of an electron. These equations can now be modified for the case of 

multiple lines. The absorption coefficient is now given by: 

8 

a±{u) = do fr±Re[w{Zr±:)] (4.14) 
r=rl 
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where the ± is for the cr^ components, the summation is carried out over the eight a 

lines, fr± is the relative line strengths of the a components with ELi(/r++/r-) = 1-

Zr± is given by: 

= v/4ln(2)''° + iy4ln(2)f2 (4.15) 
Oud Oud 

where Aur is the frequency shift from line center for a particular a line. This shift 

can be obtained from Figure 4.4 where the magnetic splitting Au is given by: 

. eB , ^ 
Au = 4.16 

47rm 

where B is the magnetic field applied. The transmission for right circularly polarized 

light is 

Trc{i^) = y = exp[a+(f/)L], (4.17) 

and the transmission for left circularly polarized light is 

Tlc{i^) = y= exp[a_(i/)L], (4.18) 

while the transmission of linearly polarized light is 

TlW) = y = ^[exp[a+(i/)L] - exp[a_(i/)i:]], (4.19) 

where I is transmitted irradiance and is the incident irradiance, and L is the length 

of the sodium vapor cell. The absorption is simply one minus the transmission and 

is plotted in Figure 4.5. This Figure is for a temperature of 211 °C with axial 

magnetic field of 4 IcG and a 1cm long cell. The absorption at line center is ~ 0. 

4.2.3 Kramers-Kronig Relations 

The Kramers-Kronig relations relate the real part of a complex function to the 

imaginary part. The relations are: 

Re[F{u)\ = -P r (4.20) 
IT Jo 
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Figure 4.5: Calculation of absorption for sodium Da line (t_ and components. 
The cr_ component only absorbs left circularly polarized light while the only 
absorbs right circularly polarized light. The solid line shows the absorption for 
hnearly polarized light which is propagating parallel to the magnetic field. 

and 

Im[F{v)\ = -P r (4.21) 
IT Jo 

where P implies the Cauchy principal values of the integTals[84]. Applying Equation 

4.20 on Equation 4.14 and then performing some work one can obtain that the 

dispersion is 
/ V ,  c Im\w{z)\ , ^ , 

n{u)-l = - ———Q,(z/). 4.22 
47ri/o Re[w{z)\ 

4.2.4 Faraday Rotation 

The Faraday rotation is proportional to the difference of the refractive index of the 

and cr_ components, no-+ and Ua--, and is given by: 

- n„+(u)\, (4.23) 

where L is the path length of the sodium cell, n„+ and the are obtained by 

using Equations 4.22 and 4.14. Figure 4.6 is a plot showing the Faraday rotation 

for a linearly polarized beam propagating parallel to the magnetic field. In the plot 

I radians of rotation is obtained at fine center. 
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Figure 4.6; Calculated Faraday rotation angle for a 1cm long cell with an axial 
magnetic field of 4000 G and operating at 211 "C. 

4.2.5 Transmission 

In calculating the transmission we have neglected losses due to optics and are only 

concerned with the losses due to absorption by the sodium vapor. Since we are 

primarily concerned with the what occurs at line center we also neglect the effects 

of circular dichroism and can approximate the transmission of the SFF by simply 

taking the product of the transmission of sodium vapor and the transmission of the 

Faraday rotation between crossed polarizers. The transmission of linearly polarized 

light through sodium vapor is given in Equation 4.19. The transmission due to 

Faraday rotation and the crossed polarizers can be calculated with Jones matrices 

[85] [86]. The Jones matrix representation for this is[86] 

1 0 cos[0(i/)] — sin[0(i/)] 0 0 0 — sin[^(f/)] 
0 0 sin[0(:/)] cos[0(i/)] 0 1 1 0 

where the first matrix is the exit horizontal polarizer, the second matrix represents 

the Faraday rotation, the third matrix is the entrance vertical polarizer, the fourth 

matrix (vector) is the input (vertical linearly polarized light), and right side shows 

the result of the matrix multiplication. The transmission is simply the square mod

ulus of this result which is 

Tf{v) = sin^[0(^')]. (4.25) 
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Combing Equations 4.19 and 4.25 results in an overall transmission for the SFF of 

= ^[exp[-a<r+(£/)] + exp[a^_(j/)]]sin2[0(z/)]. (4.26) 

This transmission is plotted in Figures 4.7 and 4.8 for a 1 cm long cell with a 

magnetic field of 3300 G at temperatures ranging from 205 "C to 208 °C. Figure 

4.7a shows the transmission in a range of ±30 GHz around line center. SFF filters 

are typically used in what is referred to as either line center or wing operation. 

Line center operation means that the filter has a high transmission at the central 

frequency of the un-split line (all the figures here are for line center operation). Wing 

operation is when the filter's parameters are adjusted so that high transmission 

occurs outside of the Zeeman split lines. This can be achieved by adjusting various 

parameters of the SFF. Figure 4.7b shows the detail about line center of Figure 

4.7a. There is 99% transmission in a range of ±1 GHz about the central frequency. 

Figure 4.7c is for a slightly lower temperature; the depression at line center and the 

two peaks are due to the Faraday rotation of | at the peaks, and a Faraday rotation 

of less than | at the center. Figure 4.7d is for a sUghtly higher temperature; the 

single narrow peak is due the fact that all the central frequencies in the range shown 

have a greater than | rotation. Figure 4.8 shows these results in a three dimensional 

plot. The main implication is that more than 99% transmission can be achieved at 

line center with a ±1 GHz band if the temperature is maintained within °C of 

the ideal temperature. 
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Figure 4.7; Transmission through the Faraday filter with cell width = 1cm and 
magnetic field of 3300 G. a and b are for T = 207.2 °C while c is for 205.6 °C and 
d is for 208 °C. 
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Figure 4.8: Transmission through the Faraday filter with cell width = 1cm and 
magnetic field of 3300 G. 



70 

CHAPTER 5 

DESIGN AND CONSTRUCTION OF A 

LASER INCORPORATING A SODIUM 

FARADAY FILTER 

5.1 Introduction 

The analysis of two previous standing wave dye laser systems, incorporating a SFF 

in the cavity, is carried out. This analysis is then used to incorporate a SFF into 

a ring dye laser. The design and construction of the ring laser with an intra-cavity 

SFF is presented. In this design there were three major components: the ring dye 

laser cavity, the sodium cell, and the magnet. The dye laser cavity was designed 

using Zemax, an optical design program. 

Measurements of the SFF were carried out and compared to the calculations 

presented in Chapter 4. Measurements of the ring laser with the SFF in the cavity 

were taken using a spectrograph and a Fabry-Perot interferometer. The design of 

the spectrograph and the Fabry-Perot are also presented. 
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5.2 Design Requirements 

A maximum return from a ^ arcsec(23 cm at 95 km) spot FWHM on the sodium layer 

is desired. The | arcsec FWHM spot requires a diffraction limited beam projected 

through an aperture of ~0.5m[82]. To maximize the return the laser frequency must 

be locked to the peak of the hyperfine structure of the D2 line of sodium. If the 

laser frequency is off the peak by 500 MHz the return will decrease by more than 

50%. To obtain the most eflBcient return, saturation of the sodium layer should be 

avoided. Saturation occurs at ~19.2 x 7r(^^)^ or 7.9 W for a ^ arcsec spot 

size, when a single mode laser is used(refer back to Chapter 3). 

5.3 Design 

The frequency selective elements in the Coherent ring dye laser have an insertion 

loss of 2.5% [57]. This was determined by using a 0.1% scatter loss for each coated 

surface, a 0.02% loss for each Brewster surface, and a 0.7% walk-off loss for a 10-mm 

thick etalon. In the following sections comparisons between various systems and the 

Coherent laser are made using these loss estimates. In order to improve the dye 

laser, the insertion loss of the SFF needs to be less than 2.5%. The dye laser is 

required to operate at the peak of the of the D2 line, 900 MHz off line center or 600 

MHz off the center of gravity. 

5.3.1 Previous Designs 

A SFF was constructed and placed into a pulsed dye laser by Sorokin et a/. [64] in 

1969. This was the first time that a SFF was used as a frequency selective element 

in a dye laser. However, they were unable to get line center operation. This was 

first reported in 1977, Endo et a/.[65]. Table 5.1 list various parameters for both 

systems and Figure 5.1 shows the two systems. 
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Figure 5.1; (a). Schematic of the Sorokin laser which is a standing wave pulsed 
dye laser with a standard SFF placed in the cavity, (b). Schematic of the Endo 
laser which is 3 mirror standing wave cavity CW dye laser. The SFF uses Brewster 
windows as the crossed polarizers. 
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Group Sorokin Endo 
Laser SW pulsed SW CW 
B Field 1.76 kG 2.36 
Optical Loss 20% 0.08% 
Temperature 220 "C 150 "C 
Cell Length 25 cm 25 cm 
Line Center Vapor Loss ~50% 5% 

Table 5.1: Previous SFF dye laser characteristics. 

The Sorokin Design 

Figure 5.1a details the Sorokin et al. experiment which used a standard SFF. a 

sodium cell in an axial magnetic field sandwiched between a set of crossed polarizers, 

in the dye laser cavity. This SFF has an estimated insertion loss of ~20% due to the 

uncoated sodium cell windows and the absorption in the Glan prisms. They could 

only get wing operation of the SFF: the laser only operated in frequencies away from 

line center(~ 4 GHz from the D2 line and ~10 GHz from the Di line). Line center 

operation of the SFF filter might have been achieved by decreasing the temperature 

of the sodium cell until only frequencies in the center had 90° of rotation. However, 

the magnetic field strength was only 1760 G (see Table 5.1) so the absorption at 

line center might have been too great even at lower temperatures. 

The Endo Design 

In Figure 5.1 we can see that Endo reduced the insertion loss by using orthogonal 

Brewster windows on the sodium cell to act as the polarizers in the SFF. In this 

case they were able to achieve line center operation. The estimated insertion loss of 

this SFF due to optics is ~0.08%(0.02% loss per Brewster angle surface). However, 

from Table 5.1 we see that the field used was 2360 G which gives a loss of ~5% at 
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a temperature of 150 °C. They also noticed that spatial hole burning was playing a 

role in which frequencies were selected in the cavity. 

5.3.2 Ring Laser Design 

Our analysis shows that both the Sorokin and Endo designs have a relatively strong 

absorption by sodium at line center. This can be reduced by using a larger magnetic 

field. In both these designs the power levels were not quoted but we know that for 

single frequency operation neither one could provide much power because of spatial 

hole burning. The analysis also demonstrated the importance of using Brewster 

angle surfaces on the sodium cell to reduce the optical element insertion loss. 

The ring dye laser eliminates spatial hole burning by avoiding establishing a 

standing wave in the cavity. We developed two methods in which a SFF and a 

ring dye laser could be used to operate at the peak of the D2 line, and reduce the 

cavity loss below that of the Coherent ring dye laser. Figure 5.2 shows both of these 

solutions. 

The First Solution 

The first solution uses a SFF which has a sodium cell with Brewster windows rotated 

at an angle of ~45° and a | wave plate which cancels the polarization rotation in 

one direction but doubles it in the opposite direction. This makes the SFF act as 

a FSE in the cavity and as the unidirectional device. The estimated insertion loss 

for the optics in the SFF is 0.28% (0.1% for each coated surface on the 4 plate and 

0.02% for each of the four Brewster angle surfaces). The overall loss for the cavity 

would be (following Johnston[57]) 0.8% scattering loss for the coated surfaces(0.1% 

per surface), 0.16% loss for the Brewster surfaces(0.02% per surface), 0.7% etalon 

walk-off loss, and 0.5% sodium vapor loss which results in a loss of 2.16% total loss. 
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Figure 5.2: (a) Schematic of a ring laser design using a SFF which acts as the one 
way element and locks the laser to the D2 line, (b) Schematic of ring laser design 
using a SFF which acts as the one way element, the output coupler amd locks on to 
the D2 line. 
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The Second Solution 

The second design uses a sodium cell with parallel Brewster angle windows, one of 

the outer surfaces having an AR coating for s-polarized light. The j wave plate 

rotates the polarization by ~86° and is transmitted through the outer coated layer 

and the reflected by the inner uncoated layer. This reflection is a function of the 

index of refraction and is ~10% for an index of 1.4. This reflection is used as the 

output coupler in the dye laser. The sodium vapor then cancels the rotation of the 

I wave plate. In this situation the SFF acts as the FSE, unidirectional device and 

as the output coupler in the ring dye laser. The estimated optical surface insertion 

loss for this SFF is 0.36% and the overall losses for the cavity are 2.24%. 

The second design is the only one we constructed. This one was selected because 

the sodium cell design was simpler. The results we obtained will be presented later. 

5.4 Zemax Ring Dye Laser Cavity Design 

The radius of curvature for the mirrors was chosen to be 100 mm because we had 

already purchased these for the standing wave laser and they were available. The 

cavity was designed using Zemax. The Layout is shown in Figure 5.3. A plane 

parallel plate is used to correct the astigmatism introduced by placing the spherical 

mirrors at non-normal incident angles. Figure 5.4 shows the residual wavefront error 

in the cavity after two round trips. Table 5.2 shows the Gaussian properties of this 

cavity. The waist size in the Dye Jet is 18 ^m (radius) and is 375 nm in the output 

portion of the beam. The cavity spacings were determined by optimizing in Zemax 

so that the beam waist at the dye jet would reproduce itself. The merit function 

required that the wavefront error be small. This was done so that the finesse would 

not be determined by the aberrations in the cavity but by the reflectivity of the 

mirrors. The incident angles of the mirrors were only varied above 5°, to leave as 
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Figure 5.3: Dye laser cavity layout scale is shown on bottom. 

much room as possible in the cavity for the frequency selective elements. 

5.5 Construction 

The construction of SFF involves two main components the sodium cell and the 

magnet. Each of these is difficult to build with a limited budget. The following is a 

description of the way we constructed them. 

5.5.1 Sodium Cell 

Initially we tried various techniques for making the cells. We had read that the 

sodium would turn pyrex and fused silica brown at high temperatures very quickly. 

The powerful reducing properties of hot alkaline vapors produce rapid blackening 

in normal silicate glasses by reduction, and this can be eliminated by using glasses 

which contain little or no silica or other readily reducible oxides. We thought this 
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Figure 5.4: Dye laser cavity Wavefront is .0048 waves peak to valley after 2 round 
trips. 

Surface Size Waist Waist Z Radius Divergence Rayleigh 

OC 0.375mm 0.375mm -4.68mm -120m O.Smrad 750mm 

Ml 0.538mm IS.O^m 51.7mm 51.7mm 10.4mrad 1.73mm 

Dye Jet 18.0/zm 18.0/im 0mm Inf 10.4mrad 1.73mm 

M2 1.04mm 18.1//m -100mm -100mm 10.4mrad 1.75mm 

M3 0.536mm 0.375mm 765mm 1.5m 0.5mrad 750mm 

Table 5.2: Gaussian waist beam parameters. 



79 

Surface D Full Angle T 
OC 775.6mm 5.534° NA 
Ml 51.67mm 7.685° NA 
Dye Jet 99.61mm Brewster 0.2mm 
M2 94.54mm 24.76° NA 
Astig. Comp. 43.59mm Brewster 20 
M3 760.0mm 26.91° NA 

Table 5.3: Spacings and angles of ring laser. 

would be a problem so we considered the methods used by sodium lamp manufac

turers to deal with the problem. 

The manufacturers of low pressure lamps use soda-lime glass tubing which is 

flash coated with a thin layer(~ 100 /zm) of Aluminoborate glass. However, it has 

streaks and is readily attacked by atmospheric moisture. These two properties made 

this glass unacceptable for use in a dye laser. 

High pressure lamps use polycrystalline alumina oxide. The manufacturers of 

these lamps have made some using single crystalline sapphire. Making sodium cells 

of these materials is difficult. One technique is to use niobium tubing which is frit 

bonded to the aluminum oxide and then crimped to make the seal. Though this 

sounds very simple, frit bonding niobium requires a vacuum oven because niobium 

oxidizes and turns into a yellow powder at elevated temperatures. The vacuum 

level needed to prevent the oxidation is at least 10~' torr. When we tried this, 

the niobium still became very brittle and shattered when we tried to crimp it. The 

manufactures were not willing to give the details on how they accomplish these seals 

in their lamps. 

The next attempt was to use tubing made of the glass used to frit bond the 

niobium tubing. This glass is called cabal-12. The initial attempts looked good 

but at that time we were trying to use a torch to make the seals and it was very 
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difficult to heat and make a seal without cracking the cabal-12. With the technique 

of the heater described later it would probably have worked. In testing different 

materials to use as cells, we placed a pyrex window, a fused silica window, a BK-7 

window, a sapphire window, a white YAG window, and a BK-7 window AR coated 

with MgFl in a pyrex tube with sodium. The tube was heated to 215 °C for over a 

week. The location of the windows was kept a few degrees hotter than the location 

of the sodium. The windows did not have any evidence of browning. However, the 

pyrex tube turned brown where the sodium chunks had made contact. The most 

attractive approach was to use the MgFl coated windows which are readily available; 

however, we were unable to pursue this because of time constraints. 

The sodium cells were constructed using the setup shown in Figure 5.5. The 

aluminum box has resistive elements on the back to heat it. The front is covered 

by a triple planed glass for insulation and viewing while constructing the cells. The 

sodium breakseal ampule was purchased from Alfa Aesar and comes with a piece 

of iron encased in glass to break the ampule open with a magnet. The ampule 

is connected to the vacuum and cell as show in 5.5 using Cajun ultra-tor tubing 

vacuum connectors. These tubing connectors allow the entire oven to rotate while 

maintaining a high vacuum. 

A vacuum of ~ 10~® Torr is pulled and the oven is heated. Once the sodium 

has become a liquid, the ampule is then broken open using a magnet. The vacuum 

is lost for a short time because the sodium ampule has argon gas with the sodium. 

The apparatus is tilted so that the sodium will flow down into the cell. Once sodium 

is in the cell a small heating coil just above the cell is energized and this seals off the 

cell. This sounds very simple but in practice takes more than a day to accomplish. 

It is critical that sodium is not allowed to condense on or come in contact with the 

windows. With the cells we constructed, temperatures up to 220 °C would not turn 
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Sodium breaieeai ampule 

3 To vacuum pump 

Figure 5.5: Sodium cell construction apparatus schematic on the left and picture on 
the right. The sodium ampule is at the top and the cell is at the bottom. After the 
the oven is heated and the cell evacuated, the ampule is broken open with a magnet 
and the apparatus is rotated so the sodium can flow into the cell. Once there is 
sodium in the cell, the sealing coil is energized and the sodium cell is ready to be 
used. 

the cell windows brown unless the sodium was allowed to condense on the windows. 

It is critical that the windows of the sodium cell remain the hottest so that sodium 

is never allowed to condense on them. Two sodium cells are shown in Figure 5.6. 

These cells are spectrophotometer cells made of pyrex glass. 

5.5.2 Magnet 

In the construction of the magnet for the SFF two approaches were taken: an 

electromagnet and a permanent magnet. In both cases we were trying to make a 

very strong and compact magnet to fit in the cavity we had designed. 
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Figure 5.6: Two sodium cells constructed using the apparatus in Figure 5.5. 
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Electromagnet 

The electromagnet is made of a series of modules as shown in Figure 5.7. Each coil is 

made of 1 mm x 4 mm wire with 21 turns on each side and fixed to a inch copper 

plate with thermally conducting epoxy. The outer edge of the plate is soldered to 

J inch tubing. Each module is water cooled and powered by a separate 5 V 100 

A power supply. These power supplies were purchased from a surplus company for 

25 - 50 dollars each. Six of these together created a 4 kG longitudinal field over a 

distance of an inch. 

Permanent magnet 

The permanent magnet constructed is shown in Figure 5.8. This design used two 

1 inch thick 2 inch diameter samarium cobalt magnets with a hole in the center. 

The holes were made using a stainless steel diamond drill bit and several gallons of 

water for lubrication. Iron pole pieces were used to increase the field in the gap. 

This magnet produced a field of 2,96 - 3.20 kG on its own and 3.27 - 3.51 kG over 

an inch when supplemented with a coil(125 turns, 4 mm x 1 mm wire, 30 A, 150 

W at 200 "C) in the iron return. The peak field intensity values occur near edge of 

the gap while the minimum field intensity value occurs in the center of the gap. 

5.5.3 Conclusion 

The two magnets constructed produced roughly the same field intensity. The main 

difference between the two was that the electromagnet had the advantage of being 

able to switch off the field. However, the electromagnet needed to be cooled while 

the sodium cell placed in it needed to be heated. The permanent magnet did not 

need to be cooled because of its high curie temperature; in fact it was used to heat 

the sodium cell. The permanent magnet also left plenty of room for the sodium cell. 
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Figure 5.7: The electromagnet is constructed in a modular fashion. Each module 
consist of a coil of 1 mm x 4 mm wire with 21 turns on each side fixed with thermally 
conducting epoxy to a copper plate which is soldered to some copper tubing. Water 
is flowed through the tubing to remove the 500 VV(5 V 100 A) of power each element 
uses. 
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Figure 5.8: The permanent magnet was made using two samarium cobalt (2 in di
ameter, 1 in thick) magnets with an iron core return and iron end cap concentrators. 
The field was also increased by adding a coil in the return. 

When the cell is placed in the gap, the windows are the closest part of the cell to 

the permanent magnet. Since the heating is accomplished by radiative heating with 

the permanent magnet being the source the windows are the hottest portion of the 

cell. This feature of the permanent magnet weighed as an important factor in its 

choice as the magnet we finally used. 

5.6 Sodium Faraday Filter Measurements 

Once the SFF was constructed, measurements were taken using the spectrograph 

described in section 5.8 to characterize the SFF. The measurement setup is shown 

schematically in Figure 5.9. The transmission is shown in Figure 5.11 and the calcu

lated transmission is shown in Figure 5.10. The only difference is that the measured 

temperature was 211 °C and the calculation temperature was 207°C. This discrep

ancy is due to the thermocouple location in the heater. The coolest place on the cell 

was the fill tube(this would be the desired place to put the thermocouple to compare 

with the calculations) while the thermocouple was placed on the magnets(heating 
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elements). This was done so that the temperature was never allowed to exceed the 

curie temperature of the magnets. 

5.7 Dye laser performance 

The performance of the dye laser in terms of its frequency and power were measured. 

The frequency was measured using a spectrograph and a Fabry Perot interferometer. 

We designed and built both of these devices specifically to be used with our CW 

dye laser. The power was measured using Gentec TPM-300 Laser Power Meter. 

5.8 A Grating Spectrograph 

The best resolving power possible with a grating is obtained by using it in auto-

collimation and is given by [85] 

^ 2lsin6 
(5.1) 

where 9 is the incident angle and i is the length of the grating. A 100 mm x 

255 mm R2 echelle grating and a 6m focal length singlet were used to construct 

a spectrograph. Bruce Jacobsen designed the 6m focal length singlet operating at 

f/40 with a diffraction limited spot size of 50 /im. Using Equation 5.1 with 1 = 255 

mm, A = 589 nm and tan^ = 2 we get a resolving power of ~ 770,000(0.0008 nm 

or 700Mhz). The minimum angular separation is given by [85] 

~ ^ (5-2) 
I COS 9 

Using the previous values, Admin is calculated to be 5.2 ^/radians. With the lens of 

6m focal length and this angle a separation of 30 nm is produced. This separation 

fits well with CCD cameras whose pixel sizes are typically in the range of 5 - 25 ^m. 

The dispersion of the spectrograph is given by [85] 

_ 2tan0 
D = -J— (5.3) 
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Figure 5.9: Schematic of transmission measurement setup. The spectrograph was 
used in its Ix configuration as described in section 5.8. 
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Figure 5.10: Calculated transmission of the sodium Faraday filter. The peak is 
not at 99% as expected from Figure 4.7 because of the effect of finite spectrograph 
resolution and the non-uniform magnetic field have been included. 
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Figure 5.11: Measured transmission of the sodium Faraday filter. The measured 
temperature was 211 °C and the magnetic field was 3300 Gauss and cell length was 
1 cm. 
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Figure 5.12: Author working long hours on the SFF dye laser in MMT Yoke room 
(aka noisy, cold, dark, Dungeon). 

Figure 5.13: Author and friends walking to the Telescope because the cars could 
not make it through the snow. 
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Using the previous values, this equation, and a CCD camera with a maximum 

dimension of 4.8 mm results in a bandvddth of 1.2 A across the CCD. This was fine 

when the laser was tuned within the 1.2 A, however, when the laser is not it Wcis 

very difficult to see what was happening. We added reimaging optics to increase the 

wavelength range across the CCD. We chose a Ix , 3x and 10x system. This gave 

a wavelength range of 1.2 A, 3.6 A and 12 A. The reimaging optics were designed 

so that the different sets of lenses could be moved in and out on slides while the 

camera remained in a fixed position. 

The 10 X system used a doublet with a 30 mm focal length. It had a magnification 

of — The image distance was 33 mm and the object distance was 330 mm. The 

3x system and the Ix system consisted of two doublets. The magnification each 

system was set by the ratio of the focal lengths. The object was placed at the focus 

of the first lens and the second lens was spaced such that the image was formed at 

the camera. The Ix system was made of two 125 mm focal length doublets. The 

3x system consisted of a 60 mm focal length lens and a 200 mm focal length lens 

which gave magnification — j. 

Figure 5.14 shows the spectrograph setup schematically. Here the three systems 

are shown as well as a field lens which was used to reduce vignetting. Figure 5.14 

shows the Sodium lamp which is used as a reference and shows that the system is 

fiber fed. Figure 5.15 shows the spectrograph(lx mode) analyzing a 632.8 nm HeNe 

laser with longitudinal mode spacing of 1.09 GHz. This was the first image obtained 

using this spectrograph. The measured FWHM is about 0.67 GHz giving a resolving 

power of about 700,000 which is almost the theoretical value of 720,000(refer to 

Equation 5.1 with 1 = 255 mm, tan 0 = 2, A = 632.8 nm). The dispersion for best 

resolving power was • 

The spectrograph was then tested using a sodium lamp. Figure 5.17 is a picture 
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Figure 5.14: Schematic of spectrograph setup. The spectrograph has a fiber fed 
input for the laser and uses a sodium lamp as reference source. 

Figure 5.15: Image of the emission of a 632.8 nm HeNe laser. This was the first 
image captured using the spectrograph in Figure 5.14. 
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Figure 5.16: Profile of the emission spectrum from a HeNe laser with a mode spacing 
1.09 GHz. The FWHM is about 0.67 GHz giving a resolving power of about 700,000. 
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Figure 5.17: Emission spectrum of a sodium lamp using the spectrograph in high 
resolution. The atoms at the edge of the lamp are cooler than the atoms at the 
center and produce this self absorbed feature. The Dj line is shown. 
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showing the D2 line of the sodium with the spectrograph in the 1 x configuration. 

Figure 5.18 is a plot of the D2 line. The dip in the center of the line is caused by 

cooler atoms at the edge of the lamp absorbing radiation produced by hotter atoms 

at the center of the lamp. In Figures 5.19 and 5.20 the self absorbed feature is still 

visible in the 3x configuration of the spectrograph. When the spectrograph is in 

the 10X configuration, the Di and D2 lines can be seen on the CCD. Figures 5.21 

and 5.22 show both D lines with the spectrograph in 10 x configuration. 
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Figure 5.18: Spectrograph high resolution showing the Do line. 



Figure 5.19; Spectrograph medium resolution showing the D2 line. 

0 . 8 

0 . 6  

0 . 4  

0 . 2  

- 7 . 5  - 5  - 2 . 5  0  2 . 5  5  7 . 5  1 0  

V - VQ ( GHZ ) 

Figure 5.20: Spectrograph medium resolution showing the D2 line. 
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Figure 5.21: Spectrograph low resolution with the Di line to the left and the Dg line 
to the right. 
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Figure 5.22: Spectrograph low resolution with the Di line to the left and the D2 line 
to the right. 

5.9 Fabry Perot Interferometer 

A Fabry perot interferometer was constructed using two plane mirrors with a reflec

tivity of 0.98 as shown in Figure 5.23. The theoretical finesse is given by 

•k\/R 

l - R '  
(5.4) 

With R = 0.98, we obtain a theoretical finesse of 155. However, the measured finesse 

was about 30 due to the surface quality of the mirrors. The free spectral range of a 
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Figure 5.23: Fabry Perot setup. 

Fabry Perot interferometer is given by 

FSR = 
2nL 

(5.5) 

A free spectral range of 1.5 GHz was chosen so that the mode spacing of the ring 

dye laser at 280 MHz and the mode spacing of the standing wave laser at 150 MHz 

could easily be observed. In order to obtain a FSR of 1.5GHz, the mirror separation 

must be 10 cm. With this in mind, a lens was chosen to match the output to the 

CCD format (3.6 x 4.8 mm 10 fim pixels). The Fabry Perot etalon was tested with 

a 594 nm HeNe laser which had three axial modes with a mode spacing of 441 MHz. 

Figure 5.24 is a CCD frame of the HeNe laser's modes and Figure 5.25 is plot of 

this data. They show 3 modes in multiple orders. 

5.10 Measurements 

The SFF dye laser operated in two longitudinal modes but could operate in a single 

mode when an etalon was placed in the cavity. Figures 5.26 and 5.27 show the dye 

laser operating in two modes at the D2 line. While Figures 5.28 and 5.29 show the 

dye laser operating in a single mode at the D2 line. However, the spectrograph does 

not have enough resolution to verify operation in a single mode. To verify that we 

used the Fabry Perot interferometer. Figures 5.30 and 5.31 show the SFF ring dye 
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Figure 5.24: Picture of the Fabry Perot interferometer rings using a 594 nm HeNe 
with 441 MHz longitudinal mode separation. 
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Figure 5.25: Fabry Perot using 594 nm HeNe with 441 MHz. 

laser on the Fabry Perot and show it was only operating in a single longitudinal 

mode. Tuning the laser to the peak of the hyperfine structure was accomplished 

by directing the output beam into a sodium cell and adjusting the frequency until 

the scattering from the sodium cell was maximized. Once adjusted the laser would 

remain at this frequency for hours without supervision. 

The best power measurement achieved in the laboratory was 2.5 W without 

using the smelly triplet state quencher, COT. With COT, a power of 3.8 W is 

expected. The laser was limited by a strong flickering of the power which was the 
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Figure 5.26: SFF Dye laser operating in two modes with self absorbed Sodium lamp 
for reference. 
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Figure 5.27: SFF Dye laser operating in two modes with self absorbed Sodium lamp 
for reference. 

Figure 5.28: Dye laser with self absorbed Sodium lamp reference. 
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Figure 5.29: Dye laser with self absorbed Sodium lamp reference. 



Figure 5.30: SFF Dye Laser Operating with a Single longitudinal mode. 
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Figure 5.31: Dye Laser Operating with a Single longitudinal mode. 



Figure 5.32: SFF Dye laser return. The six spokes are the Rayleigh columns imaged 
by the six mirrors of the MMT. The six spots in the center are the images of the 
sodium guide star from the six mirrors of the MMT. The scale is 89 by 72 arc sec. 

result of air turbulence set up by the large thermal gradient between the sodium 

cell at over 200 °C and the ambient temperature of the rest of the laser. When 

installed at the MMT for testing, thermal isolation was provided which minimized 

the flickering, and the power stabilized. The thermal isolation was made by placing 

Brewster angle windows on the entrance and exit holes of the magnet. In use at 

the MMT, a power level of 1.25 W was achieved. The results were low^ because in 

the process of moving the system one of the wires for controlling the temperature 

was broken. Therefore there was no active control of the cell temperature which 

regulates the transmission of the SFF. The magnet (heater) we constructed has a 

very long thermal time constant and there was not enough time to repair it by the 

end of the telescope run. The power we obtained was enough to create a sodium 

guide star(Figure 5.32). The six circles in the center are the images of the sodium 

guide star produced by the six mirrors of the MMT. The six spokes are the Rayleigh 

columns imaged by the six mirrors of the MMT. 
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5.11 Possible Improvements 

Using the design with rotated Brewster angle windows on the sodium cell would al

low operation at lower temperatures. The main problem seems to be the absorption 

due to the tt components. It might be possible to eliminate that problem by using a 

stronger magnetic field at an angle to the beam to produce a strong field in both the 

a and TT components and therefore have no absorption at the center at all. Operat

ing at a much lower temperature would lower the absorption loss but would require 

additional FSEs to select a single frequency. One additional possibility would be to 

use a standing wave dye laser operating in two frequencies very closely spaced. 
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CHAPTER 6 

WAVEFRONT SENSING USING THE 

SODIUM GUIDE STAR 

6.1 Introduction 

The design for the wavefront sensor used on FASTRAC II (the adaptive optics 

instrument designed and built by CAAO for the present MMT refer to Chapter 2) 

is presented. This wavefront sensor is the first to use non-square grid pupil apertures 

and a CCD array. This was required because of the unique geometry of the MMT. 

The first astronomical images ever sharpened using AO with a sodium laser guide 

star are shown to illustrate how this wavefront sensor and a dye laser can be used 

to produce corrected images. 

Data of simultaneous measurements of sodium return and abundance are pre

sented. These are then used to calculate the effective cross section of sodium in the 

mesosphere. 
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6.2 Design 

The wavefront sensor(WFS) was required to work with sodium laser guide stars, 

and natural guide stars. It also needed to be constructed in a very short time, 

and be relatively inexpensive because of its short lifetime(MMT conversion). These 

constraints forced us to use only commercial available lenses for each element in the 

WFS and to construct the lenslet array ourselves. The MMT is a hexagonal array 

of six 1.83 m diameter mirrors on a radius of 2.52 m. The lenslet array was required 

to take this hexagonal pattern and convert it to a square grid pattern which CCD 

detectors use. 

Pat Ryan had designed a relay lens to take the image produced by the telescope 

and relay it to the sodium laser guide star WFS and the natural guide star tilt 

sensor. The relay lens is a petzval lens made of two doublets and is shown in Figure 

2.6(yes go back to Chapter 2). This lens works over a wavelength band of 0.4 ^m to 

1.1 /zm and has a 4 arcminute field[79]. The relayed image was f/14 and 472 

The WFS used a 5 arcsec field of this image for wavefront sensing. It also only used 

a wavelength band of 0.589 ^m to 0.85 iJ.m for natural guide star wavefront sensing 

and only a narrow band around 0.589 ^m when used in SLGS mode. 

The initial design of the WFS used custom lenses to get the best results that 

could be achieved. This design showed that the light from each sub-pupil could easily 

be placed on a single pixel in the image plane(15 nm pixel and 47 Using lens 

catalogs, each element in the WFS was then replaced with a commercially available 

lens. The final problem was with color aberrations which were present from the 

relay lens. These color aberrations made the image spot sizes range from 20 ^m to 

30 //m (Geometric diameter) which were not contained within a single 15 pixel, 

therefore not acceptable. The only way to correct them was to use a custom doublet 

which itself had color aberrations to cancel the ones in the system. However, this 
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240 fim 
o arcsec 

Figure 6.1: Zemax full field spot diagrams from each lenslet as imaged on the CCD. 
The outer ring of spots corresponds to 5 arcsec diameter while the inner ring is for 2 
arcsec diameter. Each square is 240 x 240 fim and represents the outer portion 
of a 2 X 2 quad cell which is made of 16 x 16 unbinned 15 ^m pixels. 

was not an option so I began to look for a way of possibly making an air spaced 

doublet using two commercially available singlets. I was able to locate an SFIO 

negative lens and a BK7 positive lens which had the same radius of curvature and 

was able to use them to do the correction. The final image resulted in spot sizes 

ranging from 8 ^m to 12/im (geometric diameter) when used in natural guide star 

mode and 4 ^m to 7 ^m when used in SLGS mode. Figure 6.1 is a Zemax diagram 

of the image produced by the six lenslets on the CCD. The outer circle is 5 arcsec 

in diameter while the inner is 2 arcsec diameter. 

The layout of the WFS is shown in Figure 6.2 and Figure 6.3. The WFS is on 
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Figure 6.2: The Shack-Hartmann Sensor for the MMT FASTRAC II instrument. 
Adapted from [79]. 

a translation stage so that it can be refocused when using a natural guide star at 

~ oo versus a SLGS at ~90 km. The first element, a 600 mm focal length singlet 

field lens, of the wavefront sensor is in a fixed position and places the entrance pupil 

at infinity so the rest of the WFS can be focused without affecting the image of the 

pupil on the lenslet array. The second element is an air spaced doublet with a 100 

mm focal length which forms the pupil image on the lenslets. The pupil is shown 

in Figure 6.4. The pupils outer diameter is ~7 mm and the sub-pupils are about 

2 mm in diameter. The air space doublet places the image at infinity and corrects 

for chromatic aberrations in the system. In front of the lenslet array, a pupil mask 

is placed to eliminate ambient light. A field lens after the lenslet array allows the 

six images to be refocused through a microscope objective onto a CCD. The Zemax 

prescription for the WFS is given in Appendix B. 



104 

o p 

2? 

£ s b 
I I I  

n O g* k. 
I f l ^  

sS = 5 s 
l| S-s i 
^Sl'a.S 

•j] 

_i 
t: 

s 
s 

c 
— Q.;^ 
5 f i  u. & a 

L_ 

a: 
^-C? 53 
i-t? s 

— _n 
c 
^  I f .  •  

r\s: 
(/: 
c a j; a: -

i; J if. _i 
z c x  
i_LL_; 
-375 

Figure 6.3: The Shack-Hartraann Sensor for the MMT FASTRAC II instrument. 
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Figure 6.4: Zemax diagram of the pupil imaged on the lenslets. 

6.3 Lenslet Construction 

The lenslet array was the only element in the WFS which was not a commercially 

available item. The pupil mask and two lenslet arrays are shown in Figure 6.5. The 

arrays are each constructed of six pie shaped lenses mounted on a one inch diameter 

substrate. The pie shaped lenses were made by cutting up six 100 mm focal length 

lenses. The pie pieces are decentered to change the hexagon pattern of the MMT 

pupil into a square grid pattern of the CCD. When illuminated with collimated 

light, the lenslet forms six images which fall precisely on the intersections of isolated 

quad cells on the CCD. Using the detector in this way allows the entire dynamic 

range of the WFS to be used. The WFS camera uses a 64 x 64 frame transfer CCD 

mounted in a small thermoelectrically-cooled dewar. The CCD pixels are binned 

b y  a  f a c t o r  o f  4  t o  f o r m  a  1 6  x  1 6  p i x e l  f r a m e ,  a t  1 . 2 5  a r c s e c / p i x e l .  S i x  2 x 2  

quad cells are illuminated by the six images from the lenslet. Accurate registration 

of the images with the respective quad cells was ensured during assembly of the 
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Figure 6.5: A pupil mask and two lenslet arrays each constructed of 6 pie shaped 
pieces of 6 different 100 mm focal length piano convex lenses. 

lenslet array. The lenslet was placed in collimated light, and the actual WFS optics 

and CCD were used, together with the adaptive optics computer code, to obtain 

a real-time display of the centroids of the six images before cementing the array 

elements to the substrate. A UV curing epoxy was applied to the array elements, 

which were then adjusted with a micrometer until the centroid values were nulled to 

better than 0.02 arcsec. A UV lamp was then used to cure the epoxy, and solidify 

the lenslet geometry[79]. 

6.4 Results from the Laboratory and the Sky 

Figure 6.6 shows a frame from the wavefront sensor which was illuminated with a 

HeNe laser. In the Figure each lenslet places the laser light on a single 15 //m pixel 

(47 However, the sky is not so friendly as shown in Figures 6.7 and 6.8. 

Figure 6.7 is a sodium guide star imaged on the wavefront sensor and Figure 6.8 

is a natural star. These two images were taken to measure the size of the sodium 

guide star. Only the image to the far left was of concern for this measurement and 
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Figure 6.6: Image produced by the lenslet array using a HeNe in the laboratory'. 15 
Mm pLxel (47 

is the only one which was properly focused and centered in the pupil mask. Figures 

6.7 and 6.8 are not meant to show the wavefront sensing capabilities of the WFS. 

The SLGS was 0.89 arcsec FWHM. CAAO has recently achieved better results, 0.75 

arcsec FWHM[82]. 

Figure 6.9 are the first astronomical images showing improvement using a sodium 

laser adaptive optic system. The improvement was from 0.72 to 0.51 arcsec and used 

the WFS described here and a dye laser[l]. 

6.5 Return Measurements at the MMT 

Sodium return measurements at the MMT were initially taken using a V filter [2] 

then we switched to an R filter [80]. The reason is obvious from the plots of filter 

transmission in Figure 6.10. The R filter has a much greater transmission at 589 

nm than does the V filter(85% vs. 40%). The return flux of the sodium guide star 

is obtained by comparing it to standard star and making relative measurements. 
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•m 

Figure 6.7: Image of a sodium guide star using the lenslet array. 15 /zm pixel (47 
-iml-) 
arcsec' 

'31 

m 

Figure 6.8; Image of a natural star using the lenslet array. 15 /xm pixel (47 
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Figure 6.9: First astronomical images sharpened with adaptive optics using a sodium 
laser guide star. 256x256 pixels 0.1 Adapted from [1] 

The sodium guide star and the standard star are placed on the same CCD. The 

CCD counts are then tabulated for each one. The value for the sodium star is then 

divided by the normalized transmission at 589 nm. The flux for a standard star is 

known[81]. The fliix per unit area per unit power for the sodium star is[81] 

qhjl , 
fna = fstarz=r^~pj~ 

^star "c 
(6.1) 

where F^tar is the flux of the standard star, Catq is the counts obtained for the sodium 

guide star, Cstar is the counts obtained for the reference star, T/ is the normalized 

transmission of the R filter at 589 nm, P is the projected output power, and Ac is 

the collector area. Once the flux is obtained, then a value for the measured cross 

section may be obtained by[80] 

h? A^'/Va-fVa, _ 
am = 47r-: —1.0 (6.2) 

a, ftt 

where Ac is the collector area, h is the height of the sodium layer, T is the atmo

sphere transmission, N/va is the sodium abundance, Fj is the output fliLx for IW of 

laser power, F^va is the return flux. Table 6.1 has data taken by CAAO of sodium 
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Figure 6.10: Transmission for an R and a V filter 

return and sodium abundance. This Table is partially reproduced from [80]. The 

measured cross section ranges from 4.7 to 7.7x10""^® m^. This value is lower than 

the thermal equilibrium value of 8.8x10"^® m^ and provides further evidence of 

optical pumping(refer back to Chapter 3 section 3.4). 
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Polarization Return 
( P'' ^ 
V rm̂  Wms ' 

Sodium Abundance 
atoms 
crrî  

R magnitude 
for 1 W 

Cross section 
10"^^ cm^ 

linear 0.026 2.2 11.0 3.3 

linear 0.066 3.0 10.5 6.2 
linear 0.096 4.3 10.1 6.3 

linear 0.085 4.6 10.3 5.2 
linear 0.088 4.3 10.2 5.8 
circular 0.038 1.7 11.1 6.3 

circular 0.037 2.1 11.2 5.0 
circular 0.044 1.9 11.0 6.0 
circular 0.045 2.7 11.0 4.7 

circular 0.113 4.5 10.0 7.1 
circular 0.900 3.3 10.2 7.7 

circular 0.077 3.6 10.4 6.0 
circular 0.051 2.7 10.8 5.3 
circular 0.113 5.1 10.0 6.3 

circular 0.123 5.8 9.9 6.0 

Table 6.1: Simultaneous sodium return and abundance measurements. 
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APPENDIX A 

ppENDix A: SODIUM CALCULATIONS 

The following are the Mathematica routines which I used for calculating the ho

mogeneous cross section, Inhomogeneous cross section and the transmission for the 

sodium Faraday filter. The files shown are direct input and output from Mathemat

ica. 



A.l Homogeneous Cross Section 
dishomojxb 

113 

X* 589.1S83*10^-9 
5.89150x10-' 

$MiaPr»cisioo • XO 
10 
c • 2.997925 • lO'-S 
2.99793 Xlo' 

c vo • — 
X 

5.08849x 10" 

k « 1.38062 • 10' (-23) 
1.38062 X 10"" 

•na« 23 *1.661 «10*(-27) 
3.8203 X 10"^* 

« 9.1095* 10' (-31) 
9.1095X IQ-" 

• • 1.60219*10'(-19) 
1.60219 X 10'" 

«o « 8.8542 *10-(-12) 
8.8542X10'" 
C « 16.«*10'-9 
1.64 * 10-* 

4.85228x 10* 

f > .6357 
0.6357 

Printed by Hathematlca for Students 
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dishomojib 

4*«0»M*C 

1.68716 * 10** 

•CvJ — 

S" ^ (!»[*• (0) / 10*9] • 5 Btv - (35.5* 10-6) / lO*®! • 
(-(35.5 59.6) *10^6) /10^9] •2stv^ (« (1772 > 16.5) • 10^6) / 10''9] 

5«[v» (-(1772) *10-6) /10-91 •»5s[v* (-(1772 • 35.5) .10-6) /10*9]) 
ffiC-11 
2.40796*10-** 
dfttaa s Tablfli [Oi [v 
d«t« « dataa; 

.499755859375, .000244140625)]; 

abmocb « 
Tabl«[(x-.9215, data[[x*4096>2048^1]]}, (z, -.5, .499755859375, .000244140625}]; 

pll • 
ListPlot [absorb, PlotRanga-• ((-3, 3), {0, 12*10--14)}, PlotJoiaad ••True, Fraae-» True] 

1.2x10 

8x10 

6x10 

4x10 

- Graphics -

dafeaal «Table[ai[v], (v, 1, 1.999755859375, .000244140625}]; 
datal > datatfl; 
abaorbi « 
Table[(Z- .9215, datal([z*4096- 1*4096 • l]]}f { x ,  1, 1.999755859375, .000244140625)] ; 

Printed by Mathematica for Students 



dishomojtb 3 

ListPlot [absorb!^ PlotlUags-* ((-3, 3}/ (0, 12*10'^-14)}, PiotJoinvd Fr 

- Graphics -

Show[pll, pi2] 

»Trac] 

- Graphics -

Printed by Mathematica for Students 
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A.2 Inhomogeneous Cross Section 
disinhomojib 

£n[IIf Ao«5B9.1583»10^-9 

Out(lI- 5.89158x 10-' 
Zn(2|t« SKiaPrttcisioo > 10 
Ouc(2I- 10 

Zn(3]:- c > 2.997925*10^8 
Out[3l- 2.99793* :0" 

In(6It« vo • 
AO 

Outt61- 5.08849k 10^^ 
Zn[7]f> k > 1.38062*10'(.23) 
Out[7l- X.38062x 10*" 
ln[8lt- ana « 23 • 1.661 • 10'(-27) 

Outiai- 3.8203* lO"'* 
Zn(9]t- mm « 9.1095 • 10'(-31) 
Out[9I- 9.1095 X 10*" 
IntlOIi- « > 1.60219*10'(.19) 
OutJlOl- 1.60219x 10*" 
Inflllx- CO « 8.8542*10'(-12) 
Out(ll|- 0.8542x 10*" 
In(12]t- c- 16.4*10'-9 
Outll2I- 1.64x10** 
lR[89l:* T « 200 

Out[B9)" 200 

c 

2*k*T*L09[2] 

0ut(901- 1.07456 x 10* 
ln(9l|t- f-.6357 
Outt91I- 0.6357 

Printed by Mathematica for Students 
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disinhomojtb 2 

rnt92I:-

Out[92|-

tn(93lJ-

!n(941f 

In(96}f 
Out(96l-
In(97|:-
Xn(98lf 
In(99j:• 
ln{601:-

• -2*f 
ao • 

4 « so • M • c 

1.68716 * 10 * 

/ /4»Log[2I \ I ^ f 

(4vd)' 

*yiCv_J :• (1 •[¥ • (0) / 10-91 • 5 bCv - (35.5 •10*6} / 10-9] • 

14 •(v» (-(35.5 •59.6) • 10'6) / 10-9] • 2 • [v • (-(1772- 16.5) #10-6) /10-9I • 

5«[v» (-(1772) •10-6) / 10-9] • 5 •[V (-(1772 • 35.5) • 10" 6) / 10 - 9] ) 

9t[.03S5« .0596*1.772] /ai[.0355» .0596] 

0.591S33 

datao « Tabl«Cai[v], (v, -2, 3.9921875^ .0078125)]; 

data « datao; 

absorb - Tabl«[(x - .9215, data[ Cx • 128 2 • 128 • 1] ] ) , (z, -2, 3.9921875, .0078125}]; 

plSO «ListPlo«[RttC«t»orbl, PlotRaaga-* ((-3, 3), (0, 12*10--16>}, 
PlotJoinad PraB«-*Tm«} 

1.2x10 

1x10 

8x10 

6x10 

4x10 

2x10 

Out (60) • • Graphics • 

Printed by Hathenatica for Students 



disinhomojtb 3 

p250 m matPlotCR* [absorb], PlotJUiigs -• {(-3# 3), (0, 12 • 10''-16}}, Plot Joined -• Trutt, 
frsM -* Tru«] 

15 
1x10 

16 
8x10 

16 
6x10 

16 
4x10 

16 2x10 

1 0 3 2 1 2 

out(48i- -Graphics-

Zn(37l : -  p200 • ListPlot[R«[absorb], PlotRanga-* ((-3, 3}, {0, 12 • 10^-16)}, 
PlotJoinad -•Tmar PraM-^Trua] 

15 

15 1x10 

16 
8x10 

16 6x10 

16 4x10 

16 2x10 

3 -1 0 2 1 2 

Printed by Mathemacica for Students 
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disinhomojtb 

Zn(61lt« 8hGW[p200» p250, plSO] 

u 2x10 

2 0 2 -1 1 3 

out[6i]« • Graphics-

Prixiced by Machematica for Students 



A.3 Sodium Fsiraday Filter Czdculations 

Xm 5t9.15t3«10*.9 

5.89158 >.10-^ 

tMlttPraeislon • 10 

13 
AVB • I.399<X1*10''«*3310 

4.63271 «10* 

ek - 373.15 *307.3 

490.35 

e> 3.99793S*10«t 

2.99793 «10* 

e 
vo • — 

A 

5. 08i49 . 10" 

k • 1.3l0€3«10«(-33) 

1.33062 . 10"" 

KM«33 •l.CCl *10'(•37) 

3.0203 . 10 

M • 9.1095*10* (-31) 

9.:0?5 «IQ " 

• • l.<0319 • 10* (-19) 

:.60219-IQ 

•o • |.IS43*10* (>13) 

9.3542 

, ̂  . I I 3«k.tk.Log(31 
4vd m 2 * — • yj — 
1.5653 <10* 

w(s_] t« KKp[-s*3] •Krfe(-Z*sl 

r / - • - (••10*S) . .5*X0*7. 
• C-I •.«[V««too(ai • — .1.Vi'toatJI —1 
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APPENDIX B 

ppENDix B: ZEMAX PRESCRIPTION 

The following are the Zemajc prescriptions for the ring dye laser design and the 

Shack-Hartmann wavefront sensor design. 
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B.l Ring Dye Laser 

SyatMi/^MCrtpCieo 0«t* 
Pll* i Ot\TWf\TH9\LAZtS«I.ZMX 
TkKiai RDio or* uun 
D«C« : MOM JAM 19 t9ta 
SIMIJIU. bats QATAi 
VURFATTM 
stop 
syatM Apwcturs 
•«Y «mlaa 

X ruptl •bt(t 
Y rupil ablft 
S rupll alxKt 

Apottiutioa kff. pee*l ban. 
ZtC. foc»l Lmi. 
Tet*l Track tmo« sp««* f* p«r*. mricng f/t mokklno 
Obi. H-A. 
Stop lt*(tlua 
P«r*x. Xm. Ngc. 
Mr*ji. M*o-
CBCr. Mip. Ola. 
Cncr . Fxip • Poa . 
bctc Dta. 
Exit Pupil Pos. 
PUtd Typ* 
ItoxtM Ptvld 
Pruury Mav« 
Lena a&lt« 
Aftoular M*9-

OtU{or«. (actor • 3.909001*460 
•If.117)1 liu air? 
-D.iltl] [la f ga apaeai •24.90)1 29.tun 
^0.12311 
31.40«»7 1.71a.4ll 

9. J75 

3.92e435]a 
9.4<«403t 

tool* va <!•«<«•« 

Plalda 1 
Plaid Typ*' Anal* m da^*a« 
t Z>Valua T-V«laa Maksfat 
I 9.900000 0.000000 1.300009 

Vtgnattiaa Paetora 
• vn* vur 'jcx '.rr 
1 0.930000 0.000000 0.009000 9.900000 
HavalaaaUM . 1 
TJnitai Microtia 
• Valua Maigbt 
1 0.919000 1.000000 

sjvAct OATA Stawunr-
Surf Typ» CcMaaC Kadlua Thlekaaea Slaaa Si«»at«f 7oBiC OV STJJOAMD laClnity XbIlaity J 3 m STAIOAltO tnCisity 4.471417 9.79 3 2 (xoRsatjc tnCisity 

0 1 STAlfflAJlO tnClBicy <3 iRMtca 9 :9 3 4 STAICUUU) 
5 CDOEOBHK Znfiatty 0 3 *9 
4 SruKAMD tafinicy 77S,,J»» 9 79 3 7 rrAiSMis laflBlty -9«0 230 3 • rrAMDAjto lafiaity 900 90 5 « STAMDAItO SatlniCy -91 : 79 3 10 STAIBAIIS SafiBiCy 91 9: •} 11 TTAIOAJIO tatiBity -110 3.TS z i: STAaDAJtO Zafisity 110 90 • I) OTAlCUUtO rafiaicy •400 9 '9 s 14 STAIOAItS :atiaiey 490 9J 3 19 STAIOAIIO taflaity 3 3.?9 3 1« COORSWtX 9 17 STAHOAJtO • too 9 KZPRoa 3 3 10 TTAKOAJIS Intinicy 9 139 3 19 cooRoaiue 0 ^0 STAMDAJIO lafiaity •91 I493J 9.7909:99 3 ii arAjOAM 'atlaity s 3 13 cooKsaiue . 0 . 

3] fTAMDAJtO Intiaity -0.3 1 100000.44.170 too 9 24 fTAIOAltD 
39 CDOHOBIIK tnCtatty a 3 13««)l} 9 
34 irAJCAIlD tafiaity -•9-497J4 9 93414794 3 37 fTAlOAJU) tntlalty 9 914911 3 2t COCMWUt 9 29 TTAIOAIU] too 3 KXUICIt 1 91«l«4 3 10 CTAWAU ta(laity a ise g Jl COOIUMX *4.9449 . 
13 COOItOMX . 9 . 
11 VTAMSAltD ladaicy 30 SZLICA 9.ije;743 3 14 STAJSABS laflaity 0 93 3 19 COOKSUUC . 9 J« VTAISAJtS laflBlty 4J.il937 9 ll]44t9 5 17 coonniuc « 

11 STAISAJIS • lec 3 NXUCR 1 793tll 9 19 nAMDAJlO Xaflaity 9 190 0 <0 COOItOUUC . •«lt.4*39 41 «;AnA«s latlBity no 9 7(«)]0) 3 
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•« ^AKMO 
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73 ffTAIOAtO 
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Tilt About Z 
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SUC(*C« 4 
Sur(«e« 5 
OoeraCar X 
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Surf*c« 10 
Surtac* 11 
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3urf*c« 14 
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TiXe About T 
T i l t  A b o u t  Z 
or^r SurfftM 17 
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Ooeontar r 
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Tilt About r 
T i l t  A b o u t  Z 
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Dac«Bt«r X 
O a e o n e a r  Y 

stmbaas 
STAlCMS 
COCKCSU 
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STAlBtAJtS 
rrAMDAis 

Sacaaear tb«a t 
STAJCAJtS 
fTAlOAJIO 
TTAJCAJO 
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fTAlOAJtO fTJjOAMO 
STAlOAltD 
STAHBAJO 
STAMDAItO 
TTAMBAJU) CCCRSSKX 

Oweaetar ta*n tilt 
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cooRsaitx 

1.•434041 
e 

Oaeaotar tbM tilt 
STAlCAJtD 
TTAlCAJtS 
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• lao 
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4.47I4J7 
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9.74»5325 
: 7I4«49« 
5.7711»13 
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14 
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Tilt Atoouc X 
Tilt About Y 
Tilt About Z 
crd«r Surtaem 23 

surfae* 24 
SurC'c* 3) 
0«c«nc«r X 
(>«c«nt«r Y 
Tilt About X 
TlXt About T 
Tilt About : 
Qrd«r 

surtae* 26 
surtmcm 27 
SKirtMcm 2a 

C«e«nt«r X 
0«c«nt«r r 
Tilt About X 
Tilt About Y 
Ttit About Z 
Or^r 

Surf'co 29 
surSae* 30 
SurfAC* 31 
D«««nt»r X 
0«c«ntar Y 
Tilt About X 
Tilt About Y 
Ttlt About Z 
Occtor 

SuriAco 32 
0«cant«r X 
D«c«nt«r Y 
Tile About X 
Tilt About Y 
Tilt About Z 
Or^«r 

sur£«e« 33 
SurCaca 34 
SUrCaca 35 
Oacantar X 
Cacantar Y 
Tilt About X 
Tilt About Y 
Tilt About r 
Or^r 
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cooitoaiuc J 
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0 
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Cacantar than tilt 
STMIOARD 
COO ROB RX 

0 

3 
0 

•2 7«7l(l< 
0 

Oacantar than tilt 
STANDARD 
STANDARD 
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SUrCaca •! 
Focal l«Roth 

surtaea IXA 
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B.2 Wavefront sensor 

Sy«CMB/^«serlptlon 3«c« 

Plla D:\TKP\TMP\5H0CKZ.aa 
Tit:*; IBIS HAS NO TTTU. 
0«C« HCN JAN 19 I99a 
aCNESAL tAS DATA. 

SUrfacvc 
Step 
Syitaa Ap«rtur* 
iUy 
Ap^lMClon Kit rocAi Lat
ere. Pec«l L«n. 
TOtai Track 
t a u Q *  9 p « e «  r / »  
Para. Hrkng r/f 
W o r U n g  r / 9  
Obi. 8p«e« N.A-
Step iUdlua 
Paraz. Im. K^t. 
Parax. Mag. 
Dttr Pxip 01a-
6ntr Pxip. Poa 
cat Pupil Dla. 
BUC Pupil Poa 
flald 
Maxlwjt Plaid 
prlaary wava 
C.ana (ftuca 
Angular Mao. 
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uio a Entrane* Pupil SlaMCar 

Ott 

OtUfora. factor • 0.000005*000 
-li7?.)4l (In air> 
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I39«.<3« 
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I.3«124 
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J 9. gooooo 0 oooooo 0 . 300000 0 oooooo 
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9 450000 

Walght 
1.300000 
i.aococo 
1 oooooo 
1.oooooo 
I. oooooo 
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1 STANQARO 
2 STANDARD 
3 STANQARO 
4 STANCARO 
5 STAMDARO 
« STANDARD 
7 STANDARD 
• STANDARD 
9 STANDARD 
10 STANDARD 
11 STANDARD 
12 STANDARD 
13 STANDARD 
1« STAN&MIO 
STO PAJUUtlAL 
16 STANDARD 
17 STANDARD 
!• COORDBRK 
19 STANDARD 
30 COORDBRK 

Radlua 
Infinity 
Infinlty 
InCInlty 
Infinity 
Infinity 
Infinity 

:nfInlty 
Infinity 
tnfInlty 
InfInlty 
Infinity 
Infinity 
InfInlty 
InfInlty 

InlInlty 

InfInlty 
Infinity 

TTilcknaac 
Infinlty 

•415 554 
50 

-:7 13974 

Slaaatar 
9 

ICIO 4 
1010 4 
1010.4 
1010 4 
1010 4 
1010.a 
1010 .4 
lOLO • 
1010 4 
1010 a 
1010.a 
1010 I 
1010 4 
1010 a 
1010 4 
340113 
411414 



31 STAMCAIID -«•! 1999 -40 14442 nc5c 135 434 0 
32 ffTANDARD t7 40199 •4 15 Kzm 1J5 43< 0 
31 STANDARD Kl 2«11 •130 a65« 135 41« 3 
24 STAKQARD -117 66 •20 4I401 P1C50 »« 53 1-
35 STANDARD I0t.« -< 15 KZTHZ »« 53 3 
2< STANDARD 1793.24 -147 2131 f« 52 3 
37 ffTANOARD In{inity 147 3939 45.405I6 0 
31 STANDARD Infinity -145 103« 5« 44435 3 
39 STMOARO InCInity 1 45 16927 3 
10 COORDBRR - 3 . . 

31 TTANDARD Infinity 3 KIRSCK 41 55302 3 
13 CDORDCRX - <00 . 
33 STANDARD InSinity 1 5 431037 0 
14 STANDARD Inf inity 2.7 an 5 :2041« 0 
15 STANQJUU) -111.21 1 5 999C45 3 
1« STANDARD Infinity 13 14143 5.091645 0 
37 STANDARD Infinity 100 2 569363 3 
3<i STANDARD !• 73« 4 } BIO :3.7 •I 
31 STANDARD -12 09 3 n 12 7 C 
«Q STANDARD 41 155 •2.09055 13 7 0 
41 COOROBRJC - 3 . . . 

42 STANDARD Infinity <1 13 45531 1 
43 COOR08RIC - 0 . 
44 STANDARD 51 6« 4 1 arr 13 5357« 3 
45 STANDARD Infinity 0 12 11513 3 
4« CDORD8RJC •• 0 - . . 
47 STANDARD Infinity 45 7 341695 3 
4i STANDARD 10.47 ] 5 HK7 7 354791 3 
49 STANDARD Infinity « 157751 7 175715 a 
50 STANDARD Infinity 151 3541 4 14i«7« 3 
51 STAMXIARD 11 0««0« 1 510« X5 IC 3 
53 STANDARD -1 17761 I I«M n 10 0 
53 STANDARD -112 342« • «)C 10 3 
54 STANDARD li 41334 1 1530 K5 10 Q 
54 STANDARD -<0071 0 1453 n 10 0 
56 STANDARD -21 35211 5 154112 10 3 
57 STANDARD Infinity 0 5 SILICA 4 0X7753 3 
5R STANDARD Inf Inity 2 10 0 
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