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ABSTRACT 

Many groups are trying to find faint stellar companions using a variety of techniques. 

The most obvious is to take long exposure pictures. Here adaptive optics (AO) is useful 

in correcting the blurring effects of the atmosphere. Starlight is concentrated into a 

tighter peak and less energy is put into the surrounding halo. Another method is to look 

for periodic decreases in a star's irradiance due to a planet blocking some of the light as 

it crosses in front of the star or transits. The most productive technique so far has been 

to look for periodic doppler shifts in the light coming from a candidate star. i.e. radial 

velocity searches. Several large planets have been found this way. This dissertation 

explores aspects of these three methods. 

The ability to detect a companion amid noise depends on the properties of the 

noise. While theoretical expectations exist for the properties of the halo produced by 

an .\0 system, e.xperimental studies are few. The temporal and spatial characteristics 

of the halo produced by the AO system at the Starfire Optical Range are explored 

from the viewpoint of searching for faint stellar companions. We set limiting companion 

magnitudes for stars imaged while searching for Brown Dwarfs. 

The primary limitation to ground based transit searches is scintillation, irra

diance fluctuations due to atmospheric turbulence. We explore reduction of this noise 

via differencing signals from binary stars. Theory is extended to include temporal and 
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angular separation effects simultaneously. Evaluation of the derived equations and sim

ulations demonstrate the benefits and limitations. 

Finally the design of an echelle spectrograph for use on the 6.5 m MMT or the 

Magellan telescope that is well suited to radial velocity searches for planets is presented. 

It has throughput between 10% and 18%, resolution of 200.000 per pi.xel and can sample 

the entire 0..31 to 1.1 fim range at once. This is accomplished by avoiding metallic 

reflections whenever possible and by using a mosaic of CCDs fit to the curved focal 

surface of a Schmidt camera. Efficient simultaneous observation of many spectral lines 

makes this a powerful instrument for radial velocity companion searches. 
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

One of the questions which has endured for as long as man has looked at the heavens 

is "Are we alone?". Are there beings on other planets who are also looking into the 

heavens? There are many stories of aliens coming to Earth, but little hard evidence. 

The first requirement for alien life similar to our own is that there be planets orbiting 

other stars. These planets and their stars need to have the same general characteristics 

as the Earth and the sun. The early stages of planet formation as dictated by theory 

appear to be robust. Proto-planetary disks exist around stars. Earth-mass planets 

around pulsars have been detected by the doppler shift induced variation in the bursts 

of radio waves emitted by the star[85. 4]. However, sun-like stars do not generate pulsed 

radio waves and other detection methods are currently only capable of detecting massive 

planets around these types of stars. Consequently many groups are trying to lower the 

detection limits on stellar companions. 
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1.2 Methods for Detecting Companions 

There are a number of ways to detect the presence of a planet. Radial velocity searches 

have, so far. been the most productive. This method is based on planets affecting stars 

through their gravitational force. Periodic oscillations in stellar absorption lines are 

caused by the doppler shift as the star increases and decreases its velocity relative to the 

Earth. Thus it is most sensitive to objects in close orbits. Three planets have recently 

been detected using radial velocity measurements. They have masses (in units of the 

mass of Jupiter) and radii (in astronomical units or AU, the distance from the Earth 

to the sun) of (0.5-2. 0.05). (0.3-15. 0.43) and (3, 2.09) for 51 Peg B. 70 V'ir B and 

47 L'Ma B. respectively[51. 49]. One drawback to the radial velocity method is that it 

can only provide incomplete mass and orbital motion information. Since the inclination 

of the companion's orbit is unknown, the derivable quantity is the product of the mass 

and the sine of the inclination angle. 

Long exposure imaging can detect the presence of an object much faster than 

the radial velocity method, although it too can only determine mass and orbital motion 

information after the object has moved in its orbit. Complementary to radial velocity 

measurements, direct imaging is most sensitive to objects with large orbits around their 

stars. Closely separated objects present several problems. The telescope must have a 

large enough aperture to allow the planet to emerge from the diffraction pattern created 

by the star. The closest sun-like star which is not a binary lies 4 parsecs away. A 
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planet 1.0 AU away from it would have an angular separation, 0, of 0.25 arcsec^. .A.t this 

separation the diffraction pattern is 0.4% of the peak irradiance for a 1.5 m diameter (D) 

telescope at wavelength A = 0.7 fim. The envelope of an .\iry pattern decreases from this 

as The .A.iry rings can be suppressed by apodization. the elimination of sharp 

boundaries in the pupil, at the cost of some loss in transmission[39. 7]. Going to shorter 

wavelengths also improves the diffraction problem, however it worsens the seeing. 

Seeing, blurring of the image due to thermal structure in the atmosphere, is 

typically in the 0.5 - 2.0 arcsec range. Currently adaptive optics can provide limited 

correction of the phase aberrations in the pupil, but amplitude fluctuations or scintilla

tion. which also disperses energy, remains uncorrected. This is a fundamental problem 

In high precision photometry such as is required for transit searches. Liquid crystals are 

frequently mentioned as a possible remedy for the scattered energy due to scintillation, 

but implementation has been a low priority due to its small effect in comparison to phase 

aberrations[8. 47]. Roddier and Roddier showed that the height of the central peak is 

typically reduced only 15% at 0.5 nm and 3% at 2.2 fim due to scintillation[65]. However 

with the implementation of phase correction, scintillation becomes a major source of the 

energy remaining in the halo. It is this energy that a companion must be rise above to 

be detected. 

The reflected light from an Earth-like planet will be about 2 • 10® times fainter 

than a sun-like star at visible wavelengths[l, 10]. Even a Jupiter-like planet will be 

' "arcsec" is the symbol for an 2U-csecond, or 1/3600 degrees. 
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0.5 • 10® times fainter. Thus scintillation, speckle and photon noise in the rings of the 

Airy pattern can easily swamp the signal of the planet. For a 6.5 m aperture the photon 

noise alone limits the signal to noise ratio to 0.003 and 0.07 for Earths and Jupiters. 

respectively. However in the future with apodization. amplitude correction and very 

high quality adaptive optics. Jupiters should be detectable[3. 75]. 

Observing direct infrared emissions provides significant improvement in the star 

to planet irradiance ratio. .A.t 10 fim. the flux from the star is reduced by a factor of 30 

while the thermal emission from a planet is 30 times greater than visible emission. .\ow 

an Earth is only 10' times fainter than its star, although the diffraction problem is much 

worse. Unfortunately ground based astronomy at 10 /im is prohibited by atmospheric 

background emission. Placing a telescope in space avoids problems with atmospheric 

turbulence and emission problems: however the cost of orbiting a very large aperture 

telescope and cooling its detector and optics to reduce noise is large. The 2.4 m diameter 

Hubble Space Telescope is too small and has too much scattered light from small scale 

errors for planet searches[72]. 

Direct imaging is currently being used to search for less ambitious yet still sci

entifically interesting faint objects called Brown Dwarfs. The most convincing evidence 

of a Brown Dwarf, a cross between a star and a planet, was discovered by direct imaging 

at 7.8 arcsec separation from a companion star[54]. Analysis of its spectrum showed ev

idence of methane and water, indicating a surface temperature < 1000 K[57]. A portion 
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of this dissertation covers our own search for Brown Dwarfs. 

1.3 Dissertation Overview 

1.3.1 Background 

A summary of atmospheric turbulence theory and adaptive optics is presented in Chap

ter 2. It defines relevant terminology and describes the origin of turbulence. The de

scription of adaptive optics systems includes typical implementation methods and sources 

and magnitudes of errors. The primary benefit in searching for faint companions on tele

scopes utilizing adaptive optics is the movement of energy at intermediate radii into the 

diffraction limited peak. The character of the energy remaining in the halo determines 

the largest magnitude companion which is detectable. Theoretical spatial and temporal 

characteristics of corrected images are found. Their implications on the limiting magni

tudes for the detection of stellar companions using perfect adaptive optics are shown. 

1.3.2 Experimental Adaptive Optics Results 

The .A.O properties covered theoretically in Chapter 2 are explored experimentally in 

Chapter 3. The improvement in Strehl ratios with full and partial adaptive optics at the 

Starfire Optical Range (SOR) 1.5 m adaptive optic telescope is verified and quantified. 

The effects of guide star brightness and imaging wavelength on AO performance are 

explored and compared to theory. Spatial and temporal properties are also examined. 
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Long exposure times are beneficial in reducing the noise level in an image com

pared to an object's signal. If the noise is temporally uncorrelated, the signal to noise 

ratio will increase with the square root of the integration time. However, correlations In 

the temporal fluctuations reduce the rate of gain. Effective halo correlation times are 

found for data gathered at the SOR. 

Fixed pattern noise is an also important consideration when looking for faint 

companions. Besides the usual optical imperfections in real systems. AO also commonly 

produces a fixed noise called the waffle pattern. It's origin and appearance will be 

explained in the ne.xt chapter. The waflfle pattern obscures a portion of the intermediate 

separation angles where companions could be. Although fi.xed patterns can be reduced 

by differencing images from different stars, residual fluctuations remain. Halo spatial 

properties are examined and compared to theoretical estimates. 

The limiting magnitudes of companions which can be seen using the adaptive 

optics system at the SOR are found. The factors limiting correction with real world 

adaptive optics are examined and quantified. 

1.3.3 Scintillatioa 

An indirect method for detection of stellar companions not previously mentioned is to 

measure the irradiance from a star looking for periodic fluctuations. If the orientation 

of a system is edge-on. the companion will eclipse the star once per orbital period. This 

reduces the measured irradiance by the ratio of the solid angles of the companion to 
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the star. For our solar system viewed at a distance, the Earth eclipsing the sun would 

reduce the irradiance by lO""* for about 10 hours. The NASA FRESIP (Frequency of 

Earth-Sized Inner Planets) mission is to search for terrestrial sized planets around other 

stars by looking for transits from space[42]. A. less expensive, but noisier, observation 

point is from the ground. .A. twin of Jupiter would reduce the irradiance by 10~" but the 

freciuency of occultation would be small. However, with the discovery of a .Jupiter-sized 

planet only 0.05 .AU from 51 Peg, new interest in finding large planets using occultation 

has arisen. 

CCDs can measure 10~® in a laboratory environment[63], but several noise terms 

must be overcome for this method to work on mountaintops. Young reviewed the rel

evant noises and suggested methods to reduce them[91]. Photon noise is a well known 

fundamental limitation. This is reduced by simply increasing the integration time or 

by getting more photons to the detector via a larger aperture or higher transmission. 

Fluctuations due to atmospheric extinction variability are reduced by using comparison 

stars. These stars should be as close to and be the same color as the science object in 

order to maximize extinction similarity. As many comparison stars should be used as 

are available without severely reducing the time spent imaging the science object itself. 

A stable image location should be maintained to eliminate variations due to nonunifor-

mities in the optics and on the CCD. Thermal fluctuations in the detector should be 

minimized to reduce CCD gain drift. The comparison stars should not have irradiance 
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variations due to their own emission variations. Stellar oscillations must be separable 

from a transit. Matched filtering has been shown to effective in this area[4l]. Finally 

stellar photometry is limited by atmospheric scintillation. Large apertures help reduce 

scintillation by averaging over their area. 

Even with large apertures scintillation is still one of the largest photometric noise 

terms. Previously the theoretical temporal evolution of scintillation has been minimally 

explored due to its complicated representation. With the recent discovery of several 

stellar companions, there is increased interest in the limits that are achievable. Here 

the idea of using a comparison star is extended to the reduction of scintillation noise. 

Generally comparison stars are too far away from the science star to have correlated 

atmospheric turbulence. However, there is significant correlation for binary stars. Scin

tillation theory has been e.xtended to the temporal evolution of the difference in binary 

star signals. Chapter 4 presents the derivation of this 5-dimensional integration. The 

dependence on binary separation as well as several other parameters are e.xplored us

ing numerical methods. Due to the extensive computer time required to evaluate the 

equations, simulation results complement the numerical evaluations. 

In addition to companion searches, the use of closely spaced sources could be 

useful in optical communication applications where intensity fluctuations can be inter

preted incorrectly as data. The complication introduced by the use of binaries to reduce 

scintillation noise is in deconvolving closely separated stars. A cursory treatment of this 
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topic is presented in Appendix B. 

1.3.4 Echelle Spectrograph 

Many spectrographs are being designed and built for the latest wave of large telescopes 

being commissioned. They are high-throughput, high-resolution instruments designed 

to take ad\^ntage of the large investment in primary surface area. This has driven the 

use of grating mosaics and large camera apertures with small F/#s[59]. Resolution-slit 

width products are generally in the 50.000 range, efficiencies go up to 10% and spectral 

coverage is < 0.5 at once[52, 12]. 

Simultaneous observation of many spectral lines increases efficiency and precision 

in radial velocity measurements. Each line acts as an independent measurement so error 

decreases with the square root of the number of lines. Since there are a large number of 

lines to be observed over the entire 0.31 to 1.1 ^m range[45]. simultaneous imaging of 

them all would be a significant improvement. 

The optimum resolution is a trade off between the number of lines which are 

observed and the length of time required to achieve acceptable signal to noise of the lines. 

Merline has studied this trade off for visible wavelengths[53]. Using a 6.5 m telescope 

allows higher resolution than in the past with smaller apertures due to the smaller photon 

noise problem. 

Chapter 5 contains the design for an echelle spectrograph for use on the 6.5 m 

Magellan or converted Multiple Mirror Telescopes (MMT). The design is unique in that 
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it has high throughput and resolution plus it can image the entire 0,31 to 1.1 fim range 

at once. This is accomplished by using a mosaic of CCDs fit to the curved focal surface 

of a Schmidt camera. 
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CHAPTER 2 

ATMOSPHERIC TURBULENCE CHARACTERIZATION AND 

CORRECTION 

2.1 Atmospheric Theory 

2.1.1 Introduction 

Extensive study and characterization of the atmosphere has been done over the years. 

Much of the interest centers on its effect on electromagnetic radiation. This has resulted 

in a number of articles on its extinction and scattering properties, wind profiles and 

thermal mixing scales[64, 43, 76, 21]. Extinction and scattering are driven by aerosols 

contained in the atmosphere[91]. Fluctuation in their concentration dictates that a 

reference frame be taken periodically when making photometric measurements. Wind 

profiles are important in astronomy for two reasons. They move atmospheric turbulence 

past the telescope, thus dictating wavefront correlation times[56]. They also play a role 

in shaping the structure of the refractive index variations in the first place by affecting 

the scales where air flow transitions from being turbulent to being dissipative. 

2.1.2 Refractive Index Power Spectrum 

Large eddies of mixed hot and cold air are formed by geographic and meteorological 

conditions. The size at which these eddies are introduced is known as the "outer scale". 
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Lo[43]. This size depends on location with typical values from 1 - 100 m. Large eddies 

progressively break into smaller eddies until they reach a lower limit of around a few 

mm. the "inner scale" or Iq. This is the point where the Reynold's number becomes 

small enough so that energy is dissipated via viscous friction. The Reynold's number is 

given by 

R, = — (2.1) 
V 

where v is the wind velocity. / is a characteristic size of the eddy and v is the kinetic 

viscosity (~ 1.5 10"^ m^/s)[16]. 

Warm air has a lower refractive index, n. than cool air due to its smaller density. 

The difference is given by [31] 

where the pressure. P. is in millibars and the temperature, T. is in Kelvin. Kolmogorov 

found that between the lower and upper scales, the power spectral density of the refrac

tive index obeys[43] 

(^) = (2-3) 

where k. the wavenumber. is given by 27r divided by the scale size of the index fluc

tuations and C'^. the refractive index structure constant, measures the magnitude of 

the fluctuations. The "Kolmogorov spectrum'^ is generally used due to its simplicity, 

although it is only a fit to measured values. A slightly more complex version, known as 



the von Karman spectrum, incorporates the effects of the outer and inner scales[3l] 

where ko = 2~ /Lo  and = 'I h/I q. 

The phase. 0. of a wavefront is affected by the refractive index it encounters 

through the change in the optical path length. OPL. 

for a path from position to position Z2. Strictly speaking the refractive index is 

dependent on A but this is a negligibly small effect. When different parts of the wavefront 

have different OPLs. the phases over the wavefront are no longer the same. Since the 

phase s  de t e rmine  how ene rgy  i s  d i s t r i bu t ed  i n  t he  image ,  t he  po in t  sp r ead  func t i on  (PSF)  

is altered. Images at long wavelengths are less aberrated than those at short wavelengths 

due to the A~' dependence of the phase. The dependence is driven by an OPL in waves 

being smaller for longer wavelengths. 

2.1.3 Fried's Parameter 

In astronomy a few commonly used parameters are used to represent the atmospheric 

turbulence. The spatial extent over which phase fluctuations are coherent is given by 

(2.4) 

0= '^ OPL 
A 

where A is the wavelength and 

(2.6) 



Term Name Expression A. 

Zi piston 1 1.030 F 

Z2 tilt 2rcos(^) 0.582 F 

Z3 tilt 2rsin (^) 0.134 F 

Z4 defocus x/3 (2r2 - I) 0.111 F 

Z5 astigmatism i/6r2 sin (2i?) 0.0880 F 

Ze astigmatism x/6r2cos(2i9) 0.0648 F 

Zr coma v/8 (3r3 - 2r) sin (1?) 0.0587 F 
Zg coma >/8 (3r^ — 2r) cos {•&) 0.0525 F 

Z9 trifoil V^Sr^sin (3i?) 0.0463 F 

Zio trifoil y/8r^ cos (3i?) 0.0401 F 

Zii spherical 1/5 (6r'' — 6r2 -f-1) 0.0377 F 

Table 2.1: Modified Zernike polynomials and mean square residual amplitude A, (in 
radians-) for Kolmogorov turbulence after removal of the first i Zernike polynomials[5o]. 
r = normalized distance from the center of the circle: = azimuth angle: D = pupil 

diameter and F = {D/ro)3. Optical aberrations are often expressed in terms of these 
polynomials. 

Fried "s parameter[22] 

ro = 0.185 
cos(C) ^ 

(2.7) 
L/o°°drC2(z) 

where C is the zenith angle and has been allowed to vary with altitude. Unless it is 

specified otherwise, values for ro will be specified at a wavelength of 500 nm and a zenith 

angle of 0°. .A.t astronomical sites, typical tq values are 10 to 20 cm. The significance of 

To will be discussed in the next section. 

2.1.4 Zernike Polynomials 

It is sometimes convenient to represent a wavefront as the summation of a set of or

thogonal functions. One common set is the Zernike polynomials. They are made up of 

functions defined over a circular area with varying dependence on radial and azimuthal 

coordinates. The lowest order terms of a modified version[55] are given in Table (2.1) 
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along with the mean square phase deviation over the pupil after removal of the lower 

order terms, assuming Kolmogorov turbulence. The tip and tilt terms are seen to con

tribute 875^ of the phase errors. 

For apertures diameters, D, less than tq, the wavefront in the pupil is coherent 

and the the image is primarily degraded by diffraction. For D = tq. the magnitudes of 

tip-tilt and higher order aberrations are 0.95 and 0.36 radians rms. respectively. Thus 

short exposures will be nearly diffraction limited because the tip)-tilt aberration will be 

negligible, while long exposures will be significantly degraded due to image motion[69]. 

For progressively larger apertures, the higher order components become more important 

and both short and long exposure images are significantly degraded by atmospheric 

effects. 

2.1.5 Seeing 

The angular width of an image can be approximated by 

^ = ^ (2.S) 

where D' is the smaller of the aperture diameter and tq. Astronomers desire high resolu

tion and therefore as small an atmospheric blurring as possible. The contribution to the 

image full width half maximum due to the atmosphere is known as the "seeing". Oaceing-

Since tq oc Oseeing for D > tq. Typical values are 0..5 - 2.0 arcsec at 0.5 ̂ m. 
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2.1.6 Isoplanatic Angle 

The angle over which phase aberrations are well correlated, and thus correctable, is called 

the isoplanatic angle or 9q. The aberrations encountered by light from an off-axis source 

are laterally displaced from the on-axis aberrations. The off-axis angle and height of the 

turbulence determines the displacement and thus the severity of the decorrelation. The 

value of Oq is given by 

and C is the zenith angle. Typical values for the average turbulence height and isoplanatic 

angle are 8 km and 1-3 arcsec[64]. 

2.1.7 Optical Transfer Function 

As D/ro increases, the PSF widens. The Fourier transform of the PSF. the optical 

transfer function or OFF. reflects this broadening through reduced values at high spatial 

frequencies. The form of the long exposure OFF for Kolmogorov turbulence is 

where Q is the frequency expressed in cycles per radian of arc. OFFfCoi must be multiplied 

b\- the OFF of the optics, CTFopt, to get the total transfer efficiency. For a circular 

do = 0.314§ 
H 

(2.9) 

where H is the effective turbulence height[25] 

(2.10) 

(2.11) 



aperture OTFo-pt is given by 

CfTF^^t m = 
for Q  <  D / X  

(2.12) 
arccos ^ ̂  

0 otherwise 

Figure (2.1A) shows the total OFF for several values of D/ro assuming D = 1..5 m and A 

= 1.6 /zm. As turbulence increases, the effective cutoff frequency decreases. The shapes 

of the PSFs for the same D/ro values are shown in Figure (2.IB). Their form is given by 

rD/-\ 
PSF { d )  =  2- / d Q  Q  CfFFKoi (0) CfFPopt { ^ )  J o  i ^ i r e Q )  (2.13) 

Jo 

where 9 is the radial coordinate in the image plane given in terms of radians of arc. 

2.1.8 Structure Functions 

The height of the CfTF at a frequency is determined by the phase differences at the corre

sponding separation in the pupil. A mathematical means of specifying these differences 

is the structure function, a statistical average of turbulence strength at given separations 

in space and time. At position and time r, it is defined by 

Do ( f) = ^|c) (V + r + i) - o (y, r) (2.14) 

where o  is the phase delay due to the turbulence, is the spatial separation and t  is 

the temporal separation. 

The temporal evolution of the atmosphere largely consists of its moving hor

izontally at velocities 1^(2), the 'i'rozen atmosphere" or Taylor's hypothesis. These 

velocities, which depend on the altitude, z, are essentially constant over the time scales 
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Figure 2.1: Long e.xposure OTFs (A) and PSFs (B) for three Kolmogorov turbulence 
strengths along with the diffraction limited case. D = 1.5 m and A = 1.6 iim. .A.s 
turbulence increases, the effective cutoff frequency decreases and the PSF peak goes 
down and widens. 
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important here. A single quantity representing the effective wind speed can be defined 

bv 

V = J ^ d z C ^ ( z )  |^•(z)|3 

jr 

0.6 

(2.15) 

Values from 10 - 2-5 m/s are common. 

When V is combined with the wind direction, the spatial and temporal coordi

nates of the structure function can be related 

Do = 4> +  ̂  - V  {T +  t )  (2.16) 

.A.ssuming Kolmogorov turbulence and utilizing Fried's parameter, the structure function 

is given by[76] [31] 

Do t) = 6.88 (2.17) 

expressed in radians^. Figure (2.2) shows the long e.xposure rms path length differences 

between two points when tq = 0.2, 0..5 and 1.5 m at A = 1.6 /im. 

A characteristic atmospheric correlation time, fo, can be defined as one where 

Do (0. ̂ o) = 1.0 radian^ and thus the OPL is still largely the same. With this definition 

to takes the form 

to = 0.314^ (2.18) 

Many people prefer to use a frequency when specifying the temporal evolution because 

it dictates the correction rate necessary for good imaging. The Greenwood frequency is 
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SEPARATION (M) 
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-- R0 = 0.5M 
-  R 0 = L 5 M  

Figure 2.2: The square root of long exposure structure functions for vq = 0.2. O.o and 
1.5 m at A = 1.6 fim. As the turbulence increases, the rms phase difference between 
points in the pupil increases. The increase with separation goes as This results 
in a degraded PSF. 
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simply related to to by[32][77] 

0.134 
JG = —— (2.19) 

This allows the mean square wavefront distortion, <7^. to be written as 

.2 

5 
\ 3 

(2.20) cr 

where fjdB's the 3 dB servo bandwidth of the correction loop, .^.t A = 1.6 nm. to ~ -5 ms 

and fc ~ 32 Hz. 

For images with exposure times short enough to have negligible temporal effects, 

the tilt component of the atmospheric distortions is often not relevent. It only moves the 

point spread function around the detector without affecting its shape. This movement 

accounts for a decrease in the optical transfer function at high spatial frequencies and a 

corresponding increase in the structure function at large separations. .-Vn appro.ximate 

equation for the tilt removed structure function is[22] 

where a varies from 0.5 for far field propagation (amplitude and phase effects are equally 

important) to 1.0 for near field propagation (only phase effects are important). The 

validity of the approximation decreases with separation. 

(2.21) 
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2.1.9 Strehl Ratio 

Another widely used term in optics is the Strehl ratio. It measures the reduction in peak 

irradiance due to aberrations. The definition is 

S = (/(O)) 
Idl (0) 

(2.22) 

where IdiiO) is the diffraction limited irradiance at the peak and (/(O)) is the ensemble 

averaged irradiance at the peak. .\n equivalent alternative definition is given in terms 

of the phase structure function[3l] 

5 = 16 
d-f p dl?exp -O.0D4, .4 .4 pj (2.23) 

where 

.4 ( X») = I 
1 for <  D / 2  

(2.2-1) 
0 otherwise 

and D is the aperture diameter. This is the area under the OFF normalized to the area 

under the diffraction limited OFF. For the cases shown in Figure (2.1) of D/tq = 1. 3 

and 7.5. the Strehl ratios are 44%, 8.9% and 1.6%, respectively. 

It is frequently useful to have a quick conversion between the Strehl ratio and 

the mean square wavefront distortion, cr^. The Marechal approximation[9] provides this 

conversion for < I rad: 

S  ~  e x p  ( — ( 2 - - t)  
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2.2 Adaptive Optics 

2.2.1 Description 

Adaptive optics gets its name from adapting the optical elements before a detector to 

reduce path length fluctuations in the incident wavefront. It reduces the fluctuations 

by sensing them, then adding the opposite lengths to the optical path. There are a 

few options for detecting wavefront changes. A modification of the Zernike test takes 

advantage of the spatial coherence of starlight. The light is split into the two arms of a 

Mach-Zehnder interferometer and recombined after one of the beams has passed through 

a small aperture at a focus which removes most of the aberrations. By phase stepping the 

pathlengths the wavefront can be accurately reconstructed from the interference fringes[3. 

15]. second method measures the wavefront curvature by using out of focus images[66]. 

More commonly, wavefront slopes are measured. Foucault knife-edge tests[29]. shearing 

interferometry[33] and Shack-Hartmann sensors[73] have all been utilized. Tilt sensors 

have the drawback of requiring a translation from tilt values to wavefront shape. This 

can result in a "u-affle" pattern (to be discussed below). Once the wavefront aberrations 

are known, they are removed by reflection from a deformable mirror. The mirror shape 

is adjusted so that the phase distortion it introduces compensates for those due to the 

atmosphere. .A schematic of a typical adaptive optics system is given in Figure (2.3). 

For a more indepth description the reader is refered to a number of good review articles 

that have been written on the subject[.58, 6, 86]. 
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Figure 2.3: Sctiematic for a typical adaptive optics system. The overall wavefront tilt is 
removed with the first mirror the wavefront encounters and the higher order aberrations 
are removed with the deformable mirror. Next, part of the wavefront is diverted for 
wavefront sensing and reconstruction. The updated corrections are then applied to the 
tilt and deformable mirrors for subsequent wavefronts. 

2.2.2 Error Contributions 

AO error contributions can be divided into those terms which degrade tilt correction 

and those that degrade higher order correction[69, 58]. Adaptive optic systems often 

apply corrections to these aberrations separately. By eliminating the tilt component of 

the correction, the adaptive mirror can have a smaller stroke. The correction rates can 

also be individually optimized. Tilt has a longer correlation time due to its large scale. 

Tilt Errors 

Error in tilt correction results in a smearing of the PSF. This is a loss of high spatial 

frequency information which gives high resolution. The degradation in the Strehl ratio 
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due to tilt error is given by 

1 
(2.26) 

i + f  ( f y f t )  
2 

where is the average of the mean square tilt errors measured along the axes of 

the wavefront sensor. A is the imaging wavelength and D is the aperture diameter. 

Contributing to is anisoplanatism (cfao), temporal decorrelation (fj^emp) centroid 

uncertainty {(T^ent)- Each of these add in quadrature: 

Light from a natural or artificial source can only provide phase information 

about the atmosphere which it has traversed. In adaptive optics, if the science object is 

displaced by some angle from the guide star, its photons traverse atmosphere which has 

not been measured. This is called tilt anisoplanatism and its variance is given by 

where r2 is a correlation parameter ranging from 0.5 to 1.0 for zero to perfect correlation. 

D is the aperture diameter and pq is the atmospheric coherence length. When imaging 

a star which is also serving as the guide star, this contribution is zero. 

The delay between measuring the effects of the atmospheric turbulence and 

compensating for them results in an error due to movement of the atmosphere. The 

aberrations of the new wavefront do not match the correction applied to the mirrors. 

(2.28) 



The error in the tilt correction due to this effect is 

' (BY ^ t e m p  

where to is the atmospheric coherence time and T is the delay time from when the 

measured wavefront was incident to when the correction is applied. 

Due to photon and detector noise the exact centroid of a PSF can not be precisely-

determined. This means the tilt measured by the wavefront sensor and the subsequent 

wavefront reconstruction are incorrect. The error is minimized for a bright and sharp 

guide star image on a low noise detector 

2 2 
9 

N 
= — |1 + — 1 ( o) (2-30) 

e .  
where a . which depends on D/vq , is 0.7 is our cases, w = .  n is the rms detector 

read noise and .V is the number of photo-electrons produced by the detector. 

High Order Errors 

The contributors to high order correction errors {(^^igh) focus anisoplanatism 

reconstruction (Cpjc). fitting tempord (crtime) ^.nd scintillation These are 

presented in terms of the error variance in square radians so 

Shigh = exp ( 2 . 3 1 )  

and 

(^high = (2-32) 



38 

Focus anisoplanatism is the effect where light from a laser beacon does not 

sample the same turbulence as light from the science object does. The science wavefront 

is nominally flat and does not e.xpand appreciably after reaching the atmosphere. On 

the other hand since the laser beacon is within the atmosphere, it generates a spherical 

wavefront which expands as it propagates. Therefore aberrations near the beacon appear 

to have larger spatial scales than they really do. The magnitude of this error is 

where the parameter do was defined by Fried[26]. rfo ~ 2 - 5 m for sodium layer guide 

stars (altitude ~ 90 km) at 0.5 /zm. It varies with nearly linearly with guide star height 

and as A' -. 

The tilts over each subaperture must be converted into an estimate of the in

cident wavefront before the appropriate correction can be applied to the deformable 

mirror. This is done with a reconstructor. In matrix form this is expressed as 

= (2.34) 

where o is the estimate of the vector of phases at each subaperture. .4 is the recon

structor matrix and is the vector of slope measurements. Reconstruction error has the 

same general form as the centroid uncertainty error for tilt correction (Equation 2.30): 

w 2 
7  "  I  1  +  ̂ 1  ( ^ )  ( 2 - 3 5 )  

This is because the errors introduced by inaccurate centroiding over each subaperture are 
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translated by the reconstructor into an inaccurate estimate of the wavefront shape. G. 

which depends on the geometry and reconstructor, is approximately 0.5. Ao is the sensing 

wavelength and A is the science wavelength. The reconstructor is discussed further in 

the next section in connection w^ith its role in "VafBe". 

The best an adaptive mirror can do is to have each subaperture perfectly ad

justed to compensate for measured tilts or phases. Since no adjustment is possible on 

scales smaller than a subaperture, small spatial frequencies^ are uncorrected. Fitting 

error refers to the inability of the adaptive mirror to conform to the exact shape of the 

reconstructed wavefront. This error contribution is given by 

where c = 0.54 and depends on the actuator arrangement and d is the width of the 

subapertures. 

The delay. Af. in applying a correction to the adaptive mirror from when the 

measured wavefront was incident contributes to high order error in the same manner as 

to tilt error. The high order error is approximately 

Scintillation will be discussed in detail in Chapter 4. Here it will simply be 

described as a fluctuation in the amplitude of the wavefront at the telescope aperture. 

'Unless stated otherw'ise, terminology refers to image space. Thus small spatial frequencies have large 
scale periodic structure on the detector euid small sciile structure in the pupil. 

(2.36) 

5 

time (2.37) 
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These fluctuations degrade the ability of the wavefront sensor to make accurate mea

surements by widening the PSF. Sandler has found that its contribution is given by[70] 

This discussion of error terms largely follows that of Sandler et a/.[69]. Parenti[58] 

and Angel[2]. The reader is referred to these sources for a deeper analyses of adaptive 

optic errors. 

2.2.3 Waffle 

Perhaps the first thing to strike the eye when viewing most adaptively corrected images 

is the squarish fSF. closer look reveals the square has bright spots at the corners. 

Sometimes another, fainter, square with bright corners at 45° to the first can also appear. 

This is called the waffle pattern. It is the result of a periodic phase error introduced by 

the adaptive mirror which is caused by the reconstructor. 

Many current adaptive optics systems use a Shack-Hartmann type wavefront 

sensor. This consists of an array of lenslets in a pupil plane which focuses incident light 

onto a similar array of quad cells. The amount of wavefront tilt over each lenslet is thus 

translated into a displacement of the focused light on the corresponding quad cell. The 

ratio of energies entering each hemisphere of the quad cell determines the wavefront tilt 

in that direction for each subaperture. The tilt measurements are reconstructed into an 

overall wavefront in the pupil often using a least squares fit algorithm. The actuators on 

the adaptive mirror are then adjusted to give the desired compensation. 

(2.3S) 
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In the "Wavefront Control Experiment"[82] and Fried[24] geometries there are 

actuators at the corners of each square subaperture of a monolithic deformable mirror. 

Thus there is one actuator and two tilt measurements per subaperture. neglecting edge 

effects. This results in two independent actuator/slope spaces which are coupled by-

requiring each to have zero overall piston[35, 81]. The two spaces form a checkerboard 

pattern with one space being the light squares and the other the dark squares. The 

actuators are at the centers of the squares. 

If one actuator is poked up significantly compared to the rest, the four subaper-

tures which border it will have large tilts. The reconstructed wavefront will correctly 

have the same poked up phase point to remove the tilts, but it will also have the rest 

of the phase points in that space poked slightly down in order to obey the zero piston 

constraint. All the phase points in the other space will be poked neither up nor down. 

Thus there will be two orthogonal sinusoidal patterns at 4-5° to the subaperture squares. 

When the reconstructed wavefront is subtracted from the deformable mirror, the waffle 

pattern is created. Figure (2.4) is a representation of this pattern with the light and 

dark areas being high and low points, respectively. Waffle remains undetected by the 

wavefront sensor because it can not be seen by measuring tilts over the subapertures. 

It is a straightfoward exercise to extend the well known diffraction pattern of a 

one dimensional sinusoidal phase grating[30] to two dimensions. The result is 

(2.39) 



Figure 2.4: Representation of the waffle pattern on a deformable mirror created by the 
reconstructor. The actuators, which define the square subapertures. are at the centers 
of the high (light) and low (dark) regions. One subaperture is marked. This pattern is 
responsible for the squarish PSF in many AO images. 

where 

and D is the pupil diameter. A is the wavelength. ^ is the distance from the pupil to 

the image surface, m is the peak to peak phase delay in radians for the sinusoid and .V 

is the number of subapertures across the pupil. This is just a periodic repetition of the 

normal .A.iry pattern with the strength of the different orders determined by the peak to 

peak phase delay. It is assumed that >• 1 so that the Airy patterns don't appreciably 

overlap. The orientation of the x and y axes are at 45® to the subaperture squares. 

Figure (2.5) shows that as long as m < 3 radians, the Bessel terms and thus the peak 

irradiances decrease as the order deviates from zero. The terms with orders (0.0). (0.±1) 
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Figure 2.5: Bessel function form for the three lowest orders. The peak to peak phase 
difference of the pupil's waffle pattern, m, dictates the strength of the waffle peaks in 
the image according to the ratio of Bessel functions of different orders. 

and (±1.0) are usually the only ones readily observable. 

2.2.4 Halo 

There are several different contributors to the energy in the background of an image. 

One of these is due to diffraction from the primary mirror. The sharp boundaries on both 

the inner and outer edges produce a modulated Airy pattern due to their interference. 

Every other diffraction ring is enhanced or diminished when the central obscuration is 

much smaller than the full diameter. Figure (2.6) shows the ring pattern resulting from 

a central obscuration with a width 1/10 that of the outer diameter. In the simulation 

waffle peaks have been added and the central 4 arcsec reduced bj- a factor of 108 (the 

reason will be clear when the experimental data is presented in the ne.xt chapter). 
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Figure 2.6: Diffraction pattern from a 1.5 m telescope with a 1/10 central obscuration at 
1.6 lim. The sharp boundaries on both the inner and outer edges produce a modulated 
Airy pattern due to their interference. (A) Simulated 2-dimensional pattern where a 
waffle pattern have been added and the signal in the central 4 arcsec has been reduced 
by a factor of 108. (B) Theoretical profile. 
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Atmospheric turbulence is usually the primarj' source of energy in the halo. The 

profile due to this contribution depends on the value of D/ro- Examples of profiles arising 

from turbulence were shown in Figure (2.IB). .\s pointed out in the discussion of seeing, 

the smaller tq. the wider the PSF. 

Finally, adaptive optics itself distributes uncorrected energy into the halo. The 

surface of an adaptive mirror is an array of nominally independent subapertures. To 

the extent that wavefront correction errors are independent from one subaperture to the 

next, the uncorrected portion of the image looks like the incoherent addition of images 

from each subaperture. Thus the halo produced by uncorrected energy has a width. Bh-

dictated by the diffraction limit of a subaperture 

(2.41) 

where .V is the number of subapertures across the pupil, A is the wavelength and D is 

the pupil diameter. 

The amount of energy in the .A.0 halo is dictated by the amount of uncorrelated 

error in the reconstruction of the wavefront. If there is uncorrelated error variance 

over the entire pupil, the fraction of energy, /, scattered into the halo is 

For small errors the Marechal approximation[9] gives / ~ tr^. Since the area of the halo 

is appro.ximately times that of the diffraction limit for the entire pupil, the ratio of 
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the height of the central peak to the halo level, the gain, is given by 

This assumes the halo is flat which it is not. A more accurate analysis requires the 

diffraction pattern from each subaperture be considered. 

Figure (2.7) shows simulated FSFs for no correction, tilt correction and full 

.\0 correction. The aperture diameter is 1.5 m with a 1/10 central obscuration and 16 

subapertures across the pupil. D/ro = 3 and 12 at A = 1.6 fxn\ for the top and bottom 

graphs, respectively. The only noise contribution is from fitting error. Each subaperture 

is instantly adjusted to give the perfect correction as determined by the reconstructor 

which uses noiseless tilt measurements. 

The Strehl ratios increase from 15% to 43% to 92% for D/ro = 3 and from 1.2% 

to 1.8% to 50% for D/ro = 12 as the degree of correction is increased. The contribution 

to abberations from tilt decreases as D/ro increases. The tilt corrected Strehl ratio is 

47% of the fully corrected Strehl when D/ro = 3 while it is only 4% of the fully corrected 

Strehl ratio when D/ro = 12- This is due to more light being scattered into the wings 

of the the PSF by large spatial frequencies in the pupil when tq is small. 

Full .\0 moves energy from intermediate radii to the peak. This is called a 

"Bismark profile" by some due to the central spike on a broad halo. The general shape 

of the tilt corrected PSF remains the same as for the uncorrected image. It just becomes 

somewhat more sharply peaked because the long exposure is not blurred by jitter of the 
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Figure 2.7: Simulated PSFs for varying degrees of correction. (.\) D/tq = 3. (B) D/tq 
= 12. The aperture diameter is 1.5 m with a 1/10 central obscuration and 16 square 
subapertures across the pupil. A = 1.6 /im. Fitting is the only error included. Tilt 
correction provides significantly more improvement to the Strehl ratio when D/ro is 
small. Full .A.0 moves energy from intermediate radii to the peak while tilt correction 
just sharpens the peak. 
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short exposure PSF. 

The CfTFs for the curves in Figure (2.7) are given in Figure (2.8). The sharp peak 

in the fully corrected images is the result of elevated transfer function values at medium 

and large frequencies. These frequencies correspond to medium and large separations 

in the pupil. The deformable mirror can correct errors on this scale: it can not correct 

errors on scales smaller than a subaperture. This is the reason for little improvement at 

frequencies < 1/16 of the cutoff frequency. 

Tilt correction also improves high spatial frequencies. However when D/ro is 

large, higher order aberrations have degraded these frequencies to the point that tilt cor

rection alone does not significantly improve the OFF. Consequently there is no Bismark 

spike. 

Detection Limits 

Searching for faint companions to stars depends on being able to detect the companion s 

signal despite energy from the star being spread into a halo. Low^ detection limits depend 

on having a large gain. The gain for each of the three cases shown in Figure (2.7.\) along 

with the diffraction limited case are presented in Figure (2.9). .A.s pointed out earlier, 

when D/ro < 3 much of the benefit of adaptive optics is in correcting tilt aberrations. 

In the limit of no noise terms except fitting error on the deformable mirror and 

photon noise, the magnitude limits for the detection of a companion can be determined. 

The difference in magnitudes of the peak and 5 times the rms halo fluctuation level for 
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Figure 2.8: Simulated OTFs for varjing degrees of correction. (A) D/ro = 3. (B) 
D/ro = 12. The aperture diameter is 1.5 m with a 1/10 central obscuration and 16 
subapertures across the pupil. A = 1.6 fim. Fitting is the only error included. Tilt 
correction provides significantly more improvement to the transfer function when D/ro 
is small because higher order aberrations have not degraded the OFF as much. Full 
correction elevates the transfer function values at medium and large frequencies which 
gives higher resolution. 
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Figure 2.9: Simulated gain profiles for diflfraction and varying degrees of AO corrected 
Kolmogorov turbulence. The aperture diameter is 1.5 m with a 1/10 central obscura
tion and 16 subapertures across the pupil, pq = 0.5 m at the imaging wavelength of 
1.6 /zm. .\0 fitting error is the only error included. Tilt and high order correction 
provide approximately equal increase in gain when D/ro = 3. 
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the 4 cases shown in Figure (2.9) are presented in Figure (2.10). If our solar system were 

viewed from 10 parsecs, the reflected solar light from Jupiter would be 22.3 magnitudes 

fainter than the sun at a ma.Kimum separation of 0.5 arcsec. Thus, while perfect .\0 

would reduce the integration time required for its detection by a factor of 300. it would 

still take 5.4 10® hours. Using a coronagraph to reduce diffraction, smaller subapertures 

on the deformable mirror to reduce fitting error, a larger aperture and a higher telescope 

throughput to reduce photon noise can substantially cut the time required. However if 

the system is fixed, only brighter companions can be found. In a more reasonable 1 hr 

integration, an object 11 magnitudes fainter than the central star could be detected at 

1.5 arcsec. 

Real world results will be worse than those in Figure (2.10) due to the noise 

terms mentioned earlier as well as the presence of different aberrations in the optical 

trains of the wavefront sensor and detector, detector noise, ghosts and background light. 

Some of these produce stable peaks at radii where companions are e.xpected. Care must 

be taken to verify a potential detection is not an artifact of the imaging system. The 

extent to which these noises degrade performance is explored in the ne.xt chapter. 
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Figure 2.10: Simulated companion detection limits for the same four cases as in Fig
ure (2.9). The difference in magnitudes of the peak and 5 times the rms halo fluctuation 
level is shown assuming fitting is the only AO error and photon fluctuations from a 
m// = 5 star is the only detection noise. A telescope efficiency of 7.5%. e.Kposure time 
of 100 s and bandwidth of 200 nm are assumed. While planets are not detectable with 
this theoretical system. Brown Dwarfs are. 



CHAPTER 3 

EXPERIMENTAL ADAPTIVE OPTICS FINDINGS 

3.1 Experimental Setup 

All experimental images presented in this chapter were taken at the Starfire Optical 

Range (SOR) on the nights of November 9-12 1995. The 1.5 m diameter telescope has 

an adaptive optics system with a closed loop bandwidth of 130 Hz. The deformable 

mirror can be updated at 1.7 kHz and the tilt mirror at 2 kHz. There are 208 square 

subapertures in the pupil with 16 across the diameter. The deformable mirror is adjusted 

with 241 independent and 64 slaved actuators. A Shack-Hartmann configuration is used 

to measure the wavefront[27]. The science object itself was used for guiding and wavefront 

correction was performed at 0.65 - 0.86 /xm. 

The converging light beam from the deformable mirror is at F/20. (See Fig

ure (3.1) for a schematic of the setup.) Prior to the focus a dichroic beamsplitter 

allowed visible and infrared light to be split into two separate optical paths. 500 to 

610 nm light was fed into a Lincoln Lab camera at 0.035 arcsec per pixel. Since this 

camera allowed frame rates > 1 kHz, the temporal evolution of the image could be ex

plored. Near infrared wavelengths were further split into two different cameras. 0.9 -

1 /im (I band) photons were imaged onto a 562 by 512 pi.xel Photometries camera at 
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Figure 3.1: Schematic of the experimental setup. Dichroic #1 reflects visible light to the 
wavefront sensor and an imaging CCD. The transmitted near IR light focuses on and 
passes through a glass flat with a chrome spot in the middle of the field. .A.fter reflection 
from a subsequent folding mirror, the beam is converted from an expanding F/20 to a 
converging F/48 beam by a spherical mirror. Dichroic further splits the light into 
0.9 - 1 /im (I band) and 1-2 /zm (J and H band) light. The I band photons focus 
directly onto a detector. J and H band photons focus near the entrance to a dewar and 
are reimaged onto a .N'ICMOS detector. 



Psirameter Lincoln Lab Photometries Nicmos 
wavelength {^lTa) 0.5 - 0.61 0.91 - 0.99 1.0 - 2.0 

throughput to detector (%) 17 15 43 
format (pixels) 64 X 64 562 X 512 256 X 256 

F/# onto detector 107 51 48 
platescale (arcsec/pixel) 0.035 0.073 0.11 

Field of view (arcsec) 2.24 X 2.24 41 X 38 29 X 29 
dark signal (photoelectrons) 22400t 0.49f 
rms noise (photoelectrons) 8.3 -f- SQy/i 200 + oVi 

counts/ photoelectron 0.42 0.012 
exposure times (s) 0.0005 - 0.05 ~ 60 0.075 - 20 

Table 3.2: Imaging detector parameters at the SOR. t is the exposure time in seconds. 
The noises were estimated from sequences of dark frames. The fast frame rate of the 
Lincoln Lab detector allows the temporal evolution of the PSFs to be examined while 
the other two detectors were primarily used for companion searches. 

0.073 arcsec per pi.xel. Photons greater than 1 /im were fed into an Infrared Labs dewar 

whose optical design was performed by the author[14]. .A. 256 by 256 pi.xel NTCMOS 

detector sampled the image at 0.11 arcsec per pi.\el giving a 29 arcsec field of view. 

Parameters for the imaging detectors are given in Table (3.2). 

.A. chrome spot on a piece of glass was placed in an intermediate image plane 

of the infrared leg to reduce the on axis irradiance. This allowed longer exposures to 

reduce random noise without saturation. Chrome dot diameters of 2.5 and 4.0 arcsec 

were used. The attenuation of the dots was measured in three different ways; using a 

spectrophotometer^ (±40%), comparing signals with and without the spot (±20%) and 

comparing known magnitudes of multiple stars in the field (±25%). Comparison of a 

star's signal on different nights also gave relative attenuation values. Table (3.3) gives 

the results of the different measurements. The transmission of the 4 arcsec spot used on 

' The measurement was performed by Opticcil Data .Associates of Tucson. .A-rizona. 
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Meas urement Diameter 
(arcsec) 

Wavelength Region Meas urement Diameter 
(arcsec) I Band J Band 1-2 fim H Band 

Nov. 9-10 4.0 27 (A) 
N'ov. 10-11 4.0 94 (B) 
Nov. 11-12 4.0 131 (A) 
N'ov. 11-12 2.5 179 (C) 201 (B) 173 (B). 108 (C) 
Nov. 12-13 2.5 533 (A) 134 (A) 
Spectro

photometer 2.5 625 179 108 

Table 3.3: Chrome spot attenuation as determined by a variety of methods. (A) Derived 
from comparison with and without the spot. (B) Derived from comparison on different 
nights. (C) Derived from known stellar magnitudes. The last row gives results for a spot 
which may have been used on either of the last two nights. The chrome spot was used 
to reduce the irradiance from the central star. This lowered the temporal noise in the 
images by allowing longer e.xposure times. 

the first night was significantly higher than the other spots used (there are two spots at 

each diameter which may have been interchanged from night to night). Contributing to 

the differing values is that the stars were not necessarily centered in the spot and the 

transmission appears to increase near the edge. This is either real or the result of the 

spot not being exactly in an image plane. .A.lso different spots could well have different 

transmissions. They were originally made to reflect light and thus could have varying 

thicknesses. Much of the data presented in this paper was taken in H band on the last 

night so an attenuation factor of 134 will be most commonly used. 

-A. common technique to check if an image spot is a real object is to check how it 

moves with time. The SOR telescopes setup dictates three different field rotation rates 

at the imaging sensors. The deformable mirror and the final portion of the optical train 

do not move relative to the sensors and thus their aberrations create spots which remain 
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Figure 3.2: Field rotation rates at the SOR. The curves are labeled with their declination 
angle. Small rotation rates make it difficult to separate field objects from fixed image 
noise. 

fi.xed in an image. The primary, secondary and spider rotate as the telescope follows a 

star according to 

where 9a is the azimuthal angle and 9^ is the elevation angle. The sky rotation around 

the center of an image obeys a similar formula: 

where 9p is the paralactic angle. For many of the objects we observed, the field rotation 

turns out to be very small (See Figure 3.2). Consequently when images taken at different 

times were stacked so that the sky rotation was zero, and thus any companion would be 

Oteltcov^ = 236.2° -9^-9e (3.1) 

9,ky = 281.4° -9p-9a-9, (3.2) 
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HR mv mfi nil mj TTlH Declination Spectral Distance 
Number (deg., min.) Type (parsecs) 

88 6.38 5.85 5.52 5.28 4.98 -12 29.2 G2 V 20.6 
483 4.95 5.48 5.81 6.05 6.35 42 21.8 G1.5 V 13.7 
857 6.03 5.29 4.81 4.39 3.95 -12 58.3 K2 V 8.3 
996 4.82 4.28 3.93 3.67 3.34 3 11.3 G5 Ve 9.6 

1084 3.73 2.99 2.51 2.09 1.65 -9 37.6 K2 V 3.3 
1532 5.49 4.98 4.65 4.42 4.13 -17 1.5 01 V 12.7 
1543 3.19 2.79 2.55 2.37 2.14 6 52.5 F6 V 7.5 
1552 3.69 3.79 4.01 4.24 4.43 5 35.4 82 III 200 
1925 6.23 5.55 5.09 4.71 4.30 .53 27.8 K1 Ve 12.1 
1941 6.05 5.47 5.09 4.83 4.47 56 34.9 G9 150 
2047 4.40 3.9 3.59 3.37 3.09 20 16.1 GO V 9.7 
2777 8.20 7.38 6.85 6.40 5.93 22 4.6 K3 V 16.0 
3391 5.64 5.12 4.81 4.57 4.28 65 11.7 G1 V 13.9 
8085 5.21 4.22 3.59 3.12 2.56 38 30.0 K5 Ve 3.5 
8086 6.03 4.78 4.10 3.58 2.95 38 30.0 K7 Ve 3.5 
8314 5.94 5.44 5.13 4.91 4.63 14 32.6 GO V 15.1 
9038 6.40 5.58 5.05 4.60 4.13 75 15.9 K3 V 10.4 

Sirius -1.46 -1.51 -1.51 -1.51 -1.51 -16 43.0 .A.1 V 2.7 

Table 3.4: Stars observed on Nov 9 - 12 1995 at the SOR (declination = 35°). Most of 
these are candidates for Brown Dwarf companions. Their magnitudes and declination 
angles influence AO correction performance and thus companion detection limits. 

stationary, the waffle and much of the fixed pattern noise also remained nearly stationary. 

This made it difficult to distinguish real objects from noise. 

Data in this chapter was obtained observing the stars listed in Table (3.4). 

Most of these stars have a magnitude ~ 5. Based on this a prediction of the expected 

Strehl ratios for images taken at the SOR can be made from the error terms given in 

Section 2.2.2. The individual error contributions along with Strehl ratios are given in 

Table (3.5). Tilt and focus anisoplanatism are zero for natural guide stars. The error 

listed as optics corresponds to coma (a^ = 0.34 radians^ at A = 1.6 /im) and defocus 

(cr^ = 0.26 radians^) introduced in the infrared imaging leg. Coma comes from the off 
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Parameter Imaging Wavelength Parameter 
0.55/im 1.6//m 

(arcsec^) 
<^lmp (arcsec^) 

(arcsec2) 

0 
0.001 
0.006 

0 
0.000 
0.001 

(radians'^) 
(radians^) 

crj-i (radians^) 
(radians^) 

(radians^) 

0 
0.512 
0.798 
0.390 
0.150 

0 
0.059 
0.092 
0.045 
0.043 

(radians^) 0 0.6 

Stilt 

Shigk 

Sopt 

0.84 
0.13 
1 

0.98 
0.79 
0.55 

(^total (TH) 
Stotal 

130 
0.11 

240 
0.43 

Table 3.5: Predicted error contributions and Strehl ratios at the SOR. The error listed 
as optics corresponds to coma and defocus introduced in the infrared imaging leg. .\s-
sumptions include^: tq = 5 cm. thr = 5. wind speed = 10 m/s. rms wavefront sensor 
noise = 10 photoelectrons/read. spectral bandwidth = 200 nm, update time for both tilt 
and high order loops = 1 ms and a photon incident on the telescope to wavefront sensor 
photoelectron efficiency of 7.5%. Tilt and focus anisoplanatism are zero for natural guide 
stars. 
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axis (~ 1.2°) reflection from the spherical mirror. A lack of fine adjustment on the 

position of the infrared dewar introduces a few mm of defocus. .\ssumed parameters 

include tq = 5 cm. tur = 5. wind speed = 10 m/s. wavefront sensor noise \-ariance = 

100 photoelectrons^. wavelength bandwidth = 200 nm, update time for both tilt and 

high order loops = 1 ms and an incident photon to wavefront sensor count conversion of 

7.5%. The optical efficiency (7.5%) was estimated by comparing the number of photons 

detected by the wavefront sensor with the photon irradiance predicted by the star's 

magnitude. The predicted number of photoelectrons per subaperture is 136/ms. 

These predictions are far below those in .'Vngel's analysis that found planets to be 

detectable with a hypothetical AO system[3]. The difference lies both in observing much 

fainter stars with a smaller telescope aperture and the adaptive optical parameters. He 

assumed smaller subapertures. faster update rates and a degree of scintillation correction. 

We also have additional optical errors introduced in the near IR leg. .Vevertheless. 

theoretical performance predictions can be checked. 

3.2 Benefits of Adaptive Optics 

The improvement in images with full adaptive optics can be quantified in several ways. 

One of the simplest is by Strehl ratio. For images of HR483 taken on a night with fa ~ 

40 Hz. the Strehl ratio raised from 0.5% to 7% at A = 0.55 ^m when the high order 

correction was turned on^. This is less than the predicted closed loop Strehl ratio of 

^The Strehl ratios in this paper arc c2ilculated based on all of the signal being incident on the detector. 
This was not the Ctise for some of the visible images because the star peak Wcis moved to one comer of 



61 

Figure 3.3: The 500 - 610 nm images of HR2134 are composites of 1024 -5 ms exposures. 
The platescale is 0.035 arcsec/pixel. (A) Straight addition. (B) Shift and added. Re
moving the frame to frame jitter improves the Strehl ratio from 7% to 10% and brings 
out the binary nature of the star (0.15 arcsec separation). 

119^ due to an elongation of the peak. The rms deviation of the peaks in consecutive 

5 ms exposures of HR2134 was 0.06 arcsec (which by itself gives a Strehl ratio = 749c). 

Figure (3.3) shows the improvement in the composite of 1024 consecutive images of 

HR2134 when a shift and add algorithm is used instead of a straight addition. The shift 

and add routine finds the peak of each individual image, shifts each image so that the 

peaks are superimposed, then adds the images together. This eliminates frame to frame 

jitter which makes the binary nature of HR2134 much easier to see. The stars have m^. = 

4.7 and 5.1 with a 0.2 arcsec separation. So the high order correction was performing as 

predicted by Section 2.2.2 but the tilt loop was not. There are a couple of contributors 

the CCD to maximize the field in one direction. For these cases photons missed the detector cind the 
reported Strehl ratio is too high. Strehl ratios cam cilso be calculated from the OFF. They can not be 
calculated from the variance of the phase errors because the noise is not white. 
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to the jitter problem. One is nonuniformity of the avalanche photodiode array used as 

the global tilt sensor. Another is vibration in a folding mirror. There is also a resonance 

in the spiders holding the secondary mirror. A frequency analysis of the residual jitter 

is given in a later section. 

The PSFs for the long exposure fully corrected images are much narrower than 

for the images with just tilt correction, as seen in Figure (3.4). This sharpening of the 

peak allows objects to be detected more easily against background noise. The spread in 

the full AO PSFs is due to varying guide star magnitudes, atmospheric conditions and 

zenith angles. This is explored in greater detail in later sections. Figure (3.5) shows the 

encircled energy for the open and closed loop HR483 images. .Appro.ximately half of the 

closed loop signal is within a diameter of 1 arcsec while the open loop diameter is twice 

this. 

.\s discussed in Chapter 2, the narrowing of PSF peaks when using adaptive 

optics is caused by an improvement in the CTF at intermediate and large spatial fre

quencies. Figure (3.6A) shows that most of the improvement in this case of large D/z-q 

is at intermediate frequencies. The diffraction limited and tilt removed theoretical Kol-

mogorov OTFs for tq = 4.2 cm are also shown. The value of tq was chosen based on 

&seeiug = 2-5 arcsec which was measured for the same night. The fully corrected and tilt 

corrected curves have the same form as the simulated results in the last chapter. The 

agreement between the experimental and theoretical tilt removed OFFs is also good for 



63 

A = 0.55 

S 0.01 

0.001 
0.8 1.2 1.4 1.6 0.4 0.6 0.2 0 

RADIUS FROM PEAK (ARCSECONDS) 

- l,HR2134A,2MS,FULLAO 
- 2,HR2134B,2MS,FULLAO 
- 3, HR1925,2 MS, FULL AO 
- 4, HR996, 100 MS, FULL AO 
- 5, HR996,2 MS, FULL AO 
-- 6, HR8085,5 MS, FULL AO 
- 7, HR483, 5 MS, FULL AO 
- 8, HR996, 2 MS, TILT ONLY 
- 9, HR483,5 MS, TILT ONLY 

Figure 3.4: Point spread functions for a number stars imaged at the SOR. The 500 -
610 nm images are a composite of 1024 short exposures with frame times as indicated 
in the legend. Each image (except the 100 ms images which are saturated) has been 
normalized to its peak. The fully corrected PSFs are much more sharply peaked than 
the tilt corrected PSFs. The spread in the full AO PSFs is due to varying guide star 
magnitudes, atmospheric conditions and zenith angles. 
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Figure 3.5: Encircled energy for HR483 with tilt correction only and with full adaptive 
optics. The field angle containing half the energy is twice as large for the open loop case 
as for the closed loop. This corresponds to a significantly greater signal to noise ratio. 
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Figure 3.6: OTFs and square roots of the structure functions for HR483. Full correction 
improves the transfer (structure) function at medium and large frequencies (separations) 
which sharpens the PSF. Small frequencies (separations) are not corrected because the 
deformable mirror can not change shape on scales less than a subaperture. The deviation 
of the theoretical from the experimental tilt removed structure function is due to small 
GTF values allowing noise to affect the results. 
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the two discernable data points. The tilt correction problem does not manifest itself 

at such small frequencies. At large frequencies where it would appear, the higher order 

aberrations have degraded the OFF to such an e.xtent that all values are nearly zero. 

A representation that emphasizes small CfTF values is the structure function. 

Figure (.3.6B) shows the square root of the closed loop, open loop and theoretical struc

ture functions for small separations. The theoretical tilt removed and Kolmogorov struc

ture functions are nearly identical for such small distances. The experimental full .\0 

and tilt corrected data is also similar for the smallest separations. These separations 

are not affected by .\0 because the deformable mirror can not correct the wavefront on 

scales less than a subaperture. There are slightly less than two data points per subaper-

ture (9.-3 cm): therefore the region where the tilt corrected and full .^.O curves should 

be similar has only one data point. The difference at this point is partly due to the 

binning used when finding the azimuthal average. The full .\0 structure function is 

smaller than the tilt corrected curve at intermediate separations because full .\0 can 

correct aberrations on this scale while tilt correction can not. 

Only a portion of the pupil diameter is shown in Figure (3.6B) because short 

exposure times and CCD noise combine to distort the graph at large separations. Pixel 

to pi.xel fluctuations in the image translate to higher OFF values and smaller structure 

function values when the CTF is small. Unfortunately this prevents a more accurate 

comparison to theory. A. reliable comparison in the near infrared can not be made 
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Figure 3.7: AO corrected images of HR996 at 5.50 nm taken at the SOR. (A) Typical 
.A.0 image with four secondary peaks. (B) A longer exposure allows a faint (1.1) order 
peak to appear. Waffle error on the deformable mirror produces the smaller peaks. The 
magnitude and placement of the peaks are determined by the depth and period of the 
"2-dimensional sinusoidal phase pattern created by the reconstructor. 

because of the chrome dot in the middle of the images. 

3.3 Waffle 

V erification of the waffle characteristics predicted by Equation (2.39) has been performed. 

Figure (3.7.-\.) displays an image of HR996 taken at the SOR where the (0.±1) and (±1.0) 

order spots are just visible. This image is a composite of 1024 consecutive 2 ms exposures 

at A = 550 nm. The weaker spots are displaced from the central spot by 0.82 arcsec. 

This agrees within measurement error (±15%) with the 0.85 arcsec predicted by Equa

tion (2.39) for 9.3 cm actuator spacing. The small field of view excludes observation of 

high order spots. The central peak is on average 49 times brighter than the four next 

higher order spots. This translates to 53 nm of peak to peak phase modulation in the 
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pupil. 

Sometimes a (±1. ±1) order spot is visible, as in Figure (3.7B). This image was 

taken shortly after the image in Figure (3.7). The only differences are in the location 

of the image peak and the frame time (now 100 ms). The relative intensities of the 

(0.0). (0.1) and (1.1) orders are 118, 8 and 1, respectively. However, the central spot 

appears saturated and there is a lot of uncertainty in finding the intensity of the weakest 

spot. The (l.-l) order spot is not even visible. This asymmetry is common in the data 

taken at the SOR. According to Equation (2.39), the diffraction pattern from a star 

should be four-fold symmetric. Symmetry is broken by multiple waffle patterns over 

subsections of the deformable mirror which have dynamic phase relationships[74]. The 

relative irradiances of waffle peaks in going from order (0.0) to (0.1) and (0.1) to (1.1) 

should be constant for a uniform waffle pattern. Using the ratio of 118 to 8 to obtain an 

upper limit on the peak to peak phase delay in the waffle pattern gives l.O radians, or 

88 nm of optical path difference. 

.A. sequence of images of the Trapezium were also taken. Three different filters 

were used which transmitted J band, J and H together and H band. Figure (3.8) displays 

these images: each of which is a composite of 10 consecutive 10 s exposures. The waffle 

pattern is only visible on the brighter stars simply due to its being too faint on the 

others. 

According to Equation (2.39), the displacement of the diffracted spots is linearly 
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Figure 3.8: Trapezium taken at the SOR on November 12 1995. (.A.) J band (B) 1-2 /im 
(C) H band. The waffle pattern expands linearly with wavelength. .A. 2.5 arcsec diameter 
chrome spot which attenuates the incident light has been placed in the center of the 
29 arcsec field of view. 
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Figure 3.9: E.xperimental (error bars) and predicted (solid line) waffle spot radii from 
the central peak. The radii are linearly dependent on the wavelength with the slope 
determined by the actuator spacing on the deformable mirror. The images of HR996 
(0.55 /im) and the Trapezium (I, J, J+H and H bands) were taken at the SOR. 

dependent on wavelength. This is verified by the spots in the H band image beginning 

at the same radius that the spots in the J band image end and the wide band filter 

looking like the addition of the images using the other two filters. The radius of the 

waffle spots using all five wavelength ranges available, along with the predicted values, 

are graphed in Figure (3.9). There is excellent agreement with prediction for these 

low order spots, as well as for the (1,1) order spot in Figure (3.7B) which has not been 

graphed. The uncertainty in the e.xperimental data arises primarily from the spectral 

bandwidth smearing the peaks radially. 

The ratios of the energy in the central peak to the waffle spots for the .1 and H 
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bands are 238 and 460 ± 10%, respectively. Using Equation (2.39), this translates to a 

sinusoidal grating with a peak to peak phase delay of 0.26 and 0.19 radians, or .52 and 

49 nm. ±69fc. Since these near-infrared images were taken close together and without 

unlocking the adaptive optics loop, it is not surprising that the magnitude of the waffle 

pattern is the same. 

Equation (2.39) does not allow prediction of the depth of the sinusoidal pattern 

on the deformable mirror: it changes with reconstruction history. However, the ma.ximum 

error is probably limited by the particulars of the adaptive mirror. For the five different 

stellar images checked, the peak to peak height of the waffle pattern ranged from 24 to 

•53 nm. This is an rms deviation of 8 to 19 nm. The largest waffling occurred when 

To vvas smallest. This is due to there being larger phase excursions and thus increased 

numbers of poked actuators. 

These results point out the decreased waffle problem at long wavelengths. In the 

same manner that atmospheric turbulence has a smaller effect for longer wavelengths, a 

given waffle pattern on the deformable mirror has a smaller phase difference in radians 

and thus more energj- in the central peak. The waffle spots are also more elongated for 

a wider bandwidth. Thus while they contaminate a larger area, that area has a lower 

level of contamination. 
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3.4 Adaptive Optics Correction Rate 

The optimum adaptive optics correction rate depends on the Greenwood frequency and 

the magnitude of the guide star. A large /c means the atmospheric turbulence is chang

ing quickly. The temporal errors introduced by the interval between measurement of the 

wavefront and adjusting the surface of the adaptive mirror are minimized with a fast 

correction rate. However a fast correction rate also means a smaller e.xposure time which 

increases the photon noise in the measurement of the wavefront. Since the errors due to 

temporal and photon noise are nonlinear, there is a minimum in their sum. 

This trade off is examined with consecutive images of HR1552 taken with the 

adaptive optics correction loop running at 500, 833 and 1250 Hz. Figure (3.10) shows 

the average irradiance as a function of radius for each of the correction rates. The curves 

have been adjusted to compensate for a chrome dot which lowered the irradiance of the 

central 1.25 arcsec. .\*o dependence on correction rate is seen; the curves overlap each 

other. 

The predicted dependence of Strehl ratio on update rate for HR1552 is shown 

in Figure (3.11) along with the measured Strehls (~ 32%). The prediction is based on 

the fundamental error terms given in Section 2.2.2 along with a few additions for known 

degradations. Based on measurements taken for other stars on the same night Oaedng = 

2.5 arcsec. tq = 4.1 cm. fa = 40 Hz (all at A = 0.5 ;xm) and the wind speed was 

only 4 m/s. The efficiency in producing a wavefront sensor photoelectron (7.5%) and 
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Figure 3.10: Point spread function for adaptive optics correction rates of .500. 833 and 
1250 Hz. Each is a composite of 10 consecutive 10 s exposures of HR1552. There is no 
apparent difference between the performance at different correction rates because fitting 
error is dominating photon and temporal errors. 



74 

e 
0 

< 
Qd 
J 
1 
UJ 
c£. 
t-
C/3 

A = 1.65 fim 

0 5 10 

CORRECTION RATE (KHZ) 

Figure 3.11: Predicted (solid) and measured (error bars) Strehl ratio dependence on 
adaptive optics correction rate for HRl5o2. The dominant fundamental error changes 
from temporal to fitting to photon noise as the correction rate is increased. 

abberations in the IR optical train = 0.6 radians^) are the same as given earlier. The 

predicted Strehl ratio was multiplied by a factor of 0.95 to account for the tilt problems. 

The measured and experimental Strehl ratios agree with each other over the 

small range covered. In this range fitting error is dominating the other fundamental 

errors. At higher correction rates photon noise becomes dominant while at smaller rates 

temporal errors dominate. If the wind speed were higher there would not be any region 

where fitting noise dominates and the Strehl ratio curve would have a sharper peak. 
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3.5 Halo Properties 

Earlier in this chapter Figure (3.4) showed the improvement in the Strehl ratio for AO 

corrected visible images but the small field of view hindered examination of the halo. 

Our near infrared images have a much wider field of view. HR2134 was observed in H 

band both with tilt correction only and with full adaptive optics. Figure (3.12) shows 

that AO has taken energy from 0.5 to 3 arcsec and put it in the peak. The tilt corrected 

image has a sharper gaussian shape than the theoretical uncorrected profile but has a 

far broader peak than the fully corrected profile. Comparison with Figure (2.7A) shows 

extremely good agreement between theoretical expectations and experimental results. 

To being 25% larger in the experimental data compensates for not including all the noise 

terms in the theoretical results. Since the signal is several times the diffraction limit at 

all radii, a coronagraph would have been of little help. 

3.5.1 Temporal Properties 

To what extent will haJo fluctuations seen in short exposures be averaged out in long 

exposures? This is a critical question if we are to detect faint companions. The rate of 

noise reduction in the halo of an image can be viewed as having several regions. The rate 

of decrease in each region depends on the type of noise which is dominating. Here, two 

types of fluctuations are calculated: the fluctuations at each pixel from the long term 

mean at the same radial distance from the peak and the fluctuations at each pixel from 

the long term mean at that pixel. The first includes both spatial and temporal deviations 
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Figure 3.12: Comparison of HR2134 with full AO versus tilt correction only at the SOR. 
The fully corrected profile has a sharp peak on a broad halo while the tilt corrected profile 
is still roughly gaussian. although with a sharper peak than an uncorrected Kolmogorov 
profile. 
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while the second only includes temporal deviations. By definition spatial noise does not 

decrease with time, thus it slows the rate of decrease of the total fluctuations from the 

mean at a radius over all integration times. How much the rate is slowed is determined 

by the relative magnitudes of the spatial and temporal noises. 

Predictions can be made about the evolution of the halo fluctations. For small 

enough exposure times photon noise dominates the halo. This noise is uncorrected so 

the fluctuations decrease with y/t where t is exposure time. .A.s photon noise recedes 

in importance, speckle and spatial structure become more important. If AO correction 

errors are uncorrelated. speckle noise also decreases with \/F. However, if the error 

correlation predicted by Stahl and Sandler[75] is realized, speckles will have a longer 

lifetime than the frame time. Consequently the rate of decrease in fluctuations would 

slow over time scales comparable to a speckle lifetime. For exposures long enough to 

average the speckles, fluctuations again decrease with \/i for averaging at a pixel but 

not for averaging at a radius due to fixed pattern noise. For even longer time scales the 

rate of decrease again slows due to atmospheric absorption changes and CCD gain drift. 

Some of these regions can be observed in the visible images of HR996. Fig

ure (3.13) shows the rms fluctuations from the long term mean at each pixel for 2 ms 

exposures of HR996 in two forms. The top graph displays the shape of the fluctuations 

as a function of radius. The number of frames binned together increases by a factor 

of two for each of the curves (i.e. the top curve represents no binning and the bottom 
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the number of frames binned together increases from 1 to 512. (B) Radii > 0.7 arcsec 
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curve represents binning in groups of 512). As the number of exposures binned together 

increases, the uncertainty in the measurement also increases due to the decreasing num

ber of data points: the sequence has 1024 exposures. The bottom graph shows the same 

information in a different form. The fluctuations at a radius are plotted as a function of 

the number of frames binned together. 

Fluctuation levels are seen to decrease with y/t for the entire sequence of 2 ms 

e.\:posures for radii > 0.7 arcsec. This indicates photon or detector noise is dominating. 

Smaller radii decrease more slowly, indicating noises with longer lifetimes are now an 

appreciable part of the total noise. This appears to be due to long lived speckles. The 

spurious effect of limited statistics are responsible for the sudden decreases in the graphs 

when binning in groups of 512. 

Correlation times 

The rate at which fluctuations in the PSF decrease determines how faint a companion 

can be and still be detectable in a given exposure time. If fluctuations are assumed 

to decrease with \/N where N is the number of independent samples of the noise, a 

correlation time. r. can be defined: 

where cr is the rms noise after a given integration time and Af is the difference in 

integration times. Comparison w^as made between binning factors of 1 and 128. .\ larger 

range was not used in order to limit the effect of small number statistics. 

(3.3) 
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Radius Contribution Data Set 
(arcsec) HR996, 2 ms HR996, 5 ms HRl-543. 2 ms 

0.175 signal 82.4 235 578 
0.17-5 rms fluctuation 39.0 31.4 97.4 
0.175 photon noise 9.1 15.3 24.0 
0.3 signal 23.5 62.4 262 
0.3 rms fluctuation 14.0 28.3 40.7 
0.3 photon noise 4.8 7.9 16.2 
0.7 signal 10.5 21.7 115 
0.7 rms fluctuation 11.4 16.2 20.2 
0.7 photon noise 3.2 4.7 10.7 
1.4 signal 3.8 6.7 49.5 
1.4 rms fluctuation 10.0 14.3 12.4 
1.4 photon noise 2.0 2.6 7.0 

dark signal 42.1 112 42.1 
rms detector noise 8.6 11.9 8.6 

Table 3.6: Signal and noise magnitudes in pliotoelectrons per exposure. Tiie noise 
terms make up a significant part of the fluctuations for dim stars and at large radii. 
Consequently the effective correlation times have larger uncertainties for these cases. 

The correlation times for HR996 and HR1543 are shown in Figure (3.14). HR996 

(mfl = 4.28) was imaged on Nov. r2th through little turbulence (ro = 9.7 cm. wind speed 

= 2 m/s. /g = 8 Hz) while HRl.543 (m/? = 2.79) was imaged on Nov. Kith through 

more typical turbulence (tq = 4.2 cm. wind speed = 4 m/s. fc = 40 Hz). In an effort to 

eliminate read and photon noise from the time constant, their variances were subtracted 

from the total noise variance before the time constant was calculated. The photon noise 

variance is simply the number of photons at a pixel. The general form of the read noise 

was given in Table (3.2): specific signal and noise levels are given in Table (3.6). 

Since the correlation times are longer than the frame times. e.xcept where the 

signal is very weak and therefore vulnerable to noise, the systematic correction error 
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Figure 3.14: Halo correlation times at the SOR. Photon and read noise have been math
ematically eliminated. Since the correlation times are longer than the frame times, the 
systematic correction error predicted by Stahl and Sandler is verified[75]. The error 
is caused by the .A.0 delay combining with a persistent wind direction to produce a 
consistent translation of the corrected wavefront from the actual w^avefront. 



predicted by Stahl and Sandler is verified[75]. The error is caused by the AO delay 

combining with a persistent wind direction to produce a consistent translation of the re

constructed wavefront from the actual wavefront. Large scale residual structure increases 

energy at small radii in the image and persists for periods comparable to the time it takes 

the wind to move the aberrations that scale. Smaller scale structure increases energy at 

larger radii and has a shorter correlation time. 

.\11 the data decreases with radius in agreement with expectations. The 2 ms 

correlation times for the two stars are roughly the same. Evidently the larger wind speed 

for HR1543 is being compensated by less reconstruction error due to its smaller magni

tude. The 5 ms correlation times are larger due to less photon noise in the wavefront 

measurement. 

Turbulence layers move past each other because the wind varies with altitude. 

This along with random errors in the reconstructed wavefront lowers correlation times 

from the simple one layer prediction[56]. Figure (3.14) includes theoretical correlation 

times using a wind speed of 10 m/s if the turbulence were in one layer. The general form 

of the curve agrees with the experimental data. To what degree the differences reflect 

uncertainty in the wind speed, breakdown of the Taylor hypothesis or the influence of 

random reconstruction error is unknown. 

Speckle correlation is not a fundamental error. Stahl and Sandler showed it can 

be greatly reduced by adding temporal prediction to the wavefront reconstruction[75]. 
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This is achieved by incorporating the piston values of adjacent actuators at previous 

times. The optimum weighting in this local filter depends on wind speed and update 

time. 

Thus two effects are partially compensating each other. Large wind speeds 

produce more temporal error in the AO system but they also move phase fronts past the 

pupil more rapidly which reduces effective correlation times of halo fluctuations. 

3.5.2 Spatisd Properties 

The scattered energy produced by the spiders, waffle and constant aberrations is not 

azimuthally constant. Thus comparing the fluctuations at each pi.\el from the long e.x-

posure mean value at that pixel with the fluctuations at each pi.\el from the long e.xposure 

mean value at each radius from the peak shows the extent of the fixed pattern fluctua

tions. Figure (3.15) shows the same type of graph with the same data as in Figure (3.13) 

e.xcept the fluctuations are now the rms fluctuations from the long term mean at each 

radius. How much larger the fluctuations are indicates the relative importance of spatial 

and temporal fluctuations. 

The rise in fluctuations at small radii with almost no time dependence in Fig

ure (3.15) is produced by the peak being elongated. The cause of the elongation appears 

to be the jitter problem. The rms distance of the peak location for each of the 2 ms 

images from the ensemble average peak location is 0.043 arcsec. This lowers the Strehl 

ratio by 44% from the perfectly tilt corrected value. Each 2 ms exposure is elongated 
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so the tilt error would have to be changing on a time scale faster than this. Spectral 

analysis of the peak position shows there is no dominant frequency < 500 Hz. Dispersion 

in the atmosphere does not appear to directly be the cause of the elongation because 1.0 

to 2.0 fim images, by far the widest bandwidth used, do not have greater elongation. 

At large radii, the fluctuations at a pi.xel and at a radius are initially the same 

because temporal noise is dominating. However after binning by 512 frames, the fluctu

ations at a pi.\el are significantly smaller than at a radius because fixed pattern noise is 

slowing further reductions. For radii of 0.7 to 1.4 arcsec the transition point is around 

100 ms. With all the images binned together, the location of the lowest order waffle spot 

is clearly visible in Figure (3.16) and less so in Figure (3.15A). Figure (3.16) is made 

from 100 ms frames and has a saturated peak. The (1,1) order waffle spots at a radius of 

1.2 arcsec are not apparent. The structure near 1.5 arcsec is due to contributions from 

spatial inhomogeneities on the CCD being exaggerated by a limited sample of pi.xels. 

Comparison of images taken at different times and under different atmospheric 

conditions show there is scattered energy which consistently appears at the same place. 

It is dominating the other noises out to 4 arcsec and has more energy with increased tur

bulence. Since it does not rotate with time, it originates in the fixed portion of the optical 

path. A possible explanation is that the deformable mirror has areas where the range 

of motion is limited or miscalibrated which are exposed by increased turbulence. Since 

e.xact turbulence conditions are not known for our data, this needs to be investigated 
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Figure 3.17: Sirius in H band. Images (A) and (B) were taken shortly after each other 
with a chrome spot reducing the central irradiance. E.xamination of these images shows 
that much of the structure is constant and thus should be removable with post processing. 
Portions of the 15''' and 17''' Airy rings are visible (marked by arrows) at slightly larger 
radii than the waffle spots (see Figure (2.6)). 

further. 

Figure (3.17) shows two images of Sirius taken shortly after each other. Fi.xed 

noise obscures small radii however portions of the 15"' and 17"" Airy rings are visible at 

3.3 and 3.7 arcsec. The 16"' ring is suppressed due to the annulus aperture as shown in 

Figure (2.6). Sirius B, which is lO"* times fainter and currently separated by 3.5 arcsec. 

is not distinguishable due to the fi.xed noise pattern which is at the same level and the 

lack of field rotation (< 2° over all exposures). 

While fixed spatial pattern energy limits achievable gain, much of it can be 

processed away. The degree to which this can be done is dependent upon the amount of 

field rotation, the brightness of the star, the magnitude of the fixed spatial noise and the 

effective speckle correlation times. Therefore elimination of speckle correlation should 



be a priority vvlien looking for faint companions. The extent to which fixed pattern 

noise limits near IR companion searches at the SOR telescope will be explored in a later 

section. 

3.6 Guide star magnitude 

One error in reconstructing wavefronts is due to photon noise. These random fluctuations 

do not allow precise centroiding in the Shack-Hartmann detector and thus cause inaccu

rate wavefront reconstruction. Whether this is a significant factor depends on the guide 

star magnitude, the size of the subapertures. the correction rate and of course the rela

tive magnitude of the other noise terms. A direct comparison isolating this effect is not 

possible on real data since atmospheric conditions are continuously changing. The best 

comparison with available data is with sets of images from the stars HR1925 (mfl=5.5o) 

and HR996 (m/j=4.28) taken shortly after each other and at the same wavelengths (1.0 

to 2.0 fim). The zenith angles for the stars were 21° and 29°. The Greenwood frequency 

at the start of the night was 8 Hz. As seen in Figure (3.18). the normalized ring of 

energy at 1.6 arcsec radius is 36% higher when the guide star is 3.2 times weaker. The 

Strehl ratio is lowered from 29% to 27%. Based on estimates of atmospheric conditions, 

the error terms in Section 2.2.2 predict a Strehl reduction from 37% to 3-5%. .\lthough 

the magnitude is a little off, the change in the Strehl ratio is correctly predicted. 

Changing to visible wavelengths, Figure (3.19) shows the rms fluctuations from 

the long term mean at each pixel and at each radius for HR1925 in the same form 
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Figure 3.18: Influence of guide star magnitude on near IR PSF. Each curve is an average 
of 10 consecutive 10 s exposures from 1-2 fim. HR1925 and HR996 have R band 
magnitudes of o.5o and 4.28, respectively. Smaller magnitudes create less photon error 
in the wavefront sensor and thus improved AO performance. The curves have been 
adjusted to compensate for a chrome dot attenuating the inner 1.2.5 arcsec. 
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as in Figures (3.13B) and (3.15B). Comparison of these three figures shows that for 

radii > 0.7 arcsec the normalized fluctuations for the brighter star are 10 times smaller 

than for those of the weaker star at all integration times. The fluctuations in terms of 

photoelectrons are similar for both types of fluctuations. This along with the numbers 

in Table (3.6) indicate the primary source of fluctuations is the detector. For smaller 

radii the fluctuations in terms of photoelectrons are less for HR192.5 because the tilt 

correction loop was performing better: the peak was not elongated. With the exception 

of the 0.7 arcsec curve, all radii in Figure (3.19A) show the same reduction with time 

for the entire range of integration times as the HR996 2 ms data (Figure 3.13). The 

0.7 arcsec curve for the weaker star is initially photon dominated while it shows the 

effects of speckle for the brighter star. The transition from temporal to fi.xed pattern 

noise domination is somewhat later in the HR1925 images than for HR996. This is in 

agreement with photon noise dominating the weaker star PSF for a longer period. 

The average irradiance as a function of radius for several stars were shown in 

Figure (3.4). The R magnitudes, angle from zenith (in degrees) and night of observation 

for HR483. HR996. HR1925. HR2134 and HR8085 are (5.48. 10. 4). (4.8. 29. 3). (6.2. 

20. 3). (4.2. 10.4) and (5.2, 6, 4), respectively, /G = 8 and 40 Hz at the start of the 3rd 

and 4th nights. With so many factors influencing the AO performance, it is difficult to 

deconvolve the effect of the guide star magnitude. However, the weakest star. HR1925. 

does have the widest peak even though it was imaged on the better seeing night. 
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3.7 SEARCHING FOR BROWN DWARFS 

3.7.1 Introduction 

The search for stellar companions is in part an exercise in determining that observed 

stars either have or do not have a companion that is brighter than a certain magnitude. 

A signal which is said to be just detectable is often 3 or -5 times the local rms fluctu

ation level. This allows a high probability that it is not a random event. Since PSFs 

decrease with angular distance from their peaks, the noise level does also. This means 

the maximum detectable magnitude increases with separation. 

Brown Dwarfs are objects which fall between planets and stars. Their masses 

are too small to sustain hydrogen fusion, < 0.08 that of the sun. but larger than Jupiter 

sized planets. They were predicted .30 years ago by Kumar[44] and have been modeled 

on computers. The recent discovery of a Brown Dwarf. GL229B. by Nakajima et al. 

has stirred great interest in looking for others[54]. GL229 is 5.7 parsecs away and about 

10^ years old. The star to dwarf separation of 44 AU translates to 7.78 arcseconds. 

Brown Dwarfs this age are considerably dimmer than low-mass stars but considerably 

brighter than planets. Thus they are an intermediate step to detecting planets. 

number of stars were observed to check for Brown Dwarfs. They were picked 

for their youth (10^ years), proximity (~ 10 parsecs), spectral type (G. K. F) and for 

not having a close stellar companion to destablize planetary orbits. In other words, ease 

of detection and likelihood of occurrence were the drivers. Reference stars for each were 
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also chosen with the idea that they could be used during data manipulation to reduce 

fixed pattern noise. The criteria here was to have nearly the same declination angle and 

magnitude so that the PSF would be as similar as possible to the program star. 

3.7.2 HR1925 

An analysis of 18 consecutive 10 s exposures of HR1925 taken with fc = 40 Hz follows. 

This represents the performance for a faint program star. The mean profile and gain in H 

band are given in Figure (3.20). The inner 1.25 arcsec has been adjusted to compensate 

for the chrome dot in a previous image plane. The signal at all non-zero radii is far above 

the diffraction limit. This is largely due to photon noise error in the reconstructor. The 

gain is defined as the ratio of the irradiance at the peak to the irradiance at another 

position. It is seen to increase over the entire 9.5 arcsec field of view indicating that 

finding a companion becomes increasingly more difficult as the separation decreases. 

This is in contrast to the flat halo which would result from perfect .\0 correction up to 

the limit imposed by the subaperture size. Imperfect correction of large scale aberrations 

puts energy at small radii in the image resulting in the slope. Using the error terms in 

Section 2.2.2, the flat halo gain should be 800 according to Equation (2.43). The real 

data curve crosses this point at slightly over 1 arcsec. 

Figure (3.2L\) shows fluctuation levels computed a few different ways for this 

star. The fluctuations from the mean at the radius and the fluctuations from the mean 

at the pixel are calculated. The data comes in three flavors: 18 consecutive 10 s frames. 
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Figure 3.20: Mean irradiance (A) and gain (B) for 18 consecutive 10 s exposures of 
HR192o in H band. The diffraction limit and theoretical uncorrected Kolmogorov tur
bulence are also shown. The fully corrected profile has a much sharper peak than the 
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Figure 3.21: HR1925 in H band. (A) Fluctuations in the point spread function for 
IS consecutive 10 s exposures of HR1925 normalized to the local mean. (B) Maximum 
magnitude difference for a 5<t detection of a companion. The curves represent (1) photon 
and detector noise. (2) fluctuations from the mean at a radius for the averaged exposures. 
(3) fluctuations from the mean at a radius for the individual exposures. (4) fluctuations 
from the mean at a pixel for the individual exposures and (5) fluctuations from the mean 
at a radius for the averaged exposures after subtraction of an identical set of data from 
a comparison star. See text for an analysis. 
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the mean of the same frames averaged together and the mean of the averaged frames 

subtracted from a similar average from a comparison star. 

The fluctuations from the mean at a radius are larger than the fluctuations from 

the mean at a pixel for the same exposure time at all radii. They must be when there is 

fixed pattern noise in the point spread function. The fluctuations from the radial mean 

do not decrease significantly with time at radii smaller than 3 arcseconds. In this region 

fixed pattern noise is completely dominating despite photon noise being the greatest 

here, as seen in the curve showing the fluctuations from the mean at a pixel. .A.t larger 

radii the fluctuations from the mean at a radius do decrease with increasing exposure 

time. While there is still fixed pattern noise in this region, photon noise is not negligible. 

.A.lso shown in Figure (3.21A) are the fluctuations from the radial mean after an 

image of HR1941 has been subtracted from the image of HR1925 in an effort to reduce 

the fi.xed pattern noise. The stars were observed immediately after each other and are 

separated by 3° in declination. Significant fluctuation reduction is seen for radii up to 

5 arcsec. .At larger radii there is no significant reduction nor increase. Differencing two 

independent signals results in an increase in the standard deviation by y/2. This effect 

is being compensated by cancellation of a small amount of fi.xed pattern noise. 

Figure (3.21B) shows the maximum magnitude difference which could be de

tected at the OCT level for HR192.5. The pixel mean curve is relevant if all the fi.xed 

pattern noise could be eliminated by post processing. This is possible with sufficient 
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effort. Simple differencing by a comparison star significantly improves the ability to see 

faint companions: however no Brown Dwarf was found. A planet 10® times fainter and 

10 .\U away from HR1925 (i.e. a Jupiter twin) would take 9.7 • 10" hours to detect at 

the ha level even if there were no fi.\ed pattern noise and the star was only 4 parsecs 

away. 

3.7.3 HR8086 

.A.strometric studies indicate that HR8086 has multiple companions. Three apparent 

companions were found in our images besides HR8085, an abundantly obvious compan

ion. Figure (3.22) shows the three detected signals in the background of the combined 

H band images of HR8086. These provide examples of the signal to noise levels achieved 

at the SOR. The signals are 19700. 88100 and 195000 times fainter than HR8086 at 

separations of 11.0. 12.4 and 10.8 arcsec, respectively. The signal to noise levels are 19. 

10 and 2. The faintness of the weakest companion prompted a look at its magnitude in 

R. I and H bands to check whether it was a Brown Dwarf. The results gave magnitudes 

of 18.4. 17.8 and 16.2. respectively. The small magnitude difference between spectral 

bands and the likely unstability of an orbit in its position with HR8085 only 28 arcsec 

away eliminated this possibility. 
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Figure 3.22: HR8086 from 1-2 pm displayed on a log scale. The arrows indicate three 
field stars in the background. The faintest field star is 195000 times fainter than HR8086 
with a signal to noise of 2. This level of detection was achievable because the star is 
outside the fixed pattern noise. This composite image was taken at the SOR on Nov 
12-13 1995. 
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3.7.4 Detection Limits 

The candidate stars were evaluated in H band to find the limiting magnitude of a com

panion which could be seen at the 5cr level. While previous results were without the 

benefit of any image processing beyond subtracting sky images, here several processing 

steps were taken to reduce the noise level. First, sky frames with the same exposure 

time as the science frames were subtracted. Flat fielding was not done due to a lack of 

appropriate flats. To reduce the large scale structure due to CCD effects, unsharp mask

ing was used. This consisted of two steps. First, a 25 by 15 pi-xel box was moved over 

the image and the pi.xel at the center of the box was replaced with the median value in 

the box. Second, this new frame was subtracted from the science image. Next the small 

scale noise was reduced. The same kind of median box was used as previously except its 

size was only 3 by 3 pi.xels and its output was used directly: it was not subtracted from 

anything, .\ngles containing waffle spots and spiders were excluded from subsequent 

calculations since they accounted for most of the residual structure in the images. The 

RMS fluctuation at each pi.xel from the mean signal at each radius was now calculated. 

Figure (3.23) shows the amount of benefit from this operation in the apparent 

magnitude difference between HR996 and a signal at the ha level. The large differences 

at small radii are due to different size chrome dots on the two nights. The noise levels 

on the 13''' are similar to those on the ll"' out to 4 arcsec and slightly smaller beyond 

that despite the smaller number of binned images and shorter integration times. This is 
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Figure 3.23: Companion detection limits under different atmospheric conditions. The H 
band images of HR996 were taken on Nov. 11 {fa = 145 Hz) and 13 {fc = 40 Hz) 1995 
at the SOR. Results before and after data filtering are shown. Fixed pattern scattered 
energy is dominating the results out to 4 arcsec. It changes strength with turbulence 
and appears to be coming from the deformable mirror. 
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Figure 3.24: Magnitude difference between a oa companion and its star in H band. The 
AO performance for HR1.532 and Sirius is significantly worse than for the other stars 
due to much larger zenith angles. Curves at < 2.5 arcsec are unreliable due to ine.xact 
correction for a chrome dot. Data was taken on Nov. 12-13 1995 at the SOR. 

due to there being less turbulence on the latter night. 

The ability to find faint companions is presented in two ways: as seen from Earth 

and in terms of the distance of the companion from the star. Figure (3.24) shows the 

apparent magnitude difference between the program star and a signal at the 5<t level for 

several stars imaged for 10 consecutive 10 s exposures. This presents the information as 

seen from Earth so it allows e\^luation of the performance of the adaptive optical system. 
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Figure 3.25: .Absolute magnitude of oc companions in H band. The faintest companions 
which could have been detected are around the closest stars but none were found. .A. 
Brown Dwarf identical to GL229B would be at 35 .A.U with Mh = 14.4. Data was taken 
on Nov. 12-13 1995 at the SOR. 

The performance when imaging HR1532 and Sirius is significantly worse than for the 

other stars due to much larger zenith angles (~ 48° vs < 20°): the gain decreases by a 

factor of ~ 2.5. Based on the .A.0 error terms given in Chapter 2. the predicted decrease 

is a factor of ~ 2. mostly due to increased fitting error. The difference is due to a lack 

of knowledge of exact atmospheric parameters and the scattered energ\' introduced by 

the deformable mirror. 

Figure (3.25) shows the same information presented in an absolute sense. The 

horizontal a.\is gives the distance from the star. The vertical a.\is gives the absolute H 

magnitude of a o(t companion for each star. A Brown Dwarf identical to GL229B would 
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be at 35 AU with mh = 14.4, detectable around HR8086 but not around the other 

stars. Note that GL229, an M2 star, is much fainter than the sample we have studied 

thus making it much easier to see a faint Brown Dwarf. The dips in the HRS086 and 

HR8314 graphs are due to uninteresting companions and bad pt.xels on the detector. 

3.8 Conclusions 

\ number of theoretical predictions for the performance of adaptive optical systems have 

been verified. Full AO strehl ratios at various wavelengths are correctly predicted for 

different correction rates and guide star magnitudes. The improvement in PSFs and 

CfTFs with tilt correction and full correction are in agreement with e.xpectations. Exper

imental structure functions agree with theory for small separations. At large separations 

the structure function is strongly influenced by experimental noise so it is smaller than 

expected. RMS pathlength errors are ~ 200 nm at 7.5 cm separation. 

The spatial characteristics of waffle were found to agree with predicted depen

dences on wavelength. The peak to peak sinusoidal pattern on the deformable mirror 

varied from 24 to 53 nm for the 5 instances checked with larger turbulence corresponding 

to larger waffle. 

Halo properties were also investigated. Adaptive optics took energy from inter

mediate radii in the image and put it in the peak. The resultant gain levels increased 

with radius due to imperfect correction of large scale aberrations. The gain crossed the 

flat halo prediction at slightly over 1 arcsec. The transition from photon and detector 
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noise domination to speckle or spatial noise was explored. The existence of speckle corre

lation times significantly greater than the correction delay was confirmed. The decrease 

in speckle lifetime with radius was also quantified. Stable spots in the images which 

appeared to be originating at the deformable mirror were found. They increased in am

plitude as turbulence increased. Verification of this effect with concurrent monitoring of 

the atmosphere is required. 

The limiting magnitudes of stellar companions which could be detected was 

explored. To the magnitude levels shown in Figures (3.23) and (3.25). no Brown Dwarfs 

were found. .Jitter and fixed pattern noise were the primary limitations. If there were no 

fi.xed errors in the optical train and no tilt correction problems, objects less than 8 (10) 

magnitudes fainter at 1.6 fim than their closest star would be detectable at a oa level at 

2 (4) arcsec separation in 2 minute integrations on typical nights. 
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CHAPTER 4 

SCINTILLATION THEORY 

4.1 Introduction 

A planet occulting it's star produces a decrease in the measured irradiance. For a 

Jupiter-sized planet the reduction is 10"^ while an Earth-sized planet only reduces it 

b\- lO""*. The ability to measure these reductions depends on the noise. Section 1.3.3 

listed a number of contributors to photometric noise: photon and atmospheric e.>:tinction 

fluctuations, spatial nonuniformities of the optics and CCD. thermal fluctuations of the 

CCD and scintillation. The importance of each of these contributions depends on the 

experimental setup and method. Kjeldsen and Frandsen[38] and Gilliland and Brown 

[28] have summarized the noise levels of recent photometry experiments with an eye to 

asteroseismology. They cite best results of 750 ^mag per 20 s integration of mg = 11.5 

stars on a 2.1 m telescope. 92% of this error consisted of photon and scintillation noise 

in approximately equal amounts. Brown claims with reasonable equipment scintillation 

is the primary limitation to photometric precision for large telescopes imaging mg < 13 

stars[Ll]. Thus reducing scintillation or increasing throughput can significantly improve 

photometric performance. 
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IMaOENT UCHT 

SMALL SPATIAL FREQUENCY LARGE STOFUL FREQUENCY 

Figure 4.1: Geometrical interpretation of the ray-optical theory of scintillation. Scintil
lation strength and spacing are represented by the additive effects of an infinite number 
of arrays of lenses. Each array represents the scintillation component at the spatial fre
quency of ihe lenses. As the collecting aperture is moved further from the lenses, the light 
concentrates on the a.Kis of each lens and diverges from the space between lenses. The 
relative lens focal lengths determine the relative strengths at different spatial frequencies. 

heuristic physical picture of scintillation was provided by Young[88]. He com

pared the scintillation introduced by eddies of warm and cold air to the additive effects 

of an infinite number of arrays of lenses (see Figure (4.1)). Each array represents the 

scintillation component at the spatial frequency of the lenses. As the collecting aper

ture is moved further from the lenses, the light concentrates on the a.xis of each lens 

and diverges from the space between lenses. The lens focal lengths correspond to the 

scintillation strength at that spatial frequency. The shorter the focal length, the greater 

the energy concentration and the stronger the scintillation. An example of scintillation 

in a pupil is shown in Figure (4.2). 
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Figure 4.2: Simulated scintillation at a pupil. The log-normal probability distribution 
blurs the subsequent image and produces photometry errors. 

Placing the telescope outside the atmosphere avoids scintillation completely but 

is expensive. Therefore cheaper methods to counteract it have been investigated. One 

way around the problem is to measure the scintillation, then subtract it from the mea

surement of interest. For perfect cancellation, the two scintillation values must arise from 

identical light paths through the phase fluctuations. However, if two stars are located 

in nearly the same position in the sky, the cones of atmosphere which light from each 

star traverses have significant overlap. The smaller the angular separation, the greater 

amount of overlap and the less the scintillation difference. The amount of atmosphere 

which is shared will also depend upon the direction the wind is blowing. If the wind di

rection is parallel to the direction connecting the stars, the difference in scintillation will 

be less than if the wind direction is perpendicular. The atmosphere which was over the 
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upwind aperture will move over the downwind aperture after some time. If the exposure 

time is long enough, the scintillation caused by that patch of air will be the same for 

both stars and allow cancellation. 

The theoretical treatment for this case follows. First the formula for time de

pendent scintillation for a single star is developed. Ne.xt this is extended to find the 

scintillation difference for binary stars. Finally a rotationally symmetric aperture, equal 

intensity stars and small atmospheric fluctuations are assumed to give a computationally 

tractable form. 

4.2 Theoretical Development 

The variance in scintillation of an image is given by the ensemble average (denoted by 

(...)) of the variance in the signal , S, collected by aperture. This is given by[23] 

ct2 = ^(5-5)'^ (4.1) 

where S denotes the average signal. The signal is just the irradiance /("T". f). integrated 

over  the aper ture  and over  the exposure t ime,  T,  

S(x^,0= f^dt r <fx^/(x^,f)-4(^) (4.2) 
Jo J—CO 

where the aperture weighting function. -AC^), is one inside the aperture and zero outside. 

In calculating the average signal, the irradiance's spatial and temporal variations drop 

out. Thus the two dimensional integral reduces to the product of the exposure time, the 
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mean irradiance and the area of the aperture: 

S = T7 r  dl^Ail^)  (4.3) 
J —OO 

Incorporating Equations (4.1) and (4.2), Equation (4.3) becomes 

= -7)]p^ (4.4) (7^ 

The square of the integration can be written in terms of the product of integrations over 

different variables: 

I j  dh f j '  dt2 fZ  dl tA{l t )Ai l t )  
= _ _ (4..5) 

The ensemble average has been brought inside the integration based on this being a 

stationary process. The appearance of the last term can be simplified by identifying it 

as an extended intensity covariance over space and time: 

Cfixi = ( ( / ( x i , i i )  -7)(/(xt.^2) -7)) ( 4 . 6 )  

.A. change of variables is now introduced 

^ = I t - I t  

? = (xt + xt)/2 

t  =  t i - t 2  

t '  = (^1 - ' rh  -T)  /2 

(4.7) 

which changes Equation (4.5) into 

rT -
!Lt dt dt' fZ dyCHy. t) 

= 2 (4.8) 

•/r^d?.4(? + t).4(7-f) 
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The integration over t '  can be evaluated trivially. The last integration is the modulation 

transfer function (MTF) of a clear aperture for incoherent light; i.e., the autocorrelation 

of the pupil. For a circular aperture with diameter D, this is given by 

M, l"?l .U(y, D) = ̂  arcc<»(—) - ^ 

X 2 ( p' \ 
D 1 

(4.9) 

for 1"^! < D and zero otherwise. It will be represented by M in the general case, 

allowing Equation (4.8) to be written as 

= (4.10) 

For the case of the signal being the difference of binary stars, the intensity 

covanance is 

( 4 . 1 1 )  

[( / I(G,0)- /2(0,0))-  ( /1- /2)]  

•  [ ( / i ( y .o - /2C^ ,o ) - (77 - /2 ) ]  

'  ( / i ( 0 , 0)-7r) A) 

+ (/2(o.o)-:^) 

- ( / i ( o ,o ) -7r )  

Thus there are really four correlation terms involved. 

When intensity fluctuations are small, the log amplitude covariance 

is commonly used instead of the intensity covariance. They are related by^[2.3] 

C i ( t . t )  =  {  

Regrouping terms gives 

Cdt- t )  = (4.12) 

C i { ' ^ ,  t )  = 0.25 In 
C/(7,f) 

T 
+1 (4.13) 

pointed out by Vura[9'2] the following approximation only holds for CiCp^. f) < 1-
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C l i t . t )  =  ( 4 . 1 4 )  

L'sing this relationship in the right hand side of Equation (4.12) transforms it into 

( 7r'{exp[4Ca.i(^.0]-l} 

•^2 {exp [4C/,2.2(y. O] - l} 

-TTTJ{exp [4C/.i,2C^.0] - l} 

-7]^{exp [4C;.2.i("^.^)] - l} y 

where t) is the correlation between irradiances /, and Ij. Note that the subscript 

sequence i. j does not in general give the same covariance as the sequence j. i due to a 

dependence on the angle between the wind direction and binary separation. 

Fried found the log amplitude covariance for wavefronts coming from two sources 

angularly separated by V to be[25] 

( 4 . 1 5 )  

•S 'dkl  3^  

where the source point is at a distance L, z is the distance from the aperture. A- is 

the spatial frequency of the amplitude modulation. A is the wavelength, and C^(;) is 

the structure constant of the refractive index fluctuations. Treated here is the case of 

essentially infinitely distant sources with the inclusion of time. The temporal evolution of 

the atmosphere largely consists of its moving horizontally at velocities Ij^(^), the "frozen 

atmosphere" or Taylor's hypothesis. These velocities, which depend greatly on altitude 

r. are essentially constant over the time scales important here. With these modifications 
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and utilizing a trigonometric identity the new covariance equation becomes 

^ fpatkdzCliz)  

c ,{ -^ .e . t )  = 
/ I N 

•S^dk^ Jo(fc|y-

Combining Equations (4.10), (4.14) and (4.16) gives 

j lT^dt{T-\ t \ ) jrudtM{t)  

I 7r^{exp[4Cu.i(^,0,f)] -l} 

-1-/2 |exp ^4Cf,2.2 — l| 

~hh |exp |^4C(.i.2 ^•^)] ~ ^ 

a-  — 

-/1/2 |exp 4C/.1.2 - l| 

Noting that 

Cu.2 =C,.2.i 

Equation (4.17) can be simplified to 

(TT' + T^)  {exp [4Ci { t -0- 0] - 1} 

-7r?2{exp[4C/(^y,-'^,f)] -1 

-TJ^S^exp  4C , (^ / . '^ . f )  - 1 }  

where subscripts on the log amplitude covariance have been dropped 

= 

(4.16) 

(4.11 

(4.18) 

(4.19) 

The integration over time is even. If the intensities are assumed to be equal, the 
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cr-  = (4.20) 

v'ariance becomes 

2 |exp [4C/ 0. t)] - l} 

-|exp[4C,(y.-l'.t)] -l} 

-|exp -l| 

In the more specialized case of interest here, the aperture is assumed to be circularly 

symmetric. When the spatial coordinates are polar, Equation (4.20) becomes 

2/-  dt  {T -  t)  dpM (p)  p d-d 2 t  

= 

I < exp 4C( {^\J\pcos{d)  -  v(z) t f  - [^sin((?)]^j] - l| 

- |exp 4Ci (^y/ \pcos{^)  -v{z) t -erz f  -  [/)sin (t^) - Oyz]'^ - l| 

- jexp 4Ci ^^{pcos{t9)  -  u (z) f-  {psin (i?) + - l| 

(4.21) 

where the wind velocity has been used to define the = 0 direction and dj. and 9y 

are the x and y components of the angular binary separation. The parameters passed 

to the covariance function have been consolidated into one term. When this term is 

multiplied by the spatial frequency, the product is the argument to the Bessel function 

in the covariance. 

A useful approximation to speed up computation time is[l8] 

exp (x) = 1 - X (4.22) 

for small values of x.  Atmospheric log amplitude covariance values fit this restriction so 
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Equation (4.21) can be written 

S F d t { T - t )  d p M  i p )  p  d d  

^ 'iCi (^yJ{pcos{d) - i;(z)f]^ - [psin 
a-  = 

-Ci  (^yJ\pcos{d)  -  f(2)i -01^]^ -|>sin(t?) - ̂yr]'j 

-C't (^y/[pcos{^) - v{z)t-¥9x^f - Osin(i?) +0yr]-^ 

This is the equation which will be evaluated in the next section to find the differential 

(4.23) 

scintillation. 
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4.3 TheoreticjJ Results 

4.3.1 Parameters Used for Scintillation Evaluation 

E\^luation of Equation (4.23) requires numerical methods due to its complexity. 

Fortran program which uses gaussian quadrature to evaluate the integrals was employed 

for this purpose[61]. Parameters were varied to e.xplore the dependencies on time, binary 

separation, atmospheric turbulence strength, aperture diameter and wavelength. The 

code assumes a Hufnagel-Valley (HV) atmospheric model[36]. The wind profile was 

gaussian with a peak velocity at 12 km altitude of 25 m/s[l8][58] and a full width at 

half maximum of 10 km. The site altitude w^as taken to be 3 km. Further details of the 

atmospheric model are given in .A.ppendi.x A. The telescope central obscuration was 1/3 

its diameter, unless stated otherwise. 

4.3.2 TemporeJ Dependence 

Atmospheric correlation times are important in some planet searching scenarios. Typical 

scintillation spatial frequencies are smaller than phase aberration spatial frequencies at 

the aperture. Their larger scales transform into smaller scales in the image. Thus 

scintillation noise is concentrated into a smaller area in the image than phase aberration 

noise[3]. Being concentrated into a small area increases the background energy a close 

planet must rise above to be detected. In images with only phase correction, scintillation 

can be a significant source of scattered light at small radii. The correlation time comes 

into play when independent realizations of the atmosphere are averaged to gain signal 
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to noise in the halo. The longer the correlation time, the longer the exposure needs to 

be in order to obtain a given number of independent realizations. Correlation times of 

course depend on the wind speed and direction and the turbulence profile. 

The co\'ariance over time in Equation (4.23) becomes a corariance over space 

due to the "frozen atmosphere" hypothesis described in Section 4.2. Thus if two points 

are correlated spatially, they will also be correlated in time with the greatest correlation 

occurring when the wind is in the direction connecting the points. Since the smallest 

spatial frequencies have the longest correlation lengths, they also have the longest corre

lation times. Results displaying this feature w^ill be pointed out in the following sections. 

The correlation time, r, reported will be found in the same manner as previously: 

where St is the difference in exposure times and a is the rms scintillation. This does not 

give a constant r \^lue for short exposures, but it becomes asymptotically close to being 

constant when f > r. Results in this paper will be calculated by comparing scintillation 

values at 10 and 250 ms. the longest interval available given computational constraints. 

4.3.3 Gain &om Differential Scintillation 

This chapter explores measuring the difference in signals from binary stars instead of 

the absolute signal of a single star. An example of the benefit from doing this is shown 

in Figure (4..3). .\bsolute and differential scintillation are graphed as a function of 

exposure time for a 1.5 m aperture. The solid curve is the absolute scintillation, the 

(4.24) 
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Figure 4.3: .-Vbsolute (solid curve) and differential (broken curves) scintillation for a 
1.5 m aperture as a function of exposure time. Wind direction is orthogonal (dashed 
curve) or parallel (dotted curve) to the 2 arcsec separated binary, tq = 15 cm. 9o = 
2.5 arcsec. /g = 27 Hz and A = 0.8 /xm. Differential scintillation is much smaller than 
absolute scintillation because small spatial frequencies are correlated for the two stars. 
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dashed curve is the diflferential scintillation for wind orthogonal to a 2 arsec separated 

binary and the dotted curve is for wind parallel to the binary. A factor of .3 is gained by 

using differential scintillation versus absolute scintillation for very short time scales. For 

exposure times of 0.25 s, the gain is between 4 and 7. depending on the wind direction. 

better understanding of how changing parameters affect scintillation can be 

gained by breaking the total scintillation into contributions from different spatial fre

quency ranges at different times. Figure (4.4) shows absolute and differential correla

tions as functions of temporal separation. The results include filtering by the aperture 

but not the damping effect at large separations due to less of them fitting into an ex

posure inter\'al. In order to obtain the normalized scintillation from these graphs, they 

must be integrated according to the formula 

where a is the scintillation variance. 5 is the average irradiance. T is the exposure time 

and L-, {t) is the contribution from the ith range of spatial frequency values graphed at 

time t. The correlations are broken into spatial frequencies ranges from 0 to 10. 10 to 

20 and 20 to .30/m. Spatial frequencies larger than 30/m contribute negligible amounts 

due to averaging over the aperture. 

The variance contribution from all frequency ranges decrease as the temporal 

separation increases, generally monotonically. The exception is the parallel wind contri

butions are seen to become negative for small periods of time before returning to zero. 
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Figure 4.4: Scintillation contribution as a function of time for several spatial frequency 
ranges. Single star (.\) and difference of a 2 arcsec binary cases are shown for a 1.5 m 
aperture. Wind direction is orthogonal (B) or parallel (C) to the binary and the wave
length is 0.8 /zm. The atmospheric coherence length, isoplanatic angle and Greenwood 
frequency are 15 cm. 2.5 arcsec and 27 Hz, respectively. Small spatial frequencies provide 
most of the scintillation because they are not averaged over the pupil as effectively as 
high spatial frequencies. Since small spatial frequencies are correlated for binary stars, 
differencing reduces their contributions. 
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This is the benefit of the same patch of atmosphere flowing in front of both stars. 

Another trend is that the smaller the spatial frequency, the larger the contri

bution. The only exception is for very short exposure times in the differencing case. 

Here the smallest spatial frequencies have a large degree of coherence between the two 

stars. Therefore their contributions cancel to a large enough e.xtent so that the 10 to 

20/m contribution is initially greatest. The reduction of the smallest spatial frequencies" 

contributions is reflected in the correlation time. While the single star correlation time 

is 69 ms. the orthogonal and parallel wind differencing cases have correlation times of 

49 and 20 ms. respectively. 

4.3.4 Wavelength Dependence 

Tatarski showed that scintillation \'ariance. a^. at a point obeys[76] 

O  f l T t \  6  I I  ,  5  

= 2-24 j ® Jo 

where A is the wavelength. C, is the zenith angle, is the index of refraction structure 

constant and r is the altitude. This is the small aperture limit of Equation (4.10). 

without time terms. Letting the aperture diameter go to zero in Equation (4.10) results in 

M being zero for |7^| ̂  0. The remaining intensity covariance term gives the A"'/® 

dependence for zero separation, as seen in Figure (4.5A). This figure contains a plot of the 

intensity atmospheric covariance (Equation (4.16) without time or angle dependencies) 

as a function of separation for several wavelengths. To simplify the calculation, the 

atmosphere has been consolidated into one layer at 3.9 km which gives ro = lo cm. 9q = 
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Figure 4.5: Intensity covariance (A) and Intensity covariance times separation (B) for 
A = 0.8. 1.6 and 2.2 /zm as a function of separation. A single layer of turbulence giving 
ro = 15 cm. ffo = 2.5 arcsec was used. The amount of scintillation is proportional to 
the integral over the pupil of the covariance. For rotationally symmetric systems this 
becomes the integral from zero to the diameter of the covariance times the separation. 
For large apertures this is nearly the same for all wavelengths. 



2.5 arcsec. 

While the wavelength has significant influence on scintillation for small aper

tures. its influence becomes negligible for even moderately large collecting apertures. 

The intensity covariance approaches zero at separations <C 1 m. a small diameter for 

modern astronomical telescopes. Therefore M is approximately constant over con

tributing values of in Equation (4.10). Using a polar coordinate system, due to the 

rotational symmetry in the covariance. introduces another factor of p in the integral. 

Now the large separations are emphasized in the covariance term. Figure (4.5B) shows 

the new integrand. Evaluating the integral up to the aperture diameter is seen to have 

little wavelength dependence beyond 15 cm. The wavelengths with the largest contri

butions at small separations also have the largest negative contributions at somewhat 

larger separations which partially cancel each other. 

In the limit of an infinitely large aperture diameter the integral of the inten

sity covariance over all separations must be zero for all wavelengths. This results from 

assumptions that the atmosphere is non-absorbing and wide-sense stationary. The at

mosphere has some absorption but it is small at wavelengths used in astronomy. The 

wide-sense stationary assumption is also nearly true and is widely used. The integral of 

the covariance over all separations must be zero due to the relationship known as the 

Wiener-Khinchin theorem[.3l]. It says that 

$ M = r d-fCi [-f] exp (i27rT^ • -f) 
j ~oc' 

(4.27) 
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where $ is the power spectral density at frequency 7^ and C/ is the intensity 

covariance at separation A non-absorbing atmosphere means the scintillation power 

spectral density at zero frequency is zero. Thus, for zero frequency, the right hand side 

of Equation (4.27) must integrate to zero also. This is accomplished by the corariance 

oscillations having a slightly negative offset for large separations. These wavelength 

dependencies have been verified using a continuous atmospheric model for both single 

stars and the difference of binary stars. 

4.3.5 Separation Dependence 

The closer together binaries are. the greater the similarity in their scintillation (as well 

as in their phase aberrations). So to minimize the difference in scintillation, the binaries 

should be as close as possible. However, the signal from each star must be separable. 

Therefore knowledge of the dependence of the difference in scintillation on angular sep

aration is vital if binary star differencing is to be optimized as a method to precisely 

measure the irradiances of these stars. Figure (4.6A) shows this dependence for D = 

1.5 m. To = 15 cm. Bq = 2.5 arcsec and fc = 27 Hz. The wind direction is orthogonal 

to the binary, giving the greatest possible scintillation. Scintillation dependence on sep

aration. 0. goes as for the 10 ms data. It increases to 0° '° and 0° "^ for 50 and 

250 ms e.xposures. respectively. Figure (4.6B) gives the same information in a different 

format. Here the scintillation is given for separations of 2, 4 and 8 arcsec as a function 

of exposure time. 
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Figure 4.6: Differential scintillation for binary stars. D = 1..5 m with a 1/3 central 
obscuration and A = 0.8 urn. vq = 1-5 cm, do = 2.5 arcsec and /g = 27 Hz. gaussian 
wind profile was used with ma.ximum velocity of 25 m/s in a direction orthogonal to the 
binary. Data is presented either as a function of separation (.A.) or exposure time (B). 
Greater separation means less correlation and thus greater differential scintillation. 



As the separation increases Figure (4.7) shows that small spatial frequencies 

dominate to a greater extent. This is due to different correlation lengths for different 

spatial frequencies. The largest frequencies have short correlation lengths resulting in 

the two stars" signals being essentially uncorrelated at all three separations. The smallest 

frequencies have long enough correlation lengths to have similarities between angularly 

separated signals. As the separation is increased, differencing the signals loses the can

cellation due to this correlation of small spatial frequencies. The result is increased 

correlation times. For 2. 4 and 8 arcsec separations the correlation times are 49. 59 and 

75 ms. respectively. 

4.3.6 Diameter Dependence 

The decrease in normalized (absolute) scintillation with increasing aperture diameter 

has been claimed by Young to go as the negative two thirds power[87] 

where cr  is the scintillation. S is the signal, A' is the air mass. D is the aperture diameter 

in cm. h is the telescope altitude, ho is the turbulence weighted atmospheric altitude 

(nominally S km) and t is the exposure time in seconds. This decrease in scintillation 

with diameter is a result of the higher spatial frequencies being averaged over many of 

their spatial periods: i.e. the light and dark areas cancel each other. There has been some 

controversy over this dependence in optical communication applications[23][92]. Strong 

turbulence violates the underlying assumption of a small intensity covariance. leading 

(4.28) 
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Figure 4.7: Spatial frequency contribution as a function of time for 2 (.A.). 4 (B) and 8 
(C) arcsec separated binaries for A = 0.8 fim. The solid, dotted and dashed curves are 
for spatial frequencies from 0 to 10, 10 to 20 and 20 to 30/m. D= 1.5 m with a one third 
central obscuration, ro = 15 cm and = 2.5 arcsec. A gaussian wind profile was used 
with ma.\imum velocity of 25 m/sec in a direction orthogonal to the binary. This gives 
JG = 27 Hz. 



to a greater dependence on the diameter. For typical astronomical sites (tq >10 cm. 

Oq >1..5 arcsec) this is not a problem and the small covariance approximation (Equa

tion (4.22)) is \-alid. 

Young[87] based his prediction of aperture dependence on evaluations of Reiger's 

theoretical equations[62]. However the 2/3 dependence only applies to e.vposures long 

enough to ignore all high frequency content. Young artificially adjusted his short ex

posure (< 0.2 s) experimental data to fit his prediction. For short exposures Reiger's 

derivation dictates a D~~l^ dependence. This agrees with Ellison and Seddon's experi

mental data[l9]. 

Since differencing irradiances causes higher spatial frequencies to greatly increase 

in significance (see Figure (4.4)). the aperture dependence should change. The difference 

in scintillation for a 2 arcsec binary has been numerically evaluated. The results for 

aperture diameters of 1..5 m (dashed curves) and 6.5 m (solid curves) are plotted in 

Figure (4.8). For these two data points, a dependence is seen over the range of 

exposure times e\^luated. 

Figure (4.8) also shows the y/i curves which intersect the 1.5 and 6.5 m scin

tillation curves at 0.25 s for comparison purposes. The two data curves have virtually 

identical shapes, and thus virtually identical correlation times. Assuming a \/t depen

dence. the 1.5 and 6.5 m correlation times are 49 and 48 ms. respectively. This is the 
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Figure 4.8: Differential scintillation for a two arcsec separated binary at 0.8 ;/m. The 
two data curves are for 1.-5 and 6.5 m apertures with one third central obscurations. .A.lso 
shown are curves which intersect the data curves at 0.25 s and obey a y/t dependence. 
To = 15 cm and 9q = 2.5 arcsec. A gaussian wind profile was used with ma.ximum 
velocity of 25 m/s in a direction orthogonal to the binary giving fc = 27 Hz. 
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result of the balancing of two competing effects. An increased aperture diameter re

sults in a greater relative contribution from small spatial frequencies to each signal's 

scintillation. However, increasing the diameter while maintaining the angular separation 

increases the overlap of the atmospheric cones each signal traverses. This has the same 

effect as decreasing the angular separation discussed in the previous section: increased 

correlation of small spatial frequencies decreases their relative contribution to the scin

tillation difference. The competing effects on small frequency contributions mean the 

correlation time is virtually unchanged. The scintillation contributions for several spa

tial frequency ranges for these two cases are presented in Figure (4.9). Similar to the 

differencing results in Figure (4.4), the spatial frequencies from 10 to 20/m initially give 

a large contribution to the scintillation but then quickly drop to nearly zero. Frequencies 

from 0 to lO/m dominate the rest of the time. 

4.3.7 Turbulence Dependence 

The amount of scintillation depends on the strength and height of atmospheric tur

bulence. Maintaining a constant tq while decreasing 0o requires moving some of the 

turbulence at low altitudes to high altitudes. This increases the scintillation due to the 

sin (k^z\/2~) term in Equation (4.16). A physical argument is that the bent light rays 

have more time to focus or defocus before reaching the aperture[88]. The Hufnagel-

V'alley atmospheric model, which is being used here, has just three terms (see .Appendix 

A for details), only one of which has significant magnitude at high altitudes. The sole 
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Figure 4.9: Scintillation contribution for several spatial frequency ranges. 6 = two arcsec 
and A = 0.8 fim. The two curves are for 6.5 (.A.) and 1.5 (B) meter apertures with one 
third central obscurations, tq = 15 cm and Oq = 2.5 arcsec. .A. gaussian wind profile was 
used with maximum velocity of 25 m/sec in a direction orthogonal to the binary giving 
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131 

change in this term with turbulence strength is its coefficient. Therefore, changing Oq 

simply scales the absolute and differential scintillation by the change in this last term. 

All spatial frequency dependencies remain the same. The coefficient of the high altitude 

term increases by a factor of 1..54 when tq = 15 cm and OQ is decreased from 2.5 to 

1.5 arcsec. .Numerical eraluation of Equation (4.23) confirms that scintillation increases 

by the same amount. 



4.4 Monte Carlo Simulations of Scintillation 

4.4.1 Introduction 

The improvement in scintillation cancellation from differencing binary star irradiances 

was e\'aluated for several cases in Section 4.3.3. Due to the extensive computer time 

required to evaluate Equation (4.23) only a limited set of the scintillation dependencies 

were e.xplored. This section reports results of simulations run to expand the set of 

parameters and dependencies. The software package used was "Triads", which was 

developed by ThermoTrex Corporation located in San Diego. .A.ppendix describes the 

atmospheric model used in the simulations. 

4.4.2 Sepiiration Dependence 

The influence of a binary's separation on its absolute and differential instantaneous 

scintillation for one set of simulations is shown in Figure (4.10). The collecting aperture 

is a filled. D = 2 m circle, ro = 15 cm in both cases and Oq = 1.5 (dashed) or 2.5 

(solid) arcsec. 100 trials were run for each case at wavelengths of 0.8 (diamond) and 1.6 

(cross) fim: thus the estimated error is 10%. At small separations differential scintillation 

increases with the separation, 6, as ff0 S0±0.05 Results at large angles are seen to be larger 

than single star scintillation by approximately y/2. This is indicative of the independence 

of the scintillation from the two stars in a widely separated binary. The point where 

differencing becomes worse than absolute scintillation for these cases is at 12 arcsec. 

The influence of binary separation on the temporal evolution of scintillation is 
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Figure 4.10: Instantaneous absolute and differential scintillation for 0.8 (diamond) and 
1.6 (cross) nm wavelengths as a function of binary separation at a 2 m telescope, ro = 
1-5 cm and 9q = 1.5 (dashed) or 2.5 (solid) arcsec. Differencing only reduces fluctuations 
for separations < 12 arcsec and the most significant reductions are for very small sepa
rations. The absolute scintillation results do not significantly depend on the wavelength. 
Estimated relative error is 10%. 
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Wind 
Direction 

Exposure Time (msec^ Wind 
Direction 0 10 50 250 

Parallel 
Orthogonal 

0.40 - 0.70 
0.40 - 0.70 

0.55 - 0.85 
0.50 - 0.75 

0.70 - 0.95 
0.55 - 0.85 

0.70 - 1.00 
0.50 - 0.75 

Table 4.7: Differential scintillation dependence on angular separation. 6. Results are 
given in terms of the power of d with the range of powers determined by the estimated 
error. Longer e.xposure times produce a slightly greater dependence on separation be
cause small spatial frequencies become more important. 

shown in Figure (4.11) for D = 1.5 m. tq = 15 cm and = 2-5 arcsec. The wave

length is 0.8 (.im. 12 trials were run per data point giving an estimated error of 29% in 

relative scintillation. The limited number of runs is due to the extensive computation 

time required. The parallel wind scintillation is seen to decrease more rapidly than the 

orthogonal wind scintillation, in agreement with results from Section 4.3.5. The differ

ential scintillation dependence on separation for these cases is presented in Table (4.7). 

.\gain in agreement with Section 4.3.5, a slight Increase with exposure time is seen. 

Figure (4.12) shows the correlation times computed from the decrease in scin

tillation from 10 to 250 ms for the data presented in Figure (4.11). The correlation times 

for absolute and differential scintillation are smaller than those found in the last section 

from the numerical evaluation of Equation (4.23). This can be attributed to the larger 

Greenwood frequencies used in the discrete atmospheric model providing faster averag

ing and thus smaller correlation times. This is partially counteracted by the smaller 

dispersion in wind velocities in the discrete model[56]. .Although the four atmospheric 

layers in the discrete model have slightly different wind directions, the wind magnitudes 

are less sharply peaked (see .\ppendi.x .A.). The single star correlation time has decreased 
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Figure 4.11: Temporal evolution of absolute and differential scintillation for a wavelength 
of 0.8 fim. (.A.) Instantaneous (B) 50 ms exposure (C) 250 ms e.xposure. tq = 15 cm. do = 
2.5 arcsec and fa = 51 Hz. Both types of scintillation decrease with time due to ensemble 
averaging. Differential scintillation decreases much faster than absolute scintillation due 
to the turbulence in front of one star later moving in front of the other. The scintillation 
from this shared turbulence is canceled out by differencing the stars. Estimated relative 
error is 29%. 
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from 69 to 54 ms. The correlation time after differencing binaries is less than half as 

large and does not show the same increase with binary separation as in the continuous 

case. However, with such large error bars the lack of increase with separation is not 

definitive. 

4.4.3 Diameter Dependence 

more extensive e.xploration of the influence of the aperture diameter on scintillation 

than in Section 4.3 is now presented. Each data point represents 100 trials giving an es

timated error of 10%. .A. filled, circular aperture was used with 6 =2 arcsec. tq = 15 cm 

and do = 2.5 arcsec. The simulated influence of aperture diameter on instantaneous 

absolute (circles) and diflferential (squares) scintillation is shown in Figure (4.13). The 

wavelength is 0.8 (solid) or 2.2 (dashed) /zm. The gain from differencing has a diam

eter dependence related to the dependence on binary separation seen in Sections 4.3.5 

and 4.4.2. .A.t high altitudes, where most scintillation originates, the cones of sampled 

atmosphere do not overlap for small enough apertures. In this case the high spatial 

frequencies in one cone are independent of those in the other cone due to their small co

herence length. These frequencies, which are not very strongly spatially averaged by the 

small aperture, have a \/2 larger contribution to differencing than absolute scintillation. 

.A.S the diameters increase, the shared volume of atmosphere increases and the gain from 

differencing increases. 

The effect of changing 0 to 1 arcsec is shown in Figure (4.14). .\gain 100 in-
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Figure 4.13: Instantaneous absolute (circles) and differential (squares) scintillation for 
A = 0.8 (solid) and 2.2 (dashed) /im. 6 = 2 arcsec, tq = 1-5 cm and 0q = 2.5 arcsec. 
Differencing a binary produces smaller fluctuations than observing a single star for astro
nomical sized apertures. The result is reversed for small apertures because high spatial 
frequency fluctuations are not common to both light paths. Estimated relative error is 
I07c. 
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dependent trials were performed giving an estimated error of 10% of each data point. 

Oq = 1..5 (dashed) or 2.5 (solid) arcsec. tq = 15 cm and A = 0.8 nm. Decreasing the 

aperture diameter still decreases the gain from differencing, although the effect is smaller 

than for the 2 arcsec separation case. At a given diameter, there is greater overlap of 

the cones traversed by the starlight at smaller separation angles. The easiest place to 

see this is for a 5 cm aperture (the smallest diameter graphed) with Qq = 2.5 arcsec: in 

Figure (4.14) the difference in scintillation does not exceed the absolute scintillation like 

it did in Figure (4.13). 

Using a filled aperture versus an annulus should decrease scintillation due to 

the larger collecting area. Which spatial frequencies are effectively averaged over the 

aperture can also be altered. Figure (4.15) verifies a slightly elevated scintillation for a 

central obscuration with a radius of 1/3 that of the outer aperture radius. Qq = 2.5 arcsec 

with all other parameters being the same as in Figure (4.14). Although the elevation in 

scintillation is small for both absolute and differencing cases, the effect of the annulus 

is larger in the differencing case due to the shorter correlation length of high spatial 

frequencies. 

In all three of the graphs in this section the differential scintillation's depen

dence on aperture diameter goes as The single star's scintillation in these 

same graphs goes as Xhis agrees with the D~'l^ prediction mentioned in 

Section 4.3.6 for short exposures. 
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Figure 4.15: Instantaneous absolute (circles) and differential (squares) scintillation for 
a filled (solid) and annulus (dashed) aperture. A = 0.8 fim. ro = 15 cm and = 
2.5 arcsec. Even this generous central obscuration of 1/3 the aperture diameter only 
produces a small increase in scintillation. The 11% loss in area does not affect pupil 
averaging significantly. Estimated relative error is 10%. 
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4.4.4 Turbulence Dependence 

The effect of changing on scintillation was simulated by changing the strengths of the 

atmospheric model's four layers. The change in magnitude of differential scintillation 

between ffo = and l.o arcsec range from a factor of 1.47 to 1.61 in Figures (4.10) and 

(4.14). The absolute scintillation changes by a factor of 1.51 to 1.58. Both agree with 

the numerical evaluation performed in Section 4.3.7 (which gave a factor of 1.54) within 

the estimated error of 10%. 

4.4.5 Wavelength Dependence 

Figure (4.13) displays instantaneous absolute and differential scintillation ralues for A = 

0.8 (solid) and 2.2 (dashed) /xm. The influence of imaging wavelength on scintillation for 

small apertures is seen to agree with the dependence predicted by Tatarski[76] and 

discussed in Section 4.3.6. This dependence disappears for D > 0.2 m. also in agreement 

with previous discussion. 

Changing the binary separation does not alter this result. For all separations 

shown in Figure (4.10) scintillation has a small wavelength dependence since the aper

tures are large enough to integrate out most of the ripples in the log amplitude covariance 

function (see Figure (4.5)). The absolute scintillation has an even smaller wavelength 

dependence since it does not difference the covariance function. 
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4.5 Summary of Scintillation Results 

The dependence of absolute and differential scintillation on several parameters have been 

investigated. Absolute scintillation dependence on aperture diameter was found to go 

as for exposure times < 0.25 sec. Differential scintillation had a i 

dependence for the same exposure times. For 1.5 m diameter telescopes, the influence 

of binary separation on differential scintillation for 0 < o arcsec was for instanta

neous scintillation and rose slightly with exposure time. Beyond 5 arcsec the increase 

in scintillation with separation gradually slowed, reaching a limit of the \/2 larger than 

absolute scintillation in < 60 arcsec. The crossover point where differential scintillation 

became larger than absolute was around 12 arcsec. The wavelength used had a negligible 

influence on the amount of scintillation for D > 15 cm. For smaller pupils its influence 

increased to a maximum of A"'/® for point apertures. Atmospheric turbulence strength 

at high altitudes was found to have a linear influence on both absolute and diflferen-

tial scintillation magnitudes. Temporal correlation times were widely scattered but did 

increase with binary separation. 

.A. limited amount of experimental observations have been done on binary scin

tillation. Dravins et al. have found progressively greater loss of scintillation correlation 

as separation is increased[17]. Decorrelation was present even at the smallest separation 

they measured (2 arcsec). Also in agreement with our results, they found greater corre

lation times for binary stars than for single stars. Since the atmospheric parameters are 
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not known for their experiments and their binary and single star data was not simulta

neous. a quantitative comparison can not be made. However, qualitatively our results 

are supported. 

The largest problem differential scintillation introduces is the separation of signal 

from the two stars. Appendix B addresses this question at a low level. Image space 

deconvolution gave errors in finding the ratio of signals for stars separated by 2 arcsec 

under typical seeing conditions of ~ 0.5% per frame while Fourier space deconvolution 

gave errors of ~ 0.5% for 10 frames. Performance rapidly degrades for closer stars 

which have significant scintillation similarities. These results show deconvolution error 

introduced by differencing is larger than the benefit from the reduction in scintillation. 

.A. more in depth investigation of deconvolution may reverse this result. 

Using the difference of binary stars' signals is demonstrated by Figures (4.10) 

through (4.15). as well as in Section 4.3, to potentially provide significant improvement 

in photometry. For a 2 arcsec separation there is a factor of 3 reduction in instantaneous 

scintillation noise and the longer the integration time, the larger the improvement. A 

6.5 m telescope can detect an Earth transit at the 5<t level in 104 minutes for mg = 12.3 

using standard high precision photometry. This is too long to do large scale surveys 

looking for Earthlike planets. However, using the differencing method reduces the re

quired integration time to only 12 minutes for a mg = 9.9 star making a survey much 

more attractive. In both cases photon noise has been set equal to scintillation noise. 
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A conservative factor of 3 reduction in scintillation from differencing has been assumed 

to balance added deconvolution noise. If the deconvolution problem can be solved, less 

telescope time would be required or lower limits established for the same results. 
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CHAPTER 5 

ECHELLE SPECTROGRAPH DESIGN 

5.1 Introduction 

As mentioned in Chapter 1, spectrographs have been successfully used in radial velocity 

searches for faint stellar companions. Here the design of an echelle spectrograph which 

is well suited for these searches is presented. It has a resolution of 200.000 per pi.\el and 

is intended for the Multiple Mirror Telescope (MMT) which will be fitted with a 6.5 m 

primary mirror next year. The spectrograph can be used in two modes: 

1) single order spectroscopy of almost 300 objects at once. Applications include 

the study of the stellar dynamics of young star clusters; the physics of accretion processes 

in proto-stars: the systematics of stellar winds, stellar rotation and magnetic activity in 

main-sequence stars as a function of age; and mapping the metallicities and binary 

populations in clusters as a function of position and age in the Milky W'ay. 

2) multi-order spectroscopy of a single object and sky background. This is the 

mode which would be used for faint companion searches. .Another application is the 

study of the gas in high-redshift gala.xies and proto-galaxies through quasar absorption 

line spectra. The measurement of the abundance, ionization, and depletion of many 

species simultaneously will allow one to map out the history of element production as 
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a function of redshift and galaxy type. A third application is the metal abundance 

analysis of cool, metal-rich stars to understand the chemical enrichment history of the 

disk and bulge of the Milky Way as a function of age and spatial location. The local 

Milky Way interstellar medium can be observed in unprecedented detail to determine 

accurate element, molecular and isotopic abundances to study interstellar chemistry[o]. 

Obviously having two modes necessitates having two configurations. However, 

both require a large echelle grating and a wide field camera; hence the consolidation. 

The multi-order mode is considered first. 

5.2 Genered Considerations 

Simultaneous recording of many spectral lines at once with high signal to noise ratios in

creases efficiency. .A. refractive system was chosen to maximize throughput and minimize 

photon noise. Since we wanted to utilize the entire range of CCD sensitivity, glasses had 

to be selected for their transmissive as well as their chromatic properties, .\nother goal 

is to simplify the operation of the instrument by minimizing knobs. .A. multi-order mode 

that covers the entire range of CCD sensitivity at once not only ma-ximizes scientific ef

ficiency and eliminates knobs, it also gives the added benefit of minimizing cost through 

simplified controls and software. 

Broad coverage at high spectral resolution with a large telescope inevitably re

quires a camera with a wide field of view. Epps and Vogt have developed an exquisite 
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Figure 5.1: Block diagram of the spectrograph. collimating lens is used instead of a 
mirror for higher throughput. The Schmidt camera gives a wide field of view allowing 
the mosaic of CCDs to image a wide bandwidth simultaneously. 

catadioptric design used in the HIRES spectrograph, but there may be significant ob

scuration by the field fiattener when the design is pushed to an even larger field[20]. .-Vn 

alternate concept is presented here which is closer to a classical Schmidt camera^ Fig

ure (.5.1) shows the components of the design. Full field coverage can be accomplished 

by the use of refractive cross dispersion and a Schmidt camera with a mosaic of CCDs. 

Each CCD would be placed tangent to the classical focal sphere, and each would have 

a very thin field fiattener virtually in contact. In this way the mosaic appears to be 

spherical with little chromatic aberration. Since each CCD would see just one part of 

the spectrum, each could be thinned and coated for ma.ximum quantum efficiency at the 

Schmidt camera consists of an aspheric corrector plate at the radius of curvature of a spherical 
primary- mirror. 
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wavelengths it would see. 

The multi-object application requires the replacement of the cross dispersion 

prisms with a flat mirror. At the same time, the single slit and F/I5 refractive collimator 

fed from the Nasmyth focus is replaced by an F/5 reflecting collimator fed by 300 fibers 

from the multi-object feed. 

5.3 Design 

5.3.1 Initial efforts 

The design started off with some initial parameters which were then modified as the 

design progressed. The mosaic of detectors would be si.x 2048 by 2048. 15 fim pi.xel 

CCDs placed on a curved image surface in a 3 - 2 - 1 configuration. The CCDs can be 

th inned and coated,  g iv ing >  80% quantum eff ic iency a t  a l l  wavelengths  up to  0 .85 f ixn.  

and dropping to 20% at 1.0 ftm. X commercially available 320 by 420 mm echelle with 

52 grooves per mm and a blaze angle of 70.3° was the starting point for the disperser. 

Two of these mosaicked together can handle a 200 mm beam in a 13° included angle 

configuration. We (Roger .A.ngel and the author) wanted the longest diffracted order, 

which is at the red end of the spectrum, to just fit on 3 CCDs and give a resolution. R. 

of 200.000 per pi.xel. The resolution is determined by: 

m = — (5.1) 
n 
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where n is the number of pixels and m is the grating order number. The longest order is 

sampled by 6144 pixels which gives m = 33. A full angle of 7.5° for the two ends of the 

free spectral range (FSR) at order 33 dictates a focal length of 705 mm for the camera 

in order to match the mosaic of CCDs. 

The computer design phase started with a 200 mm collimated beam entering 

a Schmidt camera with an achromatic corrector plate. Several wavelengths from 0.3 

to 1.1 fim at various field angles were used to simulate the light entering the camera. 

Initially a simple curved image surface served as a model of the CCDs. The Schmidt 

corrector was a LLF2/UBK7 doublet with the outside surfaces being aspherics and a 

flat, contacted inner surface. These glasses were used by Schroeder in his achromatized 

Schmidt camera[71]. Varying the aspheric surfaces and element separations gave decent 

imaging over the field. The corrector plate ended up slightly in front of the 500 mm 

diameter stop, which agrees with Schroeder. 

The ne.\t step was to put in the diffraction grating and the prisms. The incident 

beam was still 200 mm in diameter. The grating was tilted at 76.8° (the blaze angle 

plus the half included angle). The now elliptical (200 X .340 mm) reflected beam passed 

through two (huge) silica prisms for cross dispersion and entered the Schmidt telescope. 

Requiring the 0.3 to 1.1 /zm wavelength range to just fit onto the CCD format gave 64° 

apex angles on the prisms. The spacing between elements was kept to a minimum while 

still making sure beams were cleared and elements did not run into each other. 
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The CCDs (30.72 mm square) were arranged in a 3 - 2 - 1 configuration on 

a curved surface. Multiple configurations in Zemax^ were used to decenter and tilt 

each CCD to fit on a sphere with radius of curvature equal to the camera focal length 

(705 mm). Multiple configurations were needed to trace onto each CCD due to the 120 

to 33 range of grating orders (corresponding to 0.3 to 1.1 ̂ m). We traced 3 wavelengths 

onto each CCD: one to the center and two to arbitrary points. Figure (5.2) shows where 

the 18 optimized wavelengths strike the CCDs. Also shown are lines representing a 

continuous spectrum from 0.3 to 1.1 /xm. The lines should actually be slightly peaked up 

in the middle due to the non-normal angle of incidence on the cross-dispersing prisms. 

The high and low diffraction order numbers off the echelle are shown to the left and 

several wavelengths are placed near their imaging positions on the right. 

The distance to each CCD was then varied in the optimization: thus the CCDs 

were not exactly on a sphere, but were close. Each CCD had a thin (1 mm at center. 

75 - 230 //m at edge) plano-convex LLF2 lens in contact with its surface. These were 

constrained to be thin at their edges to minimize the light loss at the CCD interfaces. 

Later it was decided that there should be a small gap before the detector surface to allow 

air flow. 

Of the 18 wavelengths traced, only 4 had significant energy outside 1 pixel. The 

worst offenders were at each end of the free spectral range in the lowest orders. The 

fraction of energy being blocked by the combination of the central obscuration (2%). the 

^Zemax is an optical design program 
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Figure 5.2: Image surface diagram. The large squares represent the si.\ CCDs. The 
numbers scattered over the CCDs represent the imaging point for the wavelength used 
in the Zema.x configuration of that number. A representation of the continuous spectrum 
is also depicted by the horizontal stripes. The other numbers are the wavelengths and 
the diffraction order number from the echeile for the spectrum at that position. Since 
each CCD sees the same portion of the spectrum all the time, they can be thinned and 
coated for ma.\imum efficiency. Simultaneous detection of all wavelengths from 0.31 to 
1.1 /im increases the sensitivity of radial velocity searches. 



grating and the CCDs ranged from 3% to 13%. The corrector plate was not limited in 

size: it passed all incident light. Table (5.1) includes the rms diameter measured from 

the centroid and the greatest spot diameter for each wavelength traced. Several of the 

spot diagrams have tails which significantly increase the maximum diameters. 

Since only a few wavelengths were driving the size of the corrector plate, the ef

fects of limiting its diameter were investigated. Although this obviously vignetted some 

of the rays, these rays were the most aberrated. Reoptimizing with a corrector plate 

diameter of 600 mm significantly improved the spot sizes in the corners ot the CCD pat

tern while maintaining acceptable vignetting. The constrained design is also included 

in Table (5.1). This design compares favorably with the "super-duper" HIRES spectro

graph designed by Harland Epps for the Keck 10 m telescope[20]. Without reoptimizing. 

we traced the 11 wavelengths from 0.3 to 1.1 /im that Epps used. The largest rms spot 

diameter was 20 ^m and the smallest amount of energy within one pixel was 75%. Our 

minimum order separation was on the small side though, the closest being 6.7 arcsec at 

SOO nm. 

Some reality checks at this point started some changes. We had been using a 

15 mm thick corrector plate. LLF2 and UBK7 have good chemical properties but the 

transmission down to 0.3 ;xm was unacceptable. Searching for glasses which transmit 

well in this region produced FSL5 from Ohara as a first choice. However the farther 

away in .A.bbe number from this that you go, the worse the transmission. Thus there 



Config Wavelength Order Position Absolute Vignetting RMS/Max Spot 
uration (nm) Number on CCD Position ( % )  Diameter ( f i m )  
Number (mm) (mm) Initial Constrained Initial Constrained 

1 .T21.2 112 0.7, -0.1 31.4,-0.1 9 12 8.8/ 24.9 9.2/24.7 
2 298.6 120 15.8,-12.2 46.5,-12.2 4 7 18.4/ 45.2 13.3/31.4 

353.5 102 -14.6, 6.9 16.2, 6.9 13 13 10.3/ 17.7 10.5/16.5 
4 406.7 88 -0.1, 0.2 -0.1,-15.1 11 12 4.6/ 6.7 4.9/10.2 
5 359.8 100 13.7, 15.4 13.7, 0.0 12 12 2.9/ 4.5 4.0/8.2 
6 476.0 75 -12.8, -6.9 -12.8,-22.2 11 12 6.3/ 18.7 8.7/23.4 
7 406.2 89 0.0,-0.3 0.0, 15.0 13 13 4.7/ 6.9 4.3/7.0 
8 367.1 98 11.0,-15.3 11.0, 0.0 12 11 2.7/ 4.3 2.6/4.7 
9 483.0 75 -13.9, 6.1 -13.9, 21.5 11 13 5.7/ 10.6 6.2/15.2 
10 684.4 52 0.4, -0.1 -30.3,-30.8 5 14 24.0/ 96.2 11.6/32.0 
11 1074.1 33 -11.8,-10.9 -42.5,-41.6 3 20 65.1/306.5 21.4/61.5 
12 550.0 65 8.8, 12.5 -21.9,-18.3 11 11 11.6/ 20.3 4.9/11.5 
13 666.2 54 -0.3, 0.0 -31.0, 0.0 11 11 5.6/ 10.8 4.9/8.8 
14 1090.2 33 -15.2,0.0 -45.9, 0.0 9 11 7.1/ 28.3 5.7/20.6 
15 529.0 68 10.3, -0.3 -20.4, -0.3 11 10 4.8/ 9.5 3.8/8.6 
16 685.4 53 0.3, -0.2 -30.4, 30.6 3 8 15.2/ 48.0 10.8/25.6 
17 1105.0 33 -12.3, 12.9 -43.0, 43.6 3 12 52.6/120.8 22.0/59.3 
18 557.0 65 8.3,-11.1 -22.5, 19.7 11 12 6.9/ 18.1 7.9/14.6 

'lahlc 5.1; luUi.vl caincra pcrforiuaiicc. l^rior to ioiist.iaining t.lic aporluro diamolor, s|)ot. sizes are good oxcppt, at tlie 
iicar-lll corners of llic mosaic. C!onst.raining the corrector |)late to (j()() niiii diameter |)rodiicos uniformly good spot sizes 
witii rea.sonablo vignetting. Different Zemax configuration numbers are re<|uired wlien looking at different diffraction orders; 
tliey <lo not re|>ro.sont distinct physical arrangements. 
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Glass Transmission {%) Chemical Properties Expansion 
300 310 320 RW RA W SR PR Coeff. 
nm nm nm (x 10®) 

FSL5 86 94 97 3 4 1-2 2.2 2.0 9.0 
PBL6 37 77 92 2 1 1 1.0 1.0 8.3 

Table 5.2: Properties of the glasses used in the achromatic Schmidt corrector plate. The 
transmission values assume a thickness of 12 mm (FSLo) and 3 mm (PBL6). the design 
thicknesses. Good transmission is maintained down to 0.31 fim. .A.n explanation of the 
chemical properties can be found in the Ohara catalog. 

is a trade off between transmission and performance. We ended up at FSL5 and PBL6 

thinking that the majority of the corrector plate thickness could be FSL5 with a thin 

layer of PBL6. This pair of Ohara i-line glasses maintained good imaging and thermal 

expansion coefficients are close. PBL6 has good chemical properties while FSLo's are 

questionable (see Table (5.2). However, the entire Schmidt camera may be enclosed in a 

dewar limiting this problem. Another option has the dewar only surrounding the CCDs. 

Up to this point we had been using a paraxial lens to collimate the light from 

a paraxial MMT. Since throughput was being maximized, glass was used instead of a 

mirror. Using a lens to collimate the F/15 beam is complicated by the wide wavelength 

range covered. Using a simple doublet did not give good enough color correction. How

ever a triplet made from BAF2, CAF2 and FSL5 only had 0.076 arcsec of aberration for 

the six wavelengths checked. The amount of aberration did not change in going from con

tacted to separated designs, but the aberrations present did. The contacted design was 

dominated by spherical while the separated design (see Figure (5.3)) was mainly color. 

The thermal expansion coefficients for FSLo (9.0 • 10"®) and CaF2 (18.85 • 10"®) do not 
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Figure 5.3: F/15 collimating lens for 0.3 to 1.1 This 240 mm diameter lens is used 
to collimate the beam from the telescope and place a pupil on the echelle. .A. triplet is 
required to correct color over the large bandwidth. 

match although the coefficients for CaF2 and BaF2 (18.1 • 10"®) do. Just contacting 

these latter two also gave primarily spherical. Since this was going into the spectrograph 

it was felt that leaving in color was better than leaving in spherical, despite the e.Ktra 

Fresnel reflection. On the other hand, the corrector plate can be used to compensate for 

spherical. This should be investigated further if the spectrograph is funded. 

5.3.2 Consolidation 

A MMT spectrograph proposal by Hartmann and Fabricant (HectoSpec)[34] calls for a 

fiber-fed spectrograph with two 1536 by 3072 CCDs (15 fim per pi.xel). The design has 

a 273 mm beam and does not need cross dispersion; it looks at one order (isolated using 

filters) from many objects at once. The rest of our effort went into trying to consolidate 

these two instruments. For the remainder of this paper this new design will be called 

the MO design and our cross-dispersed version will be called the CD design. 
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The first change was to go to their 63° blaze angle. This changed the groove 

frequency to 49/mm in order to have the desired format on the CCDs. In order to 

maintain the resolving power of 200,000 per pixel, the focal length of the Schmidt camera 

was increased to 861 mm. While still using a 13° included angle, the beam could now be 

304 mm diameter without significant loss at the echelle due to the reduced blaze angle. 

This also reduced the anamorphic magnification from 1.81 to 1.44. improving efficiency. 

The prism apex angles had to be adjusted to 58.2° to fit the new focal length and 

the size of the prisms had to increase. The required prism sizes were originally determined 

by looking at the spot diagrams at their faces. However, this left them unnecessarily 

large since the outer rays were subsequently vignetted at the Schmidt corrector plate. 

We reduced the clear aperture of the prisms until the outermost rays just passed the 

corrector, .\dding 25 mm to each side of the prisms for mounting still allowed clearance 

of the input beam. The clear apertures of the silica prisms are 450 by 550 mm on each 

face. With a 58.2° apex angle, these weigh and cost a bunch: a total of 350 pounds and 

SSO.OOO. 

Part of consolidation of the two designs was conserving mechanics and moving as 

little as possible while switching between the two. To this end. some thought went into 

the placement of the spectrograph in the MMT structure. While their design is fiber-fed 

and could be placed almost anywhere, ours is fed directly from the F/15 focus. There is 

not enough room in the structure to allow the beam to expand to 273 mm before being 
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Figure 5.4: MMT structure with spectrograph. (A) silica folding prism. (B) collimating 
lens, (C) echelle, (D) cross dispersing prisms, (E) Schmidt corrector plate (F) Schmidt 
primary mirror. The folding prism allows expansion of the beam to a diameter of 304 mm 
without altering the wall of the telescope chamber. 

collimated. Initially we tried a telephoto design to expand the beam in a smaller space. 

However no satisfactory design was found using glass due to the wide wavelength range 

and mirrors were rejected due to the photon losses. We ended up folding the beam 90° 

with a silica prism. The redirected beam now follows the yoke towards the ground and 

has plenty of room to expand to the desired 304 mm. Figure (5.4) shows the MMT 

structure with the spectrograph. There are some aberrations introduced by the prism, 

but not many since the beam is only F/15. Some of these can be balanced with other 
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components in the optical train. We scaled the 203 mm collimator previously designed 

up to .304 mm without any difficulty. 

We tried reducing the 13° included angle since the edge of the Schmidt primary 

mirror was close to a wall in the MMT building. This also involved increasing the 

distance to the echelle to maintain beam clearance: thus it was a slow effect. We settled 

on a 10° angle, largely due to the increased grating efficiency. This increased the echelle 

to camera distance by about 0.5 m. 

Some time was spent adapting the fiber-fed design to our proposed compromises. 

One of the first requirements was to have the beam coming off the echelle clear the fibers. 

This e.xtended their collimating mirror to echelle distance from 2948.4 mm to 3200 mm. 

We tried using an ellipsoidal collimator with one focus at the fibers and the other at 

the echelle. The mirror power and fiber to mirror spacing are fi.xed by the F/5 beam 

emerging from each fiber and the desired 273 mm collimated beam diameter. This 

produced aberrations of about the same magnitude as the original design. 

We were able to go back to the original spacing assuming the use of a second 

prism spectrograph. It would be fed by the fibers whose output passes through a slit 

corresponding spatially to several fiber widths and spectrally to the desired order. The 

output from the slit would be fed into the collimator using a Newtonian type folding 

mirror. 

Following the echelle a new mirror needed to be introduced into their design to 
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Figure 5.5: Spectrograph viewed basically along elevation axis, but slightly up so as to 
be perpendicular to the beam off the echelle. (A) CD mode (B) MO mode. Interchange 
between the modes merely requires swinging the prisms in or out and feeding the light 
from a different focus. 

fold the beam into the Schmidt camera (unless we move it). We had originally looked at 

having the fiber design go through the prisms; however, the curvature produced by them 

was too large. Fortunately this mirror is behind the prisms in our design and can thus 

be left stationary. Switching between designs only requires the prisms to be rotated out 

of the beam. By extending our spectrograph's collimator to echelle distance by 400 mm, 

their collimator can also be rotated into use (possibly using the same mechanism as for 

the prisms) without moving our collimating lens. 

Figure (5.5) shows the two spectrograph configurations basically along the el

evation axis. Side by side layouts of the two designs are show^n in Figure (5.6). The 
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Figure 5.6: Horizontal view of spectrograph perpendicular to that in Figure (5.5). (.A.) 
CD mode (B) MO mode. The lens collimator does not have to be moved when switching 
between modes since the collimating mirror for the MO mode is closer to the echelle. 
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Fiber Angle 
(degrees) 

Wavelength Fiber Angle 
(degrees) Small Medium Large 

-2.12 0.80 1.00 0.84 
0.0 0.91 1.00 0.97 
2.12 0.74 1.00 0.76 

Table 5.3: Throughput in MO configuration. Small and large wavelengths refer to the 
ends of the FSR and fiber angles ±2.12° are the ends of the range which fills 2 rows 
of CCDs. The largest vignetting is due to constraining the Schmidt corrector plate 
diameter in order to improve imaging quality. 

format of the CD configuration spectrum was given in Figure (5.2). In the MO con-

difiguration. an array of 285 fibers at 2.3 arcsec separation fills 2 CCDs in the spatial 

direction. Thus using the rows with 2 and 3 CCDs means only 15 fibers do not hit the 

CCDs in the MO mode which did originally. The throughput is given in Table (5.3). 

The low and high wavelengths listed there are the ends of the FSR. There are reasonably 

small vignetting losses over the entire format. 

The current design incorporating everything from the collimating lens to the 

CCDs is given in Table (5.4). Table (5.5) contains the optical performance and Fig

ure (5.7) shows spot diagrams in 30 /zm squares for the 18 design wavelengths. The 

worst spot sizes are on the blue CCD. Previously they were at the two corners of the red 

CCDs. Presumably this is due to the change in color balancing in the corrector plate 

glasses. Results reflect an additional 7 mm of vignetting around the edges of the CCDs 

which models wiring. The minimum order separation is now 8.75 arcsec around 800 nm. 

There is about 1 mm of clearance from the end of the FSR to the edge of the CCD at 

the interface of the rows with 1 and 2 CCDs and about 7 mm clearance at the interface 
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Surface Radius Distance Material Diameter Comment 
Type of Curv. 

(m) 
(mm) (mm) 

STAND 1.15 20.0 BAF2 360 
STAND 0.668 51.3 360 
STAND 1.74 45.0 CAFL 360 
STAND -0.552 .58.9 360 
STAND -0.680 20.0 BAF2 360 
STAND -3.02 3100 360 

C.B. 0 Tilt 68.5° 
D.G. cc 0 MIRROR 831 6.3° blaze 

C.B. 2800 Tilt 58.3° 
C.B. 0 Tilt -45.6° 

STAND oc 0 SILICA 600 
C.B. 225 SILICA Tilt 29.1° 
C.B. 0 SILICA Tilt 29.1° 

STAND cc 0 600 
C.B. 350 Tilt 45.6° 
C.B. 0 Tilt 45.6° 

STAND 3C 0 SILICA 620 
C.B. 270 SILICA Tilt 29.1° 
C.B. 0 SILICA Tilt 29.1° 

STAND CC 0 620 
C.B. 250 Tilt -45.6° 

.\SPH -29.4 3.0 LLF6 600 Corrector plate 
STAND DC 12.0 FSLo 600 Corrector plate 
.\SPH -18.2 885 600 Corrector plate 

STAND oc 0 CCD obscuration 
STAND x 0 CCD obscuration 
STAND oc 875 CCD obscuration 
STAND -1.72 854 MIRROR 830 Schmidt primary 
STAND oc 0.0 -Adjusted for each CCD 

C.B. x 0 .Adjusted for each CCD 
STAND x -1.1 
STAND 0.273 1.1 LLF2 Field fiattener 
STAND oc 0 Field fiattener 
STAND x 0 CCD 

Table 5.4: Final spectrograph design. The surface types are standard (STAND), coor
dinate break (C.B.). diffraction grating (D.G.) and aspheric (ASPH). Using a Schmidt 
design with field flatteners over a mosaic of CCDs allows simulataneous coverage of a 
large bandwidth with little vignetting. 
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Config Wavelength Grating Position Vignetting RMS/Max 
uration (nm) Order on CCD (%) Spot Diameter 
Number Number (mm) ( f i m )  

1 324.0 112 2,-4 9 6.0/15.5 
2 302.4 120 15.-4 9 11.5/29.8 
3 .355.8 102 -13,-4 8 3.7/7.7 
4 412.4 88 0,11 9 2.9/4.5 
5 362.9 100 15.11 8 2.8/7.2 
6 483.9 75 -13,11 8 4.4/12.2 
1 410.0 89 1,-3 8 2.0/5.9 
s 372.0 98 12,-6 8 4.7/12.8 
9 485.0 75 -13,-13 9 3.6/10.2 
10 693.0 52 0,6 10 5.8/12.9 
11 1084.0 33 -12.-14 27 6.1/12.8 
12 550.0 65 12.-15 28 7.8 13.7 
13 885.9 41 -9,-2 8 5.9/15.5 
14 1100.6 33 -15,-2 t 7.7/18.2 
15 519.2 70 13.0 8 6.8/9.8 
16 690.0 53 0.-12 9 5.5/12.7 
17 1117.3 33 -13,14 28 6.8/17.1 
18 565.0 65 10,1 17 6.1/10.9 

Table 5.5: Final spectrograph performance. All wavelengths give spot sizes less than 
two pixels in diameter with high throughput. The origin in the fourth column is at the 
center of each CCD. 
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Figure 5.7: Spot diagrams in 2 pixel (30 fim) boxes for the 18 optimized wavelengths in 
the CD mode. The relative positions are approximately correct. High image quality is 
achieved with minimal signal loss which should give an excellent signal to noise ratio. 
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with 2 and 3 CCDs. 

5.4 Conclusions 

We have presented the design for an echelle spectrograph for 6.5 m telescopes: i.e. the 

converted MMT and Magellan. A mosaic of 6 CCDs with individual field flatteners have 

been fit to the curved image surface of a Schmidt camera. In this way e.vcellent image 

quality is maintained while the obscuration by the detector array is minimal. We also in

corporate fused silica turning and cross dispersion prisms for high transmission. Designs 

for 20 and 30 cm beams have been produced, both using 60 cm Schmidt plates[68]. 

The spectrograph has two configurations. The single-object, multi-order config

uration is fed by collimated light from the F/15 .Nasmyth focus. We use a single camera 

designed to simultaneously record the full wavelength range of CCD detectors. In this 

mode each back-illuminated CCD is dedicated to a limited spectral range and can be 

given appropriately optimized coatings for highest efficiency. Throughput varies from 

109^ to 18% while the resolution-slit width product is nearly 50,000. The multi-object, 

single-order configuration is fiber-fed from the F/5 focus. It can sample 285 objects at 

once and has a resolution-slit width product of 45,000. \ single knob, admittedly a 

large one. can switch between the two configurations by swinging in the F/5 collimator 

as the prisms are swung out. The F/15 collimator and the large folding flat that relays 

light into the camera remain fixed in place. The camera parameters for both modes 

are given in Table (5.6). The mosaic of CCDs allows spectral resolution sampling of 
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Multi- Cross 
Object Both Dispersed 

beam diameter (mm) 273 304 
grating blaze angle (degrees) 63 
included angle (degrees) 10.25 
anamorphic magnification 1.44 
total efficiency 

00 o
 

grooves/mm 49 
camera aperture (mm) 600 
camera focal length (mm) 869 
detector pixels ( f i u i )  15 
detector format 4K * 4K wedge 
detector angle (degrees) 4.04 6.13 
resolution slit width product (arcsec) 4504.5 49500 
plate scale (spectral) (//m/arcsec) 64 58 
2 pi.xel resolution 101,000 
minimum order separation (arcsec) 8.75 
plate scale (spatial) (/xm/arcsec) 96 87 
pixels between MO spectra 14.8 
number of spectra (MO) 288 

Table 5.6: Final echelle spectrograph parameters. The resolution of 200.000 per pixel 
and two operational modes make this a powerful instrument for a wide range of scientific 
applications. 
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200.000/pixel while the "point and shoot" character of the spectrograph should result in 

simplified controls and software. 

The combination of these two configurations will make this a powerful instrument 

for many scientific problems. In particular the combination of high throughput, high 

resolving power and single shot coverage from 0.31 to 1.1 nm are well suited to radial 

velocity searches for stellar companions. 
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APPENDIX A 

ATMOSPHERIC MODELS 

There are several commonly used atmospheric models today[67][69]. They cover bad 

as well as good seeing and both day and nighttime conditions. Their differences lie in 

placing varying amounts of turbulence at different altitudes. Dome seeing is modeled 

with a low altitude term while turbulence produced by weather systems are modeled 

with high altitude terms. They can be used in continuous form, as was done in the 

numerical evaluations in Section 4.3, or in discrete form as was done for the simulations 

in Section 4.4. 

The model adopted here was the Hufnagel-Valley (HV) model[36]. It has the 

form 

= 0.94, 10-^3 (i) .'"exp (^) +2.7.10-'»exp (^) +aexp 

(A.l) 

where Cn(r) is the refractive index structure constant, v  is the maximum wind speed in 

m/s. r is the altitude in meters, zq is the aperture's altitude in meters and a is a strength 

term for the ground layer. The first two terms represent atmospheric layer contributions 

due to weather conditions while the third term represents dome seeing. This model is 

adjustable in that having two variables (u and a) allows both the atmospheric coherence 
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Figure A.I: C^(r) profiles assuming an HV atmospheric model. Oq = 1.5 and 2.o arcsec. 
To = 15 cm. .Aperture altitude is .3 km. = is sensitive to the turbulence altitude while 
ro = is not. Thus for the same tq, a smaller 0o = means there is more turbulence at high 
altitudes and less at low altitudes. 

length and the isoplanatic angle to be adjusted as desired. 

Chapter 4 used pq = 15 cm and Oq = 1.5 and 2.5 arcsec which produce C;^(r) 

the profiles given in Figure (.A..1). These two profiles are representative of bad and 

good seeing conditions at typical astronomical sites. The discrete forms of these profiles 

are given in Table (.\.l) along with the wind velocities used in the simulations. The 

wind profile used in the continuous atmospheric model is displayed in Figure (.A..2). It 

is gaussian with a peak at 12 km. Table (.A..2) gives the atmospheric characterization 
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Altitude Height To Wind 
(km) above (m) (m /s) 

aperture ^0 = Oq = X - y -
(km) 2.5 arcsec 1.5 arcsec component component 

16.7 13.7 1.238 0.739 14.8 2.4 
11.0 8.5 0.461 0.276 24.9 -2.4 
6.25 3.25 0.410 0.316 24.9 2.4 
3.25 0.25 0.203 0.320 13.8 -2.4 

Table A.l: Discrete atmospheric model for tq = 15 cm and = 1--5 and 2.5 arcsec. 
These two atmospheres represent good and bad conditions at a typical astronomical 
site. Slight variations in the wind direction were included to allow greater mi.xing of the 
layers. 
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Figure .A..2: Wind profile used for the continuous HV atmospheric model. .\ peak at 
altitudes of 10 to 15 km is typical although the magnitude of the peak can vary greatly. 



Model Isoplanatic Average Turbulence Greenwood 
angle turbulence weighted frequency 

(arcsec) altitude wind speed (Hz) 
(km) (m/s) 

continuous 1..5 8.78 15.2 4.3.2 
continuous 2.-5 6.12 9.8 27.5 

discrete 1.5 9.1 21.6 61.6 
discrete 2.5 6.8 18.4 51.5 

Table A.2: Atmospheric characterization parameters for the models used in this paper. 
.\11 the models have tq = 0.1.5 m and all values are for A = 0.5/im. E.Kperimental \^lues 
can deviate from these by factors of two or more in both directions. 

parameters defined in Chapter 2 for these models. 



APPENDIX B 

DECONVOLVING BINARY IMAGES 

B.l Introduction 

Finding the irradiance of a star has many noise terms, some of which were mentioned 

in Section 1.1. For close stars, photometry is further complicated by overlapping point 

spread functions. Commonly a single point spread function is fit to all the stars in 

a field. .Although atmospheric turbulence dictates an isoplanatic angle beyond which 

short exposure point spread functions are significantly different, similarity returns for 

long e.xposure times. This is due to the ergodicity of the atmosphere: averaging over 

time is equivalent to averaging over space. Therefore assuming identical point spread 

functions in the deconvolution of overlapping images is a reasonable starting point in 

finding the irradiance from binaries. This can be performed either in image space or 

Fourier transform space. 

B.2 Image Space Deconvolution 

B.2.1 IRAF Gaussian Fitting 

Two deconvolution schemes were investigated in image space. The first used a two 

dimensional gaussian fitting routine found in the astronomical image processing software 
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IRAF maintained by Steward Observatory. This routine varied the bacicground level, 

peak magnitude, major and minor axis lengths and orientation angle to find the least 

squares fit. The binar>' used as a test case was SAO 82367 imaged using a 1.52 m 

telescope in .A.pril 1995. The platescale was 11.2 pixels per arcsecond. The binary 

contributed approximately 37,000 counts per 60 s exposure and the rms read noise was 

15 counts. The star separation was 6.1 arcsec with 1.9 arcsec seeing. Both peaks of the 

binary were sequentially fit with a gaussian with no constraints on any of the parameters. 

The rms average ratio of the peaks of the two gaussian fits was found to be 0.74 with an 

rms deviation of 0.2% over 10 data frames. 

Since the gaussian fits were not constrained to have the same widths, the ratios 

of the integrations over each gaussian volume were also compared. This gave an rms 

average of 0.73 with an rms deviation of 0.4%. Thus using more information produced 

increased randomness. This could be due to the particulars of the optimization routine 

in combination with the non-gaussian nature of the PSFs or simply the limited number 

of data frames. 

B.2.2 Simultaneous Fitting 

The second image space routine tested fit both star images at once. The form of the 

fits were initially constrained to be rotationally symmetric gaussians with identical half-

widths. The locations and magnitudes of the peaks were allowed to vary as well as 

the single half-width value and the background level. Each variable was sequentially 
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stepped until it reached a minimum in the sum over all pixels of the squared difference 

between data and fit. This was repeated until the difference from the previous round of 

adjustments was less than 0.01%. 

The routine was tested on 20 frames of simulated data in order to be able 

to compare its performance to known values. The simulations were performed using 

Triads with a four layer atmospheric model as described in Appendix They included 

both amplitude and phase variations due to the atmosphere as well as photon noise. 

Each frame was a composite of 100 independent atmospheric realizations. The binary 

separation was varied from 0.9 to 3.5 arcsec with 0.6 arcsec seeing. The same 11 pixels 

per arcsecond platescale was used as above. Figure (B.l) shows that the performance 

degrades as the binary separation decreases. .A.11 the simulated peaks w-ere the same 

height except for the extra data points at 1.3 arcsec. The routine did not fit these 

points, which had peak ratios of 1.05 and 1.1, as well as the others. Furthermore, 

while the equal irradiance points improved with the square root of the number of results 

averaged together, unequal irradiance points had slower improvement. 

A modification to the second routine consisted of allowing the fitting function 

to be non-gaussian. The new form was 

where the subscripts refer to the two stars, A is the peak amplitude, r is the pixel 

position. Tf is the peak position, a determines the width and n determines the shape 
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Figure B.l: Simultaneous fitting performance on simulated binaries. Qseting = 0.8 arcsec, 
ro = 21 cm and 6q = .3..5 arcsec at the imaging wavelength. The actual ratio of the peaks 
was 1.0 for all but the extra data points at 1.3 arcsec. The performance degrades 
for these peak ratios of 1.05 and 1.1 because overlapping signal tends to be distributed 
equally to both stars. Obviously the less the signal that is overlapping, the better the 
performance. 
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of the function. Typically ra = 2, as would be expected for a nearly gaussian shape. 

Everything else was kept the same and the fit for both stars was still constrained to 

have the same shape but not the same peak. This improved the performance when 

fitting the 1.1 peak ratio nearly to the 1.05 gaussian fitting performance. In order of 

decreasing fitting performance the points plotted in Figure (B.l) at 1.3 arcsec represent 

1.0 peak ratio (gaussian fit), 1.05 ratio (gaussian fit), 1.1 ratio (modified fit) and 1.1 ratio 

(gaussian fit). 

B.3 Frequency Space Deconvolution 

Fitting can also be performed in Fourier space. .A.n image is the convolution of the 

object and the point spread function of the imaging system. The object does not change 

between frames of data, but the PSF does due to changes in the atmosphere and any 

adaptive optics correction. If 10 frames of data are taken, there is 1 unknown object and 

10 unknown PSFs. If 100 frames of data are taken, there is 1 unknown object and 100 

unknown PSFs. It is clear that a greater amount of information per frame is available 

with increasing numbers of frames. 

Taking the Fourier transform of an image gives the product of the spectral con

tent of the object and the optical transfer function. This does not change the amount 

of information, but in this space it is easier to apply one additional piece of knowledge. 

The highest frequency which can be passed by the imaging system is set by its aper

ture diameter. Fourier space also provides a much faster means of evaluating potential 



solutions since products are performed instead of convolutions. 

The algorithm is similar to the image space algorithm. The current guess for 

the object spectrum and each frame's optical transfer function are multiplied and their 

mean square difference from the data is calculated. Then the object spectrum and optical 

transfer functions are iteratively varied in search of the smallest difference. The cutoff 

frequency constraint is implemented by including a penalty for its violation. When the 

difference has converged to a satisfactorily small number, an inverse Fourier transform 

is performed on all the frames. The estimated object and each PSF results. 

This technique has yielded photometry with errors in the 0.7% range for 10 

images of equal magnitude stars separated by 2 arcsec with 0.8 arcsec seeing. Longer 

sequences should yield correspondingly better results. Changes to the code are currently 

being made by Jeffries. Hege and Christou[40, 13] which may improve the results. 
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