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ABSTRACT 

Nulling interferometry is an important technique in the quest for direct 

detection of extrasolar planets. It is central to NASA's plans for a Terrestrial 

Planet Finder (TPF) mission to detect and characterize Earth-like planets. This 

thesis presents the first experiments to demonstrate that the technique is a useful 

tool for ground-based observations as well. It demonstrates the ability of the 

technique to study faint, circumstellar environments otherwise not easily observed. 

In addition the observations and experiments allow more confident estimation of 

expected sensitivity to planetaxy systems around nearby stars. 

The old MMT was used for the first telescope experiments of stellar suppression 

via nulling. The stellar suppression achieved was sufficient to observe thermal 

emission from cool dust in the outflows around late-type stars. Based on the 

original MMT prototype, which worked at ambient temperature, I have constructed 

a cryogenic nulling interferometer for use with the renovated 6.5 m MMT. Features 

include the capability of sensing and correcting the phase between the two arms 

of the interferometer, achromatic tuning of the null using a unique symmetric 

beam-splitter, and compatibility with the deformable secondary of the MMT. 

The instrument has been used in a laboratory setup with an artificial source to 

demonstrate a high level of suppression. Commissioning of the instrument took 

place at the MMT in June 2000 using the fixed f/9 secondary. The instrument was 

aligned, phased, and used for science observations of 17 stars over five nights. 

The future impact of nulling with the MMT and the Large Binocular Telescope 

is sketched out. These telescopes will be sensitive to very faint levels of zodiacal 

dust, indicative of planetary companions and giving us clues as to the make up 
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of planetary systems. Substellar companions down to near Jupiter mass will 

be detectable arotmd the nearest stars for the LBT, allowing direct imaging of 

long-period giant planets. The detection of such companions will be complementary 

to the Doppler velocity searches, currently so succesful in verifying the existence 

of planets, thus giving a balanced view of the prevalence and range of separations 

possible for giant planets around nearby stars. 
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CHAPTER 1 

INTRODUCTION 

It goes against nature in a large field to grow only one shaft of wheat, 

and in an infinite universe to have only one living world. -Metrodorus 

of Khios 400 B.C. 

Speculation about the existence of other worlds is nearly as old as human 

civilization itself. The argument that there "must" be other worlds, originating 

with Giordano Bruno, who realized the significance of the visible stars being 

like our sun, has only been sharpened by modern astronomy's validation of how 

common sun-like stars are. In addition the success of Laplace's nebular hypothesis 

in explaining the formation of the sun's planetary system, as seen by disk formation 

around T Tauri stars, has validated ideas about the commonness of planetary 

systems. Of course, the excitement bound up in the speculation about other worlds 

is not simply whether rocky bodies exist around other stars, but whether those 

bodies are suitable for, and possibly even harbor, life. 

While life on other planets is not yet able to be addressed scientifically, the 

question of whether other planetary systems exist has finally become a testable 

hypothesis in astronomy. The advances in high resolution, precision spectroscopy. 
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infrared sensing and large telescopes capable of high resolution imaging are fueling 

a sustained drive toward understanding the prevalence and formation of planetary 

systems aroimd sun-like stars such as our own. 

1.1. Planet Hunting 

Searching for planets is not an easy task. Perhaps the most telling evidence of 

this statement is the degree to which the question of other planetary systems has 

remained unanswered despite hrunanity's long standing interest in the problem. 

The planet-finding field is still in its infancy even with astronomical instrumentation 

which has allowed astronomy to progress firom largely empirical knowledge of stars 

and nebulae in the sky at the end of the nineteenth century to a surprisingly 

extensive imderstanding at the end of the twentieth century as to the structure and 

origin of celestial objects from the stellar scale to the size of the cosmic horizon. 

Planets have not been directly seen by the casual or dedicated observations of even 

the most powerful telescopes. 

Yet planets have been detected via their gravitational influence on their parent 

star. High resolution spectroscopic observations have revealed the existence of 

planets around 50 or so nearby stars (Marcy Cochran, and Mayor 2000). These 

detections include several systems with evidence of multiple planets, indicative of 

a planetary system. The portent of these surveys has perhaps not yet been fully 

grasped by the astronomical comunity and the public. Approximately 6% of stars 

of spectral type F-K (^O.S-l.SM©) are known to have Jupiter-mass planets within 

approximately 3 AU (Butler et al. 2000), according to these Doppler surveys. The 

observations appear to be upholding the Copernican principle for our planetary 

system; that is, our solar system seems to be just an average planetary system. 
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common axoimd sun-like stars. 

Or is it? Most plajiets found by Doppler velocity surveys are giant planets 

at distances of < 1 AU. The existence of such planets suggests planetary systems 

whose makeup is very diflferent from ours. Theories which explain the existence 

of these close-in planets suggest that they needed to form out beyond 5 AU and 

spiral in to their present position, in the process disrupting the orbit of any smaller 

interior planets. Even planets discovered outside the region where rocky planets 

would be expected to harbor life (the habitable zone) have eiUptic orbits which 

would make this zone dynamically unstable for smaller planets. These glimpses of 

other systems make the existence of an Earth-like planet in them appear unlikely. 

However, Doppler velocity searches are particularly sensitive to these short-period 

planets, giving us a skewed view of what we can expect a "typical" system to look 

like. These searches are much less sensitive to long period planets similar to our 

own Jupiter or Saturn, both from the decrease in Doppler shift amplitude with 

separation and the long time it takes for these planets to complete an orbit. To see 

giant planets at > 5 AU our best hope is to detect them directly. 

Direct detection is difficult due to two fundamental properties of a planetary 

system: the planets are very faint compared to the central star of the system, 

and the planets' angular separations from the star as viewed from the Earth are 

very small due to the great distance of even the closest stars. If our solar system 

were observed at a wavelength of 10 ^m where the planets are relatively brighter, 

compared to the Sun, than in the visible, Jupiter would be approximately 10® times 

fainter and Earth would be 10^ times fainter than the Sun. 

For gas-giant planets, potentially detectable from the ground, theoretical 

models of their spectra (Burrows 1997) suggest that even companions which are 
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quite cool have significant thermal emission, well above what would be expected 

from blackbody emission, especially in the 4-5 fiva. region where a lack of absorption 

bands from methane and water at these wavelengths allows light from deep within 

the atmosphere of the planet to escape. This makes the L ajid M atmospheric 

windows attractive regions of the spectrum to search for exo-solar giant planets. 

1.2. Zodiacal Dust 

The presence of a planetary system can also be inferred if there is extended 

thermal emission from a zodiacal dust disk. Zodiacal dust disks are the "smoking 

gun" of planetary systems around mature main sequence stars. Once accretion 

has terminated in the disk the zodiacal dust is affected by Poynting-Robertson 

drag which, clears the inner region(< 50 AU) of the disk in under a million years 

(Backman and Paresce 1993). The existence of detectable zodiacal dust around 

main sequence stars requires not only a reservoir in the form of planetesimals for 

the continuously created dust, but larger planetary bodies for perturbing them into 

frequent collisions. 

As an indicator of a planetary system, zodiacal dust is easier to detect than 

the planets themselves. The integrated surface brightness of a zodiacal dust 

disk at solar level is a factor of 10^ fainter than the stellar photosphere in the 

mid-infrared. Since t3T>ic£il photometry by IRAS and ground-based observations has 

an uncertainty of 3%, zodiacal emission is only detectable for disks approximately 

1000 times as bright as solar level. In addition the area of emission comes from 

a very compact region aroimd the star. In the 8-13 /xm window which provides a 

suitable spectral region for ground-based zodiacal dust searches, the zodiacal dust 

cloud of an exo-solax system is expected to be only several AU in size. Thus, even 
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the brighter signal of the zodiacal disk is difficult to detect in the presence of the 

central star. 

1.3. Direct Detection Methods 

Many techniques have been proposed for direct detection including adaptive 

optics coronagraphs, differential band Imaging and nulling interferometry. Nulling 

interferometry, a technique which interferometrically suppresses the starlight, was 

originally proposed by Bracewell (1978) for use in space-based searches for exo-solar 

planets. It is perhaps most promising among the different techniques since it 

is able to suppress the overwhelming starlight while still allowing sensitivity to 

companions quite close-in to the star. The successful application of this for planet 

searching is just now becoming feasible as telescopes with sufficient collecting area 

for detecting these faint signals are being completed and outfitted with adaptive 

optics systems to control the incoming wavefront. 

With these advances in technology the advent of a new field in astronomy, 

the direct detection of extra-solar planets, is on the horizon. We can expect 

dramatic progress (and success, one hopes) toward this over the next decade. The 

observations will help provide a complementary look at the distribution of giant 

planets compared to Doppler searches by being more sensitive to planets with 

larger separations. In addition direct detection will allow detailed study of giant 

planets through their spectra. Zodiacal dust detection will provide information on 

the distribution of material in a planetary system. 

This thesis presents the detailed design constraints needed to make nulling 

interferometry viable for exo-solar system studies as well as experimental 

verification of the technique both in the laboratory and with telescope observations. 
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Chapter 2 describes the concept behind nuULng interferometry. Chapter 3 discusses 

the limits, from different sources, to the levesl of suppression achievable. Chapter 

4 presents the design and results from the firrst telescopic demonstration of nulling 

using the original Multiple Mirror Telescopes (MMT). Chapters 5-7 describe the 

design, testing, and use of a cryogenic nullimg interferometer on the new 6.5 m 

MMT for observations of circumstellar strucsture. Chapter 8 looks at the future 

of ground-based nulling for detecting and st'udying exo-solar planetary systems. 

Chapter 9 discusses design issues related to rthe Terrestrial Planet Finding (TPF) 

mission. 
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CHAPTER 2 

NULLING INTERFEROMETRY BASICS 

Although our understanding of interference in light dates back to Thomas Yoimg 

(1773-1829), interferometry, as an astronomical technique, was not employed 

until the early twentieth century with Michelson's observations using the 100 

inch telescope on Mt. Wilson to measure the visibility of stars seen through his 

interferometer. Michelson mounted a beam with two pairs of diagonal mirrors on 

the telescope which relayed two sections of a stellar wavefront separated by up to 

20 feet to within the telescope diameter so they could be brought to a common 

focus by the telescope optics. The light from the two arms thus formed a single 

image of a star which was modulated by fringes perpendicular to the baseline of the 

interferometer. When the baseline was long enough to resolve the diameter of the 

star the fringes would disappear, providing a sensitive indicator of the spatial size 

of an object. In this way the diameter of Betelgeuse was first measured (Michelson 

and Pease 1921) and the viability of optical interferometry to measure the spatial 

extent of celestial objects was first demonstrated. 

Present-day long baseline optical interferometers overlap the entire pupil of 

separate telescopes using a semi-transparent mirror. Whereas Michelson's stellar 

interferometer creates fringes in the image plane, when the pupils are overlapped 
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the fringes axe created in the pupil plane. Since the images are also overlapped the 

fringes can be said to exist "on the sky". That is, the interference pattern of the 

interferometer modulates the source function. The interference of a point source 

between the two telescopes is measured by scanning the relative path-length to 

measure the contrast or visibility of the fringes through temporal fluctuations. This 

type of interferometry is typically referred to, somewhat confusingly, as Michelson 

interferometry (referring to the Michelson interferometer used, for example, in 

the Michelson-Morley measurements of the variation in the speed of light, not to 

Michelson's stellar interferometer). 

A few interferometers, such as the original Multiple Mirror Telescope, overlap 

the images while preserving the sine condition of the array. That is, the exit 

pupil of the interferometric system looks identical, except for overall scale, to the 

entrance pupil of the system. This causes the interferometer to act like a single 

telescope but with a point-spread function (PSF) which is the Fourier transform 

of its entrance pupil. This has the advantage of providing a wide field of view. 

Such an interferometer is usually referred to as a Fizeau interferometer, or an 

imaging interferometer, since it is possible to form images of extended structure 

at the spatial resolution of the interferometer, by simple deconvolution of the 

interferometric PSF. This technqiue is ideally suited for interferometers on a 

common mount so that their pupil orientation and path-lengths are fixed. 

2.1. Nulling Interferometry 

Nulling interferometry, in its essence, is a Michelson (pupil overlapping) 

interferometer designed for specific use in suppressing the light from a dominant 

central point source. The pupils are overlapped using a semi-transparent mirror 
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(Figure 2.1) so that the path-length differences affect the brightness of the 

overlapping images. However, the phase difference is constantly maintained at a 

half-wave to interfere the light destructively at one output. A companion next 

to this suppressed source will have a different phase relation (A$ in Figure 2.1) 

depending on its separation from the point source in the direction along the 

line connecting the telescopes. This phase can be determined through simple 

geometry. Since the pupils are exactly superposed, the phase difference, relative 

AO 

Stellar wavefront 

Semi-transparent nurror 

Collector 1 
left output right output 

Collector 2 

Figure 2.1 A symmetric nulling interferometer. A nulling interferometer contains 

two essential components: a pair of collectors and a semi-traoispaxent mirror. 
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to the suppressed source, is set by the difference in path-length,relative to the 

star's wavefront, introduced by the tilt of the companion's wavefront across the 

baseline of the interferometer. Thus a path-length difference of a (n+1/2) waves 

relative to the suppressed star, the condition required for constructive interference, 

is introduced for a source which is separated by 

from the star, where Q is the angle in radians, A is the wavelength of observation, 

6 is the baseline of the interferometer, and n is an integer number. This is simply 

due to the fringe spacing of the interferometer. The phase at which the light 

interferes for a point source is determined by its position, relative to the suppressed 

point source. For an extended source different parts of the object interfere at 

different phases. As a result parts of it are enhanced and parts suppressed. The 

object intensity distribution is multiplied by a transmission function due to the 

interferometer 

where Q is the angular distance from the line on the sky through the star 

perpendicular to the interferometer baseline. However, the image formed on the 

detector is the convolution of the modified intensity distribution with the PSF of 

a single aperture. Thus, even for a uniformly emitting, extended object no fringes 

are seen; the convolution averages them out, leaving an image where the maximum 

resolution is A/£> where D is the diameter of a single telescope element. Since 

nulling is sensitive to material as close as A/26 away, objects can be detected which 

are within the Airy core of the single element. Because the stellar suppression is 

not perfect, the signal of a faint companion with a separation of < X/D is mixed 

with the residual starlight in a common Airy core. 

(2.1) 

(2.2) 
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As suggested by Bracewell (1978), such planetary companions could be most 

easily detected by modulating their signal through rotation of the interferometer. 

Rotation of the interferometer would rotate the transmission pattern of equation 

2.2. The planetary signal would be modulated by the pattern, separating it from 

any backgrotmd, and, through the frequency of its modulation, determining its 

separation from the star. 

The implementation of nulling described in this thesis also makes use of 

the field about the null, which requires a different optical arrangement from the 

scheme proposed by Bracewell (Figure 2.1). As can be seen by tracing the beams 

the images are mirror reflections of one another since one beam undergoes an 

additional reflection at the semi-transpaxent mirror. In addition the images are 

only exactly overlapped along the centerline of the image. Point sources to either 

side of this line do not overlap and thus do not have their light interfered. This 

is unattractive for studying extended circumstellar structure. The situation can 

be avoided by creating an asymmetric system such as one shown in Figure 4.1 or 

5.1. Since, in these setups each beam undergoes a number of reflections equal to 

or different by multiples of two, a true image of the field about the star is formed. 

This is important for three reasons. First, a system which forms a true image of the 

field can detect the astrometric offset of the companion, while a symmetric system 

cannot. Secondly, any complex circumstellar structure studied via a symmetric 

system has the added difficulty of untangling the two mirror (or rotated in some 

cases) images of the extended structure. Finally, companions outside the Airy core 

are not overlapped in a symmetric system and cannot be detected by modulation 

of their signal through rotation of the interferometer, as suggested by Bracewell 

(1978). 
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2.2. Achromatic Nulling 

In the treatment above a crucial point was not discussed. If we tunethe path-length 

to create a 180° phase difference between the beams we are creating a null at one 

wavelength only. Wavelengths shorter and longer than this center wavelength wiU 

not cancel out perfectly. The phase difference (in waves) is g:iven by 

where Ao/4 is the amount of physical path difference between the beams and the 

additional 1/4 wave achromatic phase shift is added by the semitransparent mirror, 

as explained in section 3.1. The fraction of light remaining in the focal plane 

compared to constructive interference, or residual intensity, is given by 

where N is used to denote that the intensity calculated is tlie nulled intensity. 

That is, the amount of light is normalized to the intensity of light at constructive 

interference. The total light remaining in the nulled image is obtained by 

integrating equation 2.4 over the bandwidth of observation. T?he intensity is 

which can be integrated numerically over the desired bandwidth to determine the 

level of residual intensity. At 10 /zm a bandwidth narrower than 1.4% is needed 

to keep the residual intensity below 10"'^. Clearly a better a-pproach is needed to 

create the half-wave phase difference between the beams. 

Since Bracewell first suggested the concept, several tecliniques have been 

suggested to create an achromatic null. If the electric field vector of one aperture 

is rotated by 180 degrees the light will interfere destructively, independent of 

(2.3) 

JV(A) = (2.4) 

(2.5) 
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wavelength. This can be achieved either by rotating the beam the required amoimt 

using roof prisms, as suggested by Shao and Colavita (1992), or by sending one of 

the beams through focus (Gay, Rabbia, and Manghini 1997) before combination. 

These techniques have the advantage of being able to achieve as wide a bandwidth 

as required, but the rotation of the electric vector necessarily also rotates the field 

of one telescope with respect to the other. Any oflf-axis source will appear as a 

dual image to either side of the null, creating the same difficulties as the original 

Bracewell design. The concept proposed by Shao and Colavita (1992) also creates 

two nulled outputs, adding to the complexity of the setup. 

A technique proposed by Angel, Burge, and Woolf (1996) avoids this by use of 

dilectric materials. The coir dependence of phase created by a physical path-length 

difference is balanced by inserting a dielectric, or glass, material in the opposite 

beam. By choosing an appropriate thickness for the glass the dispersion will cancel 

out the dispersion due to the path-length difference, creating a null which is, to 

first order, achromatic. A second dielectric can be used, if necessary, to achieve 

higher order achromatism and a broader bandwidth of suppression. The system is 

designed in the same way an achromatic lens is designed, and is, in this sense, very 

well understood. This is discussed in more detail in section 3.1. The technique 

allows the image planes of the two telescopes to be exactly superposed with no 

relative rotation. In addition, as pointed out by Angel and Woolf (1997), the limited 

spectral range of the null has the unique advantage that shorter wavelengths are 

not nulled out. Certain wavelengths have a phase difference of 90 degrees, creating 

a star image which is halfway between constructive and destructive interference. A 

change in the relative intensity of the two interferometer outputs for this shorter 

wavelength signal is a sensitive indicator of a change in phase between the beams 

and can be used to tune the longer wavelength null. 
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CHAPTER 3 

GROUND-BASED NULLING DESIGN AND LIMITATIONS 

Nulling was originally proposed as a technique for space-based observations, but 

is a useful technique for ground-based telescopes, especially in combination with 

adaptive optics. In fact, both scientifically and technically, nulling systems on 

ground-based telescopes axe important for advancing the search for exo-solar 

planetary systems. Atmospheric windows in the 8-13 fj.m range, as well as the 

4 and 5 fj.m regions, have dark enough sky backgrounds to undertake sensitive 

searches both for exo-solar zodiacal dust and planets (Woolf and Angel 1995, Hinz 

et al. 1999). This chapter discusses design considerations and constraints I have 

developed for the ground-based nulling instruments presented later as well as limits 

to their performance. 

The most crucial aspect of a nulling instrument is the semi-transparent mirror 

which blends the light from the two beams. This optic is referred to in the following 

as a "beam-splitter", even though the optic really serves to combine the beams. 
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3.1. Design of a Nulling Beam-splitter 

The beam-splitter's role is to mix the two beams so that they have equal intensity 

over the pcissband, and to not introduce any wavelength dependent phase shift 

over the pass band. In addition, to control the null using a shorter wavelength it 

is necessary to have equal reflection and transmission at this wavelength and to 

have this shorter wavelength correspond to a region of the spectrum at which the 

atmosphere is transparent. 

Since one beam reflects off the beam-splitter while the other is transmitted 

through it (for a given output) it is important that the design be symmetric. 

An asymmetric beam-splitter will introduce a wavelength dependent phase shift 

between the beams. 

Symmetric Beam-splitter 

Figure 3.1 A Symmetric Beam-splitter. An achromatic quarter wave phase shift 

is created by a symmetric beam-splitter between the reflected and transmitted 

components of the beam. This can be seen by recognizing that the system is 

symmetric. If the inputs are equal the outputs must also be equal in intensity. 

Conservation of energy in the total light of the outputs requires that the relative 

phase shift between the beams be 1/4 wave, independent of wavelength. 
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3.1.1. Phase Compensation 

A symmetric beam-splitter will provide an achromatic 1/4 wave phase shift between 

the reflected and transmitted beams. This can be seen by noticing that the two 

outputs of a symmetric beam-splitter illuminated by light arriving in phase on 

opposite sides of the optic as shown in Figure 3.1 must be equal. The total energy 

in both beams must be conseirved, requiring that the phase difference between the 

transmitted and reflected components of each beam must be 1/4 wave, independent 

of wavelength. This effect has been noted by different groups involved in the design 

of interferometers (Shao and Colavita 1992, Phillips and Hickey 1995, Angel and 

Woolf 1997). 

The symmetric designs we have developed utilize two plates of the same 

material held together to create a symmetric thin film stack. The existing 

beam-splitter substrate and a difference in path between the beams is used to 

achieve the additional 1 /4 wave phase difference required for nulling. The two sides 

of the beam-splitter can be made with the required thickness difference. The phase 

difference in waves between the two beams can be written as 

$(A) = i  + f + ̂  (3.1) 

where p is the path-length difference between the beams, n(A) is the index of 

refraction of the substrate, and At is the difference in thickness between the two 

plates. If At is set to zero then 

P = X (3-2) 
4 

for destructive interference, but the phase is exactly 1/2 wave only at the center 

wavelength, AQ, and is highly chromatic. 

The index of refraction of typical materials can be approximated using a 
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Taylor series expansion so that 

ti(A) cii rio + (A — AQ) + — AQ)^ + . -. (3-3) 

where no, ni, and n2 are the Taylor coefficients about AQ. Then the phase is given 

by 
1 p no At ^ niAtAo ^ (A — AQ)^ 

= j + T + A— + niAt ^ + —^ + ... (3.4) 
4 A A A A 

To create a half wave achromatic null At is set to 

At = (3.5) 
4ni 

If the path-length difference is chosen to cancel out the zero order term, so that 

p = — Ai(Aoni — no) (3.6) 

then the phase is given by 

$(A) = 1 + + ..., (3.7) 

and the null is limited by the second order terms in the index of refraction. 

3.1.2. Amplitude Matching 

Thin film techniques are the standard tools for creating a 50% transmissive optic. 

In these designs layers of material, which are typically 1/4 or 1/2 wavelength 

thick, are built up on a substrate to create an optic with the desired properties. 

An example of a simple, symmetric beam-splitter is a single material of index of 

refraction, NA, 1/4 wavelength thick at the intended wavelength of observation, AQ-

Each surface reflects a portion of the light. The amphtude of this light from the 

first interface is 
"2 — IT'l (rt RI2 = ; (3.8) 
712 "I" 
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where ni, in this case, is one, the index of air. The amphtude of the second 

interface is 

^23 = (3-9) 
-h Ui 

If the thickness of the material is given by 

h = ^ (3.10) 
4 

and we define the quantity 

P = 27^-^ (3-11) 

then the total reflected intensity for the interference of these two ajnplitudes is 

given by Born and Wolf (1993) as 

(3.12) 
1 + ri2r23e^^P 

The reflected intensity for the optic is 

R = Ir-|2 - ^12 + ̂ 23 + 2ri2r23COs(2/3) 
' ' 1 + + 2ri2r23Cosi2P)' 

From the equations above it can be shown that if the desired reflected intensity is 

50% an index of 2.41 is needed for the glass. Several infrared transmitting materials 

have indices in this range, including Zinc Selenide (ZnSe) and Potassium-Thallium 

Bromide (KRS-5). 

Although it is not possible to create a beam-splitter which is a 1/4 wavelength 

thick at 10 /xm, it is possible to invert the materials. That is, an air gap 1/4 

wavelength thick with appropriate glass to either side has the same properties. 

The ratio of the two outputs is only equal for the design wavelength. However, 

the spectral response is broad enough (as shown in Figure 3.2) for reasonable 

performance over the desired range. This is discussed in more detail in section 

3.3. If broader spectral coverage is required the same general design can be used 
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by making a thin fibn stack with more layers. For exajnple, a 1/2 wave layer of 

material with an index of ~ 2.48 on the inside of each plate with an air gap of 1/4 

wave between them would yield a symmetric beam-splitter with a flatter spectral 

response than the simple air gap-

Figures 3.2 and 3.3 present solutions to the above equations using Zinc 

Selenide as the beam-splitter material. The plots show the reflected intensity and 

phase difference as a function of wavelength for beam-splitters designed for use at 

11 and 5 respectively. 

3.2. Control of the Null 

As mentioned above, an advantage of the dielectric approach to nulling is the 

ability to adaptively control the null using shorter wavelength light. Since this 

method of achieving a null is only "pseudo-achromatic", that is, achromatic only 

over the science passband, it is possible for the shorter wavelength light to have 

a phase difference between the beams which is markedly different from half of a 

wave. The wavelength at which the sensing is done depends on the variation of 

phase with wavelength as described by equation 3.1 above. A suitable material 

must be chosen which creates a 1/4 or 3/4 wave phase shift, corresponding to light 

which is halfway between constructive and destructive interference for both outputs 

of the beam-splitter, at a wavelength where the atmosphere is transparent. The 

beam-splitter design, then, must also provide ~ 50% reflectivity at this wavelength 

to suitably mix the input. Zinc Selenide, using only a 1/4 wave air gap as the 

film stack, turns out to be suitable for both the 11 and 5 /xm windows. As can be 

seen in Figure 3.2 the design of the 11 /xm beam-splitter provides for a 3/4 wave 

phase shift at 2.2 fim (the middle of the K atmospheric window) when it is 1/2 
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wave at 11 /zm. Although the 5 /zm beam-splitter's phase-sensing is not as well 

centered on an atmospheric window, its phase reaches 1/4 wave for the long end 

of the H atmospheric window (1.7-1.8 fim). Any variation in path-length between 

the two arms will be detected by the image in one output getting dimmer while 

Nulling 
passband 

phase sensing 
passband 

Wavelength (fun) 

Figure 3.2 Plot of reflection intensity and phase difference for an 11 {xm symmetric 

beam-splitter. The beam-splitter is composed of two plates of ZnSe separated by 2.7 

/zm and having a thickness difference of 39 fim. The two shaded areas correspond 

to the passband for nulling and the passband for sensing phase between the two 

apertures. 
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the image in the other output gets brighter. For example, using equation 2.4, one 

can calculate that a null of 3xl0~® at 11 /^m corresponds to a path variation of 

0.02 microns, or 0.01 waves at 2 //m. If the brightness ratio is 1 at 2 //m for the 

best null such an error would give a ratio of 88% between the images, a differential 

phase sensing 
passband 

3 3-5 4 
Wavelength (fun) 

4-5 5 
Nulling 

passband 

5-5 

2 0.5 

5-5 

Figure 3.3 Plot of reflection intensity and phase difference for a 5 ^m symmetric 

beam-splitter. The beam-splitter is composed of two ZnSe plates separated by 1.2 

/xm and having a thickness difference of 70 ^m. The two shaded areas correspond 

to the passband for nulling and the passband for sensing phase between the two 

apertures. 
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signal that would be easy to detect for a bright star. It is important to ujiderstand 

that this phase-sensing technique is completely common path with the moiled light, 

does not degrade the signal-to-noise ratio of the nulled light, and is miiq.ue to the 

pseudo-achromatic way of achieving the null. 

This technique can also be applied to make the same phase difference 

measurements in detail across the interfered aperture. If an image of the pupil is 

formed on a 2 //m detector for both outputs, the relative flux can be measured in 

many places across the pupil. This information can then be used to fine?-tune an 

adaptive optics system correcting the stellar wavefront. 

3.3. Limitations to Nulling 

Although light from a star can be dramatically suppressed with nulling, there are 

limitations, both intrinsic and imposed by a given design, which prevent perfect 

cancellation. This section presents the main contributions to residual light in 

nulling interferometery. These calculations are then applied in chapters 4 and 5 to 

the designs of the nulling interferometers presented. 

3.3.1. Phase vs. Wavelength 

As discussed above, the phase variation over the passband of observation needs to 

be carefully controlled to avoid introducing residual light from wavelengths not 

cancelling out near the edge of the passband. This effect is determined by- the index 

of refraction of the glass used for dispersion compensation as well as how precisely 

we are able to control the difference in thickness between the plates. 

Zinc Selenide is a good material for use as dispersion compensation as well 

as being suitable for use as a beam-splitter, as described in section 3.1.2. It is 
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a stzindard optical material in infrared instruments and can be polished to high 

precision. In terms of the Taylor series, equation 3.4, ZnSe's coefl5cients at 11 fim 

at 77 degrees K are 

Using equation 3.5 the thickness difference should be 39.4 //m. Figure 3.2 shows 

the phase versus wavelength for this thickness difference and the appropriate 

amount of path-length difference, determined by equation 3.1. Using this curve 

the residual intensity is determined by integrating over the passband using the 

equation 

where AQ is the central wavelength and AA is the bandwidth. The phase and 

residual intensity of the null axe shown in Figure 3.4 for no compensation (solid 

line) and for compensation with ZnSe (dotted line). For the dielectric technique 

the phase is exactly matched at only a discrete number of wavelengths. A tradeoff 

can be made between the breadth and the depth of the null by tuning the free 

parameters, the path difference and the thickness difference of the dielectric. The 

level of null required determines the achievable bandwidth for the system for the 

dielectric technique. For the solution above using ZnSe a null of 50,000 would limit 

the bandwidth to 38% at 11 /zm. 

In designing a beam-splitter for the nulling instrument described in chapter 

5 it was realized that glasses typically have an inflection point in their index of 

refraction curve at a given wavelength. In other words, at a particular wavelength 

no = 2.388 

n-i = —6.35 X 10"  ̂

n-i = —2.84 X lO"'̂  

•Ao+AA/2 \ -i_ cos(#(A)) 
(3.14) 
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the second order term in the index equation is zero, leaving only the higher order 

terms to affect the achromaticity of the null. Although no suitable materials exist 

with an inflection point at 10 /xm, ZnSe has its inflection point at 4.8 ^m so that in 

this region the nulling pa-ssband can be extend from 2.9-6.7 /xm for a 50,000 null, 

as shown in Figure 3.5. 

At 4.8 /xm the coefficients for ZnSe's index of refraction are 

no = 2.417 

ni = —3.6 X 10"^ fxm~^ 

722 = —1.47 X 10~® 

which, using equation 3.5, gives a thickness difference of 69.8 fj,m. Since the second 

order term is a factor of 200 smaller than at 11 fim the phase compensation works 

over a broader range of wavelengths. 

3.3.2. Intensity vs. Wavelength 

Intensity variations over the passband are introduced by the wavelength dependence 

of the beam-splitter. If one beam is a fraction, I/, the intensity of the other, then 

the residual intensity of this effect is given by 

Using equation 3.13 1/ is 

which is valid if the beam-splitter is dielectric, and thus does not absorb any of 

the radiation. Then the total residual intensity from amplitude variations of the 
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beam-splitter is given by 

N, amp 
Ao-^ 

^0+^ iV„(A) 

AA 
d X .  (3.17) 

If the edge of the passband is to transmit < 10"'^ then using the equations above the 

reflectivity of the beam-splitter is constrained to be 50±1% over ttese wavelengths 

as is the case for the curve in Figure 3.2 over the range 9.7-13 

0.01 

10 LO-S 11 

Wavelength (^m) 

Figure 3.4 Phase variation and residual intensity for an 11 fj,m beam-splitter. The 

traces are for nulls created by path-length difference only (solid line), and with ZnSe 

used for dispersion compensation (dotted line). 
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3.3.3. Polarization Effects 

Differences in polarization of the two beams arise from any differences in angles 

of incidence on the optics between the two arms. The most sensitive optic to this 

0.52 

w CB 0.48 

0.46 

4.2 4.9 4 4.1 4.4 4.8 5 5.1 5.2 4.7 5.4 4.6 

Wavelength (^m) 
0.01 

I 10 

I 10 

e 
s 

1 10 

1 10 

1 10 4.3 4.8 4.9 5.3 4.1 4.4 4.7 5.1 5.2 5.4 4.6 

Figure 3.5 Phase variation and residual intensity for a 5 fxm beam-splitter. The 

traces are for nulls created by path-length difference only (solid line), and with 

ZnSe used for dispersion compensation (dotted line). Note the broader level of 

suppression compared to Figure 3.4 from the second order term being smaller at 5 

fxm. 
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effect is the beam-splitter, but there can also be contributions from corresponding 

mirrors having different angles of incidence and from the optical trains not being 

limited to two dimensions. 

Beam-splitter Polarization 

Since the beam-splitter is not reflecting the light at normal incidence the 

amplitudes of reflection from each sense of polarization are slightly different. 

Although this effect is essentially wavelength-independent, for a given wavelength 

it is not possible to match the amplitudes for both senses of polarization since 

the polarization in the plane of incidence reflects slightly more than the sense 

perpendicular to the plane of incidence. Generalizing the Fresnel equations, as 

given by Bom and Wolf (1993), for non-normal incidence, the amplitudes from 

each interface are given by 

P2 Pi fty 1 = ——r 
Pi +Pl 

and 

Pi P2 fcj r23 = —-— (3.19) 
P2 +Pl 

where 

Pi = cos{d) (3.20) 

for light polarized perpendicular to the plane of incidence and 

P, = ^ (3.21) 
Tlx 

for light polarized parallel to the plane of incidence where 9 is the angle of incidence. 

Then if the thickness of the material is given by 

h = (3.22) 
4cos(0) 



41 

and we define the quantity 

e p 23) 
A 

the total reflected intensity for the interference of these two amplitudes is given as 

- l+r,2r,,e^'r 

The reflected intensity for the optic is 

o •-•2 + ̂ 23 + 2ri2r23Cos(2P) 
^ 1 + + 2n2r2zcos{2P)' ^ 

The reflection intensities for each sense of polarization (R|| and Rj,) can be 

calculated using this equation. Then, setting the average reflection intensity to 

50%, the average intensity mismatch for both senses of polarization is 

I,oi = l-2iR\\-Rs.) (3.26) 

and the residual intensity from this effect can be calculated using equation 3.15 

above. The level at which polarization affects the achievable level of null is a 

dramatic function of the angle of incidence. For example, if a suppression level 

of > 10^ is desired, the angle of incidence of the beam-splitter needs to be < 10 

degrees, using the equations above. This is an important constraint on the design 

of any single-pass nulling instrument. 

Different Angles of Incidence 

Typically, several relay mirrors are used in each arm of the interferometer 

to bring the beams into coincidence. If the angle of incidence for corresponding 

mirrors in the two beams differs by large amounts the phase shift is different for 

each sense of polarization. This error is only noticeable for large (>40 degrees) 
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diflferences in angles of incidence, as calculated by Born and Wolf (1993), for typical 

metal reflectors. For the designs presented later this error is made negligible by 

ensuring that all reflections are matched to within several degrees. For longer 

baseline interferometers with many reflections this phase difference for each sense 

of polarization must be considered to avoid degrading the null. 

Out-of-Plane Reflections 

It is often the case for interferometers that the plane of incidence of the optical 

train of one arm is not coincident, but is rotated with respect to the plane of 

incidence of the other arm. It is even possible with longer baseline interferometers 

to have the plane of incidence vary from mirror to mirror in one arm. For oblique 

reflection this can lead to significant residual intensity from phase variations of 

the different senses of polarization. This effect can be calculated for a given 

configuration, but the designs presented in this thesis avoid this entirely by keeping 

all the optics in the same plane. 

3.3.4. Diameter of the Star 

The most fundamental limit to nulling observations is that imposed by the target 

stax. If the star is not suflficiently point-like some light will "leak" aroimd the edges 

of the null providing residual intensity in the focal plane. The total leak is found 

by integrating the fraction of light transmitted at each angle over the anguleir 

diameter of the star. For nearby main sequence stars typical angular diameters are 

1-3 milliarcseconds (mas). The fraction of light transmitted for a star of uniform 

brightness across its disk, S radians in diameter, is determined by integrating 

equation 2.2 over the angular diameter of the star. Although stellax discs appear 
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significantly limb darkened in the visible, infrared observations have usggested that 

the assumption of uniform brightness is approximately correct (Bester et al. 1996). 

0.8-

0.6 

s o 

S 
S cs u 

0.2-

0.2 0.4 -0.4 -0.3 -0.2 0.1 

star diameter 

Figure 3.6 Residual intensity from a finite stellar diameter. Since the star is not 

a true point source some of its light "leaks" around the edges of the null. The 

star's diameter is exaggerated to illustrate the effect. Typical nearby main sequence 

star diamters correspond to mas. The fringe pattern is shown for the MMT 

interferometer operating at 10 ixm. 
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The total leak is given by 

Since the angle subtended by the star is small compared to the fidnge spacing we 

can use the small angle approximation to write 

^'>tar-^S2jQ I  ( A j ^ ^ ^ 

which can be integrated to obtain the expression 

N,tar = Yq (^) (3.29) 

where b is the baseline between apertures and A is the wavelength of observation. 

As discussed by Bracewell (1978), the contribution from the stax's diameter 

is a function of the square of the interferometer baseline. Thus for nulling the 

choice of baseline is a tradeoff between higher spatial sensitivity and poorer levels 

of suppression. 

3.3.5. Atmospheric Turbnlence 

In addition to the above limitations which apply to any nulling interferometer, 

turbulence in the atmosphere aflfects the level of suppression possible, posing 

perhaps the most difficult limit to overcome in ground-based nulling. The 

application of adaptive optics to nulling has different performance requirements 

from normal wavefront correction. However, the bright on-axis star provides 

dramatically more wavefront sensing capability to provide fast, high spatial density 

correction as discussed by Angel (1994). 
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Nulling with No Wavefront Correction 

For telescope observations without any wavefront correction the suppression 

level is set by the atmospheric turbulence rather than any of the above quantities-

Suppressed images are obtained by taJdng short exposure images, typically 

0.05-0.5 s in length, depending on the quality of seeing. The variation in phase 

difference between the apertures can be approximated using the structure function 

for Kolmogorov turbulence. 

which gives a phase variation in waves for two points separated by a distance, r, of 

/ 7* \ 5/6 
A$ = 0.417 j (3.31) 

where TQ is the coherence length of the turbulence. This variation is large enough 

that, essentially, the phase difference can be considered to be uniformly distributed 

over 27r radians or one wave. If a number of frames is taken to capture a best null 

the best residual intensity can be expected to be off from half a wave by 

where f is the number of frames recorded. The residual intensity is calculated using 

equation 2.4. 

The sampling error is negligible compared to two other errors, the change 

in phase over the exposure time and higher order phase variations within each 

pupil. The change in phase between the apertures over the exposure time t can be 

approximated using 

(3.30) 

— TT// (3.32) 

time (3.33) 
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The coherence time of the atmosphere, to, is given by 

tQ — (3.34) 

where is the turbulence weighted wind speed, typically 15-25 m/s. By integrating 

over this phase change, using equation 2.4, we obtain 

which determines the residual intensity due to this effect. The phase variation 

within an aperture using Kolmogorov turbulence is given in Beckers (1993). The 

RMS phase variation (in waves) within an aperture is approximately 

if tip and tilt errors across the aperture axe not present, as is true for the best 

overlapped and nulled images. For well nulled images where the images are 

properly overlapped the expected RMS phase error between the two apertures is 

approximately y/2 times equation 3.36 so that the residual intensity from this effect 

is 

These two values determine the achievable level of suppression without any adaptive 

optics correction. If the phase is adaptively controlled between the apertures the 

time variation effect becomes negligible, leaving only the higher order aberrations 

to limit the suppression. If Tq is chosen to be 5 m and to is 0.1 s at 10 ^m, typical 

values for average seeing, then the time variations for a 0.1 s exposure time give a 

mean residual of 4% and the higher order errors contribute 2%. 

fimi-

'time 
(3.35) 

(3.36) 

1 - cos (27r A^kigh n/2) 
^high = (3.37) 
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Adaptive Optics 

More precise suppression is possible with the use of adaptive optics to correct 

the phase errors in the incoming wavefront. Sandler et al (1994) provide a detailed 

analysis of the expected performance of an adaptive optics system in the presence 

of atmospheric turbulence. For the situation of an on-axis bright star two errors 

dominate the performance of the AO system: the system's ability to fit the 

wavefront variations and the temporal latency of the system. For high levels of 

suppression sources of error must also be included from sensing the wavefront at a 

different wavelength than observations and instantaneous variations in wavefront 

correction between the apertures. 

For these sources of error the important nimiber is one minus the Strehl ratio, 

which gives the fraction of the light not properly suppressed. How this light affects 

the level of null depends on the source of the error. 

The extended Marechal approximation allows us to calculate directly the 

Strehl ratio for a given RMS wavefront error, o", expressed in radians. It is given as 

The wavefront error (in radians) due to a finite number of corrector elements 

in the deformable mirror (DM), according to Hardy(1998), is given by 

.2 
(3.38) 

Fitting Error 

(3.39) 
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where s is the projected inter-actuator spaci_ng and the coefficient, given as 

0.53-0.58 by Hardy, is relevant for a continuouis plate deformable mirror. 

The errors due to the fitting of the wavesfront are uncorrelated over spatial 

sizes larger than the actuator spacing. This ^results in the residual light, (1-S), 

being spread out into a halo determined by tOie size of the interactuator spacing, 

s. If the residual light is spread into a disk A^s in diameter while the Airy core is 

A/D, the level of the residual light in the Airj^ core from the fitting error is 

where S/a is the Strehl ratio associated with the wavefront error from equation 

In reality the AO system is often limited by the number of Zernike modes that 

it is capable of sensing and correcting rather than the number of actuators in the 

DM. If the number of Zernike modes correctesd is greater than 10, Beckers (1993) 

gives the wavefiront error as 

where J is the number of corrected Zernike modes. The halo size of the uncorrected 

light is determined, not by the inter-actuator spacing but by 

(3.40) 

3.39. 

Error from Number of HModes Corrected 

(3.41) 

(3.42) 

Then the level of suppression from J correcteod modes is given by 

(3.43) 
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This error source is relevant when the number of modes corrected is significantly 

less than the degrees of freedom in the DM. In this case the fitting error is not 

relevant since it is included in the modal error estimate. 

Visible Wavefront Sensing Errors 

If the auUing observations are taken at 11 /xm there is a significant difference 

between the observation wavelength and the wavefront sensing wavelength, 

typically done in the visible part of the spectrum. Atmospheric dispersion between 

these wavelengths causes the wavefront sensor to not measure the same column of 

air. Effectively, the visible and infrared light appear to be two images separated, 

according to Allen (2000), by an angle, expressed in arcseconds, of 

d\ = 1.38 tan 2 (3-44) 

where 1.38 is the differential amount of refraction between 0.5 and 11 //m and z 

is the zenith angle. The RMS wavefront error can be estimated by assuming this 

effect is similar to anisoplanatism in adaptive optics so that the error, in radians, is 

5 

(3.45) 

where 6q is the isoplanatic angle at the science wavelength given by 

9q = 0.314 coszs^ (3.46) 
n 

where h/cos(z) is the mean turbulence height (typically 5 km at zenith). This error 

is an overestimate since the images are not intrinsically separated on the sky and 

thus the beams are actually more overlapped as they pass through the atmosphere 

than this calculation assumes. In addition measurements of this effect (Libengood 

et al. 1999) have suggested that the actual difference is up to a factor of four 
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smaller due to poorly determined dispersion of the atmosphere. The contribution 

from this error is summed in quadrature with the error due to the modes corrected 

so that the total error is 

and the suppression level is determined by equation 3.38. 

Although the dispersion between wavelengths is significant for visible sensing, 

it is dramatically better at 2 //m, where the coefficient in equation 3.44 is only 0.08, 

essentially negligible. The differential wavefront sensing, discussed in chapter 2, 

would thus also be useful in tuning the wavefront to eliminate this source of error 

which is significant for larger zenith angles. 

Errors in the wavefront are also introduced by having a latency between 

sensing and correction of the wavefront. The temporal latency error (in radians), 

according to Sandler et al (1994), is given by 

where At is the time between sensing and correction, typically comparable to the 

integration time of the wavefront sensor. The coherence time of the atmosphere, 

to, is given by equation 3.34. 

In contrast to the fitting error, the servo lag creates wavefront errors over 

all spatial scales. For atmospheric turbulence the power in large spatial scales 

dominates over smaller scales. Because of this it is reasonable to assume that the 

residual light from a servo lag will be concentrated on a similar angular scale to the 

^total mode (3.47) 

Temporal Latency Error 

^time (3.48) 
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Airy core. Then the residual intensity is simply 

Ntime — 

2 
(3-49) 

The factor of two in equations 3.40 and 3.50 arises from the fact that the ligh.t 

which is not suppressed is not correlated between the two apertures and thus 

averages out to half the intensity of the interfered light. 

Since the residual light from the servo lag is not spread out over larger spa-tial 

scales the allowable tolerance in wavefront error from this effect is much smailei. 

If the RMS wavefront error is appreciably different between the two apertures 

the intensity of the light in the Airy core from the two beams will not match, 

leading to an error similar to section 3.3.2 above. By calculating the intensity 

mismatch, 

where Sa and Sb are the Strehl ratios from each aperture, we can use equation 

3.15 to estimate the residual intensity from this error. For the high Strehl ratios 

expected at 10 ^m, the variations are expected to be significantly smaller than, is 

needed to achieve a 10"^ null, but this limit will determine how variable the seeing 

can be on a night of marginal seeing before nulling is affected. 

Differences in Strehl Between Apertures 

(3-50) 
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CHAPTER 4 

A PROTOTYPE NULLING INTERFEROMETER WITH THE OLD 

MULTIPLE MIRROR TELESCOPE 

Although, nulling interferometry, as a proposed concept, had become accepted 

following the initial suggestion by Bracewell (1978) and refinements to be able 

to detect Earth-like planets by Angel and Woolf (1997), no demonstrations of 

the technique beyond laboratory interference had been attempted. This chapter 

presents the first telescope demonstration of the technique using a prototype 

instrument on the original Multiple Mirror Telescope (MMT). 

The original MMT was an ideally suited testbed for nulling, with individual 

1.8 m telescopes arranged on a 5 m diameter circle. The nulling interferometer was 

able to be mounted conveniently at the combined focus of the telescope and use 

two oppositely spaced telescopes to test the concept. 

4.1. Optical Layout 

The telescopes are co-mounted on a rigid frame pointed at the star, eliminating 

the need of variable delay lines for path equalization foimd in interferometers using 

separately mounted telescopes. A schematic drawing of the instrvunent is shown 
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Telescppe Axis 

M1 m2 

Infrared 
Detector 

Figure 4.1 Optical layout of the prototype nulling interferometer at the MMT. The 

instrument is offset from the centerline of the telescope to combine the beams with 

as few reflections as possible. 
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in Figure 4.1. The small number of reflections results in low thermal emission. 

The interferometer is designed to combine the beams after as few reflections as 

possible, consistent with preserving the relative image orientation. Unmatched 

reflections axe made at nearly normal incidence to minimize polarization differences 

as described in chapter 3. The f/31 folded Cassegrain beams are combined at a 

Zinc Selenide beam-splitter, Zl, coated for equal transmission and reflection in the 

8-13 ^m band. Beam A, after crossing the axis of the telescope, is folded down at 

Ml, and is transmitted by the beam-splitter before coming to a focus. Beam B 

is folded downward at M2 before reaching the axis of the telescope, through zinc 

selenide plate Z2 and back up at M3 to equalize the path-lengths before being 

reflected from the underside of the beam-splitter. Achromatic 180° phase difference 

is realized by balancing a slight difference in air path with a 40 /zm path difference 

between the two zinc selenide elements, obtained by slight rotation of Z2. The 

residual chromatic error results in transmission ideally 0.008% over the band 8-12 

/im, as calculated using equation 3.14 and shown in Figure 3.4. In practice, the 

null is limited by atmospheric turbulence at a much higher level. The central 

null is initially found by translating the beam-splitter vertically, with occasional 

subsequent small adjustments to correct for flexure. Image detection is made 

with the Rockwell (now Boeing) 128 x 128 arsenic-doped silicon BIB array of the 

Mid-infrared Array Camera, MIRAC2 (Hofi5nann et al 1998). An internal cold stop 

limits the effective apertures of the telescopes to 1.6 m, for a diflSraction limited 

image width of 1.5 arcsec. 

For a 5 m interferometer at 10 [xm wavelength the fringe spacing on the sky is 

0.4 arcsec, and full constructive interference for a source is only 0.2 arcsec from the 

nulled star (equation 2.2). 
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4.2. Observations 

Figure 4.2 shows the instrument moimted at the central combining area of the 

six mirror MMT. In operation, the 10 fj,m combined image is observed live on a 

Figure 4.2 Prototype nulling instrument mounted at the central combining area of 

the MMT. 
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computer monitor while the beam-splitter is translated to adjust path-length. The 

star intensity remains steady until the path-lengths axe nearly equal, when it is 

seen to flicker as shown in Figure 4.3. This is caused by atmospheric turbulence 

which induces relative path-length changes of > ±5 ^m, enough to shift the 

interference randomly between constractive eind destructive states relative to its 

non-interfered flux. The minima are deepest when the average phase difference 

between the wavefronts is 180 degrees and the average slopes are the same (that is, 

the individual images are coincident). The flux vs. time from a typical series of 

frames is shown in Figure 4.3. Each point is a 50 ms exposure of the star a Tauri 

with essentially no delay between frames. 

Figure 4.4a shows the brightest and faintest snapshot images of the star 

a Tauri, which is unresolved at the MMT baseline. The characteristic of the 

interferometer to cause the entire stellar Airy pattern to disappear is clearly shown. 

The right hand nulled image has a peak intensity 4.0% and a total integrated flux 

of 6.0% that of the left-hand constructive image. This smaU residue arises because 

phase and tilt differences between the beams are not ideal or stable in even the 

best nulled exposure, and because higher-order atmospheric aberrations remain 

uncorrected. But already from this single, short exposure we can deduce that there 

are no companions lying in the constructive fringes as close as 0.2 arcsec from the 

star, to a level 3.5 magnitudes (25 times) fainter than the star. Weather did not 

allow observations through the night for rotated baseline orientation, as prescribed 

by Bracewell; combination and comparison of such data would have allowed the 

detection of any companion more than 1% of the star's brightness with separation 

> 0.2 arcsec. 

The ability of the interferometer to directly reveal emission sources close to a 
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nulled star is illustrated by images of late-type giant stars a Orionis (Fig. 4.4b) 

and R Leonis. The faintest nulled images are still 36% and 24% respectively of 

the integrated flux of the brightest image. The large residual fluxes arise because 

T 1 r I I I I ~ I I T" 
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10 
Time (s) 

15 

Figure 4.3 Plot of intensity variations of the null due to atmospheric turbulence. 
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1.6" 

Figure 4.4 Single short-exposure frames at 10.3 /xm showing constructive and 

destructive interference. The one-dimensional plots under the images are smoothed 

cuts through the central row of pixels. 
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both staxs have surrounding warm dust nebulae with significantly more than a 0.2 

axcsec diameter, and thus lying mostly outside the central null fringe. The stellar 

discs themselves are small enough (40-56 mas diameter, Bester et al. 1996) that 

only 0.5-1% of their flux is transmitted at the limb, assuming uniform brightness. 

The images shown in Figure 4.4 were selected for maximal and minimal flux 

from a series of 1000 frames of 50 ms exposure for oc Tauri and 500 frames of 100 

ms exposure of ot Orionis, taken at 10% bandwidth by MIRAC2 operating in a 

continuous recording mode with no "dead time". Alpha Tauri, which is unresolved, 

was observed on February 17, 1998 under seeing conditions characterized by Fried's 

length ro(10 //m) = 3.7 m as measured by image motion (Martin 1992). Alpha 

Orionis was observed on January 17-18, 1998, under better seeing conditions (ro = 

4.4 m, slower motion). 

As described in chapter 3, a feature in this implementation of the nulling 

interferometer, different from Bracewell's original conception, is that the focal plane 

shows an image of the field about the nulled star. The image formed is the object 

flux multiplied by the transmission pattern of equation 2.2 and convolved with the 

point-spread function (PSF) of the individual elements. As the PSF is broader than 

the transmission pattern, the interference fringes are not visible in the focal plane. 

Thus true images are formed of smooth, extended features such as circumstellar 

dust, whose structure is on a scale larger than the fringe spacing. Alpha Ori and 

R Leo are shown in Figure 4.5 with increased signal-to-noise in composite images, 

obtained from the 12 best nulled images by shifting to a common center and 

adding, after repixelization. In the case of R Leo, the residual image with 1.7 arcsec 

FWHM is barely wider than the measured constructive image width of 1.5 arcsec, 

indicating a nebular width < 1 arcsec. But Betelgeuse's dust nebula is clearly 
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resolved, showing a FWHM of 2.4 arcsec ajid significant asymmetry. At 1% of the 

stellar intensity it extends radially 4 arcsec from the star. The image with the star 

interferometrically removed is the first to show the nebula directly. Previous work 

has established the amount of dust and its spatial extent from spectral analysis 

and interferometric synthesis. Thus Danchi et al. (1994) have created visibility 

curves for oc Orionis and R Leonis which have values of approximately 60% and 

70% respectively for a 5 m baseline at 11 iJ,m. Calculating our visibility in the 

same meinner, using at Tauri as our calibration for unit visibility, we obtain good 

agreement: 53±4% for a Orionis and 69±5% for R Leonis. 

Figure 4.6 shows diflference images formed by subtracting destructive from 

constructive images, each formed by recentering and co-adding the best individual 

exposures. The result for R Leonis (Fig. 4.6a) shows a well defined di&action 

pattern, out to the third Airy ring which is accentuated to 0.4% of the peak by 

the central obscuration in the telescope of 10% of the diameter. The non-interfered 

images of unresolved stars, when similarly aligned and stacked, are not so perfect 

because they include the halo components from nebular emission or scattering 

due to higher order wavefront aberrations. These subtract out in the difference 

image. When a diflference image is formed for a Ori, a skewed Airy pattern 

results; however, by introducing a shift of 0.3 arcsec between the images, the 

nearly symmetric pattern shown (Fig. 4.6b) is recovered. The positions of the 

subtracted stars are shown by the crosses in Fig. 4.4, as determined by the offsets 

used to produce the symmetric patterns of Fig. 3.5. The offset for a Orionis 

does not seem to be an effect of our instrument since it tracks field orientation in 

different exposures. We thus conclude that the photocenter of the nebular emission 

is displaced from the star. The offset angle is approximately 25 degrees East of 

North. Asynmietries in the photosphere and immediate surroundings of a Orionis 
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have been observed in Ha emission (Hebden et al. 1987 ), the UV continuum 

(Gilliland et al. 1996), and 7 mm radio observations (Lim 1998). Bester et eil. 

(1996) speculate the component of 10 ^m emission they saw from newly forming 

dust in 1994 was most likely asymmetric. However, the oSset in photocenter of the 

extended 10 /zm emission has not been appaxent in previ» ous observations which 

were limited in their baseline orientation. 

In the present system the best-nulled short exposuress simply reflect the best 

destructive interference found among many images forme^d from atmospherically 

perturbed wavefronts. As discussed in chpater 3, change iin phase and differential 

image motion over the integration time of the exposure porevent perfect starlight 

cancelation. From the measured rate of phase change, thiis effect alone is expected 

to result in a residual stellar intensity of 3% for a. Taurfi (Hinz et al. 1998). 

Uncorrected higher order errors across each aperture such as astigmatism and focus 

also contribute to the residual intensity. Using the value of TQ derived from the 

image motion (3.7 m), and using equations 3.36 and 3.37 to estimate the intensity, 

this effect is expected to add a further 2% to the residual 1 intensity of a Tauri, for 

a total flux of 5%, in agreement with the measured value of 6%. 

Although demonstrating an ability to make scientific observations, the original 

MMT nulling interferometer was short-lived. Observatio*as were successfully 

undertaken both in January and February 1998, after whiich the MMT was shut 

down for renovation. The lessons learned in building thiss prototype, inlcuding 

methods of observation and alignment were crucial in bunlding a more sensitive, 

cryogenic, nulling interferometer to be used with the renowated 6.5 m MMT. 
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R Leonis 

5 arcsec 

a Orionis 

Figure 4.5 Combined nulled images for a. Orionis and R Leonis. The images show 

the 10 [ira. dust nebulae with improved signal-to-noise ratio. The contours are at 

the level 1%, 10%, and 20% of the non-interfered stellar peak intensity. The small 

4- marks the centroid of the stellar emission. For a. Orionis this is clearly offset from 

the nebula. 
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R Leon is 

5 arcsec 

a Ononis 

Figure 4.6 The images were obtained by subtracting the nulled images of Figure 

4.4 from the corresponding constructive images. For a Ononis a misalignment of 

the centroids by 0.3 arcsec was applied to obtain the symmetric diflfraction pattern 

shown. 
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CHAPTER 5 

DESIGN OF A CRYOGENIC NULLING INTERFEROMETER FOR THE 

6.5 M MMT 

This chapter describes the design and construction of a cryogenic nulling 

interferometer based on the MMT prototype. The instrument, called the Bracewell 

Infrared Nidling Cryostat (BLINC), has been in use since June 2000 on the 

converted MMT which now has a single 6.5 m primary. Coupled with the 

deformable secondary of the MMT (Lloyd-Hart 1999) the instrument will begin 

searches for faint companions as well as zodiacal dust as described in Chapter 9. 

5.1. Instrument Description 

The design of BLINC is based on the prototype instrument used on the old MMT 

(Hinz et al. 1998). A photo and sketch of the optical layout of BLINC is shown 

in Figure 5.1. Although the optical layout is similar to the prototype there are 

several changes to improve performance and ease-of-use. The interferometer is 

enclosed in a liquid nitrogen cooled cryostat and is mechanically attached to the 

mid-infrared camera, MIRAC (Hofl&nann et al. 1998) with a common vacuum. 

Actuator feedthroughs allow alignment of the interferometer while the cryostat is 
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cooled and evacuated. An adaptive phasing sensor and corrector is built into the 

interferometer as described below. 

Unlike the prototype instrument, BLINC is designed to work with a single 

telescope beam. This requires division of the incoming beam into right and left 

halves in order to create an effective interferometer with the two sides of the 

telescope. 

63 III MMT used as a nulling interferometer 

Mja-Infirarcd 
Camera 

Null Star 
Image 

1 inch 

imaging 
Kfiitdr 

Short pass 
Didiroic 

Near-Infiaied 
Phase Detector 

I 
Symmetric 
Beamsplitter 

Piezo-translalor 

Figure 5.1 The optical layout of BLINC. The individual apertures inscribed in the 

6.5 m MT primary are each 2.7 m across and spearated by 3.8 m. 
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5.1.1. Nulling Optimization 

To achieve a deep null the design must avoid introducing any differences in the two 

beams which would lead to inefficient interference. Differences in intensity, phase, 

polarization, or their relative dependence on wavelength will degrade the quality of 

the null. Sources of these errors include different numbers of reflections, different 

angles of incidence for reflection, and different coatings on the mirrors of each 

arm. Although it is possible to build in explicit controls of these quantities in the 

interferometer it is advantageous to design the optical paths to be nearly identical 

in order to minimize the differences. To keep the beams as symmetric as possible 

the interferometer is designed so that, after the reimaging mirror, both beams 

travel a nesurly identical "backwards N" path through the interferometer for the 

destructive output. The angles of incidence of the relay mirrors are kept as small 

as possible, consistent with a small instrument, to minimize polarization errors. 

5.1.2. Optical Layout 

The telescope beam comes to a focus just inside the interferometer cryostat. 

Several baffles and axi adjustable rectangular field stop at this point limit the 

radiation into the optical path. The telescope beam next encounters the main 

powered optical element (Ml) in BLINC: an off-axis ellipsoid which, combined with 

a pupil reimaging lens, located between the interferometer and camera cryostat, 

converts the f/9 telescope beam of the full telescope to an f/16 beam required 

by MIRAC. The light next encounters mirror M3 which reflects only one half of 

the beam, splitting the light into two halves corresponding to the two sides of the 

telescope pupil. An additional mirror in each half beam (mirrors M2 and M4) 

direct the beams onto opposite sides of a 50% transmissive beam-combining optic 

(normally referred to as a beam-splitter). The beam-splitter is arranged so that 
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the beams incident on it are overlapped completely after passage through it. The 

beam-splitter produces two outputs, but only one of these (thhe nulled one) is sent 

to the infrared camera, using an additional mirror which also serves as a short pass 

dichroic. The telescope focal plane is imaged near the interface between the two 

dewars. A Potassium Bromide lens (not shown) is placed just prior to this focal 

plane to reimage the pupil to the approximate distance of the MMT secondary 

which is the entrance pupil of the system. The MIRAC optics reimage the focal 

plane onto a Si:As detector using a tilted, off-axis ellipsoid. The ellipsoid forms an 

image of the secondary prior to its reimaged focal plane, where a helium-cooled 

stop is placed to block out the warm emission from the telescope structure. This 

stop defines the size of the two beams from each side of the telescope. Since the 

beams are already overlapped at this point the stop constrains the two apertures to 

be identical in size. An f/36 stop in MIRAC constrains each beam on the primary 

to be 2.7 m in dimater. A filter wheel placed just behind the cold stop selects the 

wavelength detected by the mid-infrared detector. 

Light from the star at a wavelength of 2 fj,m. is also sensed using a detector 

within BLINC as shown in Figure 5.1. The mirror which reflects the 11 fim light to 

MIRAC is a dichroic which is transparent at 2 fj,m. Several fold mirrors relay both 

outputs of the beam-splitter to a HgCdTe NICM0S3 detector. This light is used 

to detect and control the phase of the interferometer as described in section 3.2. 

The optical design is for use initially with the f/9 rigid secondary of the 

MMT and also with the f/15 deformable secondary once it is commissioned. The 

change between the two is accomplished by a separate re-imaging ellipsoid for 

each corresponding focal ratio. The ellipsoid, along with the Potassium Bromide 

lens, ensures that the original beam, f/9 or f/15, is converted to a final focal ratio 
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of f/16 as the infrared camera requires. By interchanging only the ellipsoid it is 

possible to have a well-tested instrument available once the deformable secondary 

is ready. The off-axis ellipsoid segments are fabricated by Buddy Martin at the 

Mirror Laboratory at the University of Arizona by bending the correct amount of 

asphericity into the substrate as the mirror is being polished. This is a convenient 

way of creating small, off-axis mirrors without having to fabricate the often much 

laxger parent surface. 

5.1.3. Mechanical Design 

The whole interferometer is enclosed in a custom-made nitrogen cooled dewar. 

The optics are mounted to a vertical cold plate within the dewax which is directly 

connected to the cryogen container, keeping the optics isothermal. Radiation 

baffling is done via two concentric shields within the dewar enclosing the entire 

instrument. In addition extensive interior baffling is placed around the beam paths 

to prevent scattered light from reentering the beam path. Alignment and phasing 

of the interferometer is possible with the instrument cooled and evacuated using a 

number of feedthrough actuators in the case. A custom-designed beam-splitter, as 

described in 3.1 is used to obtain a broadband null. Detailed mechanical design 

and cryostat fabrication was performed by Infrared Laboratories, Inc. of Tucson, 

Arizona. 

In addition to its supporting role for nulling, MIRAC is also useftd as a 

direct imager at the MMT. To be able to make efficient use of the instrument, 

BLINC's ellipsoid can rotate 180 degrees to illuminate a mirror train which sends 

the telescope beam to MIRAC without splitting it. The imaging channel (shown 

in Figure 5.2) has an internal cold stop to baffle the central obscuration of the 

telescope (not done in MIRAC) thereby increasing its sensitivity. This allows both 



69 

milling and imaging observations using the instrument with minimal delay. The 

mirror movements needed to change modes can be performed with the cryostat 

cooled, and allow flexible observation scheduling. 

5.1.4. The Mid-infrared Array Camera (MIRAC3) 

The science camera used for observations is MIRAC3, with a 128 x 128 Arsenic 

doped Silicon array detector manufactured by Boeing. The camera was built and is 

maintained as a joint project of the Smithsonian Astrophysical Observatory and the 

10 micron detector 2 (im detector! 
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Figure 5.2 Mechanical Drawing and photo of the BLINC cryostat interior. 



70 

University of Arizona with support from SAO, U/A, NSF, and NASA. The camera 

optics allow the formation of a single pupil stop for both arms of the interferometer 

after the beams have been combined in BLINC. It has a wide selection of filters 

available in the N band (8-14 ^m) and Q band (17-24 //m), as well as an N band 

grism (R=80) for dispersing the nulled light. This is useful in diagnosing how 

the suppression varies with wavelength and in analyzing the residual light for 

evidence of silicate emission, for example, expected in circumstellar disks. The two 

instruments are separated by a gate valve with a window inserted in the flange. 

This allows the instruments to be operated separately if, for exEunple, we wish to 

have BLINC open to the air, or to remove this window when both instrrmients 

are cooled and evacuated to increase the sensitivity. Due to this modularity it is 

possible to operate BLINC with difiierent science cameras. 

Upon entering MIRAC the focal ratio of the full telescope beam is f/16. 

The detector's pixels are 75 /xm across giving a plate scale of 0.15 arcsec/pixel, 

oversampling the 0.85 arcsecond diameter point spread function from each nulling 

aperture. 

The camera electronics allow rapid short exposure images (1-100 ms) to be 

recorded with very little overhead. This is useful in initial observations with BLINC 

where active phase control is not possible. Individual frames can be selected for 

those with the best null. In addition, with adaptive phasing of the interferometer 

it is possible to sense which frames are not well nulled and reject these images in 

real time, keeping only the images with the best level of suppression. 

The camera has an important feature for aligning the interferometer. A lens in 

one of the filter wheels forms an image of the cold pupil stop on the detector, which 

is also an image of the telescope pupil. Since the two apertures must be precisely 



71 

overlapped to maximize the cancellation this diagnostic is crucial. The alignment 

of the two beams on the telescope pupil can be measured and adjusted. 

5.1.5. The Beam-splitter 

As discussed in chapter 3, the key component in the interferometer is the 

beam-splitter. For initial observations a standard thin film beam-splitter is being 

used. The final beam-splitter is created using two 5 mm thick, wedged ZnSe plates. 

The wedging prevents spurious reflections from the outer surfaces of the plates from 

contaminating the final image. The plates are fabricated with a 40 f/m thickness 

difference to compensate for phase dispersion. The wedges are put together so that 

the thin end of each plate points in the same direction. A slight relative trajislation 

of the wedges allows the thickness difference to be tuned, compensating for errors 

in fabrication. 

The required A/4 air gap between the plates is created by laying down a 

thin film coating of aluminum at three points axound the edge of one plate. The 

thickness of the dots is 2.8 //m. The plates are pressed together at the three points 

of deposition to create a gap which is flat, from optical inspection using a mercury 

lamp, to less than a half wave. 

5.2. Phase Correction System 

The phase difference between the beams at 11 jum can be sensitively controlled at 

2 fzm, as described in 3.2. For this measurement it is important to measure both 

outputs of the interferometer to differentiate true variations in intensity from those 

created by phase variations. Intrinisic variations will be common to both outputs 

while phase-induced variations will brighten one image and dim the other. 
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The current implementation of this technique in BLINC will use a HgCdTe 

NICM0S3 detector to measure the total flux from both outputs of the beam

splitter. A tunable algorithm in the camera control software calculates the phase 

error due to an intensity difference and controls an analog output which is fed to 

a Polytec PI PZT driver. The PZT is mounted to the back of a mirror in one 

arm of the interferometer as shown in Figure 5.1. The PZT is designed to operate 

cryogenically and has a stroke at liquid nitrogen temperatures of 15 /xm. Phase 

data taken at the MMT site (Wizinowich et al. 1992) show this amount of stroke 

should be adequate for tracking phase errors due to atmospheric effects on good 

nights of seeing. Strain gauge sensors on the PZT ensure linear positioning of the 

mirror versus input signal. The entire loop will operate at 100-200 Hz to adaptively 

control the instantaneous null. 

5.3. Alignment of the Interferometer 

To properly suppress the light from a point source the interferometer must precisely 

overlap the two images of the stax as well as overlapping the two pupils (or portions 

of the primary). That is, the final combined beams must be perfectly colinear. We 

have designed the system to allow alignment of the entire system on the telescope 

without requiring the use of a star. Thermal contrast of the telescope pupil and axi 

internal image or field stop within BLINC are viewed to accomplish the alignment 

of both the pupils and field images. This is useful in being able to have the system 

ready for observation as efficiently as possible. 

The optics are designed so that one arm of the interferometer is not adjustable. 

The light traveling through this arm of the interferometer defines the optical path 

to which the other path must be aligned. On the telescope the instrument is hung 
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from an adjustable gimballed mount which, allows the whole unit to be tipped 

and tilted around axes roughly centered on the focal plane of the telescope. The 

£iligrmient of the instrument is monitored by using the pupil imaging lens. Since 

the camera optics create an image of the secondary at MIRAC's cold stop, which 

has several externally selectable stop sizes, it is possible, by selecting a larger stop 

size, to see the telescope pupil as seen by both arms of the interferometer on the 10 

lim detector. The two arms of the interferometer each show roughly half the pupil, 

centered on the left and right side of the aperture as shown in Figure 5.3. The 

instrument is tilted until the image from the non-adjustable arm shows exactly half 

the secondary obscuration. By rotating the beam-splitter the image corresponding 

to the adjustable arm of the interferometer is translated to align the outside edge 

of its image with the inside of the non-adjustable arm. The non-adjustable image 

is not affected since its light is transmitted through the beam-splitter in the output 

the 10 fxm detector sees. In this way the left and right sides of the telescope pupil 

are overlapped. Once this is done a smaller cold stop in the infrared camera is 

selected to define a single pupil size for both arms of the interferometer. This stop, 

projected onto the primary, defines two circular regions extending from the edge of 

the inner hole to the outer edge of the mirror on each side of the telescope. They 

correspond to a physical size on the primary of 2.7 m for each aperture. Once this is 

done the pupils are overlapped, but the images may still be separated. By creating 

an image of the field stop in BLINC with each arm of the interferometer, we can 

see whether there is any misalignment. The final image overlap is accomplished by 

moving mirror M2 in the adjustable arm of the interferometer. Since this mirror is 

near the pupil image formed by the reimaging mirror, it does not affect the pupil 

overlap. It should be noted that the alignment up to this point can all be done 

prior to pointing the telescope at a star. 
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Once the beams axe overlapped the pa-th-length between the beams must be 

equalized. The beam-splitter is mounted om a motorized translation stage which 

can be moved up to 2 mm. This translatiom is done while monitoring the flux of 

a star in short exposure images. When thes two beams have a large path-length 

difference the flux of the overlapped imagess is constant with time. As the stage 

approaches the point at which the path-len^hs are equal the stellar flux will begin 

to vary in a random way due to atmospheriic turbulence-induced phase diflferences. 

The amoimt of this fluctuation is maximize-id when the stage is at zero path-length 

difference. It is periodically fine-tuned by using a 50% passband which has a 

coherence length of approximately 20 jum. 10% filters are routinely used for the 

Right bean 
outer edge 
of primary 

Left beam 
outer edg< 
of primar 

Pupil stop size 
for nulling 
observations 

Left beam 
secondary 
obscuration 

Right beam 
secondary 
obscuration 

Figure 5.3 Pupil image showing the two sid«.es of the mirror overlapped. 
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observations for which the coherence length is ~100 ^m, large enough to not limit 

the null after the fine-tuning. 

The path difference can also be fine timed by changing the position of the 

source on the detector through telescope pointing along the line connecting the 

two apertures. This introduces a path difference between the two apertures as 

illustrated in Figure 2.1. The point on the detector at which zero path-length 

occurs is thus a sensitive (3.1 ^m/pixel) indicator of any change due to telescope 

or instrument flexure. We have found the stability of the instrument and telescope 

to be excellent at the MMT. In the initial tests of the instrument, once the 

interferometer was aligned, the point of zero path-length remained constant (as 

determined by the placement of the image on the detector corresponding to 

zero path-length) from night to night over different elevation pointings as well as 

rotation of the instrimierit by 90 degrees to create apertures along the perpendicular 

direction of normal operation. 

5.4. Expected Null Depth 

As discussed in chapter 3, suppression of the star is limited by error contributions 

from the instrument design as well as the telescope baseline and atmospheric 

turbulence. The main contributions to the expected residual intensity at 11 ̂ m are 

calculated and the results summarized in Table 5.1. The calculations are performed 

over a 20% bandpass, from 10-12.2 //m. This corresponds to the portion of the N 

band which has the best sky background, bracketed by the ozone band on the short 

side and caxbon dioxide absorption on the long side. 
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5.4.1. Phase vs. Wavelength 

The residual intensity for the beam-splitter described above from phase variations 

is shown in Figure 3.4. Optimizing this to create the best null over only the 

10-12.2 liVD. region results in a residual intensity of 1.7 x 10~®. A more substantial 

contribution should be allowed for due to the tolerance on the thickness difference. 

If a 1 tolerance on the thickness difference is allowed the residual intensity is 

at most 4 x 10~® using equation 3.14. 

5.4.2. Intensity and Polarization Efifects 

Using the equations in section 3.3.4 for the reflection intensity for each sense of 

polarization as a function of wavelength, both the amplitide variations and errors 

Source of Error Fractional Residual Intensity 

phase vs. A 

polarization and amplitde 

star leak (sun at 10 pc) 

adaptive optics spatial errors 

adaptive optics temporal errors 

4x 10-® 

3.8 X 10"® 

2x 10"® 

2.0x lO"'' (1.6x 10"®) 

1.2x 10-^ (1.7x 10"®) 

Total 3.64x10-'' (7.7x 10-3) 

Table 5.1 Contributing levels of residual intensity. The total amount of residual 

intensity is listed for the case of operation with the MMT's adaptive optics system 

under good seeing conditions (ro=6.3 m, to=0.25 s). The numbers in parentheses 

for the AO system correspond to limits which axe relevant if a wavefront sensor is 

used detecting ~300 modes and the DM has an update rate of 1 ms (compared to 

~100 modes sensed and 1.7 ms update rate for the planned system). 
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from polarization differences can be calculated together. For the angle of incidence 

of the beam-splitter in BLINC (8.08 degrees) the resulting residual intensity is 

expected to be 3.8 x 10"® from both effects. This effect is a dramatic function of 

the angle of incidence. Increasing the incidence angle to only 15 degrees caiises the 

residual to be 4.2 x 10"'^, compromising the performance. 

5.4.3. Diameter of the Star 

For the BLINC instrument on the MMT the modest baseline means even the closest 

main sequence stars will not produce an appreciable amount of residual intensity 

due to their finite diameter. Usinq equation 3.29 the star leak at 11 ^m from a 

sun-like star at 10 pc is 1.6xl0~®. Sirius provides the most residual intensity for 

a main sequence star at 9.4xl0~® while a typical giant star, such as a. Tau, at 20 

mas in diameter, is limited to 8.3x10"'^. Because of this the very nearest main 

sequence stars are perhaps the most appealing targets for BLINC (see Table 8.3 for 

examples). Longer baseline interferometers such as the Large Binocular Telescope 

(LBT) and especially Keck will not obtain as good a level of suppression, and the 

larger amount of flux received from the nearby systems will allow BLINC to detect 

relatively faint structure around these stars despite the modest size apertures 

compared to Keck and LBT. 

5.4.4. Atm.ospheric Turbulence 

Chapter 3 discusses the limits to nulling without wavefront correction. This limit 

is the dominant source of intensity in these telescope observations, limitirtg the 

mill to approximately 2-15%, depending on seeing conditions. Initial observations 

have shown that the ability to suppress the light is critically dependent on the 

strength of upper atmosphere turbulence as indicated by the presence of the 
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jet stream above the telescope site. The existence of the jet stream has been a 

consistent indicator that nulling observations are not possible over several different 

observation periods. This is not surprising, since these conditions produce quickly 

changing atmospheric turbulence, causing the intensity fluctuations to be averaged 

out over even short exposure images. Typical windspeeds in the jet stream are 

40-50 m/s, which, combined with the smaller values of ro typical for these weather 

conditions corresponds to values for to of < 40 ms. 

More precise observations will be possible with the deformable secondary of 

the MMT capable of correcting these higher order aberrations. The deformable 

mirror has 336 actuators corresponding to an inter-actuator spacing of 31 cm. The 

system is expected to update at 600 Hz, sensing and correcting approximately 100 

Zemike modes. Since the target objects for nulling are very bright stars, in terms 

of what is typically used for adaptive optics corrections, the MMT system, with its 

high density of actuators, is capable of delivering a very good Strehl ratio. 

For nights of good seeing (ro=6.3 m and to=0.25 sec) the total wavefront error 

after correcting 100 Zernike modes will be 0.084 rad. This will leave a residual 

intensity of 1.3x10"^ in the focal plane. If the object is at a zenith angle of 45 

degrees, the differential refraction through the atmosphere adds an additional 

0.053 rad of wavefront error. Combining the two errors in quadrature, the residual 

intensity from equation 3.40 is 2.0xlO""^. This error can be minimized in two 

ways: by sensing and correcting all modes up to the fitting limit of the deformable 

mirror (ci300 modes) and by observing sources at high elevation or fine tuning the 

null with differential wavefront sensing at 2 ixm. If these improvements are made, 

the total wavefront error would drop to 0.048 rad and be spread into a wider halo 

corresponding to a residual intensity of 1.6xl0~®. 
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The temporal latency provides the other main source of error in the AO 

system for nulling observations. The lag, approximately 1/600 s, is expected to 

create a wavefront error of 0.015 radians, which is not spread over a wide halo, as 

the spatial errors are, leading to a residual intensity of 1.2 xlO"'*. The deformable 

mirror has a settling time of approximately 0.5 ms. If the wavefront could be 

sensed and reconstructed over this time period the wavefront error would drop to 

0.0056 rad, corresponding to a residual intensity of 1.6xl0~®. This is feasible in 

principle, but would require a significantly faster, larger format wavefront sensor 

than is currently planned for the MMT. This error could also be reduced by a 

prediction of the wavefront evolution (Stahl and Sandler 1995), though doing so 

depends on adapting to the changing conditions of the atmosphere. 

Each of the errors calculated above can be assumed to be imcorrelated. Thus 

each error independently contributes to the residual starlight in the focal plane. 

As listed in Table 5.1 the expected total residual leak of the nulling interferometer 

is approximately 3.5 x 10""^ for telescope observations. Improvements to the AO 

system would bring this level down by a factor of ~5. 



80 

CHAPTER 6 

LABORATORY EXPERIMENTS IN PRECISE SOURCE CANCELLATION 

In preparation for use with the MMT AO system laboratory tests have been 

undertaken with BLINC to determine what level of suppression is possible with 

an artificial source. To accurately assess the performance of the instnmient it is 

important to verify that no errors (due to design or tolerance) prevent the system 

from reaching the expected level of rejection. 

6.1. Experimental Setup 

The setup for laboratory tests is shown in Figure 6.1. The instrument is fed by 

simulator optics which mimic the focal ratio and image plane location of the 

telescope beam. A CO2 laser (emitting at 10.6 //m) is used as the light source. The 

laser beam is co-aligned with a Helium-Neon laser (emitting at 0.63 ^m) using a 

dichroic mirror for simpler visual alignment of the system. Several mirrors relay 

the 3 mm diameter laser beam to a 10 mm diameter gold-coated glass ball which 

illuminates a 75 cm diameter f/2 mirror simulating the telescope primary. These 

optics form an f/9 focal ratio converging beam. A final fold mirror sends the light 

into the interferometer where it comes to a focus. 
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The defining point source is created by a 5 urn. pinhole placed at the 

focal plane of the telescope which is just inside the top surface of BLEMC. The 

internal ellipsoid mirror, 215 mm away, re-images this and sends the beams 

through the interferometer. The projected separation of the two apertures on the 

ellipsoid (defined by the interferometer geometry and the MIRAC cold stop) is 

approximately 10 mm. 

The level of suppression of the source is expected to be limited by the finite 

diameter of the pinhole. This introduces a residual intensity in the same way as 

the effect of a finite stellar dia,meter; light "leaks" around the edges of the null and 

is not completely cancelled out. The projected fringe spacing on the focal plane, 

similar to equation 2.2, is given by 

where x is the linear dimension in the focal plane, b is the projected separation 

of the apertures on the ellipsoid, and / is the distance to the focal plane. This 

corresponds to a fringe spacing at the focal plane of approximately 0.23 mm at 10 

//m. We can slightly modify equation 3.29 to determine the amount of residual 

intensity due to the physical size of the pinhole. The fractional amount expected is 

where S is now the physical size of the pinhole. For a 5 fj,m pinhole and the setup 

of the interferometer we expect a residual of ~3xl0~'^. 

6.2. Expected Null Depth 

(6.1) 

pinhole (6.2) 
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6.3. Alignment and Tolerances 

The system is aligned by blocking off the adjustable axm of the interferometer using 

an internal shutter and measuring the position on the array of the image from the 

nonadjustable arm. Then by blocking off the fixed arm and adjusting the other 

arm the image centroid is positioned to < 0.1 pixels of the nonadjustable image. 

Infrared Camera Fold mirror Ball mirror "Telescope" minror 

Dichroic CO2 laser 

Figure 6.1 The laboratory setup for demonstrating deep levels of nulling. A CO2 

laser, through a series of optics illuminates a pinhole at the focal plane of the 

interferometer, simulating a point-like source. 



83 

If neither beam is vignetted, the common stop in MIRAC ensures that the pupil 

images are exactly overlapped. The smallest pupil stop in the MIRAC camera 

is used to minimize tilt errors between the beams. The stop is 1.67 mm dimater 

and 74 mm from the detector. Once the system is properly aligned the phase is 

adjusted by changing the voltage on a PZT behind one of the fold mirrors. Since 

this mirror is nearly normal to the beam, the misalignment caused by a translation 

on the order of 10 (ixn is negUgible. 

To estimate the residual intensity from two images separated by 0.1 pixels, a 

simulation was created subtracting the wavefront from two pupils, with a diameter 

equal to the MIRAC stop and a tilt between them of 

where p is the pixel size of 75 ^m and d is the distance from the pupil to the 

detector. TaJcing the Fourier transform of this subtracted wavefront and summing 

the total intensity in the image results in a flux of 4xlO~®, less than expected from 

the pinhole size. 

The tolerance on the pupil alignment can be calculated in the same way, by 

shifting one pupil with respect to the other before subtraction. Taking the Fourier 

transform of the result, the resulting image gives the flux for a given shift. The 

common pupil is important since otherwise the pupils would need to be aligned to 

~ 0.01% of their diameter, a very diflScult alignment. 

(6.3) 

6.4. Results 

The images recorded at constructive and destructive interference are shown in 

Figure 6.2. Integration time for these images is 0.5 s. At the null position 
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small variations in path-length cause the image to be as bright as 5x10"^ of 

the constructive peak, but the best images show a residual of 3.3x10"'^, in good 

agreement with the expected residual from the size of the pinhole. The variations 

- 2  
O) 
s 

^ -4 

- 6  

I ' ' ' • 1 O 

t- I ..I, 1 I ««'»»' I I I t • « t I 

rv, 
r\ 

_1_ J__l L 

Figure 6.2 Deep suppression of an artificial point source. The two images show the 

point source at constructive and destructive interference. The integrated flux in 

the destructive image is 3.3 xlO"'' of the constructive image, as expected from the 

finite size of the source. The images are shown in log intensity versus greyscale to 

emphasize the faint structure. The plots show show a horizontal cut through each 

image. 
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in intensity are most likely caused by vibrations in the interferometer elements, 

and can be remedied by better isolation of the system in the vibrationally noisy 

environment of the laboratory. 

The images shown in Figure 6.2 demonstrate the ability of nulling 

interferometry to suppress the entire Airy pattern as well as the scattered light 

associated with the source. The scattered light in the constructive image arises 

from optics after the beams have been combined and is thus suppressed in the same 

way as the main peak. 

A null of a thermal source is more difficult to demonstrate since the point 

source intensity is significantly below that of even a low power laser. A simpler way 

of determining the level of path-length compensation in the system is to measure 

the adjacent nulls to either side of the best null as the relative path-length between 

the beams is changed. This accurately locates the center of the coherence envelope. 

As shown in Figure 6.3, the coherence envelope of a 50% bandwidth is asymmetric 

about the central null creating adjacent nulls which are significantly above the level 

of the central null and detectably different from one another. The correct amount 

of compensation (a difference in thickness of 40 //m for ZnSe plates) would lead to 

the symmetric fringe pattern shown, with adjacent nulls of equal value at 17.5%. 

Measurements are plotted for the three successive nulls found for a thermeJ source 

with a standard N band astronomical filter (8-13 /xm). The results of 17.7% and 

16.9% for the two adjacent nulls axe consistent with a thickness error of < 4 /zm for 

the ZnSe plates corresponding to a residual of < 3x10""® over the 20% bandwidth 

planned for use in telescope observations. 

The laboratory results have verified that the nuUling design issues addressed in 

Chapter 5 to optimize the nulling performance have not been compromised in any 
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detectable way. These tests allowed the use of BLINC with the MMT telescope 

with confidence that it would perform as expected. 

HO -5 0 5 

path-length (microns) 

Figure 6.3 Measurement of phase compensation. Coherence envelopes for a 

50% bandwidth system with no achromatic phase compensation (solid line) and 

the correct amount of phase compensation (dotted line). The three boxes are 

measurements of the three central nulls, demonstrating that the correct amount 

of phase compensation is in place. 
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CHAPTER 7 

NULLING OBSERVATIONS WITH THE 6.5 M MMT 

The 6.5 m MMT saw first light at the Cassegrain focus in May 2000,, producing 

images which showed the telescope optics to be of good quality. BLUING was 

taken to the telescope on June 10-17, 2000 as the first science instrunnent to be 

used on the MMT. The telescope was still being finished during this time, but 

was performing adequately, allowing us to begin nulling observations. Alignment 

and phasing of the interferometer were achieved while the instrument, was cooled 

and evacuated during the first night of observations, demonstrating tche ease of 

alignment of the system. 

7.1. Observing Procedures 

Since the atmospheric phase changes rapidly between the apertures, tJthe method 

of observing, once the system is aligned and phased, is to take sequennces of 500 

frames, each with an integration of 0.05-0.5 s, depending on atmosphendc conditions 

and source brightness. Under the best atmospheric conditions experience has 

shown that even 0.5 s is short enough to limit the phase changes to* < 10%. 

Observations of science objects are interleaved with similar brightness; point source 
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calibrators. A sequence of 500 frames is sufficient to create several frames with 

properly overlapped images and a phase difference near enough to a half-wave that 

the temporal and higher order spatial errors dominate the amount of flux in the 

focal plane. 

Observations were typically taken using a 10% bandwidth filter centered at 

10.3 fj,m after fine tuning the null using the wider N band filter. Periodic checks on 

focus (which causes the overlapped images to separate) and phasing were performed 

to ensure proper interference of the light. 

Since the MMT is an altitude-azimuth mounted telescope a derotating 

mechanism is available to continuously rotate the instrument. For nulling 

observations the mechanism is kept fixed in order not to rotate the two pupils in the 

instrument with respect to the telescope. However, the derotator allows orientation 

of the pupils along any suitable position angle on the sky. This is desirable in order 

to probe circumstellar structure in all orientations. Phasing and focus were checked 

after rotation of the instrument derotator, but typically were affected only slightly. 

The sequence of frames is background subtracted using images of blank sky 

taken in between object observations. Once the images are background subtracted 

an IRAF script automatically calculates the flux in each frame by adding the total 

flux in a box 1.8" on a side and subtracting the average sky flux surrounding this 

box to account for any drift in the background flux between the time when object 

and sky frames are taJcen. The minimum and maximum fluxes from this sequence 

are recorded to determine the amount of cancellation possible for each source. The 

instrumental null, is given by 

Ni = ^ (7.1) 
•^max 

where and Imax are the minimum and maximum values recorded in a particular 
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sequence. 

The standard measurement made in interferometry is the instnmaental 

visibility of the source which is given by 

K- = r"""'f"""- (7.2) 
J-max •^min 

This is related to the instrumental null by 

= P-3) 

The terms are described as "instrumental" since the results depend on 

the instrumental and atmospheric conditions as well as the intrinsic source 

contribution. To recover the true source visibility a measurement of a point source, 

Vc must be taJcen imder similar conditions to calibrate the system. Then the source 

visibility is given by 

From this it is possible to derive the true source null: 

-I T/ 1 1+IVG 

i.-r V 1-1-

This corresponds to the amount of residual flux remaining in the focal plane 

due only to the structure of the source. It should be noted that this value is 

normalized to the constructive peak of the star. If the flux in a nulled image is due 

to extended material, its ratio, compared to the stellar emission, is twice iV, since 

the constructive peak is twice the value of its uninterfered flux. 

Typically two sets of 500 frames are taken for a given setup, with the null value 

varying between the two sets by approximately 1-3% (an instrumental null of 10% 

would range from 8-12% in successive sets). The signal-to-noise in the image is able 

to measure the source to better than this precision, but atmospheric effiects cause 
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the level of suppression to vary by 1-5% between successive sets. The estimated 

errors in measuring the instrumental null are listed along with each object in 

Tables 7.2, 7.4, and 7.5. The errors in the instrumental null and the calibration 

null are suromed in quadrature to calculate the uncertainty in the measurement of 

the residual flux in the nulled image for each object. 

The interferometer is sensitive to structure which is > A/26 from the central 

source, where b is the baseline of the interferometer. For the 3.8 m baseline of 

BLINC at 10.3 this corresponds to 0.28". Additional information is available 

at the resolution limit of the individual apertures. Since the instrument forms a 

true image of the field any extended flux can be mapped out in two dimensions, 

free of the central point source. For the MMT the size of the individual apertures 

is 2.7 m corresponding to a FWHM at 10.3 //m of 0.8". 

7.2. Observations 

BLINC was used to probe circumstellar environments of several different types of 

stars, including outflows of AGB and supergiant stars, dust disks around Herbig 

Ae/Be stars, and main sequence stars. Table 7.1 gives the observing log for the 

June MMT observations. Different exposure times were used for the individual 

frames of data, depending on the brightness of the sources. The shortest exposure 

time possible was chosen for each object consistent with being able to detect the 

image in well-nulled frames. 

7.3. Calibration Stars 

Calibration stars typically showed nulling levels of 5-15% depending on atmospheric 

conditions. An example of a typical constructive-destructive image pair for ot 
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Object Type Date Frame Time Wavelength Instrument 

(s) (fim) Orientation 

(degrees) 

a Boo CAL 6/13/00 0.05 10.3 0 

a Boo CAL 6/14/00 0.05 10.3, 10.6 0 

a Boo CAL 6/17/00 0.05, 0.1 8.8, 10.3, 11.7 0 

Q Her CAL 6/11/00 0.05 10.3 0 

Q Her CAL 6/13/00 0.05 10.3 0 

Q Her CAL 6/14/00 0.05, 0.1, 0.5 10.3 0 

89 Her EV 6/17/00 0.1 10.3 0 

a. Sco EV 6/13/00 0.05 10.3 0 

a Sco EV 6/14/00 0.05 10.3 0, 90 

X Cygni EV 6/13/00 0.05 10.3 0 

HD188037 EV 6/14/00 0.05 10.3 0 

IRC+X0216 EV 6/17/00 0.05 8.8, 10.3, 11.7 0 

IRC+10420 EV 6/11/00 0.05 10.3 0 

H Cep EV 6/11/00 0.05 10.3 0 

NML Cygni EV 6/13/00 0.05 10.3 0 

NML Cygni EV 6/14/00 0.05 10.3 P
 

O
 

R Czis EV 6/11/00 0.05 10.3 0 

R Crb EV 6/17/00 0.1 10.3 0 

RX Boo EV 6/13/00 0.05 10.3 0 

W Hya EV 6/17/00 0.05 10.3 0 

HD 150193 HAEBE 6/14/00 0.5 10.3 0 

HD163296 HAEBE 6/14/00 0.5 10.3 p
 

(O
 

O
 

HD 179218 HAEBE 6/14/00 0.5 10.3 0, 90 

Vega MS 6/13/00 0.5 10.3, 11.7 90 

Vega MS 6/14/00 0.5 10.3 0 

Altair MS 6/14/00 0.5 10.3 0 

Table 7.1 Observing log for nulling observations. The stars are grouped into evolved 

stars (EV) such as AGBs and supergiants, Herbig Ae/Be stars (HAEBE), main 

sequence (MS) stars, and point source calibrator stars (CAL). 
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Bootes is shown in Figure 7.1. The images are shown in logarithmic intensity 

scaling at the same grey-scale level to bring out the faint structure. The peak of 

the nulled starlight in this image is 3% of the constructive image with a total flux 

remaining in the image of 7%. The nulled image is expected to be wider than the 

constructive image since the light which does not cancel out in a nulled image is 

from higher-order wavefront aberrations, such as focus, astigmatism, and trifoil in 

the two pupils which are scattered into an area greater than the Airy pattern of 

the star. 

The star a Herculi is used as a calibrator despite the fact it is known to have a 

dust shell. This is based on several previous interferometric measurements (Danchi 

et al. 1994) which measure it as unresolved on a 4-5 m baseline. The measurements 

of it appear consistent with other calibrator stars measured on the saxae nights as 

a Herculi. 

7.4. Evolved Stars 

Table 7.2 lists the evolved stars observed with BLINC and their associated source 

visibilities. These observations probe the dust outflows around asymptotic giant 

branch (AGB) and red supergiant (RSG) stars in an effort to understand their 

spatial extent and structure. This information gives useful constraints on the 

mass-loss history of these stars determining whether the mass-loss, for example, is 

uniform in time or episodic. 

Much useful infromation has also been gathered in this area by the Berkeley 

Infrared Spatial Interferometer (Danchi et al. 1994). This interferometer can 

achieve high spatial resolution through heterodyne techniques to probe the dust 

outflow and stellar diameters of evolved stars. Typical measurements, however, are 
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sensitive to dust outflow only along one direction. The azimuthal structure of the 

dust is poorly constrained by such observations. 

BLINC is able to detect structure at lower spatial resolution, but is sensitive 

to azimuthal structure. Such sensitivity allows probing for structures such as disks 

and jets in the outflow which may be faint compared to the central star, but 

detectable once the central source is suppressed. Currently, one poorly understood 

a Bootes 

Constructive 1 arcsec 
• • 

Nulled Image 

Figure 7.1 Constructive and destructive images for a typical calibrator star. Each 

pixel is 0.15". The greyscale is logarithmic with intensity. 
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area of AGB evolution is how the rather complex structure typically seen in 

planetary nebulae, the end-product of AGB stars, develops. The structure of 

planetary nebulae (PN) often appears quite asymmetric with bipolar or elliptical 

structure to the outflow. However, AGB stars are assumed and often observed 

to have circularly symmetric outflows quite different from the structure seen in 

PN. Whether this transition taices place between the AGB and PN stages or 

whether the asymmetries arise earlier in the AGB outflow is poorly understood 

(Lopez 1999). The early stages of mass loss around AGB stars are generally 

very mild, forming only a very faint circumstellar envelope around a star. This 

maJces it very difficult to disentangle the stellax emission from the extended dust 

component. Nulling interferometry cdlows the structure of the surrounding dust 

outflow to be seen more clearly. In addition, the amount the point source is able 

to be suppressed is indicative of the spatial extent of the central component of the 

emission, corresponding to the visibility measurements of spatial interferometers. 

Since the apertures are derived from the 6.5 m mirror it is possible to measure this 

visibility at any chosen orientation of the baseline. By measuring the visibility at 

different orientations and forming an image of the extended emission it is possible 

to explore the levels of asynmietry in AGB stars at different points along their 

evolution to PN and to constrain models for dust formation around these stars. 

7.4.1. Resolved Examples 

For the evolved stars observed at the MMT the majority had structure resolvable 

at the resolution of the individual apertures. Images were constructed for those 

resolved by coadding several frames which had similar levels of null. The variations, 

from frame to frame for the images used for combination were < 5% of the flux. 

Typically the dust was only mildly resolved for these stars, providing constraints on 
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spatial extent and ellipticity of the dust. Figure 7.2 shows a typical example of such 

an observation. The dust around the star Cephei is shown to be mildly elliptical 

at a position angle of ~100° once the light from the central stax is suppressed. 

While Sudol, et al. (1999) have measured the mid-infrared visibility of /x Cephei for 

a similar baseline, no two-dimensional or high resoltuion data exists for the source. 

The image suggests that the dust outflow is not circularly symmetric, but more 

bipolar in its structxire. 

Object Instrumental Residual Source Czdibrator Position Extended? 

Null Flux Visibility Angle 

(%) (%) (%) (degrees) 

IRC+10420 64±2 57±4 27±3 a Her 117 yes 

H Cep 44±1 35±3 48±3 a Her 108 yes 

R Cas 19±4 8±6 85±10 a Her 134 no 

RXBoo 24±1 18±3 70±4 a Boo 156 no 

a Sco 27±1 20±4 67±6 a Her 6 yes 

a Sco 25±1 18±2 69±3 a Boo 110 

a Sco 26±3 19±2 67±3 a Boo 22 

X Cygni 34±2 27±5 58±6 a Her 17 yes 

NML Cygni 62±3 57±5 27±4 a Her 126 yes 

NML Cygni 58±1 52±2 31±2 Altair 114 

NML Cygni 63±1 58±2 26±2 Altair 13 

HD188037 30±4 23±5 63±7 Altair 120 yes 

IRC+10216(11.7 nm) 78±1 74±2 15±1 a Boo 173 yes 

IRC+10216(8.8 fim) 80±4 76±4 14±3 a Boo 174 

R CrB 10±4 2±4 97±8 a Boo 4 no 

WHya 25±1 X8±2 70±3 a Boo 102 yes 

89 Her 11±5 3±5 94±9 a Boo 178 no 

Table 7.2 Nulling measurements of evolved stars at 10.3 /^m. The position angle is 

measured in degrees east of north and refers to the orientation of the interferometer 

baseline. The final column tabulates whether the dust is resolved compared to the 

PSF of a single element. 
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For stars with more pronounced dust outflows the structure is complex enough 

that the images are diflScult to interpret in terms of simple structures. Figure 

7.3 shows two images of the dust flow around a. Scorpii at two different baseline 

orientations. The cross maxks the center of the steDar emission in each case. For 

one orientation the dust seems to be cleared out of the center region and the main 

peak of emission is significantly oSset from the star position. In the orthogonal 

orientation the dust peak centers on the star peak and is more prominent compared 

to the rest of the cloud, suggesting that the inner dust is quite asymmetric. 

fi Cephei 

« — ^ 
5 arcsec 

Figure 7.2 Nulled image of dust around [i Cephei. The dust outflow has a measured 

ellipticity of 0.17 and position angle of 100° at a wavelength of 10.3 /im. The 

grayscale is logaxithmic versus intensity to enhance the faint structure. 
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Asymmetry is also apparent in the extended component, as shown by the ridges 

and climips . These appear to be small enough to be modulated by the Mnge 

pattern of the interferometer so that their relative intensity changes between the 

two images. This results in a faint underlying structure which is common to the 

two images with smaller clumps of varying brightness determined by the baseline 

orientation. A proper image of the dust cloud would require more observations at 

diflferent orientations to reconstruct the actual brightness of the small clumps, but 

these images show that the dust outflow is a complex structure, not well described 

by a symmetric outflow. 

Danchi et al. (1994) construct a model of the outflow around a Scorpii from 

baselines similar in orientation to the left image in Figure 7.3. They conclude the 

dust shell is deteached from the star with an inner radius of 1". This appears 

consistent with the image since the offset of the emission can only be introduced if 

the light is not dominated by dust close-in to the star. However, the right image, 

which probes dust structure in the orthognal direction has a brighter central 

peak and is not offset from the stellar emission. This suggests that along the 

approximately north-south cut we are seeing dust close-in to the star, indicating 

that the dust model is not spherically symmetric even close-in to the star. 

Figure 7.4 shows the nulled image of HD 188037, an AGB star with an A type 

companion. The primary, an M5 giant, has a mass-loss rate of 2.7x10"^ Mo/year 

(Jura and Kleinmann 1992) creating a significant infrared excess in its spectral 

energy distribution. The A star is probably a main sequence star and is located 

0.75" away at a position angle of 274°. Jura and Kleinmann (1997)estimate the 

physical separation of the pair as 450 AU, since little orbital motion has been 

measured over 100 years of observations. Figure 7.4 shows an extension of the 
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dust in the direction of the companion, suggesting that the main sequence star is 

illuminating the dust created by the giant and creating a detectable dust cloud of 

its own at 10.3 fj.m. 

IRC+10216 is an AGB star on the verge of the transition to a planetary 

nebula. Near-infrared observations of the star reveal a complex circumstellar 

structure evolving over timescales of only several years (Osterbart et al. 1999, 

a Scorpii 

baseline vertical baseline horizontal 

Figure 7.3 Nulled images of a Scorpii at 10.3 ixm wavelength for two different baseline 

orientations. The center of the stellar emission is marked as a "+" on each image. 

The lowest contour corresponds to 1% of the constructive stellar peak, with a 1% 

spacing between contours. 
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Tuthill et al. 2000). Nulling at 11.7 reveals an extended symmetric dust 

structure. By subtracting the nulled image from the constructive image (Figure 

7.5) the point source is revealed to be centered on this emission. However, using 

the same technique at 8.8 //m the point-like emission is shown to be divided into 

two sources. The orientation of these two sources corresponds to the two brightest 

clumps seen in the near-infrared, designated A and D by Osterbart et al (1999). 

The nuUing observations suggest that at 8.8 /^m similax structures are dominant 

HD 188037 

1 arcsec 

Figure 7.4 Nulled image of HD 188037 at 10.3 /im. The companion, 0.75" away at 

a position angle of 274°, is shown as a "+" on the image. The grayscale stretch and 

contours are linear with intensity, with the contours spaced every 20% in intensity 

from the peak of the image. 
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in the outflow as in the near-infrared, forming a bipolar-like structure. However 

at 11.7 nm the central star, located approximately between the two bright clumps 

seen in the near infrared and at 8.8, ^m, is the dominant point source in the image. 

7.5. Herbig Ae/Be Stars 

Spectral energy distributions (SED) of pre-main sequence stars such as T Tauri 

stars and their intermediate mass analogs, Herbig Ae/Be stars, show clear evidence 

of an extended, cool component providing a significant infrared excess above 

the stellar emission. This excess is assumed to be in the form of a circumstellar 

disk (Shu, Adams, and Lizano 1987), but simple, geometrically thin, optically 

thick models of a disk fail to reproduce the observed spectral energy distribution, 

underestimating the amount of flux in the mid-infrared. Recent self consistent 

models (Kenyon and Hartmann 1987, Chiang and Goldreich 1997, D'alessio et al. 

1998) which can reproduce the SED have disk geometries with a significant flare 

to the radial structure of the disk. The surface of the flared disk is exposed to 

stellar irradiation creating a heated surface layer, or what is usually termed a disk 

atmosphere. Because of this exposure to the stellar flux, the surface layer is heated 

to a higher temperature than the underlying disk. In addition to creating emission 

features, the mid-infrared flux from such models is significantly more extended, 

making the structure detectable with a nulling interferometer. 

7.5.1. Model Parameters 

The spatial distribution of the infrared emission is determined by the temperature 

distribution as well as the optical depth of the atmosphere. Chiang and Goldreich 
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lRC+10216 

nulled image constructive - null 

Figure 7.5 Images of IRC+10216 showing the extended and point-like components. 

The right image in each pair is formed by subtracting the nulled image from the 

constructively interfered image, effectively showing what is being modulated by the 

interferometer. The 11.7 fim images show a single central point source which is 

suppressed in the nulled image. The 8.8 y^zm image shows the point-like emission 

which is suppressed in the nulled image is really two sources. The pairs at each 

wavelength are normalized to the same intensity scale to demonstrate the dominance 

of the extended structure compared to the point-like emission. 
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(1997), hereafter CG, derive a temperature distribution for the superheated dust of 

where T, and R, are the effective temperature and radius of the central star. 

This is significantly less steep than the temperature distribution of a flat, 

blackbody disk. If the stellar radiation strikes the disk surface at an angle, a, as 

shown in Figure 7.6, then the optical depth of the superheated layer is ~ a, since 

the stellar radiation will penetrate to an optical depth of approximately unity at 

grazing incidence. Thus the atmopshere is optically thin in the infrared since the 

absorptivity of typical grains decreases from the visible (where the stellar radiation 

peaks) to the infrared. For a disk in hydrostatic equlibrivun the grazing angle is a 

function of distance from the star, given by CG as 

(7.6) 

(7.7) 

for large distances from the star. Tc is the quantity 

kR,  
(7.8) 

Figure 7.6 Sketch of Herbig disk model. 
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where fig is the mean molecular weight of the gas, k is the Stefan-Boltzmann 

constant, and G is the gravitational constant. For an optically thin disk atmosphere 

the emission contributed by a given annulus, dr, of a face-on disk is 

where Bj, is the Planck function. Constants and terms such as the ratio of 

absorption cross sections at visible and infrared wavelengths are not included since 

only the distribution of the emission is important for modelling the response of the 

interferometer, not the total amount. 

For stars with parameters similar to those listed in Table 7.3 the 10.3 //m 

emission is predicted to come from an annulus centered at ~17 AU from the stax. 

The response of the interferometer is found by multiplying equation 7.8, scaled 

appropriately for the distance to the star, by the transmission pattern of the 

interferometer (equation 2.2) to get 

The equation is easiest to calculate in rectangular coordinates due to the one-

dimensional structure of the transmission pattern. is only nonzero for values of 

r > 0.6 AU, corresponding to the sublimation region of silicate dust near the star. 

The outer limit, ri, is taken to be 500 AU. The model is not sensitive to the exact 

value of these limits since little flux is produced at the extremes. Since the object 

size is on the order of the fringe spacing of the interferometer the light detected 

from the disk at constructive interference must also be calculated. This is given by 

The disk atmosphere is not the only source of infrared emission from the system. 

The model of CG estimates that 0.3 of the light comes from the optically thick, 

J^(r) = Bu{T{r) )ar  dr  (7.9) 

Am. = 4 ̂  ^ + y^)  cos^ dxdy .  (7.11) 
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cooler disk. The distribution of this emission is close enough to the central star 

that it can be approximated as a point source. This modifies the expected null by 

an amount giving a null of 7/13 if the light from the atmosphere is completely 

resolved. The expected null depth from the total is 

tf = (7-12) 
-*con 

The calculated expected nulls for the three Herbig Ae/Be stars are listed in 

Table 7.3. 

Star Spectral d T. R. M. Expected 

Type (pc) (K) (Re) MQ Residual Flux 

HD150193 A2Ve 150 10000 2.1 2.6 41% 

HD163296 AOVe 122 10500 2.8 3.3 49% 

HD179218 B9Ve 240 10000 2.5 3.4 41% 

Table 7.3 Model parameters and expected nulls for Herbig Ae/Be stars. Parameters 

are taken from Hillenbrand et al. (1992) and Meeus et al. (2000). 

7.5.2. Measurements 

As shown in Table 7.4 the measured nulls for three nearby Herbig Ae/Be stars 

are indistinguishable from the null measured on a point source under the same 

conditions. Although the level of nulling achievable is not dramatic, due to the 

presence of atmospheric turbulence, the measurements clearly conflict with typical 

models of long wavelength emission for Herbig Ae/Be stars. 

Meeus et al. (2000) present ISO spectra for a sample of Herbig Ae/Be 

stars including the three objects observed with the MMT. All three objects show 
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significaxit silicate emission features over the 10.3 /xm filter pass band used for 

MMT observations. The strength of emission is sinailar for the three stars and 

contributes approximately 50% of the total flux in each case. The relative equality 

of the two contributions requires that both sources of the flux, the silicate emission 

and continuum, each be spatially unresolved, since either one, if extended, would 

contribute more flux to the null than is detected in the measurements. 

Star Null Residual Flux Position Angle 

HD150193 13±5% 0±5% 97° 

HD163296 12±7% -1±7% 94° 

HD163296 16±2% 3ib3% O
 0 

HD179218 16±2% 3±3% 162° 

HD179218 14±2% 1±3% 

o 00 

Table 7.4 Observations of Herbig Ae/Be stars. The calibrator star for these 

observations was a Her with a measured null of 13±2% using the same integration 

time as the science objects. 

Although the model presented above fails to reproduce the observations, a 

temperature distribution which falls more steeply with increasing radius would be 

consistent with observations. However this requires a modification of the model, 

since the model of CG does not have the exponent of the temperature distribution 

as a fi:ee parameter. One possible change is to assume a different grain size 

distribution for the dust. The models of CG assume a small grain size (0.1 ^m) 

for the dust to derive the above temperature distribution. If larger grains were 

dominant in the disk atmosphere the temperature distribution would more closely 

follow a power law of causing the annulus of emission to shrink from 17 AU 
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to 7 AU. This would create a residual flux of approximately 10-15%, marginally 

consistent with the observations. 

7.5.3. HD163296 

Of the three staxs, the most detailed information about the surrounding excess is 

known for HD163296. Mannings and Sargeant (1997) observed it at 2.7 mm and 

found an elongated dust disk, at an inclination of 58° approximately 110 AU in 

diameter with a position angle of 126°. Grady et al. (2000) confirm this structure 

in the visible with HST, where a disk illuminated by scattered light is seen to have 

an inclination of 60° and a position angle of 140°. No residual flux is detectable in 

the nulled image above that of the starlight. The position angles corresponding 

to the two observations for this star are 10° £uid 94°. Although neither of these 

lies along the major axis of the disk, the two observations would still be expected 

to resolve the disk at the intermediate angles of observation if the mid-infrared 

emission followed the spatial structure of the model presented above. 

7.6. Main Sequence stars 

Two main sequence stars were nulled during the initial observations: Vega and 

Altair. Table 7.5 lists the measurements for these objects. IRAS measurements 

of these two stars detect infrared excess for Vega but not for Altair (Aumann et 

al. 1984). For Vega the infrared excess is only apparent for wavelengths of 25 /^m 

and longer. At 12 /im no excess is detected above photospheric emission from the 

star. The uncertainty of these measurements is listed as 4% for both stars. In 

addition the uncertainty in extrapolating the photospheric emission to mid-infrared 

wavelengths is approximately 3% (Cohen 1996). Thus zodiacal emission around 

these stars would have to be less than approximately 15% of the stellar flux to be 
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consistent with these observations. The equivalent number to compare with this 

Umit for nulling is approximately twice the 3 a limit to the residual flux, since 

the emission from the dust is split into the constructive and destructive outputs 

of the interferometer. This corresponds to 24% for Vega and 20% Altair. Thus, 

the limit for dust around Altair and Vega is not better than the results from IRAS 

photometry. However, this limit-, is a more direct measurement of the excess in the 

sense that no observations at other wavelengths and models of the photospheric 

emission are needed to differentiate the stellar from the zodiacal component to the 

light. 

Star Null Residual Flux Wavelength Position Angle 

Vega 14±3% 1±4% 11.7 yum CO
 

CO
 0 

Vega 13±3% 0±4% 10.3 f im 135° 

Altair 8±4% -5±5% 10.3 /zm 97° 

Table 7.5 Observations of main sequence stars. The calibrator star for these 

observations was ot Her with a measured null of 13ifc2% using the same integration 

time as the science objects. 

7.6.1. Limit to Zodiacal Dust 

Using the measurements in Table 7.5 it is possible to place a limit on the strength 

of the zodiacal cloud around these two stars relative to the level the zodiacal disk 

in the Solar System. Kelsall et al. (1998) created an 88 component fit to the 

zodiacal emission measurements of the DIRBE instrument on the COBE satellite 

which accurately models the mid-infrared flux from dust in our solax system. For 

our purposes only the smooth cloud component is necessary to predict the level of 
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detectable zodiacal dust. The density of the zodiacal cloud from this model has a 

power law dependence on radius and an exponential dependence on the vertical 

thickness: 

n = no R-<=^e-^9(.z/R)'' (7.13) 

where no, ct, /?, and -y are fit by the DIRBE data. The function, g(z lR)  

approximates the absolute value of z/R in the model and is given as 

9 = 
i.\z\/Rf/2iJ.  ior \z\ /R<n 

(7.14) 
\z\/R — [j. /2 for \z\ /R>fj,  

where /x is a free parameter. The fitted temperature distribution of the dust is 

T{r)=Tor^  (7.15) 

where To is the temperature of the dust at 1 AU. The total emission from the dust 

is given as 

I  =  ̂ J  J  n{r , z )Bx(T(r) )drdz  (7.16) 

where Bx is the Planck function and d is the distance of the system. The model 

parameters fit by Kelsall et al. (1998) to the DIR3E data are listed in Table 7.6. 

At 10.3 fj,m the model gives an integrated flirx of 110 /xJy for a solar level 

zodiacal dust cloud around a star at 10 pc. For Vega and Altair the detectable level 

of dust is found by calculating the flux for the appropriate distance, temperature, 

and size for each star (given in Table 7.7). The temperature of a dust cloud around 

a star whose effective temperature, T., and radius, R©, differs from the sun can be 

scaled by using 

= (f) 
for the temperature at 1 AU. This model is multiplied by the transmission function 

of the interferometer (equation 2.2) to account for the amount of flux observed in 
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the nulled output of the instrument. The overall density, no, is adjusted to create a 

level equal to the limit of detection. This value, divided by the solar level density, 

determines the level of zodiacal dust detectable for a paxticular system. For Vega 

the 3 cr limit on the residual flux of 12%, or 8.4 Jy, corresponds to 3700 times 

solar using the above model, whereas the IRAS photometric limit corresponds to 

a limit of 1800 times solar level. For Altair the nulling limit is somewhat better, 

corresponding to a limit of 2500, whereas IRAS photometry limits the dust to 1800 

times solar level. 

Parameter Description Value 

no Density at 1 AU 1.3x10-"^ 

a Radial power-law exponent 1.34 

3 Vertical shape parameter 4.14 

7 Vertical power-law exponent 0.942 

f J - Widening parameter 0.189 

To Temperature at 1 AU 286 

5 Temperature power-law exopnent 0.467 

Table 7.6 Parameter values for the solar zodiacal cloud. 

Parameter Vega Altair 

Spectral Type AOV A7IV-V 

Temperature 9250K 8250K 

Size 2.4Re I.6R0 

Distance 7.75 pc 5.15 pc 

Table 7.7 Parameters for Vega and Altair. Values are taken from Allen (2000). 
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Although the Umits set by initial observations are similaar in level to the limits 

set by infrared photometry, nulling observations with phase control will improve 

the sensitivity by several times the current result. With adar.ptive optics the limit 

will be one to two orders of magnitude better, dramatically fimproving the current 

best estimates of zodiacal dust around nearby stars. The lewel of dust detectable 

with future nulling observations will be discussed further in chapter 8. 
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CHAPTER 8 

FUTURE OF GROUND-BASED NULLING 

With the advent of large aperture interferometers and adaptive optics systems, 

ground-based nulling has the potential to increase greatly oui tmderstanding of 

planetary systems. The ability of a nulling interferometer to detect companions 

or zodiacal dust is determined by two metrics: the level of suppression achievable 

and the photometric sensitivity. The suppression analysis for BLINC in chapter 

5 suggests the limit for ground-based nulling is on the order of 10^~® limited by 

the spatial and temporal correction of the wavefront for the planned MMT AO 

system. Here, the photometric sensitivity is estimated for ground-based systems as 

determined by the brightness of the sky background and the telescope emission, and 

related to the corresponding sensitivity to zodiacal dust and planetary companions. 

8.1. Photometric Sensitivity 

For ground-based observations nulling is a technique most easily performed in the 

thermal infrared (3-13 /im.) due to the relaxed requirements on wavefront correction 

relative to optical wavelengths. For these observations the noise source for the 

immediate surroundings of a star is different from the optical and near-infrared 
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(0.5-2 fxm) where limits, using adaptive optics coronography, are typically set by the 

amount of scattered light introduced by the optics and adaptive optics residuals. 

These usually show up as long-lived speckles in the focal plane, mimicking faint 

companions (Ryan et al. 1998, Langlois et al. 1998). Through nulling, scattered 

starlight and the associated speckle pattern are reduced to well below the noise 

level associated with the background light contributed by the sky and the warm 

telescope mirrors. Since this noise source is dominant, a deformable secondary, 

rather than a conventional AO system, is advantageous not only for the phase 

correction it performs but also because it does not introduce any extra warm 

surfaces. Extra surfaces in a conventional AO system add a significant amount of 

background light in the thermal infrared, decreasing the system's sensitivity. 

The backgroimd light is dominated by warm telescope emission and sky 

background. The photons due to the telescope can be modelled as a greybody 

of emissivity, e, at the temperature of the nightime air, 0° Centigrade. Then the 

received photons per second are 

1/2 eAuAQ. ^ ^ 
(8-1) 

cr — 1 

where A is the total area of both apertures, and Q, is the angular area the 

energy is spread over in the focal plane, chosen as X/D in radius. This equation 

reflects the fact that the background is a factor of two lower than typical telescope 

background since the light is split equally into the two outputs of the interferometer. 

The sky brightness is determined by the details of absorption bands, mainly of 

water and carbon dioxide, but also including effects from trace gases such as ozone, 

methane and nitric oxide. The HITRAN database of atmospheric absorption (Allen 

2000) provides an accurate model of the sky brightness in the thermal infrared for 

high altitude observatories. Using these data the brightness across the passbands 
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can be integrated to determine the sky brightness seen by the detector in photons 

per second, risky The model of the sky background, along with a 5% emissive 

telescope background are shown in Figure 8.1 
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Figure 8.1 Sky and telescope background in the thermal infrared. The telescope 

background is calculated for a 5% emissive system at a temperature of 0° C. 

The values for these two contributions dominate over other sources of 

error in the mid-infrared, such cis detector read noise. If accurate, frequent sky 

subtraction is performed so that the variation in sky brightness does not affect the 

measurement, the noise level is given, by Poisson statistics, as the square root of 

the total number of photons detected. The signal flux is negligible compared with 

the background so that the minimum signal detectable (in photons/s) at a level 5 
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times above the noise is 

_ c I+ 'n-sky fo c\ 

where i is is the total integration time and Thpt is total throughput of the 

instnmient, including the quantimi efficiency of the detector. This equation is 

valid when the signal is above that of the expected residual intensity of the null, 

as estimated in chapter 3. For signals below this, the detectability is determined 

by the ability to calibrate the residual intensity of the instrument, as well as the 

relative position of the object with respect to the star. Being able to confirm a 

signal through astrometric or spectral information becomes important in this case, 

allowing detection of signals fainter than the residual starlight. 

8.1.1. MMT Nulling Sensitivity 

When coupled with the adaptive secondary, the MMT nulling interferometer, 

BLINC, will be capable of probing for the faint zodiacal dust expected around 

nearby main sequence stars if they have planetary systems. In addition, the 

interferometer will be capable of detecting massive sub-stellar companions as 

described below. The sensitivities are calculated for three atmospheric passbands: 

L', M, and the 10-12.2 fim region of the N band. 

At 11.1 /zm a telescope emissivity of 5% gives a background flux of 1.1x10^° 

photons/s for a 20% passband. The sky background is very dark in the 10-12.2 /zm 

region, equal to approximately 2% telescope emissivity, or 3.4x10® photons/s using 

the same collecting area. A, and solid angle, 12, for the total sky background. The 

quantum efficiency of the MIRAC detector is approximately 35% at 11 //m. If we 

adopt a total throughput of 20% the 5 a limit to sensitivity is 660 /xJy per y/hour 

of integration. 
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In the M atmospheric passband the same telescope emissivity yields a 

backgroimd flux of 1.3x10® photons/s. However, the sky background is dominated 

by emission from ozone and water creatiag a relatively high flux of 4.7 x 10® over 

this spectral region and limiting the amount of flux that is transmitted through the 

atmosphere to ~70%. Detectors working at 5 /^m typically have a higher quantum 

efficiency in the range of 60-80%. An overall throughput of 50% would allow a 5 cr 

detection of a 190 //Jy source per y/hour. 

The sky is much darker at L band. The sky background in this region results 

in a sky flux of 3.5x10® photons/s. The telescope emissivity, then, dominates the 

noise with a background flux of 8.2x10® photons/s. This results in a limit of 18 

//Jy per y/hour. 

Parameter MMT LBT 

Emissivity 5% 7% 

Element diameter 2.7 m 8.2 m 

11.1 fj,m throughput 20% 50% 

M band throughput 50% 50% 

L' band throughput 50% 50% 

Table 8.1 Telescope parameters for sensitivity calculations. 

8.1.2. LBT Sensitivity 

The BLINC instnmient is a prototype for the Large Binocular Telescope (LBT) 

nuUing interferometer. BLINC will develop the methods and techniques for 

detecting faint structure using nulling. Beginning in 2004 the LBT will be able 

to search for zodiacal dust and planetary companions at considerably improved 
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sensitivity with a technique that has been tested and proven on the MMT. The 

LBT instrument wUl preserve the simplicity of the current system by having a 

common mount, thus not requiring delay lines, and deformable secondaries, and 

resulting in only three waxm reflections prior to combination of the light. The LBT 

nulling interferometer will have the benefit of a larger collecting area with only 

one additional warm reflection. This will create only a slightly higher emissivity 

while greatly increasing the nimiber of detected photons from an object. At 11.1 

ixva. a telescope emissivity of 7% gives a background flux of 1.6x10^° photons/s 

for a 20% passband. The sky background is the same value as for the MMT: 

3.4x10^ photons/s. Recent Si:As detectors produced by Boeing have a quantimi 

eflSciency of 80-90%, a significant improvement over the previous generation. If the 

total throughput is set at 50% the 5 cr limit to sensitivity is 45 /xJy per y/hour of 

integration. 

In the M band a 7% telescope emissivity yields a background flux of 1.8x10® 

photons/s. The sky background, again, is the same as the MMT at 4.6x10® 

photons/s over this spectral region. For a throughput of 50% the 5 a detection 

limit is of a 22 /zJy source per Vhour. 

The telescope emissivity in the L' band corresponds to a background flux 

of 1.2x10^ photons/s which, with the same sky flux as for the MMT, sets the 

detectable flux limit at 2.1 /zJy per Vhour for the LBT. 

8.2. Science Goals 

As discussed in chapter one, nulling will be most useful in detecting exo-zodiacal 

dust and companions. Probing planetary systems will have two components: 

detecting zodiacal dust disks at 11 /xm, where they are relatively bright, and 
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detecting extrasolar giant planets in the 4-5 nm region. Giant planets are most 

easily fo\md at 5 ^m, since they are anomalously bright in this region, both as 

evidenced by the spectrum of Jupiter and by theoretical models of giant planets 

(Burrows et al. 1997). The strength and existence of zodiacal dust are important in 

determining whether a planetary system exists around a particular star as well as 

whether it will be possible to find terrestrial-type, life bearing planets in the future 

with a TPF mission (Woolf and Angel 1995). A very bright zodiacal dust disk 

could make the detection of an Earth-like plajiet with TPF much more difficult, 

both from confusion of dust clumps in the cloud with planets and from the added 

background noise it introduces. 

8.2.1. Zodiacal Dust 

The DIRBE model of our own zodiacal dust (Kelsall et al. 1998) provides a good 

estimate of what level of sensitivity can be expected for dust around nearby stars. 

The model is described in chapter 7. The overall density of the cloud is adjusted to 

produce a value for the integrated flux in the mid-infrared. The density compared 

to solar level is referred to as the "zodi" level of the cloud. The detectable flux 

for a cloud is a function, not only of the spectral type of the star and distance. 

MMT(^) LBT (^) 

10-12.2 /Ltm 660 45 

M band 190 21 

U band 18 2.1 

Table 8.2 Photometric sensitivity limits of the MMT and LBT nulling 

interferometers. The levels correspond to 5cr above the noise level of the system. 



118 

but of the baseline of the interferometer. Along with nulling out the star, the 

interferometer will suppress the central part of the dust cloud. By multiplying 

the intensity distribution of the cloud (equation 7.15) by the transmission of the 

interferometer (equation 2.2) prior to integration, this effect can be accounted 

for. Figure 8.2 shows the level of flux which would be measured with the MMT 

interferometer versus cloud density for stars with a range of spectral types at 10 

pc. As can be seen, the detectable level of flux is dependent on the spectral type 

of the star, since this determines the spatial extent of the dust corresponding to 

roughly 300 K, and thus how much surface area is emitting mid-infrared radiation. 

1 

3 

Si 10^ CM O 
3 a. 
s 0 

•o 
1 100 
s 

X s 

1 10 100 1 10 
Cloud density (zodis) 

detection limit 

Figure 8.2 Transmitted flux of zodiacal dust at the MMT for different spectral types 

at 10 pc. 
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Clouds axound AO stars would be detectable down to 1 zodi, GO stars would need 

> 40 zodis of dust, while a dust cloud around an MO star at 10 pc would need 

to be nearly 6000 times solar level. Figtire 8.3 shows the equivalent plot for the 

LBT instrument. The longer baseline of the LBT allows it to detect the hotter 

dust closer in to a star which the MMT instrument partially suppresses. At 10 pc 

the LBT is sensitive to dust > 0.8 AU from the star. This effect, along with the 

greater photometric sensitivity, allows it to be sensitive to solar level dust for stars 

with a spectral types as late as G5 at a distance of 10 pc. 
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Figure 8.3 Transmitted flux of zodiacal dust at the LBT for different spectral types 

at 10 pc. 
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A strength of the MMT nulling instrument is its abiKty to create a deep null 

for even the closest stars due to its short baseline. The achievable level of null, if 

the level is dominated by the diameter of the star, is 13 times better than the LBT 

and 450 times better than the Keck interferometer, using equation 3.29. Since 

the dust around these stars will also be brighter, due to their being closer, the 

nearest stars, earlier than spectral type M, are especially interesting for nulling 

observations with the MMT. Table 8.3 lists the parameters and detectable levels of 

dust for all northern hemisphere stars within ~5 pc and earlier than MO. 

Star Spectral Type Distance Dust Limit Star Leak 

(pc) (zodis) (fraction) 

Sirius A1 V 2.64 0.07 9.4xl0~® 

e Eri K2 V 3.22 9.9 1.0x10"® 

61 Cyg A K5 Ve 3.48 29 7.0x10-® 

61 Cyg B K7 Ve 3.50 50 6.0x10"® 

a CMi F5 IV-V 3.50 0.85 2.3x10"® 

r Ceti G8 Vp 3.65 6.6 9.5x10"® 

G1380 K2 Ve 4.87 34 4.4x10"® 

uj 2 Eri K1 Ve 5.04 29 4.3x10"® 

70 Oph KO Ve 5.09 23 4.6x10"® 

Altair A7 rv-v 5.14 0.6 1.6x10"® 

Table 8.3 Detectable limits of dust around the nearest stars with the MMT nulling 

interferometer. The limits in zodis correspond to the photometric limit of 660 /xJy 

at 11.1 /zm. 
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8.2.2. Giant Planets 

Planet searches are important, not only for understanding how common or rare 

they are, but for understanding the typical distribution in orbital radius and mass 

of companions. Giant planets, in additon to signalling the existence of a planetary 

system, by their placement and orbital parameters, determine the suitability of the 

system for harboring smaller Earth-like planets in stable orbits. Such information 

is important in assesing which planetary systems might be the most promising to 

search for life-bearing planets. 

Direct detection of a companion is more feasible in the thermal infrared 

than the visible, since the planet's thermal emission in the infraxed is brighter, 

in comparison to the stellar emission, than the amoimt it reflects in the visible. 

However, by looking for a planet in the infrared where it is emitting its own 

radiation rather than the reflected light from its star, the detectability of a giant 

planet is sharply dependent on how old it is, and thus how much it has had a 

chjince to cool. Burrows et al. (1997) have created nongray atmosphere models for 

substellar companions with temperatures in the range 100-1300 K. They present 

spectra of giant planets as a function of surface gravity and temperature. By 

modeling how these bodies cool and contract with time they generate a grid of 

brightness estimates for atmospheric passbands, including N, M, and L'. Figure 

8.4 shows an interpolation of their predictions for a 5 Jupiter mass object at 10 pc 

from an age of 0.1-1 Gyr in the N, M, and L' bands along with the plotted MMT 

sensitivity limits. As can be seen, the N band sensitivity is insufficient to detect 

the object at any age, M band observations could detect it if it were younger than 

0.5 Gyr, while the L' band would allow detection out to 0.7 Gyr. The L' and M 

band ofler significant advantages in sensitivity in looking for giant planets over 
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the N band. Again interpolating the models of Burrows et al. (1997) Figure 8.5 

shows the U bajid fluxes of giant planets as a function of mass for 0.5, 1, and 5 

Gyx old objects at 10 pc along with the MMT and LBT limits. From these it is 

possible to derive mass limits for detection with each instrument, as summarized 

in Table 8.5. These ntunbers are expected to be only mildly dependent on the 

planet-star separation since the source of noise is the thermal background of the 

telescope. The closest separation nulling can sense is determined by the separation 

of the apertures, and is 0.10" for the MMT and 0.027" for the LBT in the L', 

3 1 10 
MMT 11 nm limit 

MMT M band limit 

100 
I/) 

^°0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
age (Gyr) 

Figure 8.4 Detectability of planets in the N, M, and L' bands. The fluxes, from 

Burrows et al. (1997), are for a 5 Jupiter mass at 10 pc. The planet is most readily 

detectable in the U band. 
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corresponding to 1 and 0.3 AU, respectively, at 10 pc. 
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c 
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mass (Mj ) 

MMT limil 

Figure 8.5 Minimum planet mass detectable at L' for the MMT and LBT. Fluxes 

are for objects at 10 pc. 

Close-in to the star, where calibration issues can compromises the detectability 

of companions, it will be important to have a robust method of dlifferentiating the 

planet from the star signal. A G star at 10 pc is approximately lO Jy in L'. Even a 

10'^ rejection will leave a 1 mJy source, 50 times brighter than thae MMT detection 

limit. However, the planet signal can be modulated, either by sQcy rotation or 

rotation of the pupils on the MMT primary. In addition the astirometric shift of 

the star as it is nulled can verify detection. A source at the limit: of detection, 20 
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/xJy, and 0.1" from the star would produce an astrometric shift of 2 mas, a small 

but measurable shift in the stellar residual. 

100 

10 MMT limit 

LBT limit a. 

1 

0.1 100 0.1 

Separation (AU) 

Figure 8.6 Comparison of parameter space for nulling and radial velocity detections. 

The radial velocity limit is for a 10 year search with a precision of 5 m/s. 

The usefulness of direct detection in studying planetary systems can be seen 

by comparing the expected sensitivity of nulling searches to indirect methods 

of detecting planets, such as Doppler velocity searches (Figure 8.6). Since the 

detected parameter in this case is the planet's effect on its star due to orbital 

motion, planets closer in are much more readily detectable. Thus, although 51 

Pegasi was a surprise compared to what was expected for planet detections, it is 
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not unusual that it was discovered before a similar size planet in an orbit like that 

of Jupiter. Direct detection, by sensing the planet emission directly is, if anything, 

less sensitive to close-in planets due to the increased difficulty of separating it 

from the stellar emission. This results in the technique being complementary to 

Doppler velocity searches. This is important for creating a balanced view of the 

makeup of planetary systems. It is also complementary in the sense that younger 

stars are less able to be probed by radial velocity searches due to stellar activity. 

The youthfulness of such systems would be expected to have warmer giant planets 

leading to direct detection more easily than older planets around stars probed by 

radial velocity searches. 

Finding long-period giant planets is interesting for more than just the detection 

of planetary systems. As discussed by Lunine (2000) giant planets in long-period 

orbits are important dynamically for the characteristics of the system. For example, 

a low eccentricity, long period orbit is thought to be important in a planetary 

system for providing a dynamically stable region for terrestrial planets (Jones, 

Sleep, and Chambers 2001). In addition the existence of a giant planet near the 

ice line of a planetary system is probably necessary for perturbing ice-bearing 

planetessimals into collision orbits with terrestrial planets, providing them with 

water and volatiles early in their history (Petit et al. 2000). Thus the placement 

and parzuneters of a long period giant planet will be informative in understanding 

the likely existence and habitability of terrestrial planets in that system. 

8.3. 2020 Telescope 

The next generation of ground-based telescopes is currently envisioned as having 

an overall collecting area of ~700 m^, compared to the 110 m^ of the LBT, 
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which has the most collecting area of those under construction. The "Decadeil 

Review" (2000?) recommended a telescope of this class as a priority for funding 

over the next decade. Although this collecting area could all go into one single 

telescope, as envisaged for example, in the design of the California Extremely 

Large Telescope (Nelson et al. 2000), there are significant advantages to having 

a two element interferometer, each 20 m in diameter, as proposed by An.gel et al. 

(2001). For planet finding a two element, short baseline interferometer has the 

unique capability of deep suppression of the starlight combined with iro-proved 

photometric sensitivity over the LBT. Extrapolating the sensitivity from Table 8.2 

we can expect a sensitivity of 7 //Jy per y/hour for the 10-12. //m region and 0.3 

//Jy per y/hour for L'. 

Since the photometric sensitivity would be greatly improved for a nulling 

interferometer with such large apertures, the detectable level of flux is significantly 

below the level of flux expected from "star leak". In such a situation it is most 

important to be able to isolate a companion signal from the contaminating starlight. 

This can be done spectrally, or by phase chopping. 

The spectral discrimination is dependent on understanding precisely the 

source of stellar leak. If the source is the finite diameter of the star, for example. 

MMT LBT 

Minimum mass at 0.5 Gyr 

Minimum mass at 1 Gyr 

Minimum mass at 5 Gyr 

AM J 

6 Mj 

15 Mj 

1 My 

2 Uj 

5 Mj 

Table 8.4 Detectability of planets at 10 pc at L' band. 
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the wavelength dependence is determined by equation 3.29, and could expect 

to be calibrated out. If, however, the source of error is adaptive optics errors 

or chromatic phase errors, the dependence with wavelength could be less well 

determined, making this more difficult. 

Phase chopping was first suggested for multiple element nulling interferometers 

by Woolf et al. (1998) to isolate planetary signals from exo-solar zodiacal dust in 

space-based systems. The concept uses two pair of nulling interferometers. Each 

pair nulls the star, but the two nulled outputs are combined at different phase 

shifts to modulate the planet signal, isolating it from any slowly varying signal in 

a manner analogous to sky chopping used for ground-based telescopes. This phase 

chopping is achievable with a large two element system by splitting each aperture 

into two, just as BLINC does with the MMT, so that a total of four elements is 

available for combination. 

Assuming such discrimination would permit detection at the photometric limit 

of the telescope, one of the most exciting possibilities is the detection of Earth-like 

planets around the very nearest (3-5 pc) stars. Since an Earth-like planet, 10 pc 

away, emits approximately 0.4 ^uJy in the 10-12.2 //m region (Beichman, Woolf, 

and Lindensmith 1999), a large 20 m telescope could expect to detect a planet at 

this limit after 2 hours if it were around, for example, e Eridani or r Ceti. 

Single aperture systems could expect to achieve the same photometric 

sensitivity and be able to suppress the starlight to a similar level using single 

aperture nulling techniques (Baudoz et al. 1999), but would not be sensitive to an 

astrometric shift or be able to modulate the light from a planet. 

Although significant work remains to be done in proving the technique, nulling 

promises to be a valuable technique for observations of planetary systems. Although 
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originally planned as a space-based technique, it is likely that the significant work 

over the next decade in using the technique wiU be with ground-bcised instruments. 

Refining the technique with the succession of telescopes described above will help 

to set the stage both scientifically and technically for a space-based mission to 

search for the existence and habitability of extra-solar Earths. 
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CHAPTER 9 

DESIGN CONSIDERATIONS FOR THE TERRESTRIAL PLANET 

FINDER 

The work described ia previous chapters is an essential prelude to space missions 

to look for planets through direct detection. Ground-based work helps to refine 

the technology as well as probe circimistellar regions to faint levels. This chapter 

addresses design considerations for space-based interferometers which use nulling 

techniques. I discuss different array configuration and how they affect performance 

of the interferometer. The optical setup of a beam-combiner is sketched out for an 

example configuration to illustrate the important issues. Finally, a new method of 

achieving an achromatic null is presented which has some important advantages 

over previously proposed techniques. 

The Terretrial Planet Finder (TPF) mission (Beichman, Woolf, and 

Lindensmith 1999) has been envisioned as a space-based multiple pair nulling 

interferometer working in the thermal infrared to detect and characterize 

spectroscopically planets down to the size of Earth around nearby stars. The goal 

of the mission is to determine the frequency and habitablity of Earth-size planets, 

as well as be able to probe them for signs of life. 
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9.1. Configuration Design 

A general optimization issue for TPF which has not been fully explored is the 

configuration of an interferometer. Specific issues have been addressed such as 

breadth of the null (Angel and Woolf, 1997), asymmetric beam-patterns (Leger 

et al. 1993), and the ability to chop the planet signal (Woolf et al. 1998). While 

solutions have been proposed to deal with each of these a systematic optimization 

will ensure that the required performance of the interferometer is achieved with 

the minimum nimiber of elements, keeping the beam combination and control for 

multiple elements as straightforward as possible. 

The beam pattern of an interferometer is given by the vector sum of the light 

from each element of the system. For a one-dimensional interferometer the complex 

amplitude is 

Aue) = '£̂ '̂'""'' (9-1) 
m 

where 6 is the angle from the pointing center of the array perpendicxilar to the 

baseline, Am is the complex amplitude of the mth element corresponding to the size 

of the aperture {Ampm) and its phase shift (0m), and Sm is its spacing (expressed 

in waves). The variables are only defined in reference to a fiducial element of 

amplitude 1, zero spacing , and zero phase shift. So for an n element interferometer 

there are 2(n — 1) variables, counting the complex variable, Am as one. 

For the case of a two element interferometer we can satisfy two constraints. 

If we constrain it to have destructive interference on axis (A(0)=0) this requires 

a second element with the same amplitude and the opposite phase as the first (a 

complex amplitude of -1). The second constraint is that at some angle, a, away it 

constructively interfere {A{oi) = 1 + Amp2)- Then the second element is spaced 

at a distance l/2a from the first element as is expected, since this describes the 
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original concept of Bracewell for a nulling interferometer. 

In terms of equation 9.1 above, the useful qualities of a nulling interferometer 

are expressed by the constraints 

A(0) = 0 (9.2) 

A{a) = 1 + 51 (9.3) 

A(-a) = 0 (9.6) 

These equations correspond, respectively, to an on-axis null, fully constructive 

interference, a wide null {9'^), a super-wide null (0®), and an asynmietric beam 

pattern, capable of chopping. The second constraint is really n — 1 constraints 

since each complex amplitude on the left side of the equation has to equal Ampm 

for the corresponding element at the angle of constructive interference. 

For a three element interferometer there are four free parameters. Two are 

needed to satisfy equation 9.3 above, and one to satisfy equation 9.2 leaving one 

free parameter to satisfy an additional constraint. Choosing 9.4, we can derive 

the amplitude, phase shifts and spacings needed to satisfy these equations. It is 

instructive to derive the results for this in detail- Equation 9.2 is given as 

1 + .4I + A2 = 0 (9.7) 

which can be rewritten as 

A2 = -1- Ai. (9.8) 

Equation 9.4 for a three element interferometer is 

AISI + A2S2 — 0 (9-9) 
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which, in combination with equation 9.8 can be solved to get 

(9.10) 

Equation 9.3 gives the two constraints 

Ampi = Aic a.nd Amp2 = A2e (9.11) 

so that 

Ampi = and Amp2 = 1 -
Si +52 Si 4" §2 

(9.12) 

The complex phase of the right side of equation 9.11 has to be 27rn to create a 

positive real value, where n is an integer. The phase is determined both by the 

spacing and phase of the element. Solving for the spacing we get 

where a and b are integer values and (pi and 02) expressed in waves, are constrained 

to be zero or 1/2, depending on the signs of equations 9.8 and 9.10. Since a and 

b can take on any value the equations do not have a unique solution. However 

taking a = 1 and 6 = —1 a solution is found with Ampi = ATnp2 = 0.5 and 

4>i = 't>2 — 0.5, creating an equal spacing interferometer with side elements which 

have a diameter half as large as the central one. Different values for a and b can be 

chosen, but the solutions either result in solutions with one amplitude as zero or 

create interferometers with wider spacings, making the choice of 1 and -1 the best 

solution. This configuration is often referred to as a degenerate Angel cross (DAC) 

since it can be thought of as a 1-dimensional version of a 4 element 2-dimensional 

array first suggested by Angel (1990) to give a wide null. Its transmission pattern 

is shown in Figure 9.1. 

If, instead of equation 9.4, 9.6 is chosen as the additional constraint, a similar 

derivation gives equal spacing of the elements of phase shifts ± 2/3 of a wave. 

a — 01 6 — 02 Si = axid S2 = (9.13) 
a a 
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However, 9.6 is an overly strict constraint. If instead the constraint is given as 

(A(—a) 7^ 1) more flexibility is possible in the configuration. One change would be 

to vary the spacing between the elements so that different spatial frequencies are 

sampled by the different pair combinations. Figure 9.Id shows an example of such 

an array, with a 3:2 ratio between the two spacings which satisfies the constraints 

of a three element nulling interferometer with an asjonmetric transmission pattern. 

An asymmetric pattern is advantageous for differentiating structure which is only 

on one side of the star (such as a planet) from a signal which is symmetric around 

the star (such as zodiacal dust). It also permits phase chopping, which is the 

modulation of the transmission pattern to keep the null centered on the star while 

changing the side which the closest constructive peak is on from the positive to 

negative angle. 

An example of a four element chopping array is shown in Figure 9.2a. While 

this array uses an extra element to satisfy the same constraints as the three element 

versions, the equal amplitude and 1/4 wave phase shifts of the elements could 

provide advantages in implementation compared to the three element cases. This 

configuration was suggested by Woolf et al. (1998) as a simple TPF precursor 

mission. It is usually referred to as a double Bracewell, since it is essentially two 

interleaved nulling interferometers with a 1/4 wave phase shift between the two 

pairs. 

Angel and Woolf (1997) proposed a four element design (shown in Figure 

9.2b), usually referred to as the OASES design, with a null which varies as 

near the null. Such a wide null efficiently suppresses the light from the star while 

having a constructive peak close enough to the star to be sensitive to Earth-like 

planets. The array can be shown to satisfy equations 9.2, 9.3, 9.4, and 9.5. This 
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corresponds to six constraints, which is aji optimum use of the number of degrees 

of freedom for a four element array. If instead a design is required with a null 

but aji asymmetric transmission pattern the equations can be solved to get the 

result shown in Figure 9.2c. The spacings correspond to approximately -16.6, 0, 

13.0, and 29.5 m, with corresponding phase shifts of 146, 0, -114, and -260 degrees. 

20 m 

a. 

180° 

180° 

0 180° 

-120° 0 120° 

d. 

-90° 0 135° 

-0.15 -0.1 -0.05 0 0.05 0.1 0.15 
Angle (arcsec) 

Figure 9.1 Transmission patterns for three-element arrays. The diameter of the 

elements corresponds to the amplitude of each telescope with the phase shifts listed 

below. The overall length of each array is scaled so that the transmission pattern 

has its first constructive peak at 0.1 arcsec for 10 fxm wavelength. 
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Like the three element solution, this configuration is overly constrained by the 

asymmetry equation, allowing some flexibility in modifying the configuration to a 

more conventional spacings and phase shifts. Previous arrays have been proposed 

to create the same capabilities, but use six elements to achieve the same resiilt. A 

four element system would reduce the complexity of beam combination and allow 

higher throughput for the system. 

20 m 

a. 

b. 

180" 

c. 

146° 

-90° 0 90° 180° 

0 180° 0 g 

1 

0.5 

0 -114° -260° 

-0.15 -0.1 -0.05 0 0.05 0.1 0.15 

Angle (arcsec) 

Figure 9.2 Transmission patterns for four-element arrays.The diameter of the 

elements corresponds to the amplitude of each telescope with the phase shifts listed 

below. The overall length of each array is scaled so that the transmission pattern 

has its first constructive peak at 0.1 axcsec for 10 /im wavelength. 
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9.2. A Strawman Optical Design for TPF 

The optical setup of a multi-pair nulling beam-combiner is dependent on the 

interferometer configuration, but a beam-combiner will have common features for 

just about any configuration. The beam combination design for BLINC can be 

extended to multiple element designs to illustrate the relevant issues. For this 

purpose two beam-combiners for linear configurations, an OASES configuration, 

and a double Bracewell setup are presented in Figure 9.3 and 9.4. This iUimainates 

some of the control issues associated with the combiner, as well as how the 

configuration impacts the optical design of the combiner. Some assumptions are 

required to sketch a design. It is assumed the combiner will use dielectric plates to 

achieve the achromatic null (Angel, Burge, and Woolf 1996). If another method 

is chosen to obtain the null (such as rotation shearing (Shao and Colavita 1992)) 

the combiner will become more complex. The main increase in complexity is the 

fact that two nulled outputs are produced in the rotation shearing concept. It 

is assumed a single-pass beam-splitter can be used which may not be possible. 

Finally, it is assimied, for simplicity in the drawing, that the full spectral range 

(expected to be 7-17 /xm for TPF) can be handled by a single combiner, rather 

than split into channels prior to nulling. Again, this may not be realistic. These 

assumptions cind the specific examples are meant only to help clarify what a 

beam-combiner might entail, in terms of complexity. 

The collectors are not shown in the diagrams. The collectors will taJice care 

of proper baffling of the beam (pupil stop and cold stop) and create a beam-size 

suitable for handling by the combiner. The first fold mirror in each beam is meant 

to be the " tertiary" mirror of the collector which sends the beams to the combiner. 

The beam-combiners are not drawn to scale but the relative path-lengths involved 
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are kept proportional. Beam folding will be needed to package the beam-combiner 

properly. 

Collector 1 Collector 2 Collector 3 Collector 4 

V 

1®* stage beam-splitter 

I 
A 
1 

\ 

2°^ stage beam-splitter 
chromatic phase plate (Znse) 

chromatic phase plate (ZnS) 

amplitude control device 

long-pass dichroic (gold) 

r+ 

Final nulled 
output 

2 fua phi ise 
sensing f 

CI 
pair 1-4 

Vt4 

jr 

/ 

0.5 ixm pointing sensing 

/ 

^ phase sensing 
for pair 2-3 

Figure 9.3 An optical layout of an OASES beam-combiner. 

The beams are combined similar to the ground-based nulling approach on 

the MMT. That is, the image orientation is preserved, the reflections off the 

beam-splitters are kept nearly normal to avoid polarization-dependent effects of a 

dielectric stack, all combining optics are kept in one plane, and the optical paths 

of the two beams being combined are kept as similar as possible so that effects 

such as different incidence angles of reflection for the two beams do not affect the 
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relative phase. In this scheme pointing control of each element is sensed at 0.5 /xm 

and phase control is sensed at 2 /zm. The achromaticity of the null is tuned by 

ZnSe/ZnS plates in each pair of beaxas. Amplitude devices will also be required in 

each beam. Most likely these can be simple devices which block a small portion of 

the light (<1%) in each beam to equalize the amount of light in each pair. The first 

stage beam-splitters are the most critical since these must be properly adjusted to 

achieve a null from each pair of telescopes. The second stage beam-splitter is less 

critical since it simply fine tunes the width of the null, in the OASES setup, or the 

phase chopping, in the double Bracewell setup. 

9.3. Nulling with a Mesh Beam-splitter 

One challenging requirement in the current baseline for TPF is the broad 

wavelength coverage needed (7-17 /im ) to study regions of the spectrum important 

for understanding the chemicaJ makeup of the planet and signs of habitability and 

life. The nulling concept presented in chapters 2-3 can be extended over broader 

ranges by using a second dielectric compensation, as suggested by Angel, Burge, 

and Woolf (1996), but the tolerances required on the amplitude matching require 

thin-film stacks which have broad-band performance over > 100% bandwidth. This 

is a serious difficulty for thin film design. Other nulling techniques (Shao and 

Colavita 1992) use a beam-splitter in double pass, thus avoiding this diflBculty. 

However these techniques are limited to 50:50 combination of the light, which may 

not be the desired ratio in a TPF mission, as shown for the different configurations 

above. 

The technique outlined below is a novel way of doing nulling which combines 

the advantages of a single-pass system (simple beam combination, non-rotation of 
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pupils) with the achromaticity needed for a TPF mission. 

All the current techniques make use of thin-film stacks which are roughly 50% 

transmissive ia order to mix the hght from a pair of telescopes. These techniques 

are inherently limited by the spectral performance of the thin film stack, although 

by using the beam-splitter in a double-pass the efiects of chromatic variations can 

be minimized. Instead it is possible to mix the light by using a beajn-splitter which 

has a reflective (metallic) coating over 50% of the beam area. These beajn-splitters 

Collector 1 Collector 2 

1« stage beam-splitter 
2°'* stage beam-splitter 

' chromatic phase plate (Znse) 
i chromatic phase plate (ZnS) 

I amplitude control device 

long-pass dichroic (£old) 

2 (xm phase,, 
sensing for ^ 
pair 2-4 

Final nufft 
output 

Collector 3 Collector 4 

2 (xm phase 
Sensing for 
pair 1-3 

7 

0.5 (Jjn pointing , ^ 
sensing 

Figure 9.4 An optical layout for a double Bracewell beam-combiner. 
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are often referred to as polka-dot or mesh beam-splitters, and are typically an 

almninimi coating of 0.1-1 mm dots on a suitable glass substrate. The beam 

combination for these beam-splitters is different from thin-film designs and is thus 

worth going through in detail. 

In a symmetric system (Figure 2.1) the beam-splitter reflects one beam while 

transmitting the other. The beam-splitter creates a 90 degree phase shift between 

the beams as described in chapter 2. This creates a situation where both outputs of 

the beam-splitter are equal in intensity. By changing the phase it is possible to get 

a constructive image in one output and a nulled image in the other. This is quite 

different from a mesh beam-splitter. In this case the phase shift between the beams 

is determined by the reflective coating of the material, which is only encoimtered 

by the reflected beam. For most metals used as good reflectors this phase shift 

is nearly 180 degrees (gold at 10 ^m is 178 degrees). Thus both outputs of the 

beam-splitter have interfered beams which are (nearly) out of phase. A nulled 

image is created for both outputs. In a thin-film system, for comparison, all the 

light suppressed in one output appears in the other output of the interferometer. 

A true null could be created by path-length difference and dielectric compensation, 

but the null could be tuned much more easily since only a few degrees of phase 

shift (to fine time the ~178° shift of a metal reflection) would be needed to create 

the null. However creating a nulled image in both outputs would seem to violate 

the conservation of energy. Where does the light go? 

A mesh beam-splitter difl&racts the light as well as reflecting half the amount, 

and is in this sense different from a thin-fihn stack beaon-splitter. Thus the light 

is spread into orders by the grid pattern in the beam-splitter. When the phase 

difference between the beams is one-half wave, the 0th order image is cancelled 
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out and the light is diflSracted into the ni=l and -1 orders. When the light is 

in phase between the beams all of the energy from the star appears in the 0th 

order. It is easiest to visualize if the mesh beam-splitter is thought of as a series of 

reflective stripes covering half the area. Then when the light destructively interferes 

two bright images appear to either side of the central nulled star. A numerical 

calculation of the image for a striped beam-splitter is shown in Figure 9.5 for 

different phase shifts between the beams. 

Destructive Interference Constructive Interference 

Figure 9.5 Pupil of a mesh beam-splitter system and resulting images. The two 

images, shown in logarithmic stretch to emphasize the faint detail, correspond to 

the beams interfering destructively or constructively. The residual light in the 

destructive image is 6 x 10"^ near the central source. 
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For a nonsymmetric system with an equal number or +2 reflections between 

the beams the situation is different. No phase shift is introduced at all for the equal 

reflection case, while a phase shift of only a few degrees is incurred for a system 

with a difference of two reflections. The advantage of a nonsymmetric system over 

a symmetric system is the same as for a thin-film beam-splitter: the off-axis image 

is not doubled to either side of the pointing center. For this system the phase could 

be introduced by dielectric plates to create a null in the same way as described in 

chapter 3. 

An important issue is the optimum size for the individual dots or stripes on 

the beam-splitter. It is necessaxy to have the dots significantly (50-100 times) 

larger than the wavelength of light so that the light splitting can be independent 

of the wavelength of Ught. This suggests a size of about 1 mm for the individual 

dots. The required beam size is set by the number of dots needed across the beam 

to reach a certain level of precision. The finite size of the dots leads to the beams 

being slightly shifted one with respect to the other. In other words a slight pupil 

misaligment of the beams is introduced which gives a fractional shift to the pupil 

on the order of the dot size over the beam size. This effect can be estimated 

numerically, by creating the pupils, combining them out of phase, and taJdng the 

Fourier transform to obtain the resulting image. Performing this calculation for a 

different number of stripes across the pupil suggests that approximately 100 stripes 

are needed to achieve a suppression factor of 10®. For 0.5 mm dots this would 

require a beam size of 50 mm, a reasonable size for beam combination. 

9.3.1. Signal-to Noise Comparison of a Mesh Beam-splitter 

In a typical nulling combiner, as described in chapter 3, a constructively interfered 

image contains all the energy of both elements and the equivalent background 
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from one telescope, since the background is split into two outputs. For a mesh 

beam-splitter the energy for a given source is split between the outputs, and the 

phase difference between the beams simply changes its position in the focal plane. 

Compared with the thin-film beam-splitter the mesh beam-splitter has a factor of 

2 less signal in a given output. If both outputs are used to measure the signal, the 

signal-to-noise comparison is still \/2 times worse for the mesh beam-splitter. 

The background can be reduced by inserting a cold field stop the size of the 

Airy pattern in each element. This creates a background only from the portion 

of the sky corresponding to the source position. Since the background from each 

element is not coherent, the light from it is split equally between the 0th order 

image and the ± 1st order images. This results in the same signal-to-noise £is a 

conventional beam-splitter, but at the cost of only being able to detect signals 

within the Airy core of a single element. 
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