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ABSTRACT 

A study of the application of single-mode fiber optics to the multiple-beam interferometric 

recombination problem is presented. In the laboratory, the fibers have been used in wide 

bandwidth, two-arm, Mach-Zehnder test interferometers as well as a 5-telescope imaging 

interferometer connected to an all-fiber beam combiner. Based upon these experiments and 

some theoretical studies it is shown that fiber optics and fiber optic components such as 

directional couplers provide an excellent alternative to conventional optics such as mirrors, 

beamsplitters, and relay lenses. 

The equations describing the measurement of the complc:x degree of coherence in an 

interferometer with a single-mode fiber in each arm are derived. The equations reveal 

an important feature of the fibers: they filter phase fluctuations due to aberrations and 

turbulence at the input and convert them to intensity fluctuations at the output. This 

leads to a simplification of the calibration of measured visibilities. 

The coupling efficiency of light which has passed through a turbulent atmosphere is also 

studied as a function of fiber parameters and turbulence conditions for both image motion 

stabilized and non-stabilized cases. For the former case, coupling efficiency remains greater 

than 50% as long as telescope diameter is no larger than the turbulence coherence length. 

Beam combination architectures using arrays of directional couplers are fully discussed. 

Arrays accomodating up to 20 input beams are presented. The arrays require only N 
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detector pixels for N input beams. A scheme of temporal multiplexing of the phase of 

each beam is used to identify individual fringe pairs. One possible scheme allows wide 

bandwidths even for large numbers of beams. 

A 5-telescope interferometer has been constructed and connected to an all-fiber beam 

combiner. Two extended objects were observed and reconstructed using standard radio 

astronomy VLBI software. The interferometer and beam combiner had good thermal and 

polarization stability and high throughput. Reconstructed images had dynamic ranges of 

about 50. 
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CHAPTER 1 

INTRODUCTION 

1.1 In the Beginning 

The story of the application of single-mode fiber optics to astronomical interferometry 

begins on Antoine Labeyrie's sailboat, somewhere between Cannes and Corsica in 1980. 

Labeyrie, the builder of the small (I2T) and large (GI2T) interferometers at CERGA, was 

joined by his friend Francois Roddier, an astronomer specialiZing in high-resolution imaging, 

and Claude Froehly, an optical physicist and fiber optics expert. While steaming toward 

Corsica (there were no winds) Labeyrie proposed that the conventional beam-combining 

optics of an astronomical interferometer could be replaced by single-mode, or perhaps 

even multimode fiber optics. In the evening, after Roddier and Labeyrie had gone to 

sleep, Froehly had the opportunity to think about this proposal while navigating. The 

navigational instructions, given to him by the astronomers, were to "follow Arcturus," a 

bright red star which they had pointed out. Froehly focused his thoughts on the new idea 

and followed Arcturus as it moved across the sky. In the morning the three were well to 

the west of their destination. 

Apparently the extended course allowed Froehly enough time to think the problem 

through. In March, 1981, he presented the first paper on a stellar interferometer with 
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fibers (Froehly, 1981). Thjs paper caught the attention of pjerre Connes, an expedmental 

optkal scientist whose most notable achievement was the modern-day Fouder Transform 

Spectrometer. 

Connes had always wanted to see Corsica, but had never been there. Hjs opportunity 

came jn 1984 when Labeyrie asked if he would be interested in attending the conference 

on "Kilometric Optical Arrays in Space" in Cargese, Corsica. Connes chose as his topk 

a fiber-linked version of Labeyrie's proposed space interferometer, although he knew very 

little about fibers. Connes called Froehly, and the two collaborated (with Pierre Facq) on 

the paper presented at Cargese (Connes, 1984). 

By 1985, Roddier was working at the National Optical Astronomy Observatories in 

Tucson, and had begun interferometric experimentation using single-mode fibers with me. 

During this time, we learned that Jacques Ludman and John Sampson had already descdbed 

a fiber-linked stellar interferometer and performed initial laboratory experiments using 

laser light (Ludman, 1983). It was not long before interesting and promising results in 

broadband light were obtained in Tucson. After further collaborating with Pierre Connes, 

the experiments were reported by Shaklan and Roddier (Shaklan, 1987). 

Meanwhile, in France, Connes and Francois Reynaud (Connes, 1988) performed field 

tests in long lengths of fiber attached to a large radio telescope. They showed that optical 

path fluctuations in the fibers could be controlled to 10 nm r.m.s., even in the presence of 

heavy winds and large temperature changes. 

By 1988, I had built and .begun to test a multiple-telescope fiber optic beam com-
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biner. The initial results were, fittingly, first reported at a meeting in Cargese, Corsica 

(unpublished). Soon after the meeting, the first multiple-telescope synthetic images were 

reconstructed in the laboratory. The experiment, detailed in chapter 5 of this dissertation, 

proved that single-mode fiber optics are an excellent substitute for conventional optics in 

an astronomical interferometer. 

1.2 Stellar Interferometry 

The purpose of the interferometer is to measure the complex spatial coherence of the ra

diation an object. This is done by analyzing the interference of light collected at two or 

more points separated in space. The modulation of the interference is given by the Fourier 

Transform of the source brightness distribution, evaluated at a baseline AX/A, where Ax 

is the projected separation of the measuring points and A is the operational light wave

length (section 2.2.2), and the object is assumed to be in the far field of the interferometer 

(Appendix B). Once the complex visibility is sampled, the measurements can be inverted 

by Fourier Transform to form a synthesized image of the source. 

The amplitude of the interference fringes gives the modulus of the visibility, and their 

position indicates the phase. Usually the amplitude is a good observable in that it can be 

measured and calibrated directly. However, the phase is modified by the relative position of 

the measuring points along a line drawn toward the source. Fluctuations in the integrated 

optical path due primarily to atmospheric turbulence cause the fringes to move rapidly. 

The random phase term is unknown and unpredictable. Fringe tracking techniques (Dame, 
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1988 for example) can stabilize the fringes, but the absolute object phase is lost. 

If light is collected at 3 or more points simultaneously, then a "closure phase" (section 

4.4) can be formed which is a good observable. While the closure phase does not directly give 

the object phase, it contains linear combinations of object phases which can be "unwrapped" 

given some a priori information (section 5.4.2). Given N measuring points, ~N(N - 1) 

baselines and ~N(N - 1) - (N - 1) independent closure phases are formed (Cornwell, 

1985b). Thus an initial model must provide IV - 1 phases so that the number of unknowns 

(object phase for each baseline) is equal to the number of knowlls (closure phases plus model 

phases). 

As N grows the closure situation improves because the ratio of observables to model 

phases goes as ~(N - 1). Also, the Fourier plane fills in faster, allowing information gaps 

to close and reducing sidelobes. On the other hand, light collected at each measuring point 

must be split N - 1 ways, so the signal-to-noise ratio of each measurement decreases as N 

increases. The optimal number of telescopes and optimal observing strategies (e.g. either 

measure all closures simultaneously or rapidly switch between several) are discussed by 

Kulkarni (1988) and Cornwell (1989). 

Calibration of visibilities is a major concern. The small telescopes which form the 

"measuring points," and the optics used to combine the beams are subject to misalignment, 

vibrations, polarization effects, pointing errors, thermal drift, and atmospheric blurring. 

Most of these are slowly changing and can be calibrated using observations of point sources. 

Atmospheric turbulence, on the other hand, blurs fringes in both time and space. To date, 
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accurate visibility calibration has only been achieved using 1 inch apertures and 4 milli

second integrations (Shao, 1989). The apertures are much smaller than the atmospheric 

turbulence coherence length (chapter 3), and the 4 ms integration freezes wavefront motion. 

Presently, there are 16 optical telescope array projects around the world either planned 

or under construction (Ridgway, 1988). Interference fringes have been obtained with two 

telescopes separated by up to 76 meters at CERGA (Labeyrie, 1984). But no one has ever 

simultaneously observed interference from three or more independent optical astronomical 

telescopes. 

1.3 Observing Interference: Conventional Solutions 

Interfering the beams collected by independent telescopes is no easy task, especially when 

more than two telescopes are involved. There are several conventional (non-fiber optic) solu

tions which fall into two categories: pupil plane and image plane recombination. Michelson's 

stellar interferometer operated in the image plane (Michelson, 1921), while the University 

of Sydney's prototype interferometer is an example of a pupil plane instrument (Davis, 

1985a). With image plane techniques, each telescope forms an image and all images are 

overlapped. Interference fringes are seen in the areas of overlap. Pupil plane techniques 

involve reimaging the pupils on top of each other. The fundamental difference between the 

two techniques is that stellar images wander (due to guiding errors, for example), causing 

the overlap area to change and limiting the measured visibility, whereas pupil images are 

stationary but tilt relative to one another (due to the same guiding errors). With pupil 
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plane techniques, all the light is always interfering, but the spatial frequency of interfer

ence fringes is modified by tilts. The relative merits of the two techniques with respect to 

signal-to-noise ratio have been analyzed by Roddier (1986). 

Several forms of conventional beam combiners are now discussed. It is assumed that the 

necessary optics have guided starlight from the telescopes to a central laboratory, and that 

optical delay lines have equalized the path from source to beam combiner. It is also assumed 

that the telescopes are arranged in a 2-dimensional, rather than a linear, array. Keep in 

mind that none of these has actually been used in a multiple telescope interferometer other 

than the 6.8 m MMT. 

Direct Imaging 

In direct imaging, the output pupil is a scaled-down version of the input pupil (the array of 

telescopes). This is how the MMT works (Hege et al, 1985), and is required for observation 

of extend ed objects (objects resolved by each telescope indi vid ually). All beams are focused 

on a two-dimensional detector and fringes are analyzed by a Fourier Transformation of the 

image. If the input pupil has redundancy, then a unique fringe analysis of individual 

baselines is not possible. Also, each spectral channel requires a separate 2-D detector. 

Labeyrie (1988) has described a "natural" beam recombination scheme in which all 

elements of the array act as part of a giant Cassegrain telescope (figure 1.1). The beam 

combiner is simply the secondary, and the individual telescopes are parts of the primary. 

This requires that the telescopes constantly move so that they lie on an ellipse which has 
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\ 

Figure 1.1: Direct imaging interferometer after Labeyrie (1988). Top: "natural" scheme 
in which individual telescopes are part of a huge Cassegrain telescope. Bottom: a more 
practical implementation that achieves the same goals (field-rotating prisms are not shown). 
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one focus at the center of the beam combiner. The ellipse is the intersection of the local 

terrain with a parabola whose focus is at the center of the beam combiner and whose axis 

passes through the source (Labeyrie, 1978). This scheme eliminates the need for delay 

lines while providing large baselines and a wide field. The technology for smoothly and 

continuously moving the telescopes is still under development in France. 

Spatial Multiplexing 

By arranging the beams with non-redundant linear spacings, interferences are observed at 

specific spatial frequencies in the image or pupil plane (figure 1.2) SpectrCJl analysis is 

possible by dispersing onto a two-dimensional detector. A 5-tclescope spatial multiplexing 

beam combiner is presently being tested at CERGA (Cruzalebes, 1988). For large numbers 

of beams, the smallest maximum frequency present to maintain non-redundancy increases 

rapidly (Ribak, 1988). For example, given 16 beams, spatial frequencies range from 1 to 

200 cycles across the detector (section 4.3.2). This requires at least 400 detector pixels in 

a linear array, and a maximum spectral bandwidth in any channel of Alb>' > 200. These 

requirements complicate detection and limit the ability to use a wide bandwidth on simple 

objects. 

Pairwise 

A third method is to use beamsplitters to divide the beams N - 1 ways, then ~N(N - 1) 

beamsplitters to recombine them. One can imagine that designing such a system with equal 
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Figure 1.2: Spatial multiplexing of interference pairs. Non-redundant spacing of beams 
leads to non-redundant spatial frequencies at the detector. Fourier Transform of the 1-
dimensional fringes is used to identify beam pairs. Right: spectral dispersion is possible 
using a 2-D detector. 
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90° rotational shear 

1-----J'f--Y" -, 
cylindrical lenses 

~:.3-4 
Out put matrix 

Figure 1.3: Ribak's anamorphic/shearing solution (Ribak, 1988). Beams are placed adjacent 
to one another, then smeared by cylindrical lenses. The beams then enter a rotation shearing 
interferometer with a 90° shear. All beams mix with each other, and additionally individual 
beam intensities can be measured along the diagonal. Temporal multiplexing is required. 

optical paths from input to output is exceedingly difficult, and involves many mirrors in 

addition to the beamsplitters. Also, it is likely that setting and maintaining alignment 

would be a monumental task. 

A much simpler method of pairwise combination has been described by Ribak (1988). 

At the input to the beam combiner, all beams are placed adjacent to each other and parallel. 

Anamorphic optics spread them into a square, then a 90° shear superimposes the beams 

(figure 1.3). N2 pixels can detect the light, which must be temporally modulated (in phase) 

for detection of visibility. Ribak also describes another implementation of the method using 

Lloyd's mirror rather than the 90° shear, but this produces tilted wavefronts, requiring many 

pixels at each of the N2 interferences. 
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1.4 Observing Interference: Fiber Optic Solution 

At first it is not obvious why fiber optics, and in particular single-mode (SM) fiber optics 

can simplify the beam combination problem. After all, the optical path of fibers is sensitive 

to motion, pressure, temperature and stress. In fact SM fibers are used in a variety of inter

ferometric sensors such as gyroscopes (Ulrich, 1980b), acoustic sensors (Rashleigh, 1980), 

thermometers (Eickhoff, 1981), and stress location sensors (Franks, 1985). In addition, 

these factors can influence the polarization of the light, an effect which makes the fibers 

useful as a variable waveplate (Kohler, 1985). For further reference, see the book Optical 

Fiber Sensors: Principles and Components (Dakin and Culshaw, 1989). 

Despite this omnisensitivity, the fibers actually simplify the beam recombination process. 

As described in chapter 4, an array of directional couplers provides a means for interfering 

N beams on N pixels while still allowing spectral dispersion and wide bandwidths. As 

noted above, Connes was able to very precisely control the optical path of long lengths of 

fiber in the field, showing ,;hat environmental effects could be controlled. In a laboratory 

situation (such as a beam combiner), the effects are much smaller and the fibers are well 

behaved (chapter 5). 

The idea is to place one single-mode fiber optic in the rear focal plane of each telescope, 

or at least to couple each beam into a SM fiber in the laboratory. This accomplishes several 

things: 

1. Once inside the fibers, diffraction, misalignment, and optical surface quality are no 

longer a concern. 
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2. The fibers act as spatial filters. While the wavefront entering the fiber may be dis

torted by atmospheric turbulence, the wavefront emerging from the fiber is perfectly 

spherical with a nearly-Gaussian amplitude profile. This greatly improves visibility 

calibration. The price paid for this filtering is that only a fraction of light is coupled 

into the fiber (chapter 3). 

3. Beam recombination is simpl~ compared to conventional schemes. A five-telescope 

beam combiner has been built and tested, and extension to larger combiners is trivial. 

4. The distinction between pupil plane and image plane disappears. For efficient cou

pling into the fiber, a diffraction limited spot formed with numerical aperture roughly 

matched to the fiber's output beam is required. It does not matter whether this spot 

is an image of the pupil or star. Also, the question of variable overlap (image plane) 

versus spatial frequency smearing (pupil plane) no longer exists because the output 

beams are directionally stable. 

5. The field of view is limited by the illumination pattern of the fiber projected on the sky. 

This is exactly analogous to the instantaneous field of view of radio interferometers, 

which is set by the illumination pattern of the feed/waveguide combination. 

6. Polarization effects are handled by either polarization preserving fiber or, in standard 

fibers situated in the laboratory, by low bandwidth polarization control. The usual 

concerns about polarization effects at reflecting surfaces are satisfied by polarization

independent directional couplers. 
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1.5 Dissertation Overview 

This dissertation deals with all of the above items. First, chapter 2 reviews the basic theory 

of fiber optics and discusses why single-mode fibers are used. Then, the relvant equations 

for measuring visibility with fibers in an interferometer are derived. Visibility calibration 

is also discussed. 

Chapter 3 presents calculations of the coupling efficiency of starlight into the fibers. 

Optimal configurations and f-ratio and image motion tolerances are also calculated. 

Chapter 4 describes beam combiners made entirely of single-mode fibers and directional 

couplers. A short description of directional couplers is includ(!d, as well as a discussion of 

temporal multiplexing schemes r(!quired to distinguish interfer(!nce pairs. 

Chapter 5 describes a 5-telescope beam combiner and image reconstruction experiment 

that successfully reconstructed synthetic images of two extended sources. 

Chapter 6 presents an analysis of problems introduced by the fibers, such as bend loss, 

material attenuation, aging, thermal sensitivity, and non-linear effects. All except material 

attenuation can be controlled or eliminated in an astronomical interferometer. 

Finally, chapter 7 describes FLOAT, a ground-based Fiber Linked Optical Array Tele

scope proposed by Pierre Cannes (Connes, 1987a) which takes full advantage of the fibers 

in a configuration that would otherwise be impractical. 

Two appendices describe a wavefront simulator program used in chapter 3 and justify 

an assumption (plane waves from the source) made in chapter 2. 
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CHAPTER 2 

BASIC PRINCIPLES 

2.1 Fiber Optics 

This section covers basic properties of fiber optics as they relate to continuous wave in

terferometry. A qualitative description of modes, dispersion, and polarization properties is 

given, but group velocity, pulse distortion, and bandwidth properties are not covered since 

the application does not involve pulses. Excellent presentations of the rigorous mathemat

ics used to derive the results presented here can be found in books by Kapany and Burke 

(1972), and Marcuse (1974). Suematsu and Iga (1982) present a more thorough, but still 

largely qualitative discussion of this section's material, and their book is recommended for 

further reading on the subject. Additionally, Jeunhomme (1983) has written a book entirely 

dedicated to the principles and applications of single-mode fiber optics. 

2.1.1 Modes 

When light is coupled into a fiber optic, the field is expressed in terms of the fiber's modes. 

Kapany and Burke (1972) concisely define a waveguide mode as 

... an electromagnetic wave that propagates along a waveguide with a well

defined phase velocity, group velocity, cross-sectional intensity distribution, and 
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polarization. Each component of its electric and magnetic field is thus of the 

form !(x,y)eiwt - i{3z, where the:; dx1s of the coordinate system coincides with 

the axis of the guide. 

Guided modes are a discrete set (for a given w) of orthogonal functions lex, y) which do 

not radiate power away from the axis, while radiation modes, which are not guided along 

the axis, form a continuous distribution. Only the guided modes are of interest here. 

The modes of a step-index fiber optic are oscillatory Bessel functions in the core and 

decaying Bessel functions in the cladding, multiplied by a sinusoidal function of azimuth. 

Gloge (1971) gave analytic solutions to the modes for the practical case of weakly guiding 

fiber. The weakly guiding approximation 

Ll == n core - nclad < < 1 
nclad 

(2.1) 

causes the axial polarization component to decrease. In this approximation, certain TM, 

TE, EH, and HE modes become degenerate in their propagation constant p, and all modes 

are designated by LP (for "linearly polarized"). In terms of ray optics, the weakly guiding 

approximation causes the minimum angle of total internal reflection to be so close to 900 

that the projection of the electric field onto the axis is very small. Almost all single-mode 

fibers are manufactured with Ll < 0.005, so the polarization component along the axis 

is always < 1% of the transverse components. The lowest order mode, labelled LPol , is 

approximately a Gaussian function of radius. A fiber which can support only this mode is 

called single-mode (SM), even though it is actually degenerate in the propagation of two 

orthogonally polarized but otherwise identical modes. 
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Figure 2.1: Schematic of fiber optic parameters. 2a is core diameter, typically < 10 j.lm for 
SM fibers. 2d is cladding diameter, usually 125 j.lm. The index difference n core - nclad < 
0.005 typically. The ray has free space wavelength>. and wave number k = 271"/>'. The 
propagation constant j3 = kncore sin () is the wavenumber k projected onto the propation axis 
z. The angle 0 is fixed for a given wavelength, mode, core diameter, and index difference. 

The ray optics derivation of waveguide modes (Kogelnik, 1988) lends insight to the 

meaning of the propagation constant j3 and mode cutoff. Rays zig-zag inside the core at 

specific angles () to the axis normal (figure 2.1) for which the optical path from one reflection 

to the next is 271"m). with respect to a wavefront drawn normal to the ray. The propagation 

constant is j3 = knell == kncoresinB, where k is the vacuum wavenumber, and nell is the 

effective index of refraction. j3 is just the projection of the wavenumber kncore onto the axis 

of the fiber for a specific mode. 

From the above discussion it is apparent that j3 is confined by two limits (figure 2.2): 

in the short wavelength (large w) limit, sin 0 = 1. The mode is well confined in the core so 

that the index of refraction becomes nel f = n core • In the long wavelength limit, () reaches a 

minimum defined by sinO = nclad/ncore (as is easily shown using the zig-zag rays in Snell's 
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j3 

Figure 2.2: Dispersion in a fiber. The two limiting lines are kncore and knclad. Material 
dispersion causes these lines to curve upward in real fibers. In practical SM fibers, ~n < 
0.005; the separation of the curves shown here is greatly exaggerated. The lower line is 
the mode cutoff condition, below which light radiates away from the core. At WI, only one 
mode is propagating. At W2, the second mode is weakly guided while the 1st mode is more 
strongly guided. At W3 three modes are guided. Fibers are SM for normalized frequency 
V < 2.405 as shown. 

law). At smaller angles, the rays are no longer guided by total internal reflection. In this 

limit, the mode has spread well into the cladding so that neff = nclad. This is called "cutoff" 

and occurs for all modes except the LP01 mode, which becomes more weakly guided but 

does radiate away from the axis as wavelength increases. A fiber is single-mode if it is used 

at a wavelength longer than the cutoff wavelength Ac of the second mode, LP 11. From the 

mode solutions (Kapany and Burke, 1972; Marcuse, 1974) this occurs at 

A _ 27raJn~ore - n~lad 
c - 2.405 

(2.2) 

where a is the core radius. 
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COfe cladding core 

j 

LP01 LP u 

Figure 2.3: Cutoff of guided mode. Left: lowest order mode does not cut off at long 
wavelengths because it is always possible to satisfy the boundary conditions requiring con
tinuous tangential fields using decaying Bessel functions in the cladding. Right: the high 
order modes cut off when the slope is zero at the boundary because no decaying Bessel 
function matches this condition (cladding energy becomes unconfined). 

That the lowest order mode does not cut off can easily be deduced fro.n the boundary 

conditions at the core-cladding interface. Maxwell's equations require continuity of the 

tangential components of the electric and magnetic fields at the boundary. The amplitude 

of the lowest order mode (figure 2.3) is roughly Gaussian. At longer wavelengths, the mode 

spreads radially so that the slope approaches zero asymptotically. Thus the boundary 

conditions can always be satisfied using a decaying (K) Bessel function in the cladding. For 

the second and higher modes this is not true. At longer wavelengths, the mode spreads 

until the slope becomes zero at the interface. The field can no longer decay in the cladding, 
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and energy radiates away from the fiber. 

Because the mode profiles, cutoffs, etc ... , are related to the ratio of operating wavelength 

to Ac, it is useful to define a dimensionless parameter proportional to this ratio. The 

parameter of choice is the normalized frequency V: 

V ..\C (2.3) = 2.405>; 

= kaJ n~ore - n~lad (2.4) 

= kaNA (2.5) 

:::::: kanclad v'2:6. (2.6) 

A fiber is single-mode for V < 2.405. The relationship between numerical aperture NA and 

the indices of refraction can easily be derived from Snell's law. Equation 2.6 holds in the 

weakly guiding approximation. 

Note that for a fiber to be single-mode at a given wavelength, the product aNA (the 

etendue) can not allow V > 2.405. Larger core fibers necessarily have smaller numerical 

apertures. Thus increasing core size while maintaining SM operation does not increase 

coupling into the fiber because the fiber "sees" a proportionally smaller angular field. This 

has important implications to the coupling of of atmospherically degraded speckle images 

into SM fibers, which is discussed in chapter 3. 

2.1.2 Dispersion 

As seen in figure 2.2, the effective index of refraction exhibits dispersion. Three types of 

dispersion are present: modal, material, and waveguide (material dispersion is not shown 
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in the figure). At a given w, each mode m has a different propagation constant flm. This 

is called modal dispersion, which is somewhat of a misnomer since it represents a set of 

different effective indices at a specific wavelength. For a given mode, the effective index 

varies between nclad and n core , giving rise to waveguide dispersion. Material dispersion 

causes the limiting lines of figure 2.2 to bend. In silica fibers this dispersion is substantially 

larger than waveguide dispersion at all wavelengths except 1.3 j.Lm. 

Multimode Fibers in an Equal Arm Interferometer 

Dispersion does not affect the performance of an equal-arm interferometer. To explain this, 

a two-arm interferometer with one ideal (unperturbed), multimode fiber oflength L in each 

arm is assumed. Additionally, the fibers are assumed to be identical. This will lead to a 

discussion of the practical case of mode coupling within a non-ideal fiber. For the ideal 

case, the analytic field at the output end of each fiber is the superposition of the modes in 

the fiber: 

N 

Ea(x, y, L,w, t) = ei¢ L camlm(x, y)eiwt- i/3mL 

m=l 
N 

E (x Y L W t) '" cbnfn(x, y)eiwt
- i/3nL b , , " = ~ 

n=l 

(2.7) 

(2.8) 

where a and b are the two fibers, c is the complex coefficient of the mode amplitude, I is 

the mode profile, ¢ is a scanning delay introduced in arm a, and N is the number of modes 

supported. The phase of c takes into account the initial phase of the mode when starlight 

is coupled into the fiber. Normalization constants are not important in this discussion and 

Can be folded into 1m. 
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The interferometer detects the intensity [ ex: lEa + Eb1 2 • Noting the orthogonality of the 

modes expressed by 

J J fm(x, y)fn(x, y) dx dy = cmn , (2.9) 

the intensity is 

N N N 

I(</» ex: L Icam l2 + L ICbnl 2 + 2Re(e i ¢Tab L camcbm) , (2.10) 
n=l m=l 

where r ab is the complex spatial coherence of the source at the fiber inputs. The N inter-

ference terms do not have equal phases unless the point spread function at the input of each 

fiber is identical (e.g. diffraction limited image incident on the core). Thus, there is some 

loss of visibility due to the randomness of the initial phases of Ca and Cb. This is essentially 

speckle noise. Had fibers not been used, the interferometer would have approximately the 

same coherence loss due to spatial fluctuations of the atmospherically degraded wavefronts 

(which leads to speckles in the image plane, Tango and Twiss, 1980). 

Dispersion in this ideal case has NOT affected the fringe visibility, because unlike modes 

are orthogonal, hence they do not contribute to the interference, and like modes have 

identical paths in both fibers. 

Multimode Fibers in an Unequal Arm Interferometer 

If the fibers are unequal in length by cL, the interference term becomes 

N 

[int( </» ex: 2Re( ei¢T ab L CamCbme-i{3mOL) (2.11 ) 
m=l 
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The phase of each interference term is given by !3m6L. Assuming that all guided modes 

are excited, 13m can take any value between the upper and lower waveguide limits (figure 

2.2). The maximum phase difference between modes is (f3m(max) - f3m(min»oL = konoL. 

A practical fiber with On = .005 requires oL < 32 pm for ~ = 1 pm to prevent significant 

dephasing of the modes. If this condition is maintained, the dominant phase errors are the 

input phases of Ca and Cb. 

If oL becomes so large that the OPD of interference terms with respect to each other is 

longer than the coherence length, then the temporal coherence of the light decreases as does 

the fringe visibility. Typical coherence lengths for astronomical interferometric observations 

are on the order of 10 pm, requiring oL < 2 mm. 

Because of the finite optical bandwidth, each interference term is modified in shape (as 

a function of scan delay </» by material and waveguide dispersion. This is illustrated in 

figure 2.4 for a single-mode, and further explained in the single-mode subsection of this 

chapter. The spreading of interference fringes is approximately the same for all modes since 

material dispersion dominates waveguide dispersion. 

Non-Ideal Case 

So far it has been shown that with two identical and ideal fibers, dispersion does not 

contribute to loss of coherence. If the fibers are unequal in length, the N interference terms 

are shifted with respect to each other. Additionally, the fringes from each mode are modified 

in shape and coherence due to material and waveguide dispersion. The realistic situation is 
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much worse, for real fibers exhibit modal coupling. Any bend or local pressure fluctuation 

in the fiber causes transfer of energy from mode to mode. Thus the light emerging in 

a given mode may have propagated through an integrated optical path in either fiber of 

Lncore < Loptical < Lnc/ad. The sets of interference fringes can therefore be shifted by 

2Lon with respect to each other. For 10 m lengths of fiber and on = 0.005, a spectral 

resolution of 1 x 105 is required to provide a coherence length of 2Lon. The conclusion is 

that with multimode fibers in a real system, high spectral resolutions are required because 

mode coupling causes large OPDs. 

Additionally, the same perturbations which cause mode coupling also induce birefrin

gence which can affect each mode differently. Even with adequate spectral resolution and 

knowledge of the visibility loss due to the exact mode distribution and initial modal phases, 

further calibration is needed to estimate visibility losses due to the (time variable) output 

polarizations. The system must be stable enough to allow calibration on a source of known 

spatial coherence. However, at this point, there does not appear to be any advantage to 

using multimode fiber in place of conventional optics. 

Single-Mode 

The solution is to use single-mode fibers so that N = 1. The mode is degenerate in propa

gation of two orthogonal polarizations, but for the present discussion only one polarization 

is assumed to be excited. 

As noted above, if both fibers are exactly equal in length, there is no dispersion effect. 
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The phase of the interference term depends only upon the coupling at the fiber's input, 

and of course there is no modal interference. An example of a dispersion-free white-light 

fringe pattern (8L = 0) assuming silica fibers, uniform detector spectral response, and a 

rectangular bandpass between 0.4 and 0.7 {Lm, is shown in figure 2.4a. 

When 8L =f. 0, the phase becomes a function of neJ J( w), which is dominated by material 

dispersion. An example of the resulting interference pattern for the same bandpass, but 

with 8L = 0.5 mm is shown in figure 2.4b. Clearly, the effect of dispersion in a SM fiber 

interferometer is to smear out fringes and decrease their visibility. 

The coherence loss versus 8L for several bandpasses is shown in figure 2.5. All band

passes are centered at A = 0.773 {Lm. The narrowest (D) corresponds to a spectral resolution 

R = 20, while the widest (A) has R ::::: 2. For the practical case C (R = 9), 8L < 2 mm 

maintains better than 90% of the coherence. This is easily achieved even for 100 m lengths 

of fiber (see chapter 6). 

2.1.3 Polarization 

As noted above, 8M fibers are (ideally) degenerate in the propagation of two orthogonal 

polarizations. But because of elastooptical and geometrical waveguide properties, the out

put wavefronts may have their polarization modified with respect to the input wavefronts. 

The modifications may be wavelength dependent in an unpredictable fashion, as described 

in chapter 6. Fringe visibility is decreased by the product a . b where a and b are the 

polarization unit vectors describing the output polarization of arms a and b respectively. 
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Figure 2.4: Silica SM fiber optic fringe patterns. a) Dispersion free fringe pattern. oL = 0, 
uniform detector response over rectangular 0.4 to 0.7 J.lIP. bandpass. b) 8L = 0.5 mm. 
Vertical scale is the same for both patterns. 
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Figure 2.5: Material and waveguide dispersion. Top: fringe visibility for a given physical 
path length difference of the fibers. The letters correspond to the spectra plotted in the 
bottom figure. 
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It is useful to decompose the un polarized signal into two orthogonal polarizations with 

randomly varying, un correlated phases which are identical at the input of each fiber. Ideally, 

at the output the signals from each fiber look identical in that the axes are parallel and 

the phase relations are unchanged. The two independent interference terms (one from each 

axis) are in phase with each other and it . b = 1. All real fibers rotate the polarization axes 

and change their relative phases, decreasing the visibility. 

To maintain 99% fringe contrast, the relative retardation of the two axes must be less 

than ±0.28 radians. The axes must remain aligned to within ±0.14 = cos-1(.99) radians. 

Random cross-talk (flux transfer from one a.xis to the other) must remain below 1% = - 20 

db. 

Bending fibers introduces birefringence, the axes of which are parallel to the radius of 

curvature and perpendicular to the plane of the bend. The relative amount of retardation 

is given by (Ulrich, 1980a, Payne, 1982) 

0(3 = o(3x - 6(3" ~ _ 0.~5 (~) 2 I (2.12) 

where 0(3 is in radians per meter, d is the radius of the fiber's cladding, R is the radius of 

the bend, and 1 is the length of bent fiber in meters. This is a worst case equation, as it 

assumes that all of the fiber is bent in a plane. If two equal lengths of fiber are bent in 

perpendicular planes, the net retardation is zero. 

The 1/>.. term in 0(3 causes the output state of polarization (and therefore fringe visi

bility) to become wavelength dependent. For example, let fiber a be unperturbed, so that 

the output polarization is a = ~(i + j). For fiber b assume a bend at 45° to the axes which 
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causes 11" radians of birefringence at ,\ = Illm. The output state of polarization is rotated 

by 900
, resulting in b = ~(i - j). The resulting fringe visibility is a· b = O. At ,\ = 21lm, 

the same bend causes 11"/2 radians of birefringence. The output polarization is circular with 

b = i + ij. Fringe visibility is 1/ J2. 

Twist in the fiber rotates the polarization by (Payne, 1982) 

n = 0.073~1 (2.13) 

where n is in radians, ~ is the twist rate in radians/meter, and I is the length of twisted 

fiber in meters. This equation holds only when the fiber has no internal birt:lfringence; 

for high-birefringence fiber (discussed below), the factor of 0.073 becomes 1 because the 

polarization axes are fixed by the local orientation of the fiber. When n = 2n1l", where n is 

an integer, the fringe visibility is maximized. Note that the amount of rotation (therefore 

fringe visibility) is independent of wavelength. 

A third modification to the output polarization is due to the geometry of the optical 

path. For example, a fiber following a helical path (often the case in cables) has an optical 

rotation length 

Sp p3 
Lr = S _p ~ 211"2Q2'P» Q , (2.14) 

where P is the pitch, S the arc length, and Q the core offset from the axis (Birch, 1987). 

The geometrical polarization modification is simply a rotation; no birefringence is induced. 

Polarization can be controlled in highly birefringent (HB) fibers. HB fibers have an 

elliptical core, large stress anisotropy, or both, which induce a large intrinsic bf3. This bire-

fringence swamps the much smaller bend birefringence in a typical fiber. The birefringent 
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axes of HB fiber are defined by the local orientation of the stress or core. Thus the polariza-

tion axes at input and output are fixed by the orientation of the fiber at its endpoints, and 

are unaffected by the geometry or twist of the fiber between the endpoints. The various 

methods of obtaining high-birefringence are reviewed by Payne (1982). In HB fibers the 

polarization repeats itself as light on the fast axis advances by 271" with respect to the slow 

axis after some distance LB given by 

(2.15) 

LB is called the "beat length" and is typically a few millimeters. 

If light is launched along one axis of an HB fiber, it will stay on that axis as long as 

internal and external perturbations remain small. As noted above, cross-talk must remain 

below -20 db, a figure which is easily surpassed in long and short lengths (see chapter 6). 

A length difference 6L of two HB fibers causes a residual birefringence difference 6f3r = 

271" Lj LB radians. (Interference fringes from one polarization are shifted by 6f3r with respect 

to the other.) Bends which are parallel to the birefringent axes also cause residual bire-

fringence, as do temperature differences between the fibers. Therefore, the simplest way 

to use HB fibers in an interferometer is to have a separate detector for each polarization. 

However, if both polarizations are allowed to fall on one detector, a compensator can correct 

the residual birefringence. 
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2.2 Stellar Interferometry Using SM Fiber Optics 

This section contains a discussion of the basic theory of operation of a Michelson stellar 

interferometer with one SM fiber optic in each arm. Born and Wolf (1980) present a 

thorough discussion of the principles of a Michelson stellar interferometer, while Clark 

(1985) discusses the radio astronomical version which, with it's SM waveguides, is quite 

similar to the optical version described here. 

2.2.1 Simplifying Assumptions 

Five assumptions simplify notation and clarify results. These are valid for the vast majority 

of interferometric observations because most interesting objects are small « 1 arcsecond 

diameter) and distant (> 100 km). The assumptions are: 

1. The source is spatially incoherent. That is, the expectation of the mutual intensity 

at the source is zero unless the source points are identical, as defined by the following 

equation: 

(2.16) 

Here s is the analytic electric field of the source at position r. The amplitude of 

s is proportional to the square root of the source brightness S. All known optical 

astronomical sources are spatially incoherent, as are solar-reflecting objects, at the 

angular resolution limit of a practical interferometer. 



43 

2. The spherical waves emitted by the source points can be approximated as plane waves. 

As shown in Appendix B, this approximation is valid if 

(2.17) 

where /xmax / is the maximum distance between telescopes, and /qmax/ is the maximum 

angular extent of the object. The effective field of view of the telescope/fiber system 

limits /qmax/ to small values that easily satisfy this condition. 

3. The source is essentially an incoherent planar surface. It is so distant that there is no 

hope of reconstructing its depth features. Since the array always measures the phase 

difference of wavefronts rather than absolute phase, the absolute distance of object 

points is of no consequence. Thus all points can be projected onto a plane. 

4. The imaging is isoplanatic. For each telescope, phase perturbations introduced by 

the atmosphere and by aberrations depend only upon the pupil coordinate x. Since 

the SM fibers are essentially diffraction limited point apertures located in the focal 

plane, highly collimated light is coupled into them. Typically, atmospheric turbulence 

will refract light from a 1-2 arcsecond region into the fibers. At the same time, the 

isoplanatic imaging region is much larger, 5-30 arcseconds in diameter. Most 0bser-

vations will be of objects whose dimensions are similar to the angular resolution of the 

interferometer, typically several milli-arcseconds, which is well within the isoplanatic 

region. 
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5. The telescopes are located in a plane perpendicular to the direction of the source. 

Telescopes mounted on a large, tracking structure, such as the one proposed by Connes 

(1987a), and Michelson's stellar interferometer (Michelson, 1921) immediately satisfy 

this condition. For ground hugging telescopes (Labeyrie, 1975, Kibblewhite, 1988), 

the condition is satisfied by projecting the telescopes onto the plane, then adding 

the proper phase to the wavefront to account for the optical path difference between 

telescopes. 

2.2.2 Mathematical Expression of Operation 

From assumption 3 above, the source is defined as S( q), where q is the angular ~osition in 

the object plane as seen from the origin of the telescope plane (figure 2.6). By assumptions 

2 and 4, the electric field from the source arrives at the telescope plane with complex 

amplitude 

1/J(X, q,w, t) = s( q)eiwt-ikq.X+i¢(X) (2.18) 

where k is the free space wave number k = 27r/>', and </I(x) is a phase that accounts for 

atmospheric optical path (including turbulence effects) and deviation of the plane wave 

from the true spherical wave. 

The telescopes have complex pupil transmission functions Pl(X) and P2 (x). They are 

centered at Xl and X2 respectively as shown in figure 2.6. Ideally they are cylinder functions 

(Gaskill, 1978) with transmission 1 inside and 0 outside the telescope diameter d. The phase 

of P accounts for telescope aberrations. A single SM fiber optic is placed in the back focal 
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Figure 2.6: Interferometric imaging schematic. R » Irl, Ixl. Xl and X2 are centers 0: 

the pupils. r is projection of source onto a plane. iI is pupil attenuation, given by Fourier 
Transform of fiber mode profile. Relative phase delay at a pupil point X for an object point 
r is 27l'Q' x/>... 
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plane of each telescope. As shown in chapter 3, the coupled electric field has amplitude 

Ci(q) = J 7/J(x,q)Pi(x)H (~~) dx , (2.19) 

where i is the telescope index number (lor 2), I[( ax/ >.1) is the Fourier Transform of the 

LPOl mode of the fiber, a is the core diameter, f is telescope focal length, and the explicit 

dependence on wand t has been dropped to simplify notation. As in chapter 3, the notation 

Pai = PiH represents the apodized pupil. 

The net complex electric field coupled into either fiber is then 

Ci = J J vJ(x, q)Pai(X) dq dx 

= J J s( q)e-ikq.X+i1>(x) Pai(X) dq dx (2.20) 

Before computing the mutual intensity, it is useful to describe the function of each term 

in this equati.on. The tilt term q . x causes off-axis object points to become dephased; 

they contribute less to leil than a point on axis. Since the objects are generally unresolved 

by each telescope individually (s( q) is confined to a small area), q . x is approximately 

constant across Pa • If the fiber is moved to position ro in the focal plane, the LPOl mode 

becomes H(r-;,rQ) which adds the tilt term kro . x/ f to Pa • Thus, peak coupling occurs 

off-axis, where q = ro/ f. This is equivalent to a telescope pointing (tilt) error. Sending a 

beam backward through the fiber out the telescope determines the effective field of view. 

When there is no atmospheric turbulence (¢(x) = 0), the illumination on the sky (angular 

response of the beam) is given by the Fourier Transform (FT) of Pa , which is the convolution 

of an Airy pattern (FT of P) with the nearly-Gaussian mode H of the fiber. The angular 
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field of view will be ;::::: Aid;::::: 0.5 arcsecond for d = 0.5 m telescopes in the near infrared. 

Atmospheric turbulence causes light to couple into the fiber which would otherwise not 

couple (and vice-versa) if its phase ¢(x) cancels (or adds to) the tilt term. This causes 

fluctuations in the value of lei I , as described in the chapter 3. Since wavefronts propagating 

through the atmosphere tilt by;::::: 0.5-2 arcsecond, depending upon the seeing, the effective 

field of view of each telescope is, on average, 0.5-2 arcseconds. 

The following derivation treats light as quasi-monochromatic. This constraint is released 

in section 2.2.3 by integrating the final result over the interferometric bandwidth, typically 

0.1-100 nm. 

Light propagates along the fibers, accumulating a phase (}i = kLi•opt where Li.opt is the 

optical path length of the ith fiber. The output electric field is then Ci.out = eiBici where 

it is assumed that no birefringence or optical activity modifies the polarization. Note that 

because of (mostly material) dispersion, (}i is a function of ,\, as described in section 2.1.2. 

The output of the interferometer is arranged (figure 2.7) to allow measurement of the 

expected square of the sum of the electric field emerging from each fiber. Tbat is 

I((}) ()( (leiBcl.Out + c2.outI2) 

= (lcl.out I2) + (lc2.outI2) + 2Re (e iB CI.outC2.out) 

= II + h + ./12 • (2.21) 

e is a scanning delay introduced in arm 1 for fringe analysis. Expectation is over spatial 

coherence measurements only, and does not perform any averaging of atmospheric 
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Figure 2.7: Three methods of measuring interference fringes. Top: fibers are fed into 
a directional coupler, the all-fiber equivalent of the beamsplitter shown in the middle. 
Fringes are scanned by introducing a phase delay located somewhere between the pupil ane 
beam combiner (stretching the fiber is also a possibility). Bottom: the "direct imaging" 
approach, where the pupil geometry is reimaged. Fringes appear in the far field and must 
be scanned or viewed with a linear or 2-D detector. 
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turbulence. In these calculations, the turbulence term ¢(x) is frozen. This restriction is 

removed in section 2.2.3. Note that scintillation (amplitude fluctuations of the incident 

wavefront) enters into the calculation by allowing ¢(x) to be complex. 

Evaluating the first term, and dropping the constants of proportionality, the intensity 

due to fiber 1 is 

It J J J J (s( q)s*( q')) e-ikq.x+ikq'.x'+i4>(xl-i4>(x') Pal (X)P:l (x') dq dq' dx dx' 

= J J J S(q)e-ikq'(X-X'l+i¢(X)-i</>(X'lPal(X)P:I(X') dq dx dx' 

J J S (X ~ X') ei</>(x)-iq,(x'l Pal (X)P:I(X') dx dx' 

= J J s (X ~ X') P~al(X)P;al(X') dx dx' . (2.22) 

S represents the FT of S. In the last line, Peal == ei¢ Pal serves as the effective weighted 

pupil function (including atmospheric phase errors), which is hereafter referred to as the 

aberrated pupil. Now taking x" = X - x', the equation becomes 

II = J J s (X;') Peal eX" - X')P;aleX") dx' dx" 

J s (~') AI(X") dx" , (2.23) 

where Al == Peal * *P:al is the complex autocorrelation of the aberrated pupil. The last 

equation shows that the telescope passes only spatial frequencies x" / >. within the cutoff 

frequency defined by the radius of the pupil autocorrelation. Compared to diffraction 

limited imaging, high spatial frequencies are attenuated by the shape of H. The presence 

of non-zero phase terms ¢ further decreases the modulus of A. 
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The equation also holds for fiber 2 (with proper subscript change). Realize that the ¢(x) 

over pupil 2 are different from pupil 1 because ofrandom (though still frozen) atmospheric 

turbulence and pointing errors. 

Since individual telescopes do not resolve the object, 5 is approximately constant across 

the pupil autocorrelation, and can be removed from the integral. The intensity of light 

emerging from fiber 1 is then 

h ::::: 5(0) j AI(X) dx . (2.24) 

Derivation of the mutual intensity JI2 follows from above, but the autocorrelation is 

replaced by the cross-correlation of pupils 1 and 2: 

h2 = 2Re (eiB+ilJl-iB2 J J s (~') Peal (X" - X')P:a2(X") dx' dxll ) 

= 2Re (eilJ+iBI-iIJ2 J 5 (~') X I2(X") dX") (2.25) 

where X 12 == Pea.l**P:a2 is the cross correlation ofthe two aberrated pupils. This term takes 

on non-zero values over the small region (radius 2d) centered on the vector .a.x = Xl - X2. 

Again, 5 is approximately constant over this small region, so that 

(2.26) 

where {) accounts for the scanning phase and optical path differences in the fibers. 

Combining equations 2.21,2.24, and 2.26, the observed interference pattern is 

1(0) = 5(0) J AI(x) dx + 5(0) J A2(x) dx + 2Re (e ilJ 5 (~X) jXdx) dX) (2.27) 

= 5(0) J AI(X) dx + 5(0) J A2(x) dx 
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+215 (~X) 111 X 12(X) dXI cos (t? + Batm + (12 ) . (2.28) 

Batm is a phase resulting from the cross correlation of the two pupils, and is equal to the 

difference in int'=grated optical path above each pupil plus a term arising from the deviation 

of the true spherical waves from the assumed plane waves (assumption 1). "Fringe tracking," 

referred to below, is the adjustment of t? to cancel fluctuations in Oatm. 012 is the phase due 

to the complex spatial coherence function 5. 

The modulus of fringe visibility is then given by 

15(.6.x/ oX)1 21 J X 12(X) dxl 
5(0) J Al(X) dx + J A2(X) dx 

1
2v1ftI2 

h'true,12 II + 12 (2.29) 

where Itrue,12 is the ratio 5(.6.x/oX)/5(0). By applying Parseval's Theorem (Gaskill, 1978) 

to the numerator of the first line, then squaring the modulus, one easily obtains the second 

line. 

Equation 2.29 is essentially a statement of the Van Cittert-Zernike theorem of optics 

(Born and Wolf, 1986) modified for unequal coupling into each arm. 

2.2.3 Discussion 

Visibility Calibration 

The important result of equation 2.29 is that the factor multiplying Itrue,12 which leads 

to a loss of visibility, is known as long as It and 12 are each known. In other words, 

if the beam intensities are independently measured, the true visibility can be calibrated 
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without knowledge of the instantaneous phase profile of the incident wavefronts. This 

fundamental property exists because the SM fibers spatially filter incoming wavefronts from 

all source points, over the whole pupil (equation 2.20) before adding and detecting them 

(equation 2.21). The output wavefront is simply the (nearly) Gaussian fundamental mode; 

only its amplitude is affected by atmospheric turbulence. The process of measuring II and 

12 in time frames so short that atmospheric turbulence is frozen is equivalent to estimating 

the phase of the incident wavefronts in a conventional interferometer. In that case, there is 

no calibration problem. However, the task of measuring the intensities is much easier than 

reconstructing wavefronts. 

It is the lack of spatial filtering that gives rise to atmospheric turbulence calibration 

problems in conventional interferometers. Without fibers there are two possible ways to 

observe fringes: by optically overlapping the pupils (pupil plane interferometer), or by su

perimposing the images formed by each telescope (image plane interferometer). In the 

former, the incoming wavefronts are integrated over the object, added to one another, 

squared (the detection process), then integrated across the pupil. Turbulence causes ran

dom phase shifts between the interference terms in the pupil, so that integrating across the 

pupil leads to decreased fringe visibility (Tango, 1980). In the latter, incoming wavefronts 

are integrated (in the Fourier Transform from pupil to image plane), added to one another, 

squared, then integrated over the object. Turbulence causes the images to distort, intro

duces speckles, and randomly moves the images so that the area of overlap, where fringes 

appear, is randomly changing. In the pupil plane and image plane cases, the measured 
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visibility must be calibrated using an estimate of the turbulence, or by stopping down the 

pupil to d « To (for example, visibilities are calibrated using one inch diameter apertures 

at the Mt. Wilson Mark III stellar interferometer (Shao, 1989». 

The result italicized above holds as long as turbulence is effectively frozen while II and 

h are measured. However, it may be desirable to allow longer integrations to improve 

photon statistics or reduce detector noise. One requirement is that fringe tracking must be 

employed to stabilize the fringes (otherwise fluctuations in ()atm smear them). Assuming 

some form of fringe stabilizer (Dame, 1988), the observed long-exposure fringe pattern is 

(2.30) 

where () now indicates averaging over many independent frozen wavefront realizations. 

Because the wavefronts are uncorrelated at the two widely separated pupils, (V 1112) = 

( v'li) ( v'l2), so that 

(2.31) 

A wavefront simulator program (A ppendix I), is used to estimate the coherence loss from 

the bracketed terms in equation 2.31. First, the assumption of equal long-term coupling, 

(II) = {I2} = {I}, yields a coherence loss 

(V1/ 
TJfib=~ (2.32) 

Using tilt-corrected wavefronts from the simulator, the two terms above are estimated 

for several values of d/ro (again To is the atmospheric correlation length defined by Fried 

(1966». The program generates wavefronts using the near field approximation, which ignors 
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Table 2.1: Visibility Loss Factor 
d/ro 11]pup 2 (p) 1]Jib (p) 1]JibJ1]pup 
0 1 0.78 1 0.78 
1 0.85 0.66 0.999 0.78 
2 0.60 0048 0.987 0.79 
3 0040 0.32 0.963 0.77 
4 0.28 0.20 0.929 0.66 
1 From LImburg (1989). 
2 Average coupling efficiency. (I) = (p) Iinc. See chapter 3. 

scintillation. The resulting coherence loss 1]Jib is given in table 2.1 (column 4). For dJro = 

2, the coherence loss is 1.3%. If the assumption that (II) = (h) is correct, then for seeing 

better than d/ro = 2 the observed visibility is correct to ~ 1 % without ever having to estimate 

ro or measure (I). Even if (h) / (h) = 1.5 (due perhaps to an optical misalignment), the 

visibility loss is just 2%. Thus over a wide range of djro and coupling conditions, errors 

in the observed uncalibrated visibility are typically just 1-2% of the true visibility. This 

has NOT taken into account temporal fluctuations in phase due to the finite bandwidth of 

the fringe tracker. Visibility loss due to this effect must be calibrated as in a conventional 

interferometer. 

Note that the only reason to estimate ro in a fiber interferometer is because (-II) 2 J (I) 

is a function of roo To can be estimated using the techniques referenced above. Since the 

visibility loss in conventional interferometers is a much stronger function of d/To (table 2.1, 

column 2 (Limburg, 1989» compared to the fiber interferometer resuli, the accuracy of the 

ro estimate is less critical for the fiber interferometer. 

It is enlightening to compare the product of transmission with coherence loss factor 
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for fiber and conventional pupil plane interferometers. The coherence loss factor indicates 

the fraction of detected energy that remains spatially coherent (the rest forms the back

ground). For a pupil plane interferometer, transmission is unity, so a fraction 7]pup of the 

energy incident at the telescopes appears to he spatially coherent. A fiber interferometer 

transmits only the fraction (p) of the incident light, and a fraction 7]fib of this is spatially 

coherent. Column 5 of table 2.1 gives the ratio of coherent energy at the output of the 

two interferometers. Ignoring the value at d/To = 4, where Yried's rapid-guiding transfer 

function approximation used in the simulations begins to break down (Limburg, 1989), one 

obtains 0.78 as the ratio of coherent energy in the fiber interferometer compared to the 

pupil plane case. This value is the fraction of energy of an Airy pattern that couples into 

the fundamental fiber mode. The 22% loss of coherence in the fiber interferometer can be 

attributed to the correlation between other modes, not coupled into the fiber, which are 

present in the atmosphere. With SM fiber optics in the interferometric arms, there is 22% 

less correlation ofthe incident energy compared to a standard interferometer. However, the 

correlation that does exist is much easier to calibrate. 

Wideband Operation 

The quasi-monochromatic restriction can be released by integrating equation 2.28 over the 

operational bandwidth. For a given baseline Ax, S(Ax/A) smears radially as ). changes. 

In other words, the angular resolution sensitivity is a function of wavelength. There are 

two convenient ways to visualize the effect this has on visibility measurement. First, the 
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smearing is equivalent to changing the pupil diameters and spacing in proportion to the 

wavelength, and changing the sensitivity (pupil transmission) in proportion to the source 

spectral profile. The pupil cross-correlation grows in size as the bandwidth is opened. 

Thus a larger area in the Fourier plane is sampled by each telescope. This area is inversely 

proportional to the angular field of view, so that the effective field of view decreases as the 

bandwidth is increased. 

Equivalently, given a bandwidth 0)., the number of coherent fringes is ::::: )./0).. Since 

each wavelength corresponds to a given spatial frequency (it is convenient to think of the 

fringes as being projected into the sky), there must be N = )./0). coherent fringes sampling 

the object brightness distribution. The interferometer is insensitive to any parts of the 

object extending beyond the N fringes. Therefore, the (desired) number of resolution 

elements (fringes) across the image sets the maximum useful bandwidth to o).max::::: )'/N. 

2.3 Summary 

This chapter covered several points fundamental to the operation of a fiber-linked interfer

ometer. They are summarized here: 

1. SM fibers are used because multi mode fibers are subject to mode coupling and polar

ization effects that require exceedingly narrow bandwidths and careful calibration. 

2. A fiber is single-mode if used in the regime). > ).c' There is no cutoff for the lowest 

order mode. 
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3. Each arm of the interferometer has one SM fiber. The total length of the fibers must 

be equal to within ~ 2 mm when used with a spectral resolution of 10. 

4. Polarization is fixed in the axes of highly-birefringent fibers. The simplest configura

tion for detecting interference is to use two detectors, one for each polarization axis. 

All light can be interfered on one detector if compensators are used to correct residual 

birefringence differences between the axes. 

5. A stellar interferometer with one single-mode fiber optic in each arm measures the 

complex spatial coherence of the source modified by a function of the optical power 

coupled into each fiber. 

6. To calibrate the measured visibility one simply needs to measure the average intensity 

at the output of each fiber, and form a rough estimate of To. 
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CHAPTER 3 

COUPLING STARLIGHT INTO SM FIBER OPTICS 

In this chapter, the fractional amount of starlight that can be coupled into SM fiber optics for 

both the ground- and space-based interferometers is calculated. On the ground, coupling 

is limited by atmospheric turbulence which causes the electric field in the image plane to 

distort from the ideal Airy pattern. In space, perfect imaging is possible, but misalignments 

and guidance errors may limit performance. 

Single-mode (SM) fiber optics are generally coupled to Gaussian beams. As the radial 

mode shape of the fiber is well approximated by a Gaussian distribution, coupling efficiency 

(defined here as the amount of optical power that emerges from the LPOI mode divided by 

the power in the incident beam) is close to unity. The coupling efficiency of optics using 

Gaussian beams and SM fibers is thoroughly discussed by Wagner and Tomlinson (1982). 

In the astronomical case, the SM fiber is placed in the focal plane of a telescope. The 

amplitude of the electric field there is (ideally) described by a Bessel function. Because 

this is not well matched to a Gaussian, the maximum coupling efficiency is only about 

80% . When turbulence is present, the efficiency decreases. The quality of the seeing is 

determined by Fried's parameter, To (Fried, 1966). Typical values of To in the visible are 

2 to 20 em, larger values meaning better seeing (the turbulence scale is larger). To scales 

with the wavelength as To ex )..6/5. 
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All of the following calculations assume a fiber optic with a core radius a = 2 microns, 

and a numerical aperture NA == Jn~ore - n~lad = 0.11. These parameters determine the 

normalized frequency V== 2; aNA for a given wavelength A. "Cutoff" occurs at V = 2.4; 

this is smallest frequency (longest wavelength) that will support the next highest (LPn) 

mode. To is defined at V =2.2, an intermediate value for wide-bandwidth observations. 

3.1 Derivation of coupling equation 

3.1.1 Atmospheric turbulence 

The goal is to calculate the fraction of power transmitted by the pupil that is coupled into 

the LP01 mode of the fiber when the telescope is pointed at an unresolved object through 

a Kolmogorov atmosphere. The electric field E transmitted at the pupil is: 

(3.1) 

Eo is the field amplitude, ~(f) = ei21r¢(T)i describes the phase and direction of the field, and 

P(T) describes the transmittance of the pupil (usually unity inside the pupil, zero outside 

the pupil). The electric field in the focal plane is proportional to the Fourier transform of 

the electric field in the pupil plane: E(;~) ex F[E(T)], where A is the wavelength and f is 

the focal length. Tilde above a symbol represents a Fourier transformed quantity. 

With a single mode fiber optic placed on axis in the focal plane (the axis defines the z 

coordinate), the fraction of light launched into the fiber assuming negligible reflections is 



given by (Jeunhomme, 1983) 

p = [~J(Ex(;~)XH;(f))·Zd12 

~ [~J Ex (;~) n; (~) d1
2 
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(3.2) 

where Hy(T) is the magnetic field vector of the LPOI mode of the fiber, described below. The 

integrals are evaluated over the core and cladding region of the face of the fiber. Equation 

3.2 is valid only if both the total power in the incident beam and the power carried by the 

LP01 mode are normalized to unity in a medium of index nclad. With these conditions one 

obtains 

and (Marcuse, 1977) 

where 

Jo(Ur/a) r ::; a 
Jo(U) 

(3.3) 

II (~) = CH W Jo(U) (3.4) 
y a V2aaVJ1(U) 

Ko{Wr/a) r 2: a 
Ko{W) 

_ J2nclad ((0) 1/4 
CH- -- -

7r J.l 
(3.5) 

Jo and J1 are Bessel functions and [(0 is a modified Bessel function. d is the diameter of 

the pupil. U and ~v are transverse propagation constants given by V2 = U2 + W2. In all 

calculations the exact (to 4 decimals) values for U calculated by Jeunhomme (1983) are 

used. 
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The calculation of p is simpler in the pupil plane, where one avoids convolution of If, 

with F. Transforming eq. 3.2 to the pupil plane, then expanding the square results in 

(3.6) 

Rewriting the integrals as a function of s = r - r' and recognizing that Pa = P iI acts like 

an "apodized pupil," leads to 

(3.7) 

Next, the phase fluctuations introduced by the atmosphere are averaged to obtain 

(3.8) 

Following Roddier (1981), the second order moment B( S) = ('IjJ( T)'IjJ*( r+S)) describes the 

atmospheric transfer function at the pupil. The rest of the integrand T( S) = J PaC T)P;(T + 

S) dr describes the autocorrelation of the "apodized" pupil, which is the transfer function 

of the instrument (telescope and fiber optic). 

In the case where no rapid image stabilization is used, the atmospheric transfer function 

is given by Roddier (1981) and Fried (1966) 

(3.9) 

For the case of rapid image stabilization (leaving only bl urring to degrade the image), the 

atmospheric transfer function depends upon the pupil through which the image is observed. 

When the pupil is described by a circle of diameter d in which the transmittance is unity, 
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the atmospheric transfer function becomes (Roddier, 1981, Fried, 1966) 

(3.10) 

In the rapid-image--stabilization calculations Bs is substituted for B. 

The coupling efficiency is finally given by 

(3.11) 

The variance O'~ of p can be calculated from O'~ = (p2) - (p)2 by squaring equation 

3.7 before taking the average to get (p2). The resulting equation involves the fourth order 

moment of atmospheric phase fluctuations multiplied by the pupil weighting factor. Instead 

the variance was calculated by performing computer simulations of the atmospheric imaging 

process (Appendix I). This is described in section 3.2.3. 

3.1.2 Pointing Errors 

The decrease in coupling efficiency as a function of telescope pointing errors is calculated 

assuming diffraction limited imaging of a point source. This has application to space-based 

telescopes with guiding errors caused by photon statistics, for example. 

By approximating the mode H of the fiber by a Gaussian distribution, a simple expres-

sian for p versus displacement can be derived. This approximation is 

(3.12) 

where w is the lie width of the mode, and is given by 

w = a .65+-- +--(0 1.619 2.879) 
V3!2 V 6 

(3.13) 
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The approximation is excellent at V =2.4 (Jeunhomme, 1983). The electric field in the focal 

plane is given by the normalized Fourier transform of the pupil (which is assumed to have 

no central obstruction) 

(3.14) 

where Eo is given by equation 3.3. it is the angular pointing error of the telescope and 1 

is again the focal length. The quantity 0.1 is the distance that the Airy pattern has moved 

from the axis of the fiber. In the reference frame of the Airy pattern, the coupling efficiency 

from equation 3.2 is 

(3.15) 

The rest of the derivation is similar to that of Stern and Dyott (1971). The square of the 

exponent in the integral is expanded to yield 

(3.16) 

The integration over ¢ results in a modified Bessel function of the first kind, fo; 

(3.17) 

An expression for the coupling efficiency is then easily found to be 

(3.18) 
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3.1.3 Optimum Coupling 

Perhaps some modification can be made to the amplitude or phase transmission of either 

the pupil or the fiber so that the diffraction pattern of the pupil is better matched to the 

fiber. The diffraction-limited case is considered. 

In the pupil plane, the coupling efficiency is given by 

(3.19) 

The pupil function P is real with amplitude transmission = 1. Since H is Gaussian, H 

is also Gaussian and therefore real. Thus the integrand is real. By Schwartz inequality, 

no phase or amplitude function can increase the value of p, hence one cannot improve the 

coupling in the pupil plane. 

In the image plane, the coupling efficiency is given by 

(3.20) 

H is real, but P is given by equation 3.11; its phase is 7r in every other sidelobe of the Airy 

pattern. To maximize p, H is multiplied by a phase such that the integrand is always real. 

This is simply a phase mask with alternating 0,7r phase transmission. Using this mask, the 

sidelobes would add to, rather than subtract from, the integrand and the coupling efficiency 

would increase by only a few percent. 

Thus, coupling efficiency can be improved by about 4% by placing such a phase mask 

on the tip of the fiber. In the calculations presented below, the optimal phase mask is not 
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Figure 3.1: Coupling efficiency vs. normalized frequency V. Curves for several different 
seeing conditions are plotted: (1) ideal seeing; (2) d/To = 0.5; (3) d/T o = 1; (4) d/To = 2; 
(5) d/To = 4. The dashed lines show the coupling efficiency obtained if, by proper choice 
of fiber core, the plotted frequency was forced to become the cutoff frequency. 

included as it adds considerable difficulty to both physical and computer experiments with 

very little increase in coupling. 

3.2 Results 

3.2.1 Coupling Efficiency 

Figure 3.1 shows the coupling efficiency using rapid-image-stabilization for various seeing 
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conditions, for V = 2.4 to 1.2 (AjAcutofj = 1 to 2). These curves were calculated using 

equation 3.11 with Bs. In each case, the f-ratio Gf the incident beam has been optimized 

to maximize the coupling. In ideal seeing (curve 1), the coupling efficiency decreases by 

a few percent as the wavelength increases (V decreases), in agreement with calculations 

for a Gaussian beam incident upon the fiber (Marcuse, 1977, Stern, 1970). As the seeing 

worsens, the effect of To scaling with wavelength reverses the trend, improving coupling 

with increasing wavelength. The dashed lines in figure 3.1 show the coupling efficiency that 

is obtained by choosing the fiber diameter or numerical aperture to force V = 2.4 at any 

wavelength; this removes the effect (seen in the ideal seeing curve) of decreasing coupling 

efficiency with increasing V. Dashed lines for curves (2) and (3) are not plotted, but are 

similar to the others. The dashed lines show that the coupling will always be best if the 

observations are made near the LP11 cutoff, although the improvement will be on the order 

of a few percent at best. From a coupling point of view, it will be advantageous to use a 

different fiber for each observation band, keeping as close to cutoff as possible. 

Figure 3.2 compares the image stabilized to non-image stabilized coupling efficiency 

as a function of seeing for V=2.2. For exceptionally good and poor seeing, rapid-image

stabilization makes little difference. The dashed curve is the ratio of the two solid curves, 

and shows the expected improvement when perfect rapid guiding is used. Rapid-image

stabilization improves the coupling by a maximum factor of 3.6 at djTo = 3.8, with typical 

improvement factors of 2 or more over a wide range of seeing. 
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Figure 3.2: Coupling efficiency vs. seeing at V=2.2. Upper curve is ima.ge stabilization 
case, lower curve is for no stabilization. The dashed curve goes with the scale on the right, 
and is the ratio of the two solid curves. 

3.2.2 Optimum f-Ratio 

The optimum f-ratio with which to feed the NA = 0.11 fibers was found to range from 7.6 to 

3.6. In ideal seeing, the optimum f-ratio is 5.3 at V=2.4 and 7.6 at V=1.2, with a minimum 

of 5.2 at V=2.0, a trend similar to that found for coupling Gaussian beams (Stern, 1970). 

In poor seeing image motion is the primary cause of poor coupling. Thus faster beams 

which decrease the image scale help to improve the average coupling by demagnifying the 
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Figure 3.3: Comparison of optimized f-ratio to fixed f-ratio coupling. The upper curve is 
identical to curve (4) of figure 3.1; the f-ratio varies from 5.2 to 7.4. The dashed curve has 
a fixed f-ratio = 5.1. 

image motion across the face of the fiber. At d/ro == 5, the optimum f-ratio is 3.6 for no 

image stabilization and 4.8 for the image stabilization case. 

Figure 3.3 compares optimized f-ratio to fixed f-ratio coupling for d/ro = 2 with image 

stabilization. The upper curve is identical to curve 4 of figure 3.1; the [-ratio varies from 

5.2 at V = 2.4 to 7.4 at V = 1.2. The lower curve has a fixed f-ratio of 5.1. The conclusion 

to be drawn is that an [-ratio of ~ 5 will nearly optimize the coupling over a wide range of 

wavelengths and seeing conditions (for SM fibers with a numerical aperture NA = 0.11). 
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3.2.3 Fluctuations of Coupling Efficiency 

As noted earlier, a computer program (Appendix I) was used to simulate the coupling of 

distorted wavefronts into the SM fibers. The computer simulation program first calculates 

wavefronts using a method similar to that of McGlamery (1976). The wavefronts exhibit 

the proper Kolmogorov statistics in all respects except that amplitude fluctuations are 

neglected (a very small approximation), and wavefront slope is somewhat underestimated. 

This poses no problem since slope is removed to simulate rapid-image-stabiIization. The 

wavefronts are next multiplied by a pupil mask, then Fourier transformed to the the image 

plane. The complex amplitude is then multiplied by the mode profile of the fiber (equation 

3.12), and the resulting number is squared to give p. This is repeated 1000 times so that 

the variance may be calculated to 3% relative precision. 

The quantity of interest is the relative fluctuation in coupling efficiency, O'pj(p), which 

is plotted in figure 3.4 for the case of rapid-image-stabilization. Relative fluctuations in 

p increase for djTo < 6. For large djTo the relative fluctuations approach unity, as in a 

speckle image. 

When rapid-image-stabilization is not operating, the relative fluctuations increase mono

tonically for djro < 3, where they level off to ~ 1. For worse seeing, the probability density 

function (PDF) describing p becomes invariant in shape because the statistics of amplitude 

fluctuations at the core of the fiber do not change (the image is becoming larger as djTo 

increases so that there are more speckles spread over a wider area). Only the amplitude of 

the PDF changes, in inverse proportion to the area of the image. Thus relative fluctuations 
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Figure 3.4: Relative fluctuations in p vs. seeing at V=2.4 for the case of rapid-image
stabilization. The non-stabilized case could not be simulated due to limitations in the 
w<tvefront simulation program. 

level off for d/ro > 3; this describes the tail of figure 3.4 and the tail of the lower curve in 

figure 3.2. 

3.2.4 Total Coupled Power 

The total power coupled into the fiber is proportional to the area of the pupil multiplied by 

the coupling efficiency. Figure 3.5 shows the normalized product of these two quantities as a 

function of d/r o (at V = 2.2), for both the image stabilized and non-image stabilized cases. 
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Figure 3.5: Normalized total coupled power vs. seeing at V=2.2. Upper curve is image 
stabilization case. The maximum shows that power is maximized by using a pupil which 
has d = 4ro. The peak corresponds to 18% efficiency. 

For no image stabilization, the total coupled power increases as the aperture increases: it 

is best to observe with as large a pupil as possible. For image stabilization, the total power 

has a maximum (of 18%) at d/T o = 4.0. This means that the maximum coupled power will 

be obtained when the pupil is stopped to d/ro = 4. For example, if To = 10 cm, and the 

pupil has a diameter of 40 cm, the coupling efficiency, from the upper curve of figure 3.2 

will be 18%. The coupled power will be proportional to p = 1* (40)2 .. 18 = 2261, where 

I is the intensity in the pupil. If the seeing worsens to 5 cm, the coupling efficiency will 
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Figure 3.6: Coupling efficiency vs. image displacement for perfect imaging. Dashed curve 
is amplitude mode profile of the fiber. 

decrease to 3.3% at d/ro = 8. The coupled power will be proportional to P = 41I. If the 

telescope is stopped down to d = 20 em, the coupling efficiency will again be .18, with total 

power now proportional to p = I~(20)2 .. 18 = 57/. The largest signal is obtained when 

d/ro = 4. 

3.2.5 Pointing Errors 

Equation 3.18 was used to generate the solid line of figure 3.6 The abscissa is the value of 
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0:/ normalized to core radii. An fj5.3 beam at V =2.4 is assumed so that the central lobe 

of the image is matched to the mode of the fiber. The dashed line is a plot of equation 

3.12 with amplitude = 0.78. Comparing the two curves one sees that the intensity coupling 

efficiency decreases approximately as the amplitude profile of the mode. For small guiding 

errors (no larger than the airy disk), the mode profile is a good approximation to coupling 

efficiency. 

If faster beams are used (smaller J), the coupling at aj = 0 will of course be less than 

optimal, but p( 0:/) will flatten because a faster beam demagnifies the true motion of the 

image while the size of the fiber's core remains fixed. This may be beneficial in high flux 

cases where loss of energy is not important, but fluctuations in energy (due to "system" 

noise such as guiding errors) are important signal-to-noise factors. 

3.3 Summary 

In summary, when the uniform transmission optics are diffraction limited, approximately 

78% of the power incident at the pupil can be coupled into a single-mode fiber optic placed 

on axis in the focal plane. In atmospheric turbulence the use of rapid image stabilization can 

improve the coupling by a factor of 3.6 at djro ~ 4. The coupling is not highly dependent 

upon the f-ratio of the incident beam, and with rapid-image-stabilization, the optimum 

f-ratio is constant (~ 5) over a wide range of seeing. The total power coupled into the 

LP OI mode of the fiber is optimized ncar cutoff (V=2.4), and at djro = 4, where 18% of 

the incident light gathered by the pupil will be coupled into the fiber. Relative fluctuations 
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of the coupling coefficient are small in good seeing, but they level off to ::::: 1 for d/ro > 3 

(no guiding) and> 6 (guiding). Finally, when perfect imaging is possible, the coupling 

efficiency as a function of pointing errors decreases approximately as the LP01 mode profile. 
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CHAPTER 4 

FIBER OPTIC MULTIPLE BEAM CORRELATORS 

An all-fiber multiple-beam interferometric correlator was first proposed by P. Connes 

(1987b). He suggested that several stages of standard X-couplers (2 x 2 directional cou

plers) could be used to divide each of N input beams into N - 1 "daughter" beams, and 

these could in turn be combined in a final stage of N(N - 1)/2 directional couplers. For 

five input beams, the scheme requires 5 first-stage, 10 second-stage, and 10 third stage 

couplers. While this may be practical for five input beams, it quickly becomes unworkable 

as N increases. For example, 99 directional couplers are needed to observe the interferences 

from N = 9 input beams using his scheme. 

This chapter reports a similar, but simpler approach that requires just 3N /2 directional 

couplers and N detector pixels for N ~ 20. Whereas Connes' idea was to divide each input 

beam N - 1 ways so that N(N - 1)/2 independent interference pairs are formed, the new 

scheme divides the input beams a sufficient number of times to allow all input beams to 

interfere at least once with each other, and allows more than one pair of input beams to 

interfere on any of the N output pixels. 

The chapter opens with a discussion of the general principles and various types of direc

tional couplers, followed by a description of the operation and performance of multiple-beam 

correlators, and an explanation of how the complex visibility of the interference between 
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any two input beams can be obtained using temporal modulation of their optical paths. A 

description of the formation of closed loops of 3 input pairs for calibration of correlator

related phase terms follows. The chapter closes with a discussion of the advantages and 

disadvantages of all-fiber correlators compared to conventional optical schemes. 

4.1 Directional Couplers 

This section contains a qualitative description of the phenomenon of distributed mode 

coupling between dielectric waveguides. Rather than dwell on a mathematical treatment 

of coupled mode theory (Marcuse, 1971; Kapany and Burke, 1972; McIntyre and Snyder, 

1973; Burns and Milton, 1988), or on exhaustive descriptions of various couplers (Digonnet 

and Kim, 1988), the important principles and characteristics that apply to wide band 

interferometry are emphasized. For further reference, see the review article by Digonnet 

and Kim (1988). They include an excellent bibliography on many aspects of directional 

coupler design and operation. 

4.1.1 General Principle 

The electric field of light propagating in a dielectric waveguide is transversely oscillatory 

in the core and evanescent in the cladding. When part of the cladding is replaced by a 

second core, the oscillatory solution is again valid. Light begins to propagate in the second 

core, growing in intensity while light from the original waveguide is depleted. Further 

along the fiber, the process repeats itself so that light returns to the original core. Energy 
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couples between the two waveguides until the cores are suffici~ntly separated, reducing the 

evanescent field overlap to a negligible value. 

The energy transfer is actually interference of two modes, one symmetric and the other 

anti-symmetric, of the two-core structure. When coupling is weak, the symmetric (S) 

mode is a slightly perturbed in-phase superposition of the individual fiber modes, while the 

anti-symmetric (AS) mode is characterized by a 1r phase difference between them. The AS 

mode propagates faster than the S mode causing the relative phase between them to change 

linearly along the waveguide. When the symmetric and anti-symmetric modes are equally 

excited, electric fields add in phase in one waveguide and cancel in the other; this is the 

situation when light is coupled into one of the two cores. When the AS mode has advanced 

by 1r relative to S (the distance is called a beat length), the situation is reversed; energy is 

now in the other core. As the two modes change in relative phase, energy transfers between 

cores. When the relative phase difference is 1r( n + 1/2), n an integer, each waveguide has 

equal amounts of energy, and a 50/50 directional coupler is born. 

Important parameters in the coupling process are the wavelength, core separation, 

length, relative indices of refraction, and asymmetry of the structure. With increasing 

wavelength, the modes spread further into the cladding, thereby increasing the coupling 

strength and decreasing the beat length. To reduce the wavelength dependence of the 

coupling ratio, the core separation and coupling length should be decreased. Introducing 

asymmetry (discussed below) into the structure can also flatten wavelength dependence. 
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4.1.2 Types of Directional Couplers 

Polished 

The most elementary method of fabricating SM directional couplers is by mechanically 

polishing the cladding of two fibers, allowing their cores to be placed close together (usually 

within a few microns). This simple structure results in negligible backscattering. Also, the 

coupling is independent of the input polarization. 

If index matching fluid is placed between the fibers, then changes in the refractive index 

of the liquid with temperature can result in 6% C-l changes in coupling ratio (Digonnet 

and Kim, 1988). Optical contacting of the surfaces eliminate this problem, resulting in 

polished couplers with 0.05% C-l change in coupling ratio (Canadian Instrumentation and 

Research Limited, Datasheet 904P, 1987). 

Digonnet and Shaw (1982) have derived the coupling equation for polished couplers. 

They assume two step-index SM fibers of core radius a and core index neore, each held in a 

groove with radius R. The fibers are held close together with a thin layer of index matching 

fluid between them. At their closest spacing, the core separation (center to center) is h. 

The coupling strength Co and effective interaction length Lc are given by 

( 4.1) 

V, v, and u are the normalized frequency and transverse decay and propagation constants 

defined in chapter 1, and Ko and /(1 are modified Bessel functions. Equation 4.1 does not 
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take into account distortion of the mode profile around a bend, requiring R > 25 em to 

prevent more than 1 /lm deformation. The equation holds only for weakly guided fibers 

(~ « 1). The coupling from fiber to fiber is then given by 

Pc = Po sin2 CoLc 

Pt = Po cos2 CoLc (4.2) 

where Po is the energy entering the coupler in one fiber, Pt is the energy emerging in the 

same, and Pc is the energy coupled into the other. 

Coupling vs. wavelength for several different values of hand R have been calculated 

(figure 4.1). For all cases the fibers are identical and have a = 2 /lm and >'c = 0.58 JIm. The 

narrow bandpass (rapid oscillation) coupler has h = 5.0 /lm and R = 50 cm. This combines 

for greater coupling strength and longer interaction length than the second case where 

h = 8 /lm and R = 25 cm. By adding an offset perpendicular to the plane of curvature, 

the closest approach h is increased. This decreases the coupling strength and allows the 

coupler to be tuned. Curves for h = 5.22 and 8.34 /lm, corresponding to shifts of 1.5 and 

2.4 /lm respectively, are also shown in the figure. The curves indicate that tuning across 

0.1 microns may be possible. 

An interesting application of polished couplers is multiple band observations in infrared 

astronomy. It is advantageous to observe stars at several wavelengths simultaneously where 

photosphere opacity is significantly different (S. Ridgway, private communication). Useful 

atmospheric transmission windows are roughly centered at 1.25, 1.65, and 2.2 /lm. Choosing 

.xc = 1.1 /lm, a = 3 /lm, h = 10 Jlm, and R = 40 em results in the coupling curve shown 
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Figure 4.1: Polished coupler tuning curves. Line 1: closest approach h = 5 /lm, radius of 
curvature R == 50 cm. Line 1': h = 5.22 /lm, after translating one fiber by 1.5 /lm. Line 2: h 
= 8 /lm, R = 40 cm. The wider separation h decreases coupling strength, while decreasing 
R shortens the interaction length. Line 2': h = 8.34 /lID after a 2.4 /lm translation. 
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in figure 4.2. This device will serve as a 40/60 to 60/40 beam splitter over the bandpasses 

1.24-1.31, 1.66-1.71, and 2.07-2.15 !Lm. 

Fused Biconical Taper 

The most common and readily available coupler is the fused biconical taper (Digonnet and 

Kim, 1988; Corke, 1986; Moore and Tekippe, 1986). It is manufactured by holding together 

two (or more) fibers, twisting them like a rope, heating and then stretching them. The cores 

shrink in diameter as they grow in length, forcing light into the cladding. The principle of 

evanescent field overlap applies as above. 

The performance of off-the-shelf fused couplers is exceptional. Here is data from Aster 

Corp. (Aster SM coupler type A data sheet) on their best 2 x 2 coupler: 

Excess Loss: < 21. 

Coupling Ratio Tolerance: +/- 3% of lo~est percentage side 

Polarization Stability: < 0.5% 

Operating Temperature: -40 to +130 C 

Thermal Stability: < 2% 

Directivity: < -50 dB 

Excess loss is total power lost as light passes through the coupler. Polarization stability is 

the change in coupling ratio as the polarization is rotated through 360°. Thermal stability 

is the change in coupling ratio over the entire operating temperature range. Directivity 
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refers to light that is scattered back to the input fibers from the couplers. 

As with the polished coupler, there is a strong wavelength dependence in the coupling 

ratio. I have measured coupling versus wavelength for an Aster Corp. coupler designed 

for a 50/50 split at >. = 0.63 J-Lm and composed of two fibers with Ac = 0.58 Ilm (figure 

4.3). In the wavelength region surrounding 0.63 J-Lm, coupling changes by 0.24% nm- l . The 

coupling ratio remains between 40/60 and 60/40 for the wavelength range 0.592-0.677 J-Lm, 

yielding a maximum operating range of AI ~>. ~ 8. 

The wavelength response is generally flattened by increasing the degree of fusion and 

decreasing the interaction length and fiber size. Beyond this, asymmetry formed by pre

tapering or etching one fiber (Digonnet and Kim, 1988) can also flatten the response by 

decreasing the maximum coupling ratio. Note that in a symmetric coupler the eigenmodes 

are equally excited by the boundary condition of light entering one core, while in the 

asymmetric case the same boundry condition leads to an unequal excitation of the modes. 

The 7r phase change that occurs after one beat length in a symmetric coupler no longer 

causes 100% power transfer. Instead, there is a maximum coupled power less than unity 

which decreases as asymmetry increases (Birks and Hussey, 1988). Essentially, this lowers 

the peaks of figure 4.1, allowing the wide wavelength regions near total power transfer to 

exhibit ~ 50% transfer. 

Although the exact techniques used to obtain wide bandwidth in commercial couplers 

are proprietary to manufacturers, pre-tapering and etching are probably the most common. 

The wavelength response of one commercially available device is shown in figure 4.4. 
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Figure 4.3: Coupling curve for a fused directional coupler designed for 50/50 split at 633 
nm. The split ratio changes by 0.24% nm-1 between 580 nm and 750 nm. The tail beyond 
800 nm may be due to second order light from the grating used in the spectrograph. 
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Figure 4.4: Wideband fused coupler. Excellent performance is obtained for 1.2 < ,\ < 
1.6 jlm. Data is from Aster Corp. 

This Aster Corp. fused wideband coupler maintains better than 60/40 split for 1.2 < ,\ < 

1.6 jlm (data from Aster Corp.). Similar performance can be obtained at other wavelengths, 

but is not a standard product. 

Other Couplers 

As shown above, coupling is a very weak function of polarization. However, since the fibers 

used do not preserve the state-of-polarization (SOP), the output SOP may be slightly dif-

ferent from the input SOP. This has led to development of polarization preserving couplers. 

These are made of either shape or stress highly-birefringent fiber in both polished and fused 
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configurations. Polarization isolation of better than -20 dB has been reported for fused D

fiber (Handerek and Dyott, 1985), polished elliptical core fiber (Nayar and Smith, 1983), 

and stress-birefringent fiber (Villarruel, 1983). The problem with these devices is that the 

coupling ratio at a given wavelength is not identical for each polarization. Significant dif

ferences can occur over bandwidths of a few nm, and there is not yet a proven solution to 

simultaneous coupling for both polarizations (R. Dyott, private communication). 

If instead of 2 fibers, 3 were placed adjacent to each other (forming an equilateral 

triangle), then heated and drawn as described above, equal coupling might occur between 

all three fibers. Coupling in real 3 x 3 devices has been found to be roughly independent of 

polarization (Wang, 1985), but output uniformity (defined as (Pmax - Pmin)/Pmax where 

P's are maximum and minimum output power for a given single-fiber input) varied between 

30 and 40% (Wang, 1985), due largely to variations in core-to-core spacing (Kale, 1986). 

Better uniformity is needed to make useful 2- or 3-stage interferometric beam combiners 

(described later). 

A third device, which is not a directional coupler but a fiber optic V-junction, deserves 

mention because its split ratio is wavelength independent (Minelly and Hussey, 1987). The 

V-junction consists of a tapered SM fiber spliced to "half" of a tapered directional coupler. 

Light entering the taper from the single fiber evolves into a mode which is well matched 

to the individual single-modes of the two output fibers. Since only one (symmetric) mode 

is excited, no wavelength dependent power exchange occurs. A device has been reported 

(Minelly and Hussey, 1987) that has 1.5 dB (29%) insertion loss, and has a 50/50 power split 



87 

between 800 and 1000 nm. Much lower losses are predicted (but have not been reported) 

for optimized fiber parameters. 

While the Y-junction may serve as a beam splitter, it can not function as a coherent 

beam combiner because each arm must be phase matched. However, it may be useful for 

tapping a fraction of light from the fiber. 

4.2 Interfering Multiple Beams 

4.2.1 Two- and Three-Stage Correlators 

The directional coupler (fig. 4.5a) is a two-beam correlator. By combining many couplers 

one has an N -beam correlator. Correlators using 2 x 2 couplers as the basic building block 

are shown in figure 4.5. 4.5b i,; <1. fC'J.~-b€am correlator, 4.Sc is a six beam correlator, etc. 

Those shown are not a complete set, but most other possibilities are identical to those 

drawn if, for example, the input beams are renumbered. Correlators using 3 x 3 couplers 

are not presented here, but one can easily envision a 2-stage 9-beam correlator or 3-stage 

27 beam correlator made of of 3 x 3's (see for example Wang, 1985). 

Let the maximum number of input beams be N. Then N pixels are required to detect 

all of the light. Each pixel may be a self-contained detector butted to the output fiber, or 

part of a linear or 2-D array. If spectral dispersion (within the bandwidth of the correlator) 

is desired, then NC pixels are required, where C is the number of spectral channels. For 2 

x 2 couplers, the number of couplers required is 3N /2 for N > 6 (There are N /2 couplers 

in each mixing stage or "column" in the figures). From the available permutations it can 
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Figure 4.5: Multiple beam correlators for 2 ~ N ~ 20 beams. 
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be shown that for N > 20, four-stage correIa tors are necessary if 2 x 2 couplers are used. 

4.2.2 Comparison to Local Area Network Stars 

The interferometry correlators have two basic shapes: one is a shuffling at the second stage, 

followed by a second shuffling sufficient to give all possible combinations at the output 

stage. The other is a pre-mixing of inputs into groups of four or six. The groups are then 

combined in the third stage. The N = 12 and 18 correlators in figure 4.5 demonstrate these 

topologies. 

It is interesting to compare these to star couplers which are used in Local Area Networks 

(LANs). In a LAN, every input is connected by one path to every output, and likewise every 

output must be connected by one path to every input. An example from Saleh and Kogelnik 

(1988) is shown in figure 4.6 for N = 16. The connection scheme is the same as an FFT 

butterfly (Cochran, 1967). Note that four stages are required. 

The interferometry situation is simpler. It is only necessary to have every input interfere 

at least once with every other input. Each detector sees, in the case of the 3-stage correlators 

of figure 4.5, only 8 of the inputs. For example, with N = 20, the two uppermost detectors 

record beams 1,2,3,4,5,6,7,8. The next two record beams 1,2,3,4,9,10,11,12. All N(N -

1)/2 = 190 pairs of input beams appear at the output in groups of 8(7)/2 = 28 pairs. 

Even though there are duplications of some pairs of interferences, e.g. beam 1 interferes 

with beam 2 at four of the ten third-stage couplers, each beam in all of the schemes is split 

evenly (distributed among 2m detectors, where m is the number of stages). The duplication 
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Figure 4.6: 16 x 16 scheme for Local Area Network. Each input is connected to all outputs, 
and each output is connected to all inputs. This is an FFT algorithm and requires 4 stages 

compared to 3 for the 16 beam interferometric correlator. 

of interferences may be advantageous if it is known a priori that the coherence is poor on 

some beam pairs. One can even envision rearranging the input fiber positions (leaving all 

internal connections unchanged) to optimize SNR. 

4.2.3 Number of Critical Lengths 

For long-baseline interferometry, the total optical path from source to detector must be 

the equal to within the coherence length along all paths in the system. In fabricating the 
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correlators it would be undesirable if the lengths of fibers between couplers all had to be 

identical (any section of fiber that must be a specific length is called a "critical length"). 

This would greatly increase the cost and difficulty of building the device. However, if each 

input beam has a delay line with few millimeters of swing, then the number of critical 

lengths of fiber is greatly reduced. 

The critical lengths of fiber are also important if the correlator experiences differential 

thermal fluctuations that make the fiber lengths change with respect to each other. To keep 

the interferometer phased, it is only necessary to adjust the delay lines and critical lengths. 

The number of critical lengths is determined by a graphical procedure. Refer to figure 

4.7 for what follows. For simplicity, an 8-beam 3-stage correlator is used in this example; 

extension to larger correlators is trivial. At the input of each first-stage coupler, the fibers 

have lengths L1, L2, L3, ... as shown. The delay lines Dl and D2 etc. can be positioned 

so that the optical path (OP) from source to coupler is equal for any pair (e.g. adjust 

D1 relative to D2 to cancel the length difference L1 - L2, adjust D3 and D4 to cancel the 

OP L3-L4, and so on). Now move to the second stage. The fibers between stages 1 and 2 

have lengths M1, ... ,M8 as shown. To have equal paths at the second stage, adjust D3 and 

D4 together relative to D1 and D2 to cancel the path difference M1 - M2. Repeat for the 

remaining two pairs of delay lines. At this point inputs 1 and 2 are phased to 3 and 4, and 

3 and 4 are phased with 5 and 6, and 5 and 6 to 7 and 8. The only path difference that 

can not be compensated by moving the delay lines is M7 - M8. Therefore, M8 (or M7) is 

a critical length. Moving to stage 3, OP's 01-02, 02-03, ... can not be compensated using 
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Figure 4.7: 8-beam correlator. Di = delay line. Each delay line gives one degree offreedom 
for phasing the correlator. Circles indicate critical lengths which must be stretched to give 
the additional degrees of freedom required to phase all outputs simultaneously. 

the delay lines because the delay line positions are fixed by Ml-M2, etc. Therefore, 02 

must be matched to 01,04 must be matched to 03, and so on. There are 4 critical lengths 

between stages 2 and 3, plus M8, for a total of 5 = N /2 + 1. 

Using the same procedure it can be shown that the number of critical lengths of fiber in 

the three-stage correlator is N /2 + 1 where N is the number of inputs (or outputs). This is 

true for all correlators shown in figures 4.5d-m. For a two-stage correlator, only one length 

is critical to achieve simultaneous phasing of all beams. 

How does one adjust the fiber lengths so that the correlator may be phased? Fortunately, 

silicon fibers have the nice property that they can be stretched by up to 2% of their lengths 

without sustaining permanent deformation. Thus a 10 cm long fiber can easily be stretched 
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by 1 mm. This sets the upper limit on length errors (M7 - M8 for example) to about 1%, a 

figure easily achieved when the correlator is built. The fibers can be attached to translation 

stages or PZT stacks with a DC offset for stretching. 

Because this method uses air to compens;}.te for differences in fiber length, dispersion 

reduces fringe visibility. But this effect has been calculated (figure 2.5) and shown to be 

negligible in the visible for )"1 ~>. > 10 and fiber length differences on the order of 1 mm. A 

second effect due to decrease in core diameter when the fiber is stretched is also negligible. 

4.2.4 Splices and Losses 

There is one internal (between stages) fiber for every input beam. Each of these is spliced 

to the next stage. Therefore there are N splices for a 2-stage correlator and 2N splices for 

a 3-stage correlator. 

Assuming fusion splices, splice losses will typically he less than 0.1 dB = 2% (this 

figure is quoted by many manufacturers). The light from any input beam passes through 2 

couplers and one splice or 3 couplers and 2 splices for a 2- or 3- stage correlator respectively. 

Assuming 0.1 dB loss per coupier, throughput is expected to be 93% for the 2-stage devices 

and 89% for the three-stage devices. 

4.2.5 Wavelength Dependence of Visibility Loss 

The worst case visibility of interference fringes after one stage is given by 

(4.3) 
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Figure 4.8: Worst case visibility versus wavelength in 2-stage (dashed) and 3-stage (solid) 
correlators using the directional couplers with wavelength response of figure 4.3. 

where the Pt and Pc are the wavelength-dependent transmitted and coupled power emerging 

from the directional couplers. When light enters a second stage, some terms transmit a 

second time and interfere with terms that have coupled a second time. Therefore, after m 

stages, the worst case visibility is given by 

( 4.4) 

This equation is plotted in figure 4.8 for 2- and 3-stage correlators using the standard 

coupler shown in figure 4.3. For a 3-stage coupler, visibility is greater than 90% for A/~). > 

10, centered at the designed 50/50 split. Thus high visibility is maintained over a reasonably 
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wide bandwidth even for standard directional couplers. 

4.3 Decoding the Interferences 

4.3.1 Temporal Multiplexing 

Each detector records 28 fringe patterns (3-stage) at any time. To decode them, either 

frequency or temporal multiplexing must be used. Frequency multiplexing involves mod

ulating the path of each input beam with a different frequency but identical amplitudes. 

Signals are detected at the beat frequencies (differences between modulation frequencies), 

but sidebands are present as welL This reduces the efficiency of the technique and com

plicates the problem of finding a non-redundant set of frequencies. This is discussed by 

Connes (1987b) where further references may be found. 

Temporal multiplexing involves linearly changing in time the optical path (OP) of each 

input beam, much like a serrodyne frequency shifter (Digonnet and Kim, 1988). Signals are 

detected at frequencies determined by the difference in velocity of the OP changes. This 

is directly comparable to spatial multiplexing, in which the distance between beams in the 

front focal plane of an optical system determines the spatial frequency of the fringes in the 

rear focal plane. The efficiency of temporal multiplexing may be 100% if linear OP scans 

are employed. 

To understand temporal multiplexing, consider the 4-beam correlator of figure ,Lsb. 

Choose some time To short enough that input beams are perfectly phase-stable. If the OP 

of beam 2 is linearly scanned by one wavelength in time To (velocity = l/To wavelengths 
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S-1) then any of the four detectors records a signal 

( 4.5) 

where (}12 is a phase which depends upon the initial relative phase of beams 1 and 2. If 

the OP of beam 3 is linearly scanned with velocity 4/To and the OP of beam 4 is likewise 

modulated by 6/To wavelengths s-1, then the detectors see 

l( t) 
1 
4"[11+h+h+ 14 

+ 2f12VIthcos(27rt/To + (}12) 

+ 2f13JI1hcos(87rt/To + (13 ) 

+ 2f14VItI4cos(127rt/To + (}14) 

+ 2f23V hhcos(67rt/To + (23 ) 

+ 2f24 V 1214cos(107rt/To + (24 ) 

+ 2f34vhI4cos(47rt/To + (34 )]. ( 4.6) 

Thus the velocities are encoded as frequency modulation on the detectors. If a non-

redundant velocity distribution is chosen, then non-redundant frequencies result, so that 

the interferences can all be identified by Fourier Transformation of the temporal signal let). 

Note that a retrace of n wavelengths (n an integer) does not change let). By retracing 

several times during the scan, the OP difference between beams remains small, allowing 

much larger bandwidths than a continuous scan. Both techniques are compared in the 

following section. 
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4.3.2 Optical Bandwidth Requirements 

Continuous Scan 

There are several advantages to using a single, continuous scan of all N opt.ical paths 

during the scan time '0. First, a single PZT attached to a lever arm can be used to stretch 

all fibers simultaneously (see chapter 5). This eliminates many calibration, timing, and 

linearity problems, and costs less than N - 1 PZT's. Second, for a given limiting resonance 

frequency in the path modulator( s), total integration time for one long scan plus one long 

retrace is shorter than for many short scans. Third, with a continuous scan the detector 

sampling is stopped for just one end-of-scan retrace, while for several retraces, the detectors 

are not sampled during the retrace and settle periods. 

If many beams are present, the path-length modulation must be quite large, requiring 

narrow optical bandwidths (table 4.1). This is analogous to the non-redundant spatial 

multiplexing case where many fringes are simultaneously imaged across a detector array. If 

all of the beams interfere on each detector pixel (as in the 4-beam and 8-beam correlators), 

then the velocities of the OP modulation are chosen to be the same as beam spacings for 

non-redundant spatial encoding. Ribak (1988) has calculated these spacings for 2 < N < 30 

beams. For N = 20 inputs the optical bandwidth required to have good temporal coherence 

across the array is AI llA > 356. 

With the correlators, only 8 of the N beams interfere on anyone detector. Therefore 

it is not necessary to have a totally non-redundant velocity distri bution for N > 8. The 

results of a computer program which minimizes the velocity distribution without allowing 
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Table 4.1: Beam Position or OP Modulation Velocity 
20 beam case 16 beam case 

inputl non-redundant2 correlator3 non-redundant 2 correlator3 

1 0 0 0 0 
2 1 1 1 1 
3 3 3 5 5 
4 8 8 16 11 
5 19 19 22 16 
6 40 25 30 30 
7 53 52 50 25 
8 65 40 74 57 
9 91 12 93 38 
10 108 30 134 72 
11 139 44 152 18 
12 175 75 165 68 
13 205 14 188 26 
14 254 39 191 90 
15 276 56 198 61 
16 323 96 200 63 
17 332 17 
18 346 41 
19 352 45 
20 356 91 

1 Beam number 
2 Position of beam for non-redundant spacing, arbitrary units (after Ribak, 1988) 
3 Velocity of path modulation, wavelengths T;l 



101 

redundancy on anyone detector appear in columns 3 and 5 of table 4.1. For 20 beams, 

the maximum velocity is 96 wavelengths T;l (96 wavelengths are scanned each cycle), 

allowing one to relax the optical bandwidth requirement by 356/96 = 3.7 compared to 

the totally non-redundant case. For 16 beams, the bandwidth is 2.2 times wider than the 

non-redundant case. For 6 beams (not in table), the maximum scan required is 12 waves 

(requiring A/ b.A > 12), compared to 17 for the totally non-redundant case. 

Retrace During Scan 

Figure 4.9 shows a comparison of the continuous and retrace methods for 5-beam inter

ference (beam number 1 velocity = 0). In this example, a beam retraces only if it has 

accumulated more than one wavelength during the scan. All beams retrace in sync with 

the fastest one to minimize blanking time (when detectors are not sampled). The accumu

lated OP after the full scan is always less than 2 wavelengths, so that (almost) arbitrarily 

wide bandwidths are possible for any number of beams. The number of retraces required 

is ::::: (S - 1)b.>./>., where S is the maximum number of fringes scanned during To (for ex

ample, Table 4.1, column 5 gives S = 90 for 16 beams). As noted above, the optical path 

through the atmosphere and fibers, and any other sources of optical path flu::tuations such 

as tracking errors, must be effectively frozen during the scan. The largest integration time 

or fringe tracker response time is limited by the atmospheric correlation time, typically 5 

- 10 ms. Since optical path modulators with maximum amplitudes of a few waves have 

resonances near 1 kHz (Digonnet and Kim, 1988), it appears that fringe tracking is 



102 
71 5 Il 

6 41 ..----. 
Ul 
C) 

~ 

I <Il 

~ 
C) 3~ -g 4 ...., 

'"' 
2 ~ §' 

~ ~ ... 
@ 

~ u 2 if.) 

J I 
i ..., 

~ 

.2 .4 .6 .8 

T/TO 

0 

..----. 
Ul 
C) 

~ 
<Il 

~ 
0 

C) 

'"0 
;::l ....., 

0. 
~ .;: 
... 0 @ 
u 

if.) 

Figure 4.9: Top: Continuous scan of optical path for 5-beam detection. Numbers at 
righ t identify input beam. This scheme is used in the 5-telescope experiment (chapter 
5). Bottom: Retrace in sync with beam 5 if accumulated optical path is greater than 
one wavelength. Detectors are blanked during retrace (between dashed lines). The ouput 
signals from either method are identical. 
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necessary to increase the effective integration time to several seconds. With long integra

tions, resonances in the retrace are of little concern, and the fractional blanking time is 

negligible. 

4.4 Closure Phase 

The phase of the interference fringes for each telescope pair contains terms due to the 

atmosphere, fiber lengths, reflections, and the desired object phase (}obj. Given closed 

loops of 3 pairs of telescopes, all terms cancel except constant phases due to the object, 

directional couplers, object distance (a spherical sag, significant for earth-orbiting objects), 

and a slowly time variable phase due to internal fiber lengths. These terms are easily 

calibrated using a point (or symmetric) source having (}obj = O. "Correlator phases" is used 

to refer to any phase terms related to fiber lengths or directional couplers. 

To see how correlator phases mayor may not appear, three types of closures are cal

culated below. These are defined by: type I; all three interference patterns are recorded 

on one detector. Only object phases remain. Type II; two patterns are recorded on one 

detector, the third pattern is recorded at a second detector. Object phases and reflection 

terms remain. Type III; each interference pattern is recorded at a different detector. Object 

phases, reflection terms, and fiber length terms are present. 

In figure 4.10, which shows a 6-telescope correlator equivalent to figure 4.5c, beam split

ters are used in place of directional couplers so that phase shifts are easily understood. In 

what follows, 4>re j l is a phase term due to reflection at an interface. For an ideal beamsplit-
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Figure 4.10: 6-beam correlator, with beam splitters replacing directional couplers and 
mirrors, and air path replacing internal fibers. AI, ... , C2 are input beams, D1, ... , F2 
are single-pixel detectors, and L1, ... , L6 refer to the optical paths between beam splitter 
diagonals. ¢reJI is a phase change upon reflection at a beamsplitter diagonal. 
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ter or 2 x 2 directional coupler, ¢reJI = 1r /2. Phase lengths are referred to as Al or L2, 

for example, which can be taken to mean "length of AI" or "length of L2." Al contains 

the integrated atmospheric and fiber paths to the reflection point in beam splitter A, and 

likewise for A2, ... ,C2. L2 contains the fiber length between directional couplers A and E, 

which is represented by path L2 plus several reflections. 

Closures are formed by adding 3 measured interference phases in a closed loop. For 

example, let ¢Al,A2 be the phase of the fringes from telescope pair AI-A2. Then one has 

the closure for telescopes AI, A2, and BI, 

¢Al,A2,Bl = ¢Al,A2 + ¢A2,Bl + ¢B1,Al . (4.7) 

Type I Terms 

The phase for each pair is the difference in optical paths between telescopes and detector, 

plus the object phase. For light recorded at detector DI, the interference terms are given 

by 

¢Al,A2 = (AI + L1) - (A2 + ¢~efl + L1) + O:'N.A2 

(B1 + ¢'BJ1 + L3 + ¢~fl) - (AI + LI) + (}~1.Al ( 4.8) 

so that the closure phase is 

A.. ()obj ()obj ()obj 
'PAl,A2,B2 = Al,A2 + A2,Bl + BI,AI ( 4.9) 
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All optical paths and reflection phases cancel. This only happens when all three interference 

pairs are detected on one detector. 

Type II Terms 

If one interference pattern is recorded on a detector at a different second stage beam splitter 

(directional coupler), a reflection term enters into the closure. For example, If AI-A2 is 

detected at EI while AI-BI and A2-B2 are detected at DI, then the first term of equation 

4.8 becomes 

¢>Al,A2 = (AI + ¢>'1
11 + L2) - (A2 + L2) + Oc;!,A2 , (4.10) 

so that the closure phase is now 

rI. 2r1.re11 flobj flobj (j0bj 
'I' Al,A2,B2 = 'I' A + U Al,A2 + U A2,Bl + BI,Al ( 4.11) 

The term 2¢>~ell is approximately 11' for a low-loss beamsplitter. This term is constant, and 

therefore easy to calibrate using a source whose complex visibility 5 is known. 

Type III Terms 

Any closure loop with an A, B, and C term uses 3 separate detectors since AiBj is detected 

at Di, BjCk is detected at Fi, and CkA; is detected at Ei (i,j, k = 1,2). For loop Al -

BI - CI and detectors DI, EI,and FI, the closure phase is 

¢>AI,Bl,Cl = LI - L3 + L4 - L6 + L5 - L2 

+llob j (j0bj (j0bj 
U AI,Bl + BI,CI + CI,AI ( 4.12) 
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The first line contains three pairs of fiber length differences. These are relatively insensitive 

to environmental fluctuations, and as shown in chapter 5, easily calibrated. The second 

line contains three positive and three negative reflection terms, the sum of which is approx

imately zero. These terms are constant and are also easily calibrated. Finally, the third 

line contains the desired object closure phase. 

In conclusion, many of the closures formed by detected interference pairs are completely 

insensitive to environmental fluctuations. The few that do contain fiber OP terms are easily 

calibrated. Unfortunately, at least one such closure loop must be formed (the remaining 

loops are not linearly independent) if the image reconstruction process is to use the minimum 

a priori information, so the calibration step can not be avoided. Still, as shown in chapter 

5, the calibration is simple. 

4.5 Advantages and Disadvantages of Fiber Correlators 

The most obvious advantage of the correlator architectures is that only N pixels are needed 

for N input beams. Compare this to 2N2 for the spatial multiplexing scheme, or N2 

for Ribak's anamorphic 900 shearing technique (which requires A/4 phase shifting, Ribak, 

1988). Other advantages: once the beams are coupled into the correlators there are no 

optical surfaces to worry about, no significant scattering, reflections, or diffraction. The 

correlators can not be misaligned. They are simple to build (chapter 5) and inexpensive 

($15,000 in materials for couplers in 20-beam device). As noted earlier, they have good 

throughput and maintain high fringe contrast over bandwidths of A/ b..>' > 10. 
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The major disadvantage is that large scale production techniques are currently available 

only for silicon couplers, limiting the devices to 0.4 to 2.2 /lm operation. This should change 

in the next few years as low-loss IR fibers become available. 
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CHAPTER 5 

5-BEAM FIBER OPTIC IMAGING INTERFEROMETER 

This chapter details a laboratory experiment in image synthesis using a 5-telescope fiber 

optic beam combiner. The goals of the experiment were to evaluate performance of the beam 

combiner and produce real image reconstructions from the simultaneous measurement of 

the complex visibilities at each of the array's ten baselines. 

5.1 Components 

Figure 5.1 is a schematic of the beam combiner. It is composed of 5 input fibers, a lever-arm 

stretcher,6 directional couplers, an internal fiber stretcher, and three photomultiplier tubes 

(PMTs). All fibers are single-mode with LPn cutoff at 0.59 j.Lm, and are not polarization 

preserving. The input fibers at left are connected in pairs to the first stage of directional 

couplers. One fiber is unused, but could be connected to a sixth telescope. (The beam 

combiner can accommodate 6 telescopes. See chapter 4). The fused-biconical directional 

couplers provide a 3 dB split at 0.63 j.Lm. They have insertion losses of less than 7%, and 

the split ntio changes by approximat'!ly 0.24% nm- 1 (section 4.1.2). The couplers are 

connected in pairs to a second stage of 3 identical couplers. Five of the six connections are 

fusion splices with losses ranging from 15 to 30%, a figure that can easily be decreased to 

< 3% with improved splicing. The sixth connection is a GTE Elastomeric splice which was 
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Figure 5.1: Schematic of beam combiner. Al to C2: input single-mode fibers from tele
scopes. PZT: Piezo-€lectric transducer. Pivot: flexure hinge. The PZT and lever-arm 
introduce optical path fluctuations by stretching fibers; this provides temporal modulation 
of fringes. A to F: 50/50 directional couplers. 1 to 6: "intefi'lal" SM fibers. Stretcher: 
Translation stage and base. DD-DF: Photomultiplier tubes. Dots: epoxy. 

tuned to give < 10% loss. At the second stage, all input beams interfere with each other. 

Fringes from 10 telescope pairs are simultaneously detected using one un cooled EMI 

9658 PMT (S-20 photocathodes) for each of three output fibers. The remaining three 

output fibers are used to couple light backwards through the interferometer for alignment 

and cophasing of the telescopes. With this arrangement, only half of the light entering the 

correlator is recorded, but this light contains all of the information available for imaging. 

The additional light provides no information not recorded by the 3 PMTs (the additional 

light can only improve the signal-to-noise ratio). 
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5.2 Fringe Detection 

Fringes are detected using the continuous scan temporal multiplexing technique described 

in section 4.3. Optical paths are scanned by stretching the fibers with constant velocity. 

The sinusoidal fringes are recorded at the PMTs, digitized, then Fourier Transformed (FT). 

Each frequency in the FT corresponds to a different baseline. 

5.2.1 Implementation 

Fibers are stretched by motion of the lever-arm, which has a PZT at one end, and the 

fibers epoxied along its lever (figure 5.2). The amount of stretch is proportional to the 

distance of the fiber from the pivot. Fibers are spaced such that no fringe frequency is 

repeated on any PMT; fiber AI, the leftmost fiber of figure 5.2, is stretched by 7 waves, A2 

by 6, CI by 4, B2 by 3, and C2 is not stretched (this is the scheme shown in figure 4.9). 

The PMT output is digitized as the fringes are scanned, then the amplitude and phase at 

the frequency associated with a particular pair of input fibers is extracted from the Fourier 

Transform of the signal. This is a temporal analog to the I-D pupil reconfiguration (spatial 

multiplexing) scheme described in chapter l. 

Each scan lasted approximately 1 second, and several scans were averaged before being 

permanently recorded. The lever arm has a resonance at 100 Hz, which makes it inadequate 

for a ground-based interferometer looking upward through the earth's atmosphere. How

ever, if the fringes are stabilized using fringe-tracking techniques (Dame, 1988), integrations 

may last several minutes, so that the resonance is not a concern. 
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Figure 5.2: Photograph of lever-arm stretcher. From left, PZT (with two screws at each 
end), fibers AI, A2, C2 (not connected to lever), C1, and B2, then flexure-hinge pivot. 
Directional couplers A, C, and B are barely visible in the foreground. 

The stretching may of course be done with 4 independent PZTs. However, the lever 

arm offered a less expensive solution that also required less calibration. 

5.2.2 The Scan 

Fringes recorded in all ideal scan are perfectly sinusoidal with an integral number of cycles. 

But because the PZT exhibits hysteresis and is slightly non-linear, and because exact 

positioning (to within 1% of the ideal position) of the fibers along the lever is not practical, 

the scans are slightly asinusoidal with a slightly non-integral number of fringes. Thus, the 

FT of the fringes has sidelobes where only photon and detec.tor noise should appear. 
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The problem is partially corrected by first oversampling the data, then resampling at 

a rate estimated by forcing the highest frequency fringes to be sinusoidal. The resampling 

function is estimated by recording fringes from pair A1-C2, then measuring the distance 

(in sample points) between midpoints of the fringes. As long as sampling is sufficiently 

high (a factor of 8 higher than the Nyquist rate is used), and the fringe frequency change 

is not too severe (fringes are scanned 20% faster at the end of the scan compared to the 

beginning), then resampling adequately removes the effects of hysteresis and non-linearity. 

Note that since all fibers were stretched by the same PZT, the remapping function corrects 

all fringes simultaneously. 

Figure 5.3 shows the recorded, remapped fringes from detectors D and E, while table 5.1 

lists their FTs. Note the ~ 10% sidelobes at frequencies 2 and 5 on detector D, and 5 and 

8 of detector E. The sidelobes are the result of the second effect: non-integral number of 

fringes in the scan. Remapping can only force one fringe to have exactly the right frequency. 

All others frequencies are determined by the relative positions of the fibers on the lever arm. 

The 10% sidelobes, which have a fixed phase relationship with respect to the principle 

frequency, can severely bias the estimate of a low visibility fringe adjacent (in frequency 

space) to a high visibility fringe (for example A2-C2 and A1-C2 in table 5.1). The phase 

of AI-C2 may be biased by ~ 1 radian by the sidelobe of A2-C2, which has ~ 1/6 the 

amplitude of A1-C2. 

As a first step in removing the bias, the exact fringe frequency can easily be estimated 
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Figure 5.3: Typical scan recorded by detectors D and E (after remapping). Top: Detector 
D sees fringes from AI, A2, and B2. Bottom: Detector E sees AI, A2, C1, and C2. Table 
5.1 gives the Fourier Transform of these fringe patterns. 



115 

Table 5.1: Fourier Transform of Remapped Scan 
Detector D Detector E 

frequency Amplitude 1 Phase Pair Amplitude 1 Phase Pair 
0 35865.0 0.0 85633.9 0.0 
1 2723.2 -0.05 A1-A2 4803.9 2.94 A1-A2 
2 89.9 -0.31 32.52.3 -2.87 A2-C1 
3 1.551.6 0.22 A2-B2 2791.4 2.30 A1-C1 
4 1501.6 -2.02 A1-B2 2507.3 1.08 C1-C2 
5 161.2 1.93 227.9 2.38 
6 101.8 2.27 4604.7 2.38 A2-C2 
7 25.7 2.80 2715.3 -2.31 A1-C2 
8 80.9 1.39 390.9 -2.22 

1 U mts of phase In this and all subsequent tables are radJans. 

by scanning each telescope pair in turn and analyzing the FT. In frequency space, the 

recorded signal is the exact frequency, convolved with a sine function who's width is liTo 

(TO is the scan length in seconds), and evaluated at frequencies of nlTo, where n is an 

integer. A least squares fit to the signal provides an estimate of the exact frequency. Once 

this is known, it is possible to estimate a least-squares solution to the multiple telescope 

complex visibilities, thus solving the problem of non-integral fringe frequencies. 

However, a simpler solution is used in the experiment. Fringe frequencies are doubled 

(AI is scanned by 14 fringes, A2 by 12, C1 by 8, and B2 by 6) so that they are no longer 

adjacent in frequency space (only even frequencies are used). This reduces the sidelobes, 

the envelopes of which fall as T%n. To further reduce sidelobes, the remapped signals are 

multiplied by a full Hamming filter (figure 5.4), which is given by the expression (Rabiner 
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Figure 5.4: Full Hamming filter. "Full" implies that the bell has no flat portion in the 
middle. 

and Gold, 1975) 

lei) == 0.54 - 0.46 cos (;~n1) 0 S n S L - 1 , (5.1) 

where L is the length (in pixels) of the cosine bell. In frequency space, the filter convolves the 

signal with a function that minimizes sidelobes separated by more than 1 pixel. The filter 

increases sidelobes in the frequencies adjacent to the principle (nearly integral) frequency, 

but these are not occupied because only even frequencies are occupied by fringe signals. 

The salient features of the frequency doubling and Hamming filtering appear in tables 

5.2 and 5.3. In both, a mask allows light to pass through telescopes AI, C2, and B2. The 

highest frequency fringe, AI-C2, is now nominally at frequency 14. In table 5.2, the sharp 
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spike at 14, with no significant sidelobes, shows that the fringes are purely sinusoidal with 

integer frequency (exactly 14). In contrast, the fringes due to C2-B2, at frequency 6 on 

detector F, have significant sidelobes at 4 and 8. (Note that frequency 8 is where fringe 

CI-C2 appears when the mask is removed). This is because the frequency is actually near 

5.9. 

After filtering, the sidelobes at even frequencies disappear at the expense of decreased 

fringe amplitude at the principle frequency. The beneficial effect of the filter is dramati-

cally demonstrated at frequencies 4 and 8 on detector F. Whereas these frequencies were 

dominated by sidelobes, they are now at the background noise level. When the mask is 

removed, allowing all fringe pairs to be formed, the sidelobes no longer significantly bias 

determination of the complex visibility. 

5.2.3 Critical Length 

A translation stage attached to each independent telescope allows fiber length differences to 

be compensated for phasing in white-light. An additional degree of freedom is necessary to 

adjust the "critical length" internal to the correlator (section 4.2.3). The internal stretcher, 

which is just a translation stage and fixed platform with fiber 3 epoxied to both, provides 

the adjustment. Fiber 3 is stretched by ~ 100 microns to cophase Al and A2 with respect 

to B2, while the other translation stages adjust Al and A2 with respect to Cl and C2, and 

Cl and C2 with respect to B2. 



118 

Table 5.2: FT of Remapped, Unfiltered, Frequency Doubled Scan 
Detector E Detector F 

frequency Amplitude Phase Pair Amplitude Phase Pair 
0 18475.3 3.14 34817.6 0.00 
1 lOA -1.28 57.9 3.05 
2 20.5 2.98 77.2 -3.02 
3 15.3 0.07 84.8 -2.88 
4 14.6 2.52 143.1 -2.68 
5 23.9 1.20 257.6 -2.74 
6 32.6 -0.25 1800.2 0.55 C2-B2 
7 16.6 -0.66 158.5 0.89 
8 11.7 -2.52 119.0 0.92 
9 9.4 -2.08 6704 0.94 
10 10.5 0.21 41.4 1.05 
11 27.8 0.46 36.4 0.84 
12 23.4 1.60 48.0 1.17 
13 18.1 2.12 32.8 0.51 
14 1605.2 2.01 A1-C2 44.2 1.16 
15 27.4 -2.10 18.46 1.03 

5.3 Performance 

5.3.1 Optical Path Fluctuations 

The beam combiner is characterized by excellent thermal and polarization stability and high 

throughput. Phase drifts due to thermal fluctuations are plotted in figure 5.5. The squares 

are closure phases measured on one of the six loops that have no beam combiner phase 

terms (type I terms, section 4.4). An example is the closure of phases A1-A2, A2-C2, and 

C2-Al, in which fiber lengths 2 and 5 (figure 5.1) and any phase terms introduced at the 

directional couplers, cancel in the same way that atmospheric phase terms cancel. Peak-

to-peak phase fluctuations are < 0.05 radian. The noise is due mainly to photon statistics. 
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Table 5.3: FT of Remapped, Filtered, Frequency Doubled Scan 
Detector E Detector F 

frequency Amplitude Phase Pair Amplitude Phase Pair 
0 10637.5 3.14 20046.7 0.00 
1 8.9 -0.85 9.77 2.50 
2 16.1 2.89 16.7 -2.96 
3 16.2 -0.12 21.3 0.53 
4 12.5 -3.04 29.9 -2.39 
5 13.9 1.61 542.1 -2.64 
6 16.4 -0.54 1061.5 0.54 C2-B2 
7 2.0 -0.66 366.1 -2.61 
8 7.4 -2.98 17.5 -2.85 
9 4.5 -3.0S 11.4 0.45 
10 4.9 -0.99 9.5 -2.76 
11 13.6 0.93 7.5 -0.19 
12 17.2 -1.19 13.6 1.S9 
13 377.S -1.17 13.7 -0.83 
14 923.4 2.00 A1-C2 14.2 1.59 
15 394.G -1.11 2.8 -0.75 

Note that 6 of the 10 closure phase !oops are totally free of phase drifts introduced in the 

beam combiner. (The 6 loops are not all linearly independent, however). 

The four remaining closure phase loops (AI-B2-C2 for example) all have fiber length 

terms which do not cancel (type III terms). A typical closure phase of this type is also 

plotted in figure 5.5 (triangles). Drift in the fiber's index of refraction and bLjbT of 

the plastic coating have caused a 0.8 radian phase change over 25 minutes. Temperature 

fluctuations during this time were less than 0.1 °C. More careful control of temperatures 

and insulation of the fibers can reduce these drifts even further (section 6.3). 



Q) 

>-< 
;::J 
(f) 

o 
u 

120 

l 
_I 
J 

1 
I -, o 
-1 
j 

-.2 I 

1 
I 
111 -.4 cl~~~-L~~~-L~~-L~~~~~~~~== 

o 5 10 15 20 25 
time (minutes) 

Figure 5.5: Stability of closure phase. Squares: closure loop where all fringes are detected 
on one PMT. This causes fiber length terms and coupler phase terms to cancel. Noise is 
due mainly to photon statistics. Triangles: closure loop where the 6 internal fiber lengths 
do not cancel in the closure equation. Drift is due to thermal fluctuations inducing changes 
in the index of refraction. 

5.3.2 Polarization 

Linearly polarized light was used in the experiment to avoid the need for either a second 

set of PMTs or full polarization control. However, the beam combiner can be used in 

unpolarized light in two ways. The simplest is to manipulate the fibers by bending and 

twisting until a linear polarization at the input emerges as a desired linear polarization at 

the output. A polarizing beamsplitter placed in front of two sets of PMTs (2 PMTs for each 
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output fiber) allows both orthogonal input polarizations to be detected. A more difficult 

method, but still practical in light of the long-term polarization stability, is to measure 

the Stokes vectors for the fibers and use a fiber polarization control mechanism (Okoshi, 

1985) to equalize the retardation and rotation for all input-to-output paths (essentially 

controlling the relative phase of the orthogonal polarizations). The advantage here is that 

only one set of PMTs is needed for fringe detection. 

Using linearly polarized light in the experiment, measured visibilities should have been 

100% once all output polarizations had been identically aligned. Measured visibilities 

ranged from 60 to 95%, however, because independently manipulating the short lengths 

of fibers was difficult. Fluctuations in the output polarization caused less than 1 % noise 

on the visibilities, even as the lever-arm stretched the fibers. The polarization was stable 

for periods > 2 weeks. 

If it is highly desirable to detect fringes in unpolarized light (an alternative is to use one 

polarization for rapid guiding, the other for fringe detection (Connes, 1987b)), then highly 

birefringent (HB) fibers and HB directional couplers can simplify the beam combiner. The 

fibers must be aligned so that their birefringent axes are parallel. Total birefringence 

is compensated by applying pressure to the fiber until a 45° linear input polarization is 

absorbed by a 45° analyzer. Interference fringes in unpolarized light will have the same 

phase for both axes because the totai birefringence in all fibers has been equalized. One 

important limitation is coupler bandwidth; for a 40/60 to 60/40 beam splitting ratio the 

optical bandwidth of existing HB couplers is ~ 0.1 Jim at 1.3 Jim (Yokohama, 1988). HB 
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couplers have polarization isolation better than -20 dB which is adequate to insure that 

visibility is > 0.99. 

5.3.3 Efficiency 

Approximately 50% of the light collected by the single-lens telescopes is coupled into the 

fibers. This is somewhat below the theoretical 80% (chapter 3) but is not surprising since 

small aberrations, focus and alignment errors may be present. Throughput is not as high 

as the 93% one can expect from properly spliced, low loss couplers (section 4.2.4), but it is 

greater than 60% on all paths. Most losses occur at the splices. Overall efficiency is :::::: 30% 

on all 10 telescope-to-detector paths. 

5.4 Image Synthesis 

5.4.1 Optics 

To simulate imaging by long-baseline interferometry, the beam combiner is attached to a 

5-telescope interferometer (figures 5.6, 5.7, and 5.8). 

The laboratory test objects are transparencies on 35 mm slides, mounted on a rotating 

stage, and illuminated from behind by a Hg-Xe lamp filtered to 630 ± 7.1 nm. A microscope 

objective used in reverse forms a demagnified image which is unresolved by any single 

telescope. The light is filtered by a polaroid sheet, then collimated by lens L2 (figure 5.6). 

Mask MA is used only for testing, and is not present when recording interference fringes. 

Light is coupled into the 5 input fibers, then into the correlator and finally arrives at the 3 
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Figure 5.7: Head-on view of telescope array. 
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Figure 5.8: Rear view of telescopes. Each telescope has it own tip-tilt stage, translation 
stage (for phasing), and one single-mode fiber. 
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PMT's. 

Each f/5 telescope consists of a primary lens (f ~ 10 mm) that focuses light from the 

object onto the core of a SM fiber that is connected to the beam combiner. The telescopes 

all focus, point, and piston independently (figure 5.8). 

The telescopes are arranged in a pentagon with 14 mm radius. Cornwell has shown 

that a pentagon gives optimal instantaneous Fourier plane (U-V) coverage for 5 telescopes 

(Cornwell, 1988), but it performs poorly when rotated. For the two observations described 

below, the object is positioned 8 times in azimuthal increments of 5°. Maps are recon

structed from the 80 U-V points (figure 5.9). The diffraction limit of each telescope is 1 

arcminute, while the 5-beam array has a central lobe with FWHM = 2.7 arcsecond. Fig

ure 5.10a shows a 4-telescope beam pattern produced by coupling laser light into the free 

output fiber from coupler E, thus sending light backwards through fibers AI, A2, C1, and 

C2, off of mirror M (figure 5.6), and toward the camera. The diffraction limited beam of 

the individual telescopes defines the overall (almost Gaussian) structure, while interference 

between the beams makes up the 6 sets of fringes. The same pattern in broad band light 

(~ 0.6 to 0.9 J.Lm) is shown in figure 5.10b. Visibility is low because polarization had not 

yet been optimized, and the split ratio changed significantly over the bandpass. 

5.4.2 Software 

Standard astronomical radio-interferometry software (PHASE, INVERT, CLEAN, and 

AMPHI) of the Caltech VLBI package (T. Pearson, private communication) is used to 
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Figure 5.9: U-V coverage of the 5-telescope pentagonal array after 8 rotations at 5 degree 
increments. The last set of measurements is almost identical to the first (overlap of the 
spots). 

synthesize images from the amplitude and closure phase measurements. The programs do 

the following: 

, PHASE calculates phases for each baseline from the measured closures. It uses an 

initial model to calculate phases on N-1 baselines (N is the number of telescopes), 

then "unwraps" the closure relationships for the remaining N(N - 1)/2 - (N - 1) 

baselines. Closures are not explicitly utilized once PHASE is run. PHASE is not part 
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Figure 5.10: 4-telescope dirty beam in laser light (left) and broad-band light (right). Light 
has been coupled through output fiber E2 and propagated backward through the system 
through fibers AI, A2, C1, and C2 toward mirror M, then to the TV camera. The overall 
Gaussian shape is the diffraction limited beam of a single fiber, while the fringing is due to 
interference between 6 pairs. 

of the iterative self-calibration loop . 

• INVERT computes the Discrete Fourier Transform of the complex visibilities after 

first interpolating the U-V points onto a regular grid. The resulting image is called 

the "dirty map" because it is the object c'2'!lvolved with the beam, which usually 

has many large sidelobes. INVERT also calculates the "dirty beam" by assuming the 

complex visibility = I at all U-V points (essentially convolving the beam with a point 

source) . 

• CLEAN is an iterative beam deconvolution algorithm (Cornwell, 1985a). It finds the 

location of the highest value in the dirty map, then subtracts at that position the 

dirty beam multiplied by some fraction of the value. It continues this process, saving 

the location and amplitudes of the subtracted beams. Upon completion, which is 

usually determined by setting either a maximum number of components or a map 
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threshold, it convolves the saved set of delta functions with a Gaussian whose width 

is representative of the highest resolution consistent with the observation and noise 

(usually about the same width as the central peak of the dirty beam). The CLEANed 

map is used as the new model for self-calibration . 

• AMPHI is the name of the Caltech self-calibration proced ure ( Pearson and Readhead, 

1984; Cornwell, 1985b). It finds a least squares solution to the difference between the 

observed phases and those calculated from the model and telescope phases by allowing 

N-1 telescope phases to be free parameters (the other phase term is irrelevant since 

absolute phase is meaningless). In other words, it finds telescope phases which are 

consistent in a least squares sense with both the observed visibilities and the current 

model. Effectively, AMPHI shifts the interference fringes of figure 5.10 so that they 

are all in phase at the center, forming a single bright central lobe surrounded by 

weaker sidelobes. 

Once telescope phases are estimated, the visibilities calculated by PHASE are adjusted 

to account for the new model and telescope phases. These are then supplied to INVERT, 

and the whole INVERT, CLEAN, AMPHI process iterates until the new model and previous 

iteration's model are sufficiently similar. 

5.4.3 Laboratory Reconstructions 

The first object transparency consists of four barely resolved points, which at higher reso

lution resembles a 6 arcsecond-wide satellite with 3 solar panels (fig. 5.11a). All four 



u 
" c 

" .1: 
C 

'" '" 

o 

-5 

a 

o 
Rala(i,. R.A. (are.ee) 

,-- '-----" 

b 

5 o 
Relati"e R.A. (are sec) 

130 

G 

-5 

b Object smoothed by llit ") transparency. ) f m 0 c) Recon-. t ("sate e o/c teps ro. d Ne ative print of obJec ontour levels are 10 0 s has been smoothe 
Figure 5.11: a) WgHM - 16 arcseconds. C. The CLEANed map I els are -10,0, 

. "h F -. "rb a"on. C 'u, ev . 
Gauss .. n w, 5 , le"opes, af'e, self-c , , . ha,ched ,egion). ~n 0, Noiseless ampli-
stmction f.om \m as (b) (FWHM show~ m of labo,.to,y expenmen 'as 'he labom'",y 
by the ,.me Gauss k d) Comput" simulat,"" self-calib,.tion loop I e cov.,age. 
10, ... , 90% of pea. .,e pmcessed in the ~ame he object and Foun" p an t des 

and closure phases 'mental result given t u . "" d al" expen data. This IS the 1 e 



131 

components have the same surface brightness. When smoothed by a Gaussian of FWHM 

= 1.6 arcsecond, the object looks like fig. 5.11 b. The object is only marginally larger than 

the 4.6 arcsec diameter of the first zero-level ring of the dirty beam (Fourier transform of 

U-V plane coverage). 

The self-calibrated, cleaned, 5-telescope synthesis map, restored using the Gaussian 

just mentioned, is shown in fig. 5.11c. It is emphasized that this map is reconstructed from 

simultaneous measurement of visibility amplitude and phase on all possible baselines and 

is not a computer simulation. Plotted contours are in increments of 10% of the peak. The 

most significant spurious features are two -15% peaks. Dynamic range, defined as peak 

signal divided by r.m.s. background, is about 50. A computer simulation of the experiment 

using noise-free amplitudes and phases at the 80 U-V points, and reduced using the same 

self-calibration loop as the experimental data, is shown in fig. 5.lId. The likeness to fig. 

5.lIc indicates that the experiment was successful. 

Additional computer simulations showed that the missing central component can be 

recovered if either the U-V coverage or object is expanded so that the object is more easily 

resolved. Figure 5.12a shows a computer simulation of the reconstruction obtained for an 

object twice the size of the experimental transparency, using the same 5-telescope array 

rotated to the same 8 position angles. The array begins to recover the central component 

and resolve the individual "panels." Figure 5.12b shows the much improved reconstruction 

obtained with a 10 telescope array with the same diameter and also rotated to 8 uniformly 

spaced position angles. The reconstruction is beginning to look like the "ideal" case of 
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Figure 5.12: Computer simulation of larger object. Left: Reconstruction from 5-telescope 
array used in the laboratory at same 8 position angles. Right: Reconstruction from 10 
telescope array at same 8 position angles. 

infinite U-V cover a ;e (smoothed to 1.6 arc seconds FWHM) shown in figure 5.llb. 

A second laboratory reconstruction is shown in figure 5.13 Surface brightness, integration 

time, and Fourier plane coverage are all identical to the satellite reconstruction. This source 

is 3 times larger than the satellite, and is symmetric about one axis except for a small point 

source off to one side. The reconstruction is clearly successful, except for the small point 

source, which has vanished. Some structure (peak < 10%) is obvious perpendicular to the 

jet, and a ghost (peak < 10%) appears opposite the jet. Dynamic range is about 50. 

5.4.4 Equivalent Sky Magnitude 

Approximately 9 x 103 photons/sec/telescope were detected at each PMT (quantum effi-

ciency ~ 10%) using one linear polarization from the satellite transparency. Extrapolating 
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Figure 5.13: a) "Astronomical Jet" negative of transparency used in laboratory as test 
object for image synthesis. b) 5 telescope laboratory reconstruction. Contours are -5, -2.5, 
0,2.5,5, 10,20,40, 60,80% of peak. 

back to the telescope pupil, accounting for losses in the beam combiner, the 7.1 nm band-

pass, and assuming 25% coupling (obtained in the atmosphere with telescope diameter = 

50 em and 7"0 = 15 em) into the fibers, approximately f = 106 photons/sec/m2/nm were 

incident at the telescopes (both polarizations). The equivalent visual magnitude for this 

flux is given by (Roddier and Lena, 1984) 

mv = 2.5(8 - loglO 1) (5.2) 

which gives mv = 5. Since the experiment integrated data for 104 seconds at each of the 

8 position angles, the satellite map is equivalent to 832 seconds of integration using fringe 

stabilization on a 5th magnitude astronomical source, where quantum efficiency of 10% is 
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assumed, and half the light at the output is not used. If now both output fibers are used 

and quantum efficiency is improved to 40%, the same signal-to-noise ratio (SNR) results 

from a mv = 7.3. 

Results are similar for the infrared. Using the same number of photons/sec/telescope 

and the same assumptions that went into the second result (Le. no detector noise), with an 

additional factor of 2 gain in quantum efficiency, and Beckwith's conversion of 620 Janskys 

for 2.2 /lm for a zero magnitude source (Beckwith, 1976), one obtains for observations at 

2.2 /lm and the same relative bandwidth (>'/0>' = 88) an equivalent magnitude of mK = 

5.9. Increasing integration time from 104 to 400 seconds gives the same SNR at mK = 7.5. 

5.5 Conclusion 

This experiment demonstrated the first--ever interferometric image reconstruction from cor

relations of light collected by independent optical telescopes. The simple fiber optic beam 

combiner made possible well calibrated visibility measurements which were used in unmod

ified radio astronomical software. The important features of the experiment are: 

• 5 independent telescopes arranged in a pentagon 

• One standard SM fiber in the back focal plane of each telescope 

• A beam combiner composed of six standard directional couplers 

• Excellent phase and polarization stability and high throughput 

• Visibility> 90% for 0.585 < >. < 0.68/lffi (chapter 4) 
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• Calibration of correlator closure phases using a point source 

• Temporal multiplexing required to distinguish interference pairs 

• Linearly Polarized broad band (7.1 nm) light 

• Simultaneous measurement of all 10 complex visibilities on 3 PMTs 

• Successful reconstruction of two images using standard VLBI self-calibration. 

As noted earlier, similar beam combiner architectures can accommodate Up to 20 tele

scopes (chapter 4). Construction and operation remain simple even for large numbers of 

telescopes. Throughput should remain> 89%, and control of polarization and optical path 

equalization is not fundamentally more difficult than the 5-beam case. Extrapolating the 

experimental results to larger correlators, it is reasonable to conclude that all-fiber beam 

combiners adequately solve the multiple-beam interferometric recombination problem over 

a wide range of wavelengths (0.3 < >. < 3.2fLm) and for a large number (N ::; 20) of 

telescopes. 
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CHAPTER 6 

SYSTEM CONSIDERATIONS 

This chapter presents theoretical studies as well as laboratory and field experiments used to 

predict the performance of a real fiber-linked astronomical interferometer. The maximum 

useful power levels, operational bandwidth of a single fiber, and wavelength limits for silica 

and ftouride fibers are theoretically calculated. A fiber-linked Mach-Zehnder interferometer 

in the laboratory is used to demonstrate polarization effects in long lengths. In the field, 

thermal and vibrational optical path fluctuations have been observed and corrected in 100 

m lengths of fiber attached to a radio dish (Cannes, 1988). 

6.1 Nonlinear Optical Effects 

The maximum stellar energy and minimum acceptable power levels for laser metrology sys

tems are calculated and shown to be far below the 8 m W limit set by Raman Amplification, 

45 m W limit of Stimulated Brillouin Scattering (SBS), and 45 m W limit due to Self-Phase 

Modulation (SPM). 

The maximum intensity of starlight inside the fibers is reasonably limited by the follow

ing assumptions: 

• The brightest star in the sky has visual magnitude mv = -1. 
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• The telescope is based in space, so that no atmospheric absorption or turbulence is 

present. 

• 8 meter diameter, diffraction limited, ideal optics couple 100% of the energy they 

collect into the fibers. 

• The fibers have 4 JLill diameter cores. The core area is a reasonable approximation to 

the effective beam area. 

The flux from a star in a bandpass centered at 5500 A is given by Allen (1973) 

1>. = 1O-OArnv-11.43 W 1m2 . A 

= 9.33xlO-12 W 1m2
• A (mv = -1) 

9.41xlO-23 W 1m2 • Hz (lA = lOll Hz at 5500A) 

= 3.77xlO-IO W 1m2 • Hz (8m telescope, 4JLm fiber core) 

The integrated (over all wavelengths) flux collected by the ideal telescope above the 

atmosphere is, for an mbolornetric = 0 source (Allen, 1973) 

Jbol = 2.48xlO-8W 1m2 

= 1.25JLW (8m telescope). 

Most of the 1.25 JLW is concentrated in the visible regime. This is roughly the highest 

power from a star that could be coupled into a fiber unless larger telescopes are utilized. 
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Laser beams will be used to monitor the optical path of the fibers. The pessimistic 

requirement that the photon-statistics-limited signal-to-noise ratio (SNR) reach 1000 in 1 

millisecond, given 0.1 % throughput (the low throughput resulting from a retro-reflection 

at the telescope end of the fiber, for example), calls for 109 photons per millisecond, or 0.3 

J.LW oflaser light at 0.632 J.Lm inside the fiber. 

Thus it is not necessary to have more than 1 J.LW of laser light in the fiber, and there 

will always be less than 1 J.LW of starlight (typically orders of magnitude less). As shown 

below, nonlinear effects become significant when several milliwatts are present. For further 

reference, nonlinear optics in fibers is the subject of a book by Agrawal (1989). 

6.1.1 Raman Scattering 

As laser or starlight propagates through the fibers, it can create and absorb optical phonons. 

When a phonon is created, the photon is destroyed and a new, lower energy (longer wave

length) photon is created (Stokes scattering). Phonon absorption (anti-Stokes scattering) 

can also occur but is not as efficient as Stokes scattering unless the fiber is at an extremely 

high temperature. The difference in energy between the original and newly created photon 

has a characteristic frequency shift of about 440 cm-l and bandwidth ~ 200 cm-1 in silica 

(Jeunhomme, 1983). 

When a laser is producing Stokes photons, and starlight is present at the wavelength 

of those photons, amplification of the starlight can occur (Raman amplification). Assum

ing that the laser and starlight both satisfy this condItion, then amplification, as long as 
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it is identical in all fibers, does not decrease fringe visibility or SNR (neither does it in-

crease SNR as long as the unamplified fringe measurement was photon-statistics-limited). 

However, differential effects such as amplification in one fiber but not in others can cause 

visibility calibration problems. To obtain a pessimistic lower limit to laser power, 1% Ra-

man amplification of starlight is allowed (this results in «1% error in measured fringe 

visibility) . 

The gain due to Raman amplification is (Stolen, 1980) 

gPL 
G=exPA' (6.1) 

where g = 1.55 X 10-13 mjW is the Raman gain coefficient for silica at 0.63 Jim (Jeunhomme, 

1983), P is the power in the pump (laser) beam, L is the effective fiber length, and A the 

effective core area. For an amplification of 1 %, G = 1.01. Using L = 100 m and A = 7l"(2J1m)2 

gives Pmax = 8 mW. 

Of course, if the starlight and laser light are separated in wavelength by more (or less) 

than the Stokes shift, the Raman amplification of starlight does not occur. In that case, 

the Stokes-shifted laser light is amplified by the unshifted laser light (stimulated Raman 

scattering, SRS). This is a much weaker effect requiring longer lengths of fiber and higher 

beam powers (~lW) before becoming significant (Stolen, 1980). 

6.1.2 Brillouin Scattering 

As light propagates along the fiber, it also interacts with acoustical phonons which have 

a much lower energy and narrower bandwidth than the optical phonons discussed above. 
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The amplification process is the same, however. The Brillouin shift in silica is -17/>.. G Hz, 

where>.. is expressed in /-lm, while the bandwidth is 61/ = 0.0296/>..2 GHz, where again >.. 

is in /-lm (Jeunhomme, 1983). The shifts are so small that the telescope array will never 

attempt to observe starlight so close to a laser line. Thus Brillouin amplification is not a 

concern. 

As with Raman scattering, the Brillouin shifted photons from the laser can be amplified 

by stimulated Brillouin scattering (SBS). Because of the exponential gain of the process, a 

"threshold" where the number of SBS photons is equal to the (depleted) number of laser 

photons is a good indicator of where SBS becomes significant. The amplification equation 

is the same as above, with gain 9 replaced by the Brillouin gain 9 = 5.8xlO-llm/W, and 

a factor of 21 multiplying A in the denominator (Smith, 1972). Note that writing the gain 

without dependence on the pump's bandwidth assumes that the Brillouin bandwidth is 

wider than the pump's (it is the power per unit Brillouin bandwidth that determines the 

threshold level). Assuming a 4/-lm core and 100 m long fiber results in significant SBS for 

laser powers > 45 m W. 

6.1.3 Self Phase Modulation 

Intense light modifies the index of refraction according to 

nCI) = nl + n21 + higher order terms. (6.2) 

For silica, ll2 = 6 X 10-20 m2/W (Glaas, 1984). The change in index causes the optical 

path length (OPL) in the fiber to change by n2IL, where L is the fiber length. Since OPL 
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fluctuations of the fiber due to thermal and acoustical fluctuations must be compensated in 

an interferometer, any OPL change due to self phase modulation (SPM) will automatically 

be compensated. Still, it is desirable to keep system OPL fluctuations to a minimum, so 

a maximum power level consistent with a >./20 path change in the fiber is computed. The 

power required to cause a )./20 path change is given by 

(6.3) 

where again A is the core area and L is the fiber length. For the same fiber used above, 

Pmax = 45 mW. Higher power will induce> >./20 phase shifts which (if uncompensated) 

will cause a significant bias in the estimate of fringe phase. 

6.1.4 Other Effects 

Single-mode fiber optics have supported parametric amplification (Stolen, 1982; Bar-

Joseph, 1986) and second-harmonic generation (Stolen, 1987; Osterberg, 1987). To have sig-

nificant efficiency, both require phase-matching (equal propagation constants) for pump and 

converted beams. Stolen (1987) discllsses several techniques for achieving phase-matching 

such as operating near the 1.3 /lm zero of dispersion, using very small wavelength shifts, 

and utilizing both modes of highly birefringent fiber. Second-harmonic generation (SHG) 

requires orders of magnitude more power than has been discussed above. Parametric am-

plification can occur at lower powers than stimulated Brillouin scattering, but this has only 

been demonstrated for shifts of 130 MHz (Bar-Joseph, 1986). Because accidental phase-

matching is highly unlikely, and because SHG requires several Watts, neither will be seen 
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in an astronomical interferometer. 

6.2 Polarization Fluctuations 

Polarization fluctuations (PFs) caused by bends, twists, stresses, strains, and temperature 

changes are discussed for the two distinct sections of fiber: 1) in a harsh environment such 

as between telescopes and laboratory; and 2) inside the lab. For a harsh environment, 

highly birefringent fibers should be used. Intermodal coupling is negligible, while changes 

in birefringence are significant but not uncontrollable. Once inside the lab, either highly 

birefringent or standard fibers are used and PFs are of extremely low bandwidth. 

Polarization fluctuations must be minimized to prevent loss of visibility. The require

ment is that visibility fluctuations remain less than 1%; this requires alignment of the fiber 

axes, or equivalently changes in retardation or rotation of the polarization, to be less than 

cos-1 (0.99) = 0.14 radians. Also, polarization cross-talk must remain < -20 dB. 

The general equations for changes in birefringence due to bends, twists, ... ,etc., are given 

in chapter 2. The important results, mostly derived from experiments rather than theory, 

are given here. 

6.2.1 Long Lengths of Standard Fiber 

Cannes used standard SM fibers in his radiotelescope experiment (Connes, 1988). As ex

pected, the output polarizations of the two fiber arms in his Mach-Zehnder interferometer 

fluctuated wildly. The time constant for significant PFs (causing a few percent change in 
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visibility) was ~ 1 s. 90° rotations, resulting in total loss of fringe visibility, had a time 

constant of ~ 1 minute. The experiment demonstrated that when standard fibers are used 

in the field, polarization control bandwidths of > 1 Hz are necessary. While active polar

ization control is possible, it is probably not practical, since the Stokes parameters must all 

be specified. This requires a polarizing system at each telescope, and polarization allalyzer 

at the output of each fiber. 

Further, if standard fibers are used in the field, polarization corrections at one wave

length will not necessarily correct a second wavelength, because the birefringence introduced 

by twists is independent of wavelength, while bending and compressing produce birefrin

gence which is linearly dependent on wavelength. In long lengths of fiber (defined as sections 

where one does not have access to the fiber along its length), the local twisting and bending, 

and therefore PF(>'), can not be controlled. 

The dispersion of polarization and fringe visibility has been analyzed using a 30 m coil 

of standard SM fiber in each arm of a Mach-Zehnder interferometer. No special care was 

taken to avoid twists, although the coils probably had less than 5 full twists. Linearly 

polarized light was coupled into the fibers. A small section of each fiber was bent until 

at >. = 0.63/nu, linearly polarized light emerged. Fringe visibility varied in the range 0.7-

0.9 J1.m, with a minimum at 0.8 J1.m, indicating that wavelength dependent polarization 

variations were present. No single-wavelength polarization control scheme could predict 

and correct this wavelength dependence. 
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6.2.2 Long Lengths of HB Fiber 

Highly birefringent (liB) fibers are well suited for use in the field, although there are three 

possible effects which can cause PFs in liB fiber. None is significantly detrimental. The first 

effect is cross-coupling due to microbending and buckling of the fiber. Cross-coupling is 

scattering oflight from one axis to the orthogonal axis. Payne (1982) gives equations for the 

amount of cross-coupling in the presence of bends and twists. The equations indicate that to 

maintain better than -20 dB cross-talk, fiber bends should have radii> 5 mm, and lengths 

< 1 mm for an liB fiber with 2 mm beat length. Shibata (1983) has shown experimentally 

that cabled liB fiber exhibits better than -20 dB cross-talk, even in kilometric lengths, and 

that microbends are not as severe as the 5 mm limit quoted by Payne. Thus cross-coupling 

in a cabled lIB fiber in the field will not affect fringe visibility. 

A second polarization effect seen in liB fibers is cross-coupling due to compression. 

Because there appear to be no references on the performance of cabled lIB fibers in the 

presence of vibrations or compressional forces, theory is invoked to determine the com-

pressional force required to induce a 1% cross coupling in an lIB fiber. The maximum 

cross-coupling parameter q is given by (Payne, 1982, eq. 15) 

q= 
power in unwanted polarization 8{3p 

power in desired polarization = 8{3' 
(6.4) 

where 8{3p is the birefringence induced by the pressure, and 8{3 is the fiber's intrinsic 

birefringence. For 1% (-20 dB) cross talk, the power ratio is 0.01 so that q =0.1 yielding 

8{3p = 314 m- 1 for a beat length LB = 27r/8(3 = 2 mm. 
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The compressional force per unit length on the fiber required to induce this birefringence 

is (Payne, 1982, eq. 16) 

r b{3p A 
f = 2.8x10- 1O ' 

(6.5) 

where f is in kg/m, and r is the fiber's radius. Using r = 125/lm, A = 0.63/lm, and 

b{3p = 314 results in f = 89 kg/m. This number far exceeds compressional forces that 

could be applied to a loosely mounted fiber (e.g. Connes' fiber in a tube) even on a wildly 

vibrating radiotelescope (except possibly for the Greenbank 300 foot dish). The major 

effect introduced by the vibrations is optical path fluctuations, caused by friction of the 

fiber with its surrounding tube. This axial stretching introduces no cross-coupling (Sakai 

and Kimura, 1981) Thus, polarization cross-talk due to vibrations is negligible. 

The third polarization effect seen in HB fibers is change in birefringence with tem-

perature. This is only a problem if both polarizations are recorded on the same detector 

(otherwise each axis acts as an independent waveguide since cross-coupling is negligible). 

In stress-induced HB fibers, the stress-inducing components, core, and cladding have dif-

ferent thermal expansivities. Thus the stress is sensitive to temperature. In tests with 

York HB fiber (LB = 2.5mm), a drop in temperature resulting in a 1 wavelength integrated 

optical path change caused a differential optical path change (fast axis - slow axis) of 1/30 

fringe. This is in good agreement with published values (Mochizuki, 1982; Ourmazd, 1983). 

Connes' wire heating scheme reduced fluctuations of the average temperature difference of 

the 100 m fibers to < O.l°C. This still allows roughly 100 fringe motion, or about 3 fringes 

of differential motion between the fast and slow axes. 
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An active polarization control mechanism with a bandwidth of ~ 1 Hz is needed for 

detecting both polarizations on one detector. This adds very little complexity to the system, 

however, since it simply requires launching of linearly polarized light at 45° to the input 

axes while using the control mechanism to obtain total extinction at an analyzer situated 

at 45° at the output axes. Some of the light from one axis could be used in the servo 

for maintaining phase stability in the total optical path (this servo is needed regardless of 

polarization requirements). Existing polarization control schemes with electrical bandwidth 

and performance that surpass field requirements are discussed by Okoshi (1985). 

6.2.3 Short Lengths of Fiber 

A discussion of PFs in the laboratory is much less complicated. In the imaging experiment 

(chapter 5), the polarization in standard fiber was stable for periods> TWO WEEKS. The 

polarization was controlled by holding the fibers in small loops with balls of modelling clay. 

Fatigue in the fibers, relaxation of the clay, and small-amplitude long-term temperature 

fluctuations were responsible for the two week time constant. For astronomers, polarization 

control here is simple since it can be carried out in the daytime when astronomical obser

vations are impossible. Since all fiber lengths are short and accessible, controlling twist 

is simple. Hence, the wavelength dependence of the laboratory lengths of fiber is entirely 

deterministic. Schemes for using separate detectors for each polarization, one detector for 

both polarizations, and highly birefringent fiber in the laboratory were discussed in section 

5.3.2 
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6.3 Thermal and Vibrational Phase Fluctuations 

Measurements by myself, Musha et al (1982) and Connes (1988) indicate that thermally 

induced optical path fluctuations are very small in the laboratory, and can be controlled in 

the field. Additionally, Kakuta and Tanuka (1987) have developed a liquid crystal polymer 

coating for silica fibers which reduces thermally induced phase fluctuations by at least a 

factor 0[25. Optical path fluctuations (OPFs) induced by vibrations (i.e. acousticalOPFs) 

are only a problem when the fiber is removed from the laboratory. Connes (1988) has used 

a servo to remove OPFs induced along 100 m of fiber mounted on a radio telescope. A 

pressure desensitized fiber (Lagakos, 1982) is noted, but its ultimate effect inside a cable is 

not known. 

With two 30 m lengths of noninsulated fiber loosely coiled in the arms of a Mach

Zehnder interferometer on an optical bench, OPFs were ~ 3 rad/s. This value is due 

mainly to dn/dT ~ O.8xlO-5 JOC, which is roughly 10 times larger than length changes due 

to the expansion coefficients of silica and the plastic coating. Atmospheric OPFs across 

long baselines are much larger and faster than the measured fiber fluctuations. 

Musha (1982) performed a more careful study with a frequency stabilized laser that 

allowed them to detect temperature differences of 10-5 °C. They coiled 10 m of fiber in a 

polystyrene box and correlated temperature changes with optical path changes. The corre

lation was excellent on time scales> 100 s (limited by response time in their thermometer), 

where OPFs were 1 radian rms. At 10 Hz, rms fluctuations were < 0.01 radians. As 

expected, fluctuations decreased monotonically with increasing temporal frequency. 
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Phase stability of the interferometer's beam combining optics is a critical parameter. 

Using the 5 telescope beam combiner (chapter 5), thermally induced phase drifts were 

::::: 2 rad/hour. More rapid fluctuations, if present, were much smaller in amplitude (the 

measurement was limited by photon statistics). Such drifts are easily calibrated using 

observations of point sources, and will not limit the dynamic range of reconstructed images. 

Cannes and Reynaud (1988) have performed the most relevant experiment of all. They 

placed two 100 m lengths of insulated SM fiber in a huge Mach-Zehnder configuration on a 

radiotelescope, set up a thermal and vibrational servo system, and stabilized fringe motion 

to 100 Angstroms rms (electrical bandwidth in the servo was 5 kHz.) They placed the fiber 

and a resistive wire (for temperature measurement) inside an 8 mm diameter, 1 mm thick 

copper tube. They wrapped another resistive wire (for heating) around the tube, put 0.15 

mm thick Al tape around this, and enclosed the package in 1 cm of foam insulation. The 

100 m long tubes were laid across the Nancay (France) radio dish. The heating wire was 

used in a feedback circuit with the resistive wire that was enclosed with the fiber. This 

allowed them to stabilize the total optical path to a few hundred fringes (equivalent to 

stabilizing the average fiber temperature to ::::: 0.1 °C). Vibrational OPFs were removed 

using an actuator consisting of several loops of fiber wrapped around a PZT cylinder. The 

actuator reduced to 100 Angstroms rms the OPFs induced by wind gusts of up to 20 m/s 

(44 miles/hr). 

Fibers may be made less sensitive to both thermal and vibrational fluctuations. Kakuta 

and Tanuka (1987) have developed a liquid crystal polymer (LCP) coating for fibers which 
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has a negative coefficient of expansion. An 800 pm diameter coating applied to silica fiber 

with a 400 pm silicone resin jacket cancels the silica's dn/dT so that at 0 DC the coated 

fiber has a thermal coefficient of delay of O. For the temperature range -40 to +40 DC, the 

thermal coefficient of delay remains less than 4% of the bare fiber's coefficient. Thus, fiber 

coated with this polymer will exhibit 1/25 the thermally induced optical path fluctuations 

quoted above. The coating is expected to have a lifetime of 20 years. 

Fibers may also be desensitized to acoustical OPFs, though it remains to be shown that 

a fiber can be desensitized to both acoustical and thermal fluctuations. Lagakos et al (1982) 

have shown experimentally that coating a typical bare ITT fiber with 15 pm of nickel results 

in an order of magnitude decrease in presure sensitivity compared to fiber with a standard 

plastic jacket. They also describe several other forms of pressure desensitized fibers which 

do not use standard silica cores (Lagakos, 1981). 

6.4 Optical Loss Due to Bending 

It is desirable to minimize the number of fibers used to cover the 0.5 to 2.0 pm bandwidth 

of the interferometer. In this section experimental results of several authors (Furuya, 1980; 

Ohashi, 1986; Hordvik, 1986; Katsuyama, 1980; Mitsunaga, 1984) are used to determine 

the feasibility of handling this range using just two fibers: one with cutoff wavelength Ac = 

0.50 J.lm, the other with Ac = 1.0 J.lm, and each operating between 1 < A/ Ac < 2. 
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6.4.1 The Bending Loss Problem 

At tr..e long wavelength end of this spectrum, a large fraction of the light spreads from the 

core into the cladding and becomes weakly guided. Bends along the fiber's length cause 

light to couple to radiation modes and scatter from the fiber. As shown below, the effect 

has a very sharp wavelength dependence. Bends are always present, and their nature and 

magnitude are highly dependent upon jacketing, cabling, and environmental conditions. For 

a review of the important factors affecting cable design, see Wiltshire and Reeve (1988). 

Fibers are placed in jackets (often nylon or plastic), which have imperfections in den

sity, shape, etc., causing the fiber to exhibit random bends ("microbends"). Cabled fibers 

are usually twisted helically around central components, so there is also a constant bend 

("macrobend"). Additionally, temperature changes cause jackets and cables to expand and 

contract orders of magnitude more than silica fibers. Expansion (at high temperature) pulls 

the fiber taut against the center of the cable and leads to microbends induced by imperfec

tions such as bumps in the central component. At low temperatures, which is what concerns 

astronomers at high altitude observatories, jacketing and cabling materials shrink, causing 

the fiber to buckle. The bending may be of the macro- or microbending type depending 

upon materials and cable type. 

Light loss due to bending occurs because the (weakly) guided LPQ1 mode is coupled to 

radiation modes. This coupling is reduced (guidance is improved) when the relative index 

of refraction ~ = (ncore - nclad)jnclad is increased. In terms of ray optics, increasing 6. 

decreases the minimum angle of total internal reflection so that rays reflect around the 
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Figure 6.1: Core diameter versus ~, assuming Ac = 1.0 {Lm. Core diameter is directly 
proportional to .xc. 

bend. Increasing ~ comes with a price; to maintain SM operation, the core size must be 

dp.creased according to 

(6.6) 

where a is core radius. This is plotted in figure 6.1, where a cutoff wavelength of 1 {Lm is 

assumed. Small cores are undesirable because connecting and splicing become difficult. 

Since the interferometer is more likely to be subjected to cold rather than hot tempera-

tures, and because high-temperature light losses are much less severe (Hordvik, 1986), only 

the low temperature limit (realistically -30 °C) is dealt with in this section. 
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Figure 6.2: Random bend model of Furuya and Suematsu (1980). 

6.4.2 Random Bend Model 

Furuya and Suematsu (1980) derived an equation for the bend loss occurring in a step-index 

SM fiber which has random bends, and successfully tested the equation using data for both 

jacketed and cabled fiber. The equation is based upon a bend model (figure 6.2) consisting 

of Gaussian shaped pulses with a characteristic width W, number per unit length N, and 

average peak curvature V1/R2. The light loss per unit length is given by 

(6.7) 

where factors x and yare given as functions of normalized wavelength (A/ Ac) in their paper. 

The equation was used to fit measured room-temperature losses for two jacketed fibers 

and one cabled fiber. The cabled fiber was of tight construction, with fibers stranded around 

a central tension member of 1.5 mm diameter. They found for the cabling process W = 

1.2 mm and N{1/R2) = 92 m-3 (figure 6.3 curve 1). With their ~ = 0.12% fibers, they 

observed> 10 dB/km loss at A/ Ae ~ 1.4. 

Using their Wand N(l/ R2) values, but changing 6. to 0.5% gives satisfactory perfor-

mance « 5 dB/km loss) at A/Ae = 2 (figure 6.3 curve 2) This conflicts somewhat with 
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their figure 7, which indicates that 6. = 0.5% is still too lossy. However, since the equation 

does fit two of their curves according to their data, the implementation of the equation for 

this dissertation is probably correct. Either their 6. = 0.5% curve or their data for the first 

two curves is in error. 

The random bend equation was also used by Ohashi (1986) to fit light losses occurring 

in a cabled fiber. While most of Ohashi's work concentrated on large 6. dispersion-shifted 

fibers, he included a standard step-index fiber with 6. = 0.15% inside the cable. The cable 

consisted of fibers coated with three layers of silicone and stranded around a central strength 

member. The radius of the central component was not reported. Using Furuya's equation, 

Ohashi reported W = 1.57 mm and N(l/ R2) = 2.71 X 10-3 m-3 . But these numbers do 

not fit their curves according to the equation. Using Ohashi's published curves, the correct 

numbers are W = 2.29 mm and N(l/ R2) = 170 m-3 (figure 6.3 curve 3), which seems 

much more reasonable when compared to Furuya's results. 

In any case, the losses are unacceptable at A/ Ac = 2. Taking Ohashi's data (as opposed 

to his fit to the data), the minimum 6. required to maintain losses < 5 dB/km is 0.51% 

(figure 6.3 curve 4). Note that even at -30°C Ohashi finds no significant loss increase in 6. 

= 0.8% dispersion-shifted parabolic index fibers. 

Hordvik and Eriksrud (1986) experimented with SM fibers jacketed with a loose jelly

filled tube like those found in loose-tube cables. At low temperatures, the tube shrinks 

significantly compared to the fiber, forcing the fiber toward the outside of the tube. At 

even lower temperatures, the fiber buckles. They attempted to use a uniform bend loss 
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equation (Marcuse, 1976) to explain the wavelength dependence of their low-temperature 

(-60 °C) results, but they reported that neither the equation nor their own uniform bend 

loss measurements fit their data. (Hordvik's Gaussian approximation to the true LPol field 

probably causes large errors for V > 2.0.) 

In fact, Furuya's equation provides an excellent fit to Hordvik's data with ~ = 0.1%, w 

= 2.26 mm, and N(l/ R2) = 200.2 (figure 6.3 curve 5). Using these parameters to identify 

the minimum relative index difference resulting in < 5 dB/km loss at A/Ae = 2 results in 

~ > 0.55% (figure 6.3 curve 6). 

6.4.3 Uniform Bend Model 

Whereas Furuya, Ohashi, and Hordvik studied cabling effects, Katsuyama et al (1980) 

carefully studied the properties of the fiber coating. As described below, they estimated the 

fiber's bend radius versus temperature, and from this used the uniform bend loss equation 

(Marcuse, 1976) to successfully estimate light losses. 

Katsuyama et al (1980) coated fibers with a soft silicone layer (diameter::::; 0.4 mm), 

and surrounded this with a harder nylon layer (diameter::::; 1.0 mm). They reasoned that 

as temperature dropped and the materials began to contract, the fiber would bend helically 

around the center of the coating, and thus have a temperature dependent bending radius. 

They predicted the radius from knowledge of the thermal expansion coefficient and Young's 

modulus for the silicone and nylon. The bending theory and calculations were verified 

by direct examination of, and from measured strain-induced resistance changes in, a wire 
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which had been coated in the same way. 

The optical loss per unit length was calculated from (Marcuse, 1976) 

1 [7r [ U ]2 
Q = "2 V R;;;;3 V J( 1 ( V ) exp (6.8) 

where u, v, and V are the standard waveguide parameters (Jeunhomme, 1983), and R is 

bending radius. The predicted optical losses matched measured losses. Katsuyama et al 

found that at -30 oC, the fiber exhibited a 70 mm bend radius, which leads to unacceptable 

losses at A/A e = 2. 

Taking 70 mm as the minimum bend radius of fibers in the long-baseline interferometer, 

6. > 0.8% gives satisfactory performance at A/ Ac = 2 for a fiber with Ac = 1.1 pm (figure 

6.3 curve 7), and 6. > 0.55% is required when Ac = 0.55 pm (figure 6.3 curve 9). Note that 

6. = 0.55% for the longer wavelength fiber allows propagation to 2.0 pm (curve 8), but to 

obtain low losses at 2.2 pm requires ~ > 0.8%. 

The same authors revisited the problem several years later (Mitsunaga, 1984) and this 

time accounted for initial imperfections in the fiber. They showed that the initial defor-

mation was mostly sinusoidal (and identified fiber vibration during primary coating as a 

possible cause), so the random bend equation of Furuya still does not apply. They concluded 

that for soft/hard coated fiber, microbending is relatively small. However, the experiments 

were not carried out in cabled, or simulated cabled fibers. 
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Figure 6.3: Bend loss versus wavelength. Curves 1 to 6 are calculated from equation 2 (the 
random bend equation). Curves 7 to 9 are calculated from the uniform bend equation. 
1) A = .0012, W = 1.2 mm,N(l/ R2) = 92 m-3 (from Furuya and Suematsu (1980)) 
2) A = .0050, W = 1.2 mm, NU/ R2) = 92 m-3 

3) A = .0015, W = 2.29 mm, NU/ R2) = 170 m-3 (fit to Ohashi (1986» 
4) A = .0051, W = 2.29 mm, N(1/R2) = 170 m-3 

5) A = .0010, W = 2.26 mm, NW R2) = 200 m-3 (fit to Hordvik and Eriksrud 1986) 
6) A = .0055, W = 2.26 mm,N(l/ R2) = 200 m-3 

7) A = .008, R = 70 mm, Ac = 1.11lm. 
8) A = .0055, R = 70 mm, Ac = 1.11lm. 
9) A = .008, R = 70 mm, Ac = O.55Ilm. 
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6.4.4 Summary 

There appears to be little overlap in the published literature dealing with far-from-cutoff 

bend losses in SM fibers. Still, the results for both microbend and macrobend losses appear 

to be reasonably consistent when the model of Furuya and Suematsu (1980) is applied to 

microbend type losses, and the uniform bend loss equation of Marcuse (1976) is applied 

to careful uniform bend studies (Katsuyama, 1980). The conclusion to be drawn is that, 

regardless of the type of bend, a relative index difference of .6. > 0.005 maintains losses of 

less than a few dB/km at AlAe = 2, even at a temperature of -30 0 C. Thus it should be 

possible for two fibers to operate over the the range 0.5 to 2.0 /lm. 

6.5 Material Attenuation 

The interferometer's operational bandwidth is ultimately determined by attenuation due to 

absorption and scattering. This section describes the transmission limits set by present day 

technology for SM fibers. Silica-based fibers have reached theoretical transmission limits, 

while fluoride-based fibers are adequate for long lengths but may still be greatly improved. 

6.5.1 0.4-3.2 /lm 

Figure 6.4 is a plot of the measured optical attenuation of SM silica-based and fluoride

based fibers. In the visible, Rayleigh scattering is responsible for the increase in attenuation. 

Dopants such as Germanium may adci about 2-5 dB/km to the curve if used to achieve lln 

> 0.01 (Jeunhomme, 1983). OlI absorption at 0.95, 1.24, and 1.35 Jlm is also responsible 
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Figure 6.4: Attenuation of silica and fluoride based SM fibers. For Silica fiber: A < 0.6.um; 

measurements of Lightwave Technologies SM fiber with Ac = 0.59 .urn. 0.8 < >. < 1.6 .urn; 

data from Corning, for SMF-28 fiber. >. > 1.6 .urn; bulk silica transmission data from Izawa 
(1977). For fluoride fiber: 1.5 < A < 3.2 .urn; measured fiber with Ac = 2.0 .urn, after 
Sakaguchi (1987b). 

for several dB/km of absorption. Beyond 1.55 ,urn, intrinsic IR absorption in the tails of 

far-IR resonances causes the sharp increase to 18 dB/km at 2.0 Ilm and 100 dB/km at 2.17 

/lm (Izawa, 1977). Attenuation in 100 m lengLhs of silica-based fibers is below 3 dB (50%) 

for the region 0.47 to 2.05 /lm, and is below 1 dB (21%) for 0.56 < A < 1. 95.um. 

Fluoride-based fibers have the potential for extremely low losses « 0.01 dB/km) 

in the mid-infrared region (Drexhage, 1988). So far extrinsic factors such as fiuore-

microcrystallites, oxide particles, and voids have kept losses far above theoretical min-
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ima (Sakaguchi, 1987), but low-loss SM fluoride fibers have been drawn (Sakaguchi, 1987; 

Ohishi, 1986). The best results to date are shown in figure 6.4. (Note that >'c for the LPn 

mode is at 2.0 lim). Attenuation in 100 m lengths of fluoride-based fibers is below 3 dB for 

the region 2.01 to 2.79 lim, and is below 1 dB for 2.03 to 2.68 jim. Losses are expected to 

continue to improve as material purity and manufacturing techniques are improved (Connes, 

1987). 

Transmission beyond 3 jim is not pursued here because the field is rapidly developing, 

and no SM polycrystalline or chalcogenide glass fibers have ever been drawn. However, MM 

fibers have been drawn, and already losses are less than 3 dB for 10 m lengths for much of 

the mid-IR (see compilation of data in Connes, 1987). If ever perfected, these fibers will 

allow essentially lossless transmission over hundreds of meters for>. < 10jim (Miyashita, 

1982). 

6.5.2 Long-Term Losses 

Several factors may increase attenuation in the interferometer, but none are expected to be 

significant. Ionizing radiation can cause electrons to become trapped in structural defects 

in the fiber, leading to absorption at near- and mid-IR wavelengths. Losses are expected to 

be less than 0.1 dB/km in a typical cable under normal (150 mrad/year) radiation exposure 

for 20 years (Haber, 1988). 

Low levels of Hydrogen gas can react with the fiber to induce absorption near 1.6 

Jim (and ~ 1/10th as much at 1.3 Jim). Hydrogen gas is released by the corrosion of 
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metal components in the cable, or by outgassing of silicone coatings (A. Tamita, private 

communication; Wiltshire, 1988), and is found with pressures up to 0.001 atm in cables 

(Araujo, 1988). At these levels, predicted losses are 1 dB/km at 1.6 f.Lm for thirty years 

exposure. 

An obvious potential problem is fiber breakage due to cracks or strain. Since most 

cables are designed to last 15-25 years, the probability of fiber failure is exceedingly small 

(Donaghy, 1988) especially for the relatively short lengths used in a ground-based interfer-

ometer. 

6.6 Conclusions 

There will always be < 1 /lW of starlight coupled into the fibers, and very high SNR laser 

metrology is obtained with less than 1 f.LW of laser power. Raman amplification, which 

can be avoided by sufficiently separating the laser beam from the starlight bandpass, has 

a threshold of 8 m W in 4 f.Lm core, 100 m long silic3. fibers. Other low-power nonlinear 

effects are stimulated Brillouin scattering (45 m W), self-phase modulation (45 m W), and 

parametric amplification (> 11 mW). Nonlinearities will not be significant as long as laser 

power in the fibers is less than 8 m W. 

Standard (not polarization preserving) fibers are not well suited for use in the field 

(outside a laboratory). Polarization fluctuations have a bandwidth of 1 Hz, and have un

predictable wavelength dependence. HB fibers ARE well suited for the field. Polarization 

cross-talk is negligible even in the presence of large temperature fluctuations and vibra-
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tions. If unpolarized light is used and recorded on one detector, a simple (single linear 

polarization) polarization control scheme with a few Hz electrical bandwidth is needed. If 

each orthogonal linear polarization is recorded on a separate detector, then NO polariza

tion control scheme is necessary. In the laboratory, standard fibers are perfectly adequate. 

Polarization fluctuations due to relaxation and fiber fatigue have very slow time constants, 

and can be corrected during daylight hours. 

Atmospheric OPFs are much larger than fiber OPFs, even for long lengths of fibers. 

Large scale, slow, thermally induced OPFs (e.g. daily cycle) have been controlled using 

resistive wires to heat fibers. Thermal fluctuations seen in the laboratory are easily cali

brated. No unexpected or unusual behavior was observed in wh'te-light fringes in 60 m of 

SM fiber. Using thermally desensitized fibers, thermal OPFs are reduced by a factor of at 

least 25. Acoustical OPFs, such as those occurring in fibers mounted on a radio telescope 

in a gusting wind, have been stabilized beyond the required precision. These too may be 

reduced, but further study into acoustically desensitized fibers and cable is needed. 

A single-mode fiber can support a bandwidth of 1 < AlAe < 2. Thus only 2 fibers 

are needed to cover the range 0.50 to 2.0 f.lm. The worst case of fiber buckling at -30°C 

require:; the relative index .6. ~ 0.8% for Ac = 1.1 f.lm (this sets core radius at 2.3 Ilm). At 

room temperature .6.s of 0.55% are required for cables. For uncabled fibers in a temperature 

controlled laboratory, smaller .6.s are feasible. (For example, extrapolating the upper curve 

offigure 13 of Mitsunaga (1984) to 0 °C implies that .6. = 0.2 gives low losses out to AlAe = 

2.) Further investigation of optical bend loss reduction, especially in cabled fiber, is needed 
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to resolve discrepancies in published results. 

Current technology allows better than 3 dB (50%) transmission from 0.47 to 2.79 J.lm 

for 100 m lengths of either silica- or fluoride-based SM fiber. Other types of fiber require 

further development, but there is potential to push the transmission window to 10 J.lm. 

Long term radiation and Hydrogen induced losses will be negligible, as is the probability of 

serious fiber defects under normal operating conditions 
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CHAPTER 7 

FLOAT: A FIBER LINKED OPTICAL ARRAY TELESCOPE 

Several groups have proposed designs for long-baseline interferometers which employ several 

independent, ground based telescopes (Labeyrie, 1987; Shao, 1987; Davis, 1985b; McAlister, 

1988; Kibblewhite, 1988). These arrays have baselines of 20 to 640 meters and are designed 

to operate in the visible and near infrared. All of the proposals have three features in 

common: high-precIsion delay lines (optical trombones) to compensate for geometrical 

path differences when the source is not at the zenith; a system of mirrors and light pipes 

(usually evacuated) to guide beams into the laboratory; and the ability to be reconfigured 

to improve U-V coverage. 

Connef, (1987a) has proposed a radically different array caIled FLOAT (for Fiber Linked 

Optical Array Telescope), which is only feasible because of the availability of single-mode 

(SM) fiber optics. The idea is to mount:::::; 9-15 small optical telescopes on a large steer

able structure such as an existing radio dish, couple the light into SM fibers, and use the 

fibers to coherently combine the beams at the output (figure 7.1). Connes has thoroughly 

described specific implementations of both guiding and interferometric servos, and has de

tailed the telescope platforms and vibration control (Connes, 1987b). In the same paper he 

also proposed several intermediate proof--Qf-concept tests. The operational parameters are 

presented in table 7.1. 
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Figure 7.1: FLOAT concept of an array of small optical telescopes mounted on a large 
structure such as a radio telescope. 

Advantages of FLOAT 

Why undertake such a project? The most obvious advantage is that a long baseline is 

obtained without building costly delay lines. 100 m east-west baselines become practical 

without the limitations imposed by high-precision, rapidly moving trombones. Further, the 

array has the capability of tracking a rapidly moving object such as an orbiting satellite. 

It is unlikely that any optical delay line will ever be capable of maintaining the required 

speed and precision. Additionally, since the array always faces the source, resolution and 

u-v coverage are independent of azimuth and altitude. Rotational synthesis occurs if the 

supporting structure has an alt-az mount. Finally, the output beams may easily be fed to 

sev~ral sets of beam combiners which are optimized for different cases, e.g. detector noise 

limited measurements, the photon limited regime, direct or multiplexed imaging, etc., by 
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Table 7 1· FLOAT Parameters .. 
Parameter Value Comment 
Number of Telescopes 9-15 Depends upon funding, and imaging 

and SNR calculations. 
Telescope Apertures 60 cm For reasonable coupling efficiency in 

the mid-infrared. 
Maximum Baseline 40-100 m Depends upon availability and stabil-

ity of large structures. 

Bandwidth 0.4 - 3.2 Jim Using 3-4 SM fiber optics to cover the 
range. 

Field-of-View 1 arcsecond Set by fiber/atmosphere combination. 

Visible Resolution ::.:: 1.5 milliarcsec Depending upon baseline 

IR Resolution ::.:: 9 milliarcsec Depending upon baseline 

Mount Alt-Az To provide rotational synthesis 

Reconfiguration Yes By moving telescope across the sup-
port structure. 

simply connecting fibers to different permanently mounted beam combiners. 

Support Structure Vibrations 

Without fibers, the array would be a mess of laser alignment systems and active guidance 

optics. The large structure will vibrate and flex; it is completely inhospitable to transverse 

beams. On the other hand, with fibers in the system, motion of the telescopes due to 

vibrations in the x-v plane (where z points toward the source) is irrelevant. Only z motion 

of the fiber input ends relative to one another results in phase fluctuations. These are 

handled by rapidly moving the (very ligh t) ends of the fibers. But this is already required 

independent of structural vibrations and flexures because incoming wavefronts are distorted 

by the atmosphere. 
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Thus the important question is "how severe are optical path fluctuations due to the 

support structure relative to the atmosphere?" Connes and llibak have measured this by 

placing accelerometers on large radiotelescopes (Connes, 1987b). They found that z motion 

fell below the atmospheric spectra for frequencies above a few Hertz. Since the fringe tracker 

must have a bandwidth of several hundred Hertz to remove atmospheric fluctuations, the 

larger low-frequency fluctuations are irrelevant. Also note that, as discussed in section 6.3, 

optical path fluctuations induced by vibrations along a fiber connected to the structure 

are very small. The conclusion is that rapid optical path compensation should be no more 

difficult than for the ground-hugging array. 

Field -of-view 

The field-of-view of the system is limited by the field-of-view ofthe fiber/atmosphere com

bination, which is about 1 arc-second in the visible, slightly less in the IR. Since resolution 

is 4 milli-arc seconds at 1 jlm, this field-of-view accommodates images with 250 x 250 

pixels, although in practice the small number of telescopes will limit image complexity. 

Fringe tracking 

The signal for exact positioning of the fiber end for optical path correction can be derived 

from adjacent telescope pairs. For these short baselines, fringe visibility is likely to be high 

because the source is unresolved. This allows utilization of broad band near-infrared light 

(Dame 1988) or wide bandwidth for fringe tracking, as discussed by Roddier (1987). Fringe 
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tracking capability is further improved by the fact that the broadband light is only shared 

with closest neighbors, a signifkant gain compared to the narrow band fringe signal which is 

shared N - 1 ways (N = number of telescopes). Fringe tracking gives this array the ability 

to integrate for long periods, a tremendous advantage when SNR < 1 in the atmospheric 

coherence time. 

Proof-of-Concept Tests 

Before FLOAT is built, several tests should be completed. First, the imaging capabilities 

of a 9-15 telescope array must be evaluated. This is currently under study by Connes, C. 

Roddier, F. Roddier, and myselfat NOAO. The tests involve not only computer simulations, 

but also photon-limited and detector noise limited measurements of images made in the 

laboratory. Eventually these tests will include fiber-links in place of masks. 

Second, the guiding and interferometric servos must be demonstrated. Connes and F. 

Reynand are preparing these tests at the Haute Provence Observatory in France. They 

intend to slave two 8-inch amateur telescopes to a third, all mounted on a large platform. 

Finally, full demonstration of a two-telescope fiber-linked interferometer is also required. 

The same amateur telescopes from the servo tests will be used. 

Tests Already Completed 

Many of the features of FLOAT have already been demonstrated, and are reported in 

chapters 5 and 6 of this dissertation. In particular: 
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• Image reconstruction has been demonstrated using 5-telescopes and an all-fiber beam 

combiner. 

• The beam combiner displayed good phase and polarization stability and high through-

put. 

• Stable, high contrast, broad-band fringes have been observed in 30 m lengths of SM 

fiber. 

• Broad-bandwidth light in highly-birefringent fibers showed no measurable cross-talk. 

High-contrast broad-band fringes have been obtained in these fibers. 

• The optical path difference of two 100 m lengths of standard SM fiber mounted on 

a slewing, vibrating radio dish has been stabilized to 100 Angstroms r.m.s. (Connes 

and Reynaud, 1988). 

Further Study 

Two areas are still in need of thorough study. First, the Signal-to-noise ratio (SNR) in 

reconstructed images is a function of telescope diameter, atmospheric turbulence, through

put, detector efficiency and noise, source brightness and complexity, fringe-tracking ability, 

pupil redundancy, the number of telescopes, and beam reconfiguration architecture. Many 

of these effects, and in particular telescope diameter versus atmospheric turbulence, have 

been studied (Roddier, 1984), but much work remains. The addition of fiber optics should 

not fundamentally change the results, as indicated by table 2.1. 
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Second, the imaging performance of the array must be analyzed. Relevant questions are 

where to place the .elescopes, how to move them, what degree of pupil redundancy, what 

are optimal observing strategies, and how good is dynamic range? Again, the presence of 

fibers does not drastically change results. They simply make the whole scheme possible. 
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APPENDIX A 

COMPUTER SIMULATION OF ATMOSPHERIC TURBULENCE 

I have written a computer program that generates random wavefronts which have the proper 

power spectrum for phase fluctuations. The general procedure was described by McGlamery 

(1976). The power spectrum (PS) follows from Kolmogorov's law for energy dissipation in 

a viscous medium, which can be shown to lead to a PS for the complex wavefront 

(A.l) 

where To is Fried's parameter and f is spatial frequency (units of f must cancel those of 

TO). The constant 0.023 is obtained by combining equations 7.25 and 4.24 from the review 

article by Roddier (1981). The equation is valid for spatial frequencies 

l/Lo < f < 1/10 (A.2) 

where Lo is the outer scale of turbulence, and /0 is the inner scale of turbulence where 

molecular dissipation becomes the primary source of energy transfer. 

To create random wavefronts with this PS one simply multiplies a 2-D array of unit-

variance (0"2 = 1) circular-Gaussian complex random numbers by the square-root of the 

PS (the modulus), then performs a Fourier Transform on the array. The result is two 

independent and random wavefronts, one in the real part and one in the imaginary part 
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of the array. The wavefronts have proper phase covariance from point to point, excluding 

overall tilt. Approximations inherent in this method are discussed later. Next, one defines 

the complex wavefront 

t/J( x) = exp i¢( x) (A.3) 

where ¢C x) is one of the wavefronts (phases). This is then multiplied by the pupil transmit-

tance function, which n ..... j iilclude aberrations, central obscurations, and support structures 

for example. Finally the resulting complex wavefront must be Fourier transformed then 

squared to obtain the atmospherically degraded image of a point source. 

A.I Scaling 

Because the computer performs discrete Fourier Transforms, the power spectrum must be 

expressed in terms of pixels. The resulting '2Xpression for the PS in terms of pixels pis 

O.023N2 L~/3 
W.p(,D) = -"""'5/;::""3 -1-1/-3-

To P 
(AA) 

where I have set up the pupil array as follows: the array has N x N pixels, and N pixels 

corresponds to the outer scale Lo The smallest scale of turbulence that can be represented 

is Lo/ N. In this way, the pixel spacing in the image plane is Pi - Pi+! == 1/ Lo· 

Because one is interested in images, the pupil array is set up by entering the diameter 

of the telescope, the wavelength, and the required arc-seconds per pixel in the image plane. 

This fixes the size of the pupil in the pupil array (the diameter D corresponds to N D 

pixels). It also fixes the outer scale to Lo = N D / N D. Thus I have rather arbitrarily set 
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the outer scale according to the image scale, which of course the atmosphere does not do. 

The main effect, however, is to reduce the overall image motion. If desired, the image, 

once calculated, can be moved within the array according to the known statistics of image 

motion (see Roddier (1981) for the required proability density function for tilts). 

A.2 Approximations 

Built into the program and the equations above are four approximations: the first is a small 

perturbation approximation, which assumes that in any thin horizontal layer of turbulence, 

the phase fluctuations are much less than one radian. The approximation is valid within 

about 60 degrees of zenith. Thus, the simulations are not valid for low-altitude objects. 

Second, I assume that the outer scale for turbulence extends at least as far as the largest scale 

represented in the pupil array. Presently, there is evidence that the outer scale may extend 

from several meters to several hundred meters. Thus, simulations involving large apertures, 

such as the MMT or the proposed NNTT may have poor representations of the true low

frequency structure to be expected when the telescopes are used. Third, I have implicitely 

assumed that scintillation is ne~ligible by making the "near-field approximation" (Roddier, 

1981). That is, only phase, and not amplitude, perturbations are simulated. Figure 8 of 

Roddier (1981) shows that this is an excellent approximation for pupils larger than 2.5 

cm in typical turbulence using visible light. Fourth, the program does not simulate the 

time evolution of wavefronts. Each simulated wavefront is an independent outcome of the 

PS given above. This is experimentally similar to observing short exposure images « 5 
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milliseconds) separated in time by ~ 20-50 milliseconds. 

To include scintillation effects in the simulation, one must compute the real and imag

inary parts of the complex phase independently. The required power spectra are given by 

equations 7.26 and 7.27 of Roddier (1981). A turbulence profile must be assumed to use 

these equations. From the turbulence profile, To may be computed using equation 4.24. 

A.3 Comparison with Theory 

Figure A.I shows a comparison of the theoretical speckle transfer function (STF) for a Kol

mogorov atmosphere (Christoll, 1985) and the STF generated from 100 frames of simulated 

images. In each, the central obscuration is 0.3 of the telescope's diameter. For the wide 

range of DITo used (for DITo = 40, To corresponded to about one pixel), the STF looks 

identical to the theo~'2tical profile to within the noise limits imposed by the finite Ilumber 

of images. 
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Figure A.l: Top: Theoretical transfer function from Christou (1985) for a telescope of 
diameter d in an atmosphere with coherence length To. The telescope has central obscuration 
diameter 0.3d. Bottom: Transfer function from 100 simulated wavefronts (for each To). The 
ripples are noise due to the finite number of wavefronts. 
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APPENDIX B 

DERIVATION OF PLANE WAVE APPROXIMATION 

Assumption 2 of chapter 2 states that the spherical waves emitted by the interferometric 

source can be approximated by plane waves at the interferometer's pupils. The conditions 

required for this approximation to be valid are derived here. 

The deviation of the true spherical wave from its plane wave approximation (the "sag") 

must remain constant across the extent of the object. The sag correction can be estimated 

if the distance to the object is known (this will always be the case for objects close enough 

to exhibit significant spherical departure from the plane wave approximation). However, 

the correction must not be object dependent, since the shape of the object is not known a 

priori. 

Figure B.I shows the important parameters. R is the distance between pupil and source 

planes. The object extends to Tl in one direction, and T2 ::::: -Tl in the other (all parameters 

are in the plane of the figure). x is the position of one telescope; the other rests at x ::::: O. 

Since the objects are at least hundreds of kilometers away, one has R > > Tl, x. 

The sag is defined by line segmeat ef = ae - af = ae - ab = ad - de - abo The lengths 
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object plane pupil plane 

Figure B.1: Parameters for derivation of plane wave approximation 

of these segments are given by 

labl 2 = R2 
1 = R2 + rr 

ladl2 - R2 
3 = R2 + (r1 + x)2 (B.l) 

Idcl = R4 = xsin8 
cos</> 

w here the angles are given by 

sin (J 
rr = Rl 

cos¢> Rl + x sin () = 
R3 

After substituting these expressions into the sag equation, one obtains 

1
- 11 - R - R _ R _ RrR3 - Rl- R 1xr1 
c - 3 ~ 1- 2 

R1 + xrl 
(B.2) 
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The sag must change by much less than one wavelength as r changes from rt to r2. The 

difference in sag is given by 

s = Ie/I - le!1 
Ri R3 - m - RtXrl 

Ri + xrl 

where e/ is the sag for object point r2 = -r}, so that Ri = R 1 , and Rq = R2 + (Tl - X)2. 

Expanding these terms, one obtains the exact expression 

R1(R~ - R3) + XTIRi(R~ + R3) 
s= R1-x2Ri 

A parabolic approximation to R~') results in 

s ~ R1( (TI-x)221-trI + x )2) + RiRxrl(2 + (TI-X)~t~TJ+x)2) 
R1- x2ri 

Expanding the numerator and dropping terms in the first power of R, one has 

= 

= 

-2xrtR11 R + 2XTIRjR 

R1- x2ri 
2XTlRi(R2 - RD 

R(R4 X 2T2) 1 - 1 

-2xrrRr 
R(R1- x2rI) 

(B.3) 

(B.4) 

The absolute value of this number must be much less than one wavelength so that the phase 

correction for the sag remains unchanged across the object. Thus, one obtains the condition 

q3 X 
~«). 

4 
(B.5) 
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where qmax is the angular diameter of the object qmax == 2rd R. 

The diffraction limit of the telescope convolved with the mode profile of the fiber sets 

the largest angular response of the interferometer, resulting in roughly 1 arcsecond field of 

view for a small telescope. Assuming a 100 m baseline, the sag difference across the filed 

of view is 3 x 10-15 m, several orders of magnitude less than the wavelength, so that the 

plane wave approximation is always valid in the fiber interferometp.r. 

Note that the sag correction is ~ x 2 /2R, which can be much greater than the wavelength. 

For example, given a 10 m baseline, and an earth-orbiting satellite at an altitude of 100 

km, the sag correction is 5 x 1O-4m, or about 1000).. However, over the field of view of the 

interferometer, the correction is constant across the object. 
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