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Chapter 1 

Seeing the Heavens clearly 

Must get those old glasses of mine set right. James Joyce: Ulysses 

1.1 The search for higher resolution 

One of the first people to seriously attempt to see a more detailed picture of 

the night sky was Galileo. In his epic battle with opponents of the Copernican 

theory, he had to explain the fixed relative positions of the stars despite the 

motion of the Earth around the Sun. This awkward fact, he argued, could 

be accounted for i f the stars were at extremely large distances as compared 

to the orbit of the Earth. In an effort to substantiate this, he attempted to 

measure the angular diameter of Vega by a parallax method. He suspended a 

fine silk cord vertically then, standing some distance away, measured the angle 

through which the cord obstructed his view of the star. He concluded from this 

experiment that Vega's diameter was less than 5". While we now know that 

this result is far too large, it was nevertheless a significant advance upon the 

then currently accepted value of ~ 2'. 

His next contribution to astronomy was far more important. Learning of 

the invention of the telescope in Holland in 1608, he built himself one with 

the specific intention of studying the sky. He used it to great effect, being the 

first person to see the lunar mountains, Jovian satellites and of course a myriad 

other stars hidden from the unaided human eye. 
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I f 6 is the smallest angular detail which can be measured by an imaging 

instrument, then elementary theory says 

e ^ \ / D (1.1) 

where D is the physical aperture of the instrument and A is the wavelength of 

radiation. So, while the naked eye can discern only ~ 40" {D = 3mm), a small 

12cm telescope reduces this to 1". 

The obvious next step to improving the angular resolving power is to con

struct larger telescopes. However the resolution gains hoped for were not 

achieved for well over 200 years. Despite the increasing telescope diameter 

(and so its theoretical resolution) over this time, the turbulence of the Earth's 

atmosphere could not be bypassed. 

So, regardless of the telescope diameter, the image of a star^ in the visible 

appears to be a roughly circular blur with a typical angular size of between 

1-2". In other words, once the instrument aperture has reached a diameter of 

about 12cm, any further increase in size is not rewarded by much improvement 

in the detail which can be seen. 

1.2 The Fringe benefits of Interferometry 

In 1803 Thomas Young demonstrated that wavefronts from a distant (point) 

source, when divided by two slits in an opaque screen, could be recombined to 

form a system of bright and dark bands — "Young's fringes". The interesting 

property of these fringes is that they can be used as a measure of the spatial 

coherence of the electromagnetic waves at the two slits. I t is this spatial coher

ence which carries the information about the angular distribution of brightness 

over the source. 
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0.02 

0.01 

Figure 1.1. Left: Young's fringes produced by a point source with quasi-monochromatic 
radiation. 5 represents the point source, Pi and P2 the two apertures and O the centre of 
the recombination plane where the interference is observed. Right: Plot of the normalised 
visibility envelope, centred on O. The central disc has been truncated in intensity (vertical 
axis). 

1.2.1 Interference fringes as a Spat ia l Coherence Measure 

I t is well known that the intensity function IQ of light at a point O in the 

recombination plane shown in Figure 1.1 is given by 

Io = Ii + l2 + 2x/7ii2SR[7(r)] (1.2) 

where Ii and I2 are the intensities arriving at O from the respective slit and 

5)?[7(r)] is the (real part of the) complex degree of spatial coherence of the light 

at the two slits. 
<Vl{t)V2{t + T) > 

7 ( T ) = (1.3) 
<Vtit)Viit) ><V^{t)V2it)> 

where Vi{t), V2(i) are complex analytic signals^ representing the incident radi

ation on the two slits and T is the time delay between the radiation from each 

^The most common bright objects in the sky are stars, and the angular extent of even the 
brightest (Sirius) is only 0.0068". 

^In the scalar theory of light, the electromagnetic field is described fully by a real function 
of space and time v'^''\x,t). Although purely real, it is mathematically more convenient to 
represent the field by a complex function V(x, t) called the analytic signal. This is defined in 
the following way: 

V ( f , t ) = / v{x,i^)exp{-2-Kwt)diy (1.4) 
Jo 

where w(x, i/) is the generalised Fourier transform of V^'''(£,<). Clearly, V{x,t) contains only 
positive frequencies — hence it is an analytic function. This also implies that the real and 
imaginary parts of V are Hilbert transform pairs. 
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slit reaching point O. 

Following Michelson, define the fringe contrast or visibility as 

then from Equation (1.3) 

•.T A Imax -̂ min /-• r\ 
" 7 TT~ ^'-^> 

-'mctx T J m i n 

V = | 7 ( T ) | (1.6) 

So the visibility of the fringes is directly proportional to the modulus of the 

spatial coherence of the light at the two slits. 

The position of the fringes — their displacement relative to the centre of 

the system — is a measure of the phase angle of the complex degree of spatial 

coherence. 

Therefore, at least in principle, it is possible to measure 7 for radiation 

arriving at two spatially separated points by considering the visibility and the 

position of the fringes formed by these two points. 

I f the spacing between the slits is now varied, and the variation of the spatial 

coherence as a function of this spacing is measured, then by the van Cittert-

Zernike theorem^, the angular distribution of brightness over the source can be 

found. In the far field (always the case for astronomical sources) this turns out 

to be the Fourier transform of the source brightness distribution. Thus if we 

can map the complex degree of coherence between points in a plane normal to 

a source, we can use that information to map the source. 

Michelson put forward the idea that the resolving power of a large single 

aperture telescope can be synthesised by two small subapertures. I f these are 

moved apart in a straight line, then the Fourier transform of the brightness 

distribution across the source in one dimension can be measured. Effectively we 

have a "map" of the source reduced to a rectangular strip where the brightness 

of any point on this strip is the integrated brightness along a line normal to the 

^This theorem states that the correlations of vibrations at a fixed point Q2 and a variable 
point Qi in a plane illuminated by an extended quasi-monochromatic source, is equal to the 
normalised complex amplitude at the corresponding point Qi in a certain diffraction pattern 
centered on Q2 [!]• 
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strip. 

By moving the subapertures to different baselines with different separations 

and orientations, i t is possible to build up a two-dimensional Fourier trans

form of the source. The two-dimensional brightness distribution can then be 

found through the Fourier inversion of data collected by this aperture synthesis 

technique. 

1.2.2 Image forming Opt ica l Interferometers 

One of the main difficulties of Michelson's original stellar interferometer is that, 

unless the optical paths from the two small subapertures to the focal plane 

are very nearly equal, the fringe visibility is reduced. Consider the Wiener-

Kintchine theorem^, 

/•oo poo 
V{T)= Giiy)exp{-2muT)du/ G{u)du (1.7) 

JQ Jo 

for the fringe visibility of an unresolved source V{T) when the relative time 

delay between the two paths through the instrument is r . G{iy) is the power 

spectrum of the light. In the trivial case where the optical passband is uniform 

over a width Au, 

\V{T)\=simrAi^T/nAi^T (1.8) 

I t follows that for a bandwidth AA = lOOnm at A = 500nm, a path difference 

of lA wil l reduce ^ ( T ) by 10%. This places an extremely stringent requirement 

on the mechanical stability and pointing accuracy of a large instrument. 

A second problem is the presence of atmospheric perturbations (or seeing). 

Turbulence in the air creates inhomogeneities in the temperature and humidity 

which introduce random variations in the amplitude and phase of wavefronts 

from an extraterrestrial source. These changes are usually uncorrelated over 

distances greater than about 12cm. Their effect on an interferometer is to 

move the fringes about rapidly in the focal plane and to change their shape and 

""This states that the autocorrelation function of a stationary variable is the Fourier trans
form of its power spectrum. 
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contrast on timescales dependent on the scale of atmospheric irregularities and 

on the wind speed. 

Michelson's single vector baseline optical interferometer could not produce a 

true image of the sky because it yielded only the modulus of the visibility func

tion and not its phase. The visibility phase is difficult to extract from a single 

baseline at optical frequencies due to a combination of atmospheric and instru

mental effects resulting in quantum noise dominated signals. Multiple vector 

baselines in a synthetic aperture can circumvent the classical phase problem^ 

by providing a relative phase datum point or closure phase. I t is illustrated 

schematically in Figure 1.2. Essentially, this observable is constructed from the 

vector sum of the phases around the loop CABC — 4>AB + 4>BC + $CA- Provided 

that 

1. the spatial scale of the atmospheric fluctuations does not strongly affect 

each subaperture A, B and C (for high fringe visibility across a single 

baseline), 

2. the error in each baseline AB, BC and CA is negligibly small (if they are 

not, the visibiHty phases wil l not "close") and 

3. all the measurements are made instantaneously, 

the closure phase wil l be "invariant" to subaperture errors, and wil l be depen

dent on the source alone. Using this quantity to calibrate the other data, i t is 

possible to reconstruct images independent of atmospheric phase perturbations. 

The technique of phase closure has been used by Baldwin et al. [2] to 

produce a diffraction limited image of Capella with a resolution of about 0.05" 

in the visible. Its principle is important to this study and wil l be discussed in 

more depth later. 

^That is, how far is it possible to reconstruct an image uniquely from the modulus of the 
Fourier transform alone. 
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Fringe 
Phase 
Datum 

Figure 1.2. Idealised fringe signals produced by a multiple vector baseline AB, BC and CA. 
The peaks of the interference fringes are denoted by the dashed lines. A datum point can be 
assigned to the phases of the multiple vector baseline, but not the single baseline case. 

1.3 Factors affecting Stellar Interferometers 

The formation of interference fringes in the optical domain is affected by many 

different physical effects which degrade the fringe contrast. I t is therefore of 

paramount importance to identify and analyse these problem areas. This is 

necessary to verify the feasibility of astronomical science objectives based on 

interferometry and also to identify the areas where the calibration of systematic 

errors is the most critical. 

As has already been mentioned, the visibility is the prime observable of any 

interferometer. For the perfect instrument, it would be the direct measure of 

the complex degree of coherence of the incident beams. Unfortunately, this is 

not true in the practical case as the ideal visibility is always modified such that 

F = r , r , | 7 ( r ) | (1.9) 

where Tj and Ta relate to the instrumental and seeing induced transfer functions 

respectively. 
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Normalised I n t e n s i t y 
1 

Phase (rad) 

Figure 1.3. The effect of phase fluctuations over time (piston errors) on the visibility. The 
dashed lines represent instantaneous fringe postions at times r and r + dr. The resultant 
signal is denoted by the solid curve. 

1.3.1 P i s t o n E r r o r s (T,,) 

The generic expression for the interference signal obtained by recombining two 

monochromatic beams of equal intensity /Q from a perfect instrument is 

I[T) = 27o [1 + I { T ) COS (fcr + 4>)] (1.10) 

where r represents the modulation delay and 0 the phase difference between the 

two beams, r can be imposed either temporally by modulating the optical path 

length of one of the beams, or spatially by using a 2-D array detector. In all 

cases the signal is measured in a finite exposure time T. I f cf) is not stable during 

this time, the resultant signal is a superposition of phase shifted instantaneous 

fringe patterns as illustrated in Figure 1.3. This time averaged signal can be 

expressed as 
I fTo+T 

< I { r ) >= Tf, / I{r)dt (1.11) 

The variation of </> occurs because the refractive index of the Earth's atmosphere 

varies over space and time (and wavelength). For our purposes, i t is convenient 

to express the refractive index dependencies as 

n( f , t, A) = no (f , A) - f n i (f , f, A) (1.12) 
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where no is the deterministic (non-random) portion of n whereas n i denotes 
the random fluctuations about a mean value < n > = no « 1. The deterministic 
changes in n are generally slowly varying and macroscopic. We can approximate 
the physical situation by neglecting the slow temporal variation of no. 

The random fluctuations n i arise'from the presence of turbulence in the at

mosphere. The wavelength dependence of these random fluctuations can usually 

be ignored, allowing us to write 

n ( f , t , A ) = n o ( f , A ) + n i ( f , t ) (1.13) 

We note that the typical values of n i are several orders of magnitude smaller 

than unity [3]. 

Since n i is small, we assume to be a Gaussian random variable. I t then 

follows that 

with the variance (or piston errors) during one exposure time period being 

represented by cr^(T). This variance^ can be computed for any T from the 

power spectral density of the phase fluctuations 5^ by 

dv (1.15) 

where u is the frequency of the light. For further discussion see, for example, 

Goodman [4]. 

1.3.2 Wavefront E r r o r s (T j ) 

The effect of wavefront errors is most easily understood by considering a pupil 

plane detection scheme. In the absence of such errors, the ideal visibility func

tion would be seen in the recombination pupil. Wi th wavefront errors, the 

normalised fringe contrast is lowered from unity since the beams are no longer 

®<T|(T) can also be interpreted as the autocorrelation of phase fluctuations, assumed to be 
statistically homogeneous (so wide sense stationary) and isotropic (thus symmetric over all 
space). 
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Reinforcing 
phase fronts 

Single detector 
exposure 

Visibility 
degrading 
phase fronts 

Figure 1.4. The effect of wavefronts with phase errors from one subaperture interfering with 
a flat wavefront, as compared to the case of no wavefront errors. The wavefronts with error are 
not spatially coherent, so the fringe visibility over one detector integration period is reduced. 

spatially coherent. Figure 1.4 contrasts the ideal situation with a case where 

wavefront errors have occurred. 

1.4 Attaining the diffraction limit 

1.4.1 v i a Interferometry 

The angular resolution of long exposure optical images taken with large tele

scopes, even at the best sites, is about 10-50 times worse than the theoreti

cal diffraction limit. However, in 1986, Baldwin et al. demonstrated for the 

first time that the technique of non-redundant masking (NRM) could produce 

diffraction limited images in the visible. 

The NRM method entailed placing an aperture mask with three or more 

holes, arranged in a non-redundant fashion, in the telescope pupil. The beams 

from the subapertures were focused onto a detector (e.g. a CCD) and the fringes 

recorded with a series of different exposure times. 

The first diffraction limited images to be produced by this method were 

reported in 1987 by Haniff et al. (of the same group) [5]. Images of A Peg 
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and the binary star </> And were reconstructed from a four hole mask (i.e. 6 
non-redundant basefines) on the 2.5m Isaac Newton Telescope, using the Im
age Photon Counting System (IPCS). The fringes were observed at A = 512nm, 
AA = 12nm, with 16ms exposure times. The seeing was reported to be 1.2". 
The summed autocorrelation function of several thousand short exposure im
ages were computed and Fourier transformed to obtain the centro-symmetric 
power spectrum. The spatial frequencies of each baseline could then be found 
from the peaks either side of the origin. Consequently, for each frame, a Fourier 
transform was performed at these spatial frequencies to measure the amplitudes 
and phases of the six fringe patterns present. The images were reconstructed 
by a maximum entropy method [6] from the measured visibility amplitudes and 
closure phases. An extremely good agreement with previously accepted values 
for the separation of 0 And was found (0.460"). 

The limitations of NRM arise from the small effective subaperture sizes 

(5.6cm for Haniff et al.) and the narrow bandwidths used. Larger subaperture 

sizes, which would be beneficial in terms of collecting area, are seriously affected 

by wavefront errors. Fortunately i t is possible to remove these high frequency 

errors by spatial filtering with optical fibres as we wil l see in the next section. 

Wider bandwidths too allow more photons to be detected, but decrease the 

coherence length. The shorter the coherence length, the more susceptible the 

system is to piston errors, increasing the requirement for accurate path length 

compensation. 

1.4.2 v i a Single Mode F i b r e Interferometry 

We have seen that large area apertures are affected by atmosphere-induced 

wavefront errors. I t is therefore necessary to remove these errors before we 

can take advantage of the better collection efficiency of these large apertures 

for interferometry. Spatially filtering the wavefronts is the most immediate 

method available to remove the high frequency "noise". 

In single mode (SM) dielectric waveguides, the normafised radiation output 

profile is independent of the input wavefront and the phase is constant across 
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the guided beam. On the other hand, the intensity of the guided radiation 
depends on the field amplitude distribution in the focal plane of the input 
coupling optics. 

So, SM fibres essentially force the transverse coherence of the guided radi

ation into a fixed form. The wavefront phase aberrations are translated into 

intensity fluctuations of the field coupled into the fibres. Unlike wavefront per

turbations, intensity fluctuations can be easily monitored and used to correct 

each interferogram individually i f desired. 

In summary, what SM waveguides offer, apart from simplifying beam trans

port, is the abiUty to spatially fllter atmospherically perturbed wavefronts 

thereby phasing each interferometer subaperture. 

Since optical fibre waveguides are chromatically dispersive, and dispersion 

of fibres is a problem for interferometry, beam transfer through metres of glass 

for any interferometer may appear bizarre. Fibres (primarily fused silica) are 

regularly fabricated for the communications industry with a nominally zero 

dispersion at a single wavelength. Concepts exist for fiattening the dispersion 

(of fluoride fibres) over a relatively wide bandwidth [7]. However, what is 

important is the dispersion difference between interferometer arms, so if this 

can be minimised or even eliminated, there is no paradox in employing SM 

fibres in interferometry. 

I t is instructive to look at two examples of SM fibre interferometric systems 

intended for astronomical applications. While they are separate telescope sys

tems, i t is quite simple to envisage their individual inputs as subpupils of a 

single large telescope. 

F L U O R 

The Fiber Link Uni t for Optical Recombination (FLUOR) described by Coude 

du Foresto [8] is a two telescope stellar interferometer using non-polarisation 

preserving fiuoride fibres for mid-infrared (A = 2 - 4/im) observing. Origi

nally located at K i t t Peak Observatory, it has since moved to the Harvard-

Smithsonian Center for Astrophysics' IOTA facility on Mount Hopkins, Ar i -
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• 
CCD 

photometric output 

500 \im 

Interfetvtnetnc 
outputs 

Potarisatton 
controllers 

photometric output 

Figure 1.5. Schematic of the F L U O R interferometer. M l , M ' l and M2, M'2 are flat mirrors 

for beam alignment, XI and X2 are pigtailed x-couplers of which only three pigtails are used. 

The beams from each arm are divided so that they can be monitored photometrically (at 

500/im). Polarisation control is achieved through bending birefringence in the arms before X4 

where the beams are interfered. 

zona. 

As shown in Figure 1.5, FLUOR has two inputs and four outputs: two 

complementary interferometric signals and a photometric calibration signal for 

each telescope. The two infrared beams arriving from each collecting telescope 

(of IOTA) are incident on two fold mirrors M l , M ' l and M 2 , M'2 . The beams 

are then injected into the waveguides by off-axis paraboloids. Between M l , M ' l 

and M 2 , M ' 2 are Michelson subsystems for ensuring that the stellar image is 

formed on the fibre core. This is done by backlighting the waveguides and 

ensuring the star and fibre images overlap. IOTA has an adaptive t ip - t i l t system 

(whose feedback loop uses the visible part of the starlight) that compensates for 

the transverse atmospheric perturbations of the star's image across the field-

of-view. 

X I , X2, X 4 and the fibre sections between them are refered to as the triple 

coupler. Between the directional couplers are two chromatic dispersion com

pensating fibre segments. The polarisation controllers, which wil l be described 

in more detail in Section 4.5, are made up of two loops of fibre that can be 
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twisted with respect to each other. 

Fringes are acquired in a temporal "long scan" mode. The optical path 

difference is scanned around the equal delay point by a smooth delay line. The 

optical path modulation therefore becomes the algebraic sum of the diurnial 

motion of the source and the scanning speed of the overall delay line. No fringe 

tracking is provided by the interferometer, so the scanning speed needs to be 

fast enough to "freeze" the differential piston mode of the atmosphere. The 

fringe signal is obtained, at present, through separate InSb photodetectors at 

each output. 

The 5 telescope fibre imaging interferometer 

Shaklan [9] describes a laboratory experiment in interferometric imaging using 

a synthetic aperture of 5 optical fibres. This is shown schematically in Figure 

1.6. The five non-polarisation preserving fibres had an LPn cutoff at 590nm. 

Each input fibre ( A l to CI) was fed by a single lens telescope, resulting in 

a measured 50% coupling efiiciency (although this can clearly be improved). 

The flbre arms fed down to a flrst stage of fused biconical directional couplers 

(x-couplers A to C). These x-couplers had a 3dB spht at 630nm, with insertion 

losses of < 7%. Their splitting ratios changed by 0.24% nm~^ Five of the six 

connections (indicated by the numbers 1 to 6 on the Figure) were fusion sphces, 

wi th losses ranging from 15-30% (though it is claimed to be possible to reduce 

this to some 3% with better sphcing). The sixth was a GTE Elastomeric sphce, 

tuned to give < 10% loss. The second stage (x-couplers D to F) was where all 

the input beams were combined. Fringe detection was achieved by means of an 

uncooled E M I 9658 PMT (with S20 photocathodes) for each of 3 output fibres. 

The remaining fibres were used to couple light backwards through the system 

for alignment and cophasing purposes. 

The system was illuminated by linearly polarised light to avoid the need 

for either fu l l polarisation control (discussed in more depth in Section 4.4) or a 

second set of detectors. 

The input fibres were epoxied to a lever arm, which was actuated by a 
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stretcher 

epoxy 

Figure 1.6. Schematic of the 5 telescope fibre imaging interferometer. A l to C I : input 

single mode fibres from telescopes. PZT: Piezoelectric transducer. Pivot: Flexure hinge. A 

to F : 50/50 directional couplers. 1 to 6: "internal" single mode fibres. Stretcher: Translation 

stage and base. DD to D F : Photomultiplier tubes. Dots: Epoxy. 

piezotransducer. This arrangement allowed a continuous scan temporal mul

tiplexing technique to be employed for fringe detection, since the amount of 

stretch was proportional to the distance of the fibre from the pivot. The input 

fibres were spaced such that no fringe (temporal) frequency was repeated. The 

PMT output was digitised during the fringe scanning, and the amplitude and 

phase at the temporal frequency of particular pair of fibres was extracted from 

the signal's Fourier transform^. As with FLUOR, no fringe tracking is provided 

by the interferometer, so the scanning speed would need to be faster than the 

atmospheric piston variations in an on-sky system. 

Comments 

One of the main points of both the aforementioned examples is their use of 

pigtailed x - (and y-) fibre couplers. While good in theory, in practice there are 

several objections to using them. The first is based upon component cost. While 

directional couplers are inexpensive and easily available at standard telecom

munications wavelengths (1.3/im and 1.55/im), other wavelengths usually need 

to be custom made. Also they have limited useable bandwidths, although this 

is not as bad for non-polarisation preserving couplers (~ 200nm) as for the 

^This method is analogous to the 1-D spatial multiplexing technique described later. 
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highly birefringent type (~ 100 to 150nm). Another cause for concern is their 
input coupling. While the maximum value is generally quite high (provided the 
pigtail endfaces are fiat) the problem arises when joining (splicing) a fibre to the 
pigtail. Temporary splices, be they locking cams or merely grooved mounts, are 
extremely sensitive to dust (which is not a negligible issue at typical observing 
sites). I t is not necessarily trivial to align the centres of the fibre cores either. 
Fusion splices are obviously better, being permanent joins, but require facilities 
that are not always available. Also combining more than two beams, as we have 
seen with the 5 telescope interferometer, increases the number of couplers and 
the complexity of the system substantially. 

I t is also to be noted that both instruments use temporal multiplexing to 

scan the interferograms arising from each baseline. Although this is entirely 

equivalent to 1-D spatial multiplexing in theory, the practical aspect is quite 

different. The simplest form of 1-D spatial multiplexing merely involves placing 

the fibre outputs side by side and recording the fringe signal from all the base

lines on a multi-pixel detector. The problem again encountered when doing 

this is the error introduced by atmospheric piston (cf. FLUOR). One solution 

to this is to read out the detection system at frame rates faster than the at

mospheric variation. However, this wil l result in low signal-to-noise fringes 

per frame. Another would be to have an active element upstream of the fibres 

which compensates for the piston as well as the t ip - t i l t variations. This would 

allow for longer exposure times per frame. A way of implementing the latter 

solution is described Section 1.6. 

Input Coupling to Optical Fibres 

To maximise the coupHng into optical fibres requires diffraction limited spots to 

be incident on the input fibre endface. Shaklan [9] calculated that the maximum 

coupling possible for the diffraction limited case (through a circular entrance 

pupil) into the fundamental mode of a SM fibre is ~ 78% of the incident power. 

This value includes the losses due to Fresnel reflections at the optical fibre/air 

interface — i f these could be removed by a suitable anti-reflection coating (not 
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a straightforward task), the efficiency would increase to ~ 81%. In this diffrac
tion limited case, the fall-off in coupling due to pointing errors approximately 
follows the profile of the waveguide fundamental mode which closely resembles 
a Gaussian curve. 

In order to ease the alignment tolerances of the incident diffraction limited 

spots onto the optical fibre inputs, it is possible to use tapered SM fibres. These 

devices have a larger input aperture which taper slowly downwards to a normal 

single-mode waveguide. The details of such fibres are discussed further in 

Chapter 3. 

In ground based stellar interferometry, there is also the issue of the turbulent 

atmosphere. Atmospheric perturbations perturb the incident wavefronts so that 

the instantaneous position of the diffraction limited spot may be offset from the 

optical axis. Clearly this t i l t wi l l reduce the amount of energy coupled into the 

waveguide. Higher order aberrations on the incident wavefronts also add to 

this reduction in coupling, to a lesser extent. Low order adaptive optics can 

introduce some degree of compensation for the wavefront tilts, as with the 

FLUOR instrument. 

1.5 Enter: Adaptive Optics 

Adaptive Optics (AO) technology provides a means for the real time optical 

correction of atmospheric aberrations over a small field-of-view, known as the 

isoplanatic angle. Typically this is between 2" and 10" in the visible and near 

infrared, depending on seeing conditions. The principle of AO is illustrated in 

Figure 1.7. The phase of a wavefront from a distant point source or guide star 

is distorted by the turbulent atmosphere of the Earth. These seeing induced 

phase variations^ are approximately conjugated in real time by the action of a 

correcting element — for example a rapidly guided deformable mirror (DM). 

The beam is then divided so that some of i t is incident on a wavefront sensing 

device (WFS), part of the mirror control loop. The remainder of the beam. 

*In astronomical observations, the amplitude variations can usually be neglected [10, 11]. 
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Figure 1.7. Schematic of an adaptive optics system. 

referred to as the (astronomy) science arm, yields the data of interest. 

There are a number of active devices that can conjugate the phase aber

rations of incident wavefronts. In astronomy, these are generally macroscopic 

DMs which have either a continuous surface or are made up of a number of inde

pendent segments. The most common actuators of these DMs are piezoelectric 

transducers, which push/pull on a localised area of the D M . 

There are also a number of different flavours of wavefront sensing devices. 

Current AO systems favour two types: the Shack-Hartmann and the Curvature 

Sensor. The former is, in essence, a classical Hartmann test which uses a lenslet 

array rather than a pupil mask. Therefore it senses the average t ip - t i l t (first 

moment) of the incident wavefront across a single lenslet. Ideally the Curvature 

Sensor measures the two near field extra-focal images simultaneously to give 

an estimate of (the second moment of) the wavefront. 

I f the D M is segmented, rather than a continuous facesheet, i t is easy to see 

that each segment conjugates the t i l t of part of the incoming wavefront. So by 
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matching a series of segments to SM fibres, we can construct a fibre interfer
ometer wi th a maximum baseline that is the diameter of the DM. Additionally, 
i f the segments are adjusted to match the wavefront piston (offset along the 
optical axis) the interferometric array wil l be cophased, in principle allowing 
longer integration times. 

One may question the motivation for using aperture synthesis with an AO 

system, when adaptive optics itself is intended to remove seeing induced aber

rations. To answer this, consider the characteristic scales of the atmosphere. 

Pried [10] derived the atmospheric coherence length scale (Fried parameter) 

ro = ( 0.423A;2sec(C) / Cl{h)dh] 

cx A^/^ (1.16) 

k is the vacuum wavenumber, ( the zenith distance and C^(h) is the altitude de

pendent structure constant of refractive index, ro varies with time and depends 

on geographical location^. 

The temporal behaviour of the disturbed wavefront is governed mainly by 

wind velocities at different heights in the atmosphere. Though in general this is 

highly complex, an idealised situation can be envisaged in which only one layer 

of the atmosphere causes these perturbations. Since the lifetime of a turbulent 

cell in this layer is longer than the time taken for the cell to cross a telescope 

aperture, the turbulence can be considered to be "frozen" [13]. Approximations 

to this situation have been observed by Gendron [14] and Racine & Ellerbroek 

[15]. The degree of temporal coherence can then be characterised by 

0̂ = !!£ oc X'^' (1.17) 
V 

where v stands for the wind velocity of the layer. 

The isoplanatic angle has already been mentioned. This is defined as the 

®It is based on Kolmogorov's theory [12] which is only valid for very weak turbulence. 
This is because the Kolmogorov refractive index power spectrum is deduced from dimensional 
arguments rather than a physical picture. 
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radius in the field-of-view over which the wavefront perturbations can be con
sidered identical (i.e. the change in Strehl ratio^° is less than 1/e). I t is again 
given by Fried [16] 

do = h.mk^sec^/^C) / Cl{h)h^'^dh\ 

a A^/^ , (1.18) 

I t should be noted that this expression is strictly true only for the Hmiting 

(worst) case of an infinitely large aperture. 

Since the parameters in Equations (1.16), (1.17) and (1.18) are aU propor

tional to A^/^, i t is clear that AO correction bandwidths (spatial and temporal) 

have to increase with decreasing wavelength^^. Wi th present technology, cor

rection bandwidths are insufficient to produce diffraction limited images in the 

visible, so the fu l l resolution (in a finite field-of-view) of large ground based tele

scopes is yet to be reahsed. We can see this by considering the number of spatial 

degrees of freedom N required by an AO system to reach the V-band diffraction 

hmit where we assume ro = 10cm. I t is clear that N oc (D/ro)^ oc A~^^/^ which 

means i f 

• D = 4m, ~ 1.6 X 10^ 

• D = 8m, AT ^ 6.4 X 10^ 

• D = 10m, N ~ 10^ 

The values of N are approximately equal to the number of actuators required 

— a daunting task to implement. 

The highest order AO systems that exist currently have correcting elements 

with several hundred degrees of freedom. This is enough to reach the diffraction 

^°This is the normalised measured Point Spread Function (PSF) , where the normalisation 
is with respect to the diflFraction limited P S F for the aperture. 

^^Another way to arrive at this conclusion is to realise that, to first order, the wavefront 
aberration introduced by a turbulent atmosphere is achromatic. Thus the number of microns of 
optical path retardance is constant, but the number of wavelengths in this optical path varies. 
It immediately follows that for shorter wavelengths, there are more waves of retardance so the 
distortion is greater. 
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l imit (in the isoplanatic patch around the guide star) in the infrared region^^, 
at least for 4m class telescope apertures. So, to reach the diffraction limit at 
shorter wavelengths necessitates a different approach. 

1.6 Fibre Interferometry and Adaptive Optics 

Previously, the concept of 1-D spatial multiplexing to form the interferometric 

fringe signal was discussed. Here the plan for t ip - t i l t and piston compensator in 

the form of an AO system placed upstream of a fibre interferometer is described, 

leading to the Dilute Aperture Fibre Interferometer (DAFI). 

Consider placing an AO system upstream of a SM fibre interferometer. Let 

the fibre subapertures of the interferometer be matched to areas of the de

formable mirror's surface through coupling optics. When operating in a "closed 

loop" manner, i t is straightforward for the AO system to conjugate the atmo

spherically induced t ip - t i l t variations on the incident wavefront. By doing so, 

assuming that the coupling optics introduce no static aberrations, the image of 

the astrophysical target can be kept registered with the fibre core. 

Because of the nature of the WFS's mentioned in Section 1.5, the piston 

offsets of the mirror are not measured directly by the feedback loop. This 

would not be a problem for correcting elements which responded linearly to 

applied signals, since their positions would be entirely predictable from a given 

starting point. Unfortunately, the current generation of D M actuators suffer 

from hysteresis effects (see Chapter 2). So the conjugation of atmospheric piston 

errors with a standard D M is not as straightforward a task as for t ip - t i l t . A 

method of linearising the actuator hysteresis is described in the next Chapter. 

Given that the D M response can be linearised to a high degree, i t is reasonable 

to consider cophasing the input subapertures of the fibre interferometer. To be 

able to cophase the inputs, a feedback signal is evidently required. This can be 

obtained by either reconstructing the wavefront from the WFS signal, which we 

discuss in more detail in Section 2.3 or by using a separate (DM) Figure Sensor 

^^where ro ~ 40cm. 
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to measure the mirror's surface profile. One example of this device is described 
in Section 2.2.3. 

Since minimising light loss is a major constraint of this project, it is desirable 

to simplify the input coupling optics to the fibre as much as possible. To that 

end, we chose to use adiabatically tapered single mode fibres, whose larger cores 

(due to the tapering) slowed the fibre f-ratio sufficiently. This, in turn, relaxes 

their alignment tolerances considerably. 

The arrangement of the fibres at the input plane should be easily variable, so 

that both non-redundant and redundant geometries are possible (see Chapters 

6 and 7). 

W i t h the input coupling issues addressed, the next problem to be considered 

is the control of polarisation states through the optical fibre arms. I f the beam 

polarisations from each fibre are allowed to vary randomly, the fringe signal 

with be degraded. Maximum visibility only occurs when the polarisations of 

interfering beams are equal. To understand how to solve this problem, the 

different methods of imposing control over the polarisation states in a fibre have 

to be examined. We wil l see that polarisation states depend on the waveguide's 

birefringence. The total birefringence is a sum of two quantities: the amount 

of birefringence intrinsic to the waveguide and the amount that is induced by 

external stressing. 

The length mismatch of each optical fibre waveguide is also an issue. These 

length mismatches wil l induce chromatic dispersion, which is detrimental to the 

final fringe contrast for observations with wide bandwidths. Therefore, either 

a method for producing equal length optical fibres, or for actively controlling 

the optical path length in each fibre has to be devised. The former is the more 

economical option and so was pursued. 

Lastly the beam recombining output plane has to be constructed. The 1-

D spatial multiplexing technique has already been mentioned, in comparison 

with the temporal multiplexing used by the two example instruments. I t is 

reasonable to imagine a series of optical fibre outputs laid side-by-side in a 

linear fashion to form an interference plane of straight (ti l t) fringes. What 
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Figure 1.8. Schematic of D A F I . 

is important at this stage is the ability to separate the fringe signals arising 

from each baseline. In the laboratory demonstration by Shaklan, the fringes 

were given a different temporal scanning frequency, which allowed for baseline 

identification. In the spatial case, i f the fibres are arrange with non-redundant 

spacings, the baselines can be identified from their different spatial frequencies. 

Of course, the wider the fringes in the recombination volume, the easier they 

are to detect. Of the ways to increase the fringe widths, etching the fibre output 

diameters to place the cores closer together was the most straightforward. 

The system is illustrated in Figure 1.8. 

1.7 Thesis structure 

D A F I was conceived and designed in Durham as a simple proof-of-concept 

system to test the feasibility of a multiple tapered SM fibre stellar interferome

ter. I t is intended to be used with another Durham instrument, the ELEment 

Cophasing and TRAcking (ELECTRA) AO system [17], which itself was un

dergoing development at the time. 
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The contents of this thesis are organised as follows: 

• Chapter 2 — ELECTRA is described and so is chiefly a system review. 

The AO system is intended to act as the feed for DAFI , conjugating 

the low order atmospheric perturbations. Additionally, having an active 

device upstream of DAFI relaxes many of the alignment tolerances of 

the interferometer's input. Results of measurements conducted on the 

performance of ELECTRA's deformable mirror are described. The impact 

of these results on the linearity of the device, and hence the implication 

for DAFI , is discussed. 

• Chapter 3 — The basics of single mode optical fibres are reviewed with 

relation to interferometry. Experimental tests of the behaviour of tapered 

SM fibres are reported. An attempt was made to manufacture tapered 

SM fibres with a high degree of intrinsic birefringence, the objective being 

to build some polarisation control into the fibres directly. The results of 

this prototype are described. An extension to the classical scalar field 

theory was developed as a consequence, to derive the design parameters 

of tapered high birefringence single mode fibres. 

• Chapter 4 — The requirements of single mode fibre interferometry is 

elucidated in this Chapter. The essence of interferometry is calibration, 

so the problems and solutions involved in calibrating the fringe visibility 

amplitude and phase are discussed. The concept of phase closure is intro

duced as a method of cahbrating the visibihty phase. The theory of the 

technique of polarisation state control, the motivation for equalising the 

optical path lengths and the reasoning behind the output plane geometry 

are explained; these being the steps to calibrating the visibihty amplitude. 

The results of fibre cleaving tests are also given. 

• Chapter 5 — The experimental results for fibre etching, fibre length 

equalisation and output plane construction, resulting in a multi-fibre in

terferometer are described. The output of the interferometer is demon

strated pairwise on a point source. 
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• Chapter 6 — The optical design of DAFI with ELECTRA is detailed. 
Measurements of DAFI's tapered fibres after processing and the implica
tion for the final instrumental signal-to-noise are discussed. 

• Chapter 7 — Current science programmes with astronomical interferom

eters are reviewed. A scientific case appropriate to the DAFI -I- ELEC

TRA system is proposed as an example of what a fibre-based stellar 

interferometer can do. 

• Chapter 8 — We finish by summarizing the work done and looking 

towards the future. 
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Chapter 2 

E L E C T R A 

But never will I cease from dirge and sore lament, while I look on the trembling rays 

of the bright stars . . . 

Sophocles: Electra 

2.1 Introduction 

ELECTRA is a sophisticated high order AO system, designed to operate at the 

GHRIL^ Nasmyth platform of the 4.2m William Herschel Telescope (WHT) in 

La Palma, the Canary Islands. I t was first commissioned during the period of 

17th — 20th June 1997 (referred to as £'0), during which time it closed loop 

in t i p - t i l t only mode^. Cophasing of the D M (through the linearisation of its 

actuator extensions) was achieved during the El observing run between 1st — 

7th July 1998. 

The purpose of this Chapter is to provide a brief overview of the key system 

components and discuss some of the characterisation measurements undertaken. 

An AO system like ELECTRA is able to conjugate the low order wavefront 

aberrations (piston and t ip - t i l t ) easily. As stated in Chapter 1.1, areas of the 

correcting element can be used to stabilise the incident beams on the input 

endfaces of DAFI's optical fibres. This wil l (a) ease the component alignment 

'Ground-based High Resolution Imaging Laboratory. 
^The deformable mirror segments were not cophased. 
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tolerances during setup, (b) conjugate the incident wavefront's t ip - t i l t aber

ration across the corresponding subaperture (fibre), so maximising the input 

coupling and (c) compensate for the piston errors between different subaper-

tures, thereby cophasing the interferometer. 

2.2 Optical layout 

Alignment 
j i - ^ c r Source 

Mirror 

C C D Wavefrom 
Sensor 

G H R I L Optical Table 

76-clemenl 
Segmented 

Mirror 

Field 
Lens 

Figure Sensor Optic 

PombolB 1 
Tip-iilt 
Mirror 

Dalsa 
Camera •rQ 

Schematic Of The Electra (EO/El) Adaptive Optics System 

Figure 2.1. Schematic layout of E L E C T R A optics. The main optical train is emphasised; 

the Figure Sensing path is also shown as a separate path. See main text for details. 

Light from an unresolved (on-axis) reference star is directed on to the Nas-

myth focus of the W H T which lies in the central aperture of an angled flat 

mirror Flat 1, as shown in Figure 2.1. The f /11 beam is initially incident on a 

parabolic mirror Parabola 1, which acts as a Newtonian collimator. I t directs 

the beam back on to Flat 1 which folds the light path to the deformable mir

ror (DM). The D M is positioned so that its conjugate focus is the telescope 

entrance pupil, though this can be varied to alter the size of the isoplanatic 

patch^. Downstream from this is a set of refocusing optics which reproduces 

^This statement can be understood in the following manner: assume the limiting case of 
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the original f# ; part of the refocused beam is incident upon the wavefront sensor 
(WFS) and the other paxt is diverted to form the science arm. 

2.2.1 Deformable Mirror 

Figure 2.2. The segmented deformable mirror shown with its protective coverplate. On the 

right of the picture can be seen the high voltage actuator cables. 

The D M is the compensator for the wavefront distortions. In fact, since 

global wavefront t i l t is responsible for almost half the overall aberration, two 

components are employed for fu l l correction. The first {Parabola 1) is the 

fast steering mirror (FSM) which minimises the wavefront t i l t across the ful l 

aperture, and the second is the D M itself. The D M consists of 76 independent 

segments, each driven by an actuator such that it is adjustable in tip, t i l t 

and piston. Precision positioning with nanometer resolution, a high degree of 

stiffness and fast frequency response axe prerequisites for this application, so 

piezoelectric ceramics are used. 

one layer of turbulence at some altitude h. By placing the DM at the conjugate position in 
the optical train, all the atmospherically generated aberrations (within the limit of the DM) 
will be corrected to give a (nearly) infinite do within the field-of-view. 
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Each actuator is cylindrical, with three separate electrodes running along 
its length to provide three-point movement to its mirror segment, as shown in 
Figure 2.4. In total, therefore, the DM has 228 degrees of freedom. 

The actuators, being ferroelectric materials, have an intrinsic non-Unear 

response or hysteresis with respect to applied electric fields which limits their 

accuracy. They are also subject to drift over time. The maximum error due to 

hysteresis can be as much as 15% of the path traversed if they are run in an 

open loop fashion [18]. The microscopic explanation for the origin of hysteresis 

is still unclear, although it is attributed macroscopically to domain switching 

[19]. Each magnetic domain is made up of several dipoles; under the influence of 

externally applied electric fields the efltective number of dipoles aligned pairallel 

to the field varies. This alteration does not occur instantaneously and it is this 

delay that gives rise to the hysteresis loop. 

P i e z oactuator 

Figure 2.3. A single segment mounted on a piezoelectric transducer (PZT) . The three 

electrodes are mounted along the length of the actuator cylinder, separated by 120°. The 

strain gauge signal and P Z T high voltage wires can be seen at the top of the photo. 

Drift (or creep) can be caused by two mechanisms: 

1. Follow-up polarisation of the ceramics, which is closely connected to the 

hysteresis behaviour. 
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Figure 2.4. Cross-sectional profile of a piezoelectric actuator showing the electrodes and 

strain gauges. There are 6 strain gauges per segment — 3 position sensors and 3 temperature 

compensators. The high voltage drive electrodes run along the exterior wall of the cylinder. 

2. Warm up of the actuator due to a prolonged input excitation. 

This effect is only noticeable in the short period (from milliseconds to the order 

of seconds for large voltage steps) after positioning, so is not important when 

the D M is operating in a closed loop. I t does aff'ect the initial mirror flattening 

procedure, which is a non-trivial task. 

Because ELECTRA's actuators are made of a single piece of piezoceramic, 

they do not need to be preloaded like equivalent stacked actuators. The preload

ing of piezoceramics produces a polarisation in the piezotransducer. This polar

isation is superimposed onto that caused by the applied electric field. Therefore 

the hysteresis loop becomes distorted and asymmetric, generating the charac

teristic 'S' curve of displacement vs applied voltage. That is to say, there is 

no axis of symmetry between the descending trajectory and the ascending tra

jectory. Each actuator of ELECTRA's is free from this behaviour when its 

electrodes are pistoned, which is advantageous if predictive hysteresis compen

sation strategies are desired by using, say, a modified Preisach model [20]. 

To linearise the extension of the actuators, strain gauges have been placed 

inside the cylinders parallel to each electrode. These strain gauges have a linear 

resistance change with respect to extension, so provided that the bonding agent 

has a negligible effect, the extension of the actuator along the relevant electrode 

can be calibrated. External temperature variations aff'ect the extension of the 

gauges. To allow for this, each position sensing gauge is connected in series 
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wi th a temperature compensation gauge. These compensators lie in a plane 

perpendicular to the electrodes forming a set of potential dividers (see Figure 

2.11). 

The linearity of the D M response is very important to cophase the mirror 

surface; i f the subapertures are pistoned correctly so that they form a continuous 

sheet, i t is clear that a higher degree of wavefront correction can be applied than 

when only the local t ip and t i l t variations are conjugated. For the specific case 

of a dilute pupil interferometer, hnearising the positional response of the DM 

allows us to compensate for piston errors. 

Despite the problems of trying to place these components inside the ex

tremely small internal diameter of the piezoactuator cylinders, this is the most 

effective method of determining the piston {z axis offset) position of each actu

ator. An alternative method for determining piston, which is utilised later for 

calibrating the hysteresis, is to use a Michelson interferometer illuminated by a 

quasi-monochromatic source. By examining the change in the visibility phase 

as a function of time, that is to say "counting the fringes", the rate of change 

of piston can be determined. This is not a trivial measurement in terms of 

the technological demands (e.g. the speed of the detector and pixels per fringe 

required by the detector) and does not give an absolute value for the piston, 

unlike the strain gauges. 

2.2.2 Wavefront Sensor 

The WFS unit provides the D M control loop with information about the wave-

front distortions of the light from the guide star. I t is critical, therefore, to have 

the highest signal-to-noise possible over the short integration periods required 

to sample the wavefronts. In essence, the WFS sets the bound on the overall 

sky coverage of the AO system by limiting the magnitude of the guide star. 

The WFS used to probe the wavefront shape across the D M is a Shack-

Hartmann type^. I t operates by re-imaging the telescope pupil (where the D M 

^The camera and electronic readout were made by Rutherford Appleton Laboratories Space 
Sciences Division. 
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Figure 2.5. The wavefront sensing camera and Shack-Hartmann lenslet eirray. 

CCD Window 

Figure 2.6. Shack-Hartmann optics schematic. The lenslet array is shaded and the W F S 

window is also shown. The optical assembly is mounted on a three-axis stage for alignment 

purposes. 

is effectively located) onto a series of lenslets to form aji array of point-Uke 

images. The positions of these images measure the local wavefi-ont tilts across 

each lenslet. 

The WFS consists of an 80 x 80 pixel square array C C D placed behind a 

microlens array. Each microlens maps a DM segment to an 8 x 8 pixel bin on 

the C C D . The wavefront sensing camera necessarily uses the visible passband, 

so the WFS lies downstream of a 40/40 optical beamsphtter^ (behind Flat 2 in 

Figm-e 2.1). It should be noted that due to the practically negligible wavelength 

®This type of pellicle beamsplitter has a coating which gives approximately equal trans-
mittance and reflectance between 400nm and 800nm, but unfortunately is also lossy. 
























































































































































































































































































































































































