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ABSTRACT

A new fringe tracker based on photon counting detectors and real time image processing has been
implemented on the “Grand Interférometre a 2 Télescopes” (GI2T) at the Observatoire de la Cote d’Azur. Fringe
visibilities have been recorded on P Cygni and other stars across the Ha emission line with optical path differences
stabilized to between 4 and 7 um rms (1% of the coherence length). This paper presents the first results and
describes the principle, implementation and performance of the fringe tracker.
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1 . Introduction
The Grand Interférometre a 2 Télescopes (GI2T) ' ? is a long baseline optical stellar

interferometer, located at the Observatoire de Calern, in the Maritime Alps of France. It is
notable for its use of large 1.5 meter apertures, broad multi-channel spectral coverage, beam
combination in the image plane and photon counting cameras. As such, the instrument is

unique among stellar interferometers.

Although the GI2T has been operational since 1985 with the largest apertures among
operational interferometers, up until 1994 fringe acquisition and tracking have been performed
visually. The fringes are contained in dispersed image slices and appear across speckles, each
of which has a limited spatial extent and lifetime. The path-difference is derived from the
slope of the dispersed fringes, which are detected even when image slices contain numerous

speckles.

In this paper we describe the automated fringe tracker that has been recently
commissioned. In Sect. 2 we describe the fringes that are detected in the image plane of the
interferometer. In Sect. 3 we present our method of fringe tracking and in Sect. 4 describe its
implementation. The performance of the fringe tracker is then discussed and illustrated in Sect.
5.

L T 7% 5 L B P T 4= A InA



2 Dispersed fringes

We first describe the fringes ignoring atmospheric turbulence and later generalize our

description to include atmospheric effects and the use of multi-rg apertures, in which case the

fringes that form in the image plane appear across individual speckles.
2.1 Dispersed Fringes in the Image Plane

If atmospheric effects are absent, each aperture produces its own diffraction limited image
of the star. Asin a Young’s double-slit experiment, the superimposed images are modulated
by fringes, whose spacing depends on the distance between the remapped pupils. For a given

baseline, the intensity in the combined beam can be written,

I(x, 0) = I(0) [1+v cos 2oy + ¢)] (1)

where y is the optical path difference, o is the spectroscopic wavenumber 1/2, Ig (o) is the

stellar spectrum, and yand ¢ are the modulus and phase of the complex fringe visibility, which
for resolved stellar sources may be wavelength dependent. Bright fringes are detected

wherever we have
2n0x+q>:2kn, )
where k is an integer.
In the following we will assume that a grating spectrometer is used to disperse the fringes,

as is the case with the GI2T, and that the fringes are imaged onto a detector whose coordinates

are (x,y). The direction of dispersion is made parallel to the x axis, such that we have A=ax,

(3)

where a is proportional to the dispersion coefficient of the grating. We also assume that the
direction of dispersion is perpendicular to the remapped pupil separation, so that the path-
difference i is only a function of y. We have therefore

X=%o- by, (4)

where b depends on the pupil separation and the distance to the image plane, and g is the

optical path-difference at the center of the image. Equation (2) then becomes

2n

+ ¢=2km

Xo— by
ax , (5)

which yields the equation of the fringes on the detector. The spectrum therefore contains a set
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of diverging bright fringes whose paths are described by

(k—¢/23t)ax+by—x0=0. (6)

The path difference due to the piston phase determines the origin yo =0 / b of the fringes
on the y axis, as well as their slope on the detector. As sketched on Figure 1, the slope of the
fringes in the field indicates both the sign and magnitude of the path-difference xo . If we setb

=0 then equation (6) also describes a channeled spectrum.

spectrometer slit k=8
Y  (zero order)

~ s,
] /S S A x

dispersed image (first order)
on the field of the detector

fringes
k=1
| k=0
-Xo /b
Figure 1. Dispersed fringes follow the equation of a set of diverging lines.

The rectangular shaded area corresponds to the dispersed image field.

Figure 2. Photograph of a dispersed image of a fringe pattern across a star.
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2.2 Dispersed Fringes using Multi-rg apertures

With multi-ro, apertures the effects of atmospheric turbulence across individual apertures
cause the dispersed fringe pattern to be separated into numerous speckles as shown on Figure
2. Large scale phase variations further limit fringe measurements to a confined coherence

volume, encompassing spatial, temporal, and chromatic phase changes.

Although each speckle contains a fringe pattern described in Eq. (1), fringes of different
speckles have different phase relationships and therefore cannot be coherently combined. The
average delay is derived from the integrated power spectra of individual fringed speckles, and
the speckles must be processed individually in each frame. An image slicer is therefore used,
whose slits” width corresponds to the speckle size; the detected spectrum shows the spectra of

numerous speckles, but each is separated vertically at different locations in the image slice.

The number of speckles generated by atmospheric seeing is expressed as 3

N—mf %

where rg is Fried’s coherence length and D the aperture diameter. For example, with D = 1.5 m

) (7)

and values of ro in the order of 0.20 to 0.25 m, one gets Ng = 100. With the present optical setup

at the GI2T, a single slice is used for the fringe tracker and approximately 12 dispersed
speckles fit into the field of the detector. This corresponds to 10-15% of the light collected by

the telescopes. The ways to improve this ratio are: a larger detector, or adaptive optics.

The atmospheric variations in phase evolve rapidly, and restrict the exposure time for
individual frames of data. The coherence time of the atmosphere, 1o, is typically between 1

and 10 ms in the visible, and the signal-to-noise ratio per exposure is maximized with
exposures of near 2to, allowing more photons to be gathered * . A fast algorithm, such as the

one we describe in Sect. 3.2, is therefore necessary for real-time processing of the speckles in

each exposure.

When two large apertures are used for fringe tracking, what is measured is the mean value

of the delay between the two sampled wavefronts. The variation in piston phase across a large

aperture has been derived previously by several authors ® ® /. If the spatial variations in phase

are due to Kolmogorov turbulence, the phase structure function can be expressed as

D, l = (lpw+rl-ow]’) = 688 Flr %
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where rg is Fried’s coherence length and r is an arbitrary separation between two points in the

average wave plane. If the wavefront tilt is not compensated, the mean squared variations after

piston phase is removed, measured over a diameter D, can be shown to be

D
¢’ = 1.03 F—%
LTo / 9)

This is approximately true for the apertures of the GI2T, which is not presently equipped
with adaptive optics, and whose star tracker corrects tilt up to 0.5 Hz. For the GI2T, the
observed path variance is therefore twice as large as in eq. (9) and the rms spread is V2 times

the above. The rms path difference is therefore

Ay, =0.229 AFR%
B ) /

(10)

For an rp of 0.2 m and apertures of 1.5 m diameter, the rms variations in the visible are

about 0.75 um. The use of adaptive optics would reduce the numerical coefficient in eq. (9) (See
table IV in reference 6.) For example, with the tilt completely removed the rms variations in
path length become close to 0.25 ym. However, it would be difficult to stabilize a fringe pattern
to better than A/4, which requires the aberrations from the first ten Zernicke polynomials to be
corrected. It follows that although it is possible for light from two large apertures to be

combined coherently, the resolution in delay tracking is limited by the aperture size.

2.3 Coherence Envelope and Tracking Resolution

To record the fringes at the GI2T, a spectrometer is used in conjunction with a 2D photon-
counting array detector. The spatial information contained in the fringes is modified through
the process of detection. Thus in the direction of dispersion the response is a convolution of the
optical point spread functions of the spectrometer and detector. The power spectrum of this
response determines the sensitivity to fringes as a function of path-difference. If the resolution
is limited by sampling, the coherence length is determined by the bandwidth per pixel. If a

bandwidth of Ao is dispersed across N spectral channels, then each channel represents a

bandwidth of Ac/N and therefore a coherence length of N/Aoc,or approximately N2/ ax
Dispersing a large bandwidth in this way increases the coherence length by a factor of N.
Losses may also occur due to sampling in the direction perpendicular to the dispersion, where
the fringe spacing at red wavelengths may be larger than those at blue wavelengths. This
spacing is determined by the remapped pupil separation and is a constant during the
observations. It is therefore possible to choose a suitable separation and over-sample the red

fringes, so that losses in the blue are rendered negligible.
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Another consequence of the detection is that the spectrum is truncated, or windowed; the

resolution in path-difference is limited by the Fourier transform of this window function ® .
The resolution is inversely proportional to the total detected bandwidth, and limited by the
photon noise. By interpolation in the Fourier plane, the precision in the measurement of the

path length difference  can approach a fraction of a wavelength.

Fringe trackers may be broadly characterized by their ability to maintain the optical path
difference equal to within a small fraction of the wavelength (1), or within only a fraction of the

coherence length (12/Axr). These modes are respectively referred to as cophasing and

coherencing ? . Cophasing keeps stabilized fringes visible at any exposure time. Coherencing

lets phase fluctuations blur the fringes at long exposures.

Although in principle a system based on dispersed fringe tracking is capable of cophasing
an interferometer, cophasing is only possible when the phase variations across each aperture
are compensated to less than a fraction of a wavelength. For a multi-ro aperture this would

require some form of adaptive optics.

3 Principle of fringe tracking

3.1 Method of Delay Estimation

The optical delay in the center of the dispersed fringe image is sampled and used as an
error signal for the fringe tracker control loop. Fringe slope and optical delay are related to one

another by a linear relation, derived from equation (6) in the following.

On Figure 3. the optical delay xo is different from zero and fringes appear tilted. Ax and sr

are respectively the total bandpass and the spectral fringe spacing. Ay and dy are respectively
the vertical extent of the field and the vertical fringe spacings. The object phase ¢ is considered

constant over the spectral bandpass and can therefore be omitted in the following.

For points (11, y1) and (A1, y1+8y) on two adjacent fringes, relation (6) yields
ki1 + by1 =0, (11)
(k+1 )A1+ b (y1+3y) =1%o - (12)
Subtracting the above expressions, the vertical fringe spacing dy can be expressed:

In the dispersion direction, for points (A1, y1) and (A1 -8\, y1) on two neighboring fringes,
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relation (6) becomes

kh1+ by1 =0, (14)
(k+1) (A1-ON) +by1 =%o, (15)

Subtracting the above expressions yields
oh =h,/k 16)

At this point, fringe number k can be expressed as k= (xo - by1)/ M, we have therefore

8h=i/ ity = by, | (17)

The Fourier transform of such a quasi-periodic fringe pattern will show peaks at

frequencies (Up, Vp) and (-Up, -Vp), such as on Figure 4. As the total field in the source image
is (Ax, Ay) , and assuming a constant fringe spacing over the field, the relation between Up

and o is the following:
Up = Ax / dx = Ak / 8k, (18)

therefore, from equation (17)
U = ixo-by, | AL/A2

p

: (19)
The path length difference: =0 - by , varies slightly with the vertical position in the image.

The corresponding spread in the discretized Fourier space is negligible if:

Axmax <M [ A\, (20)
where Aymax is the maximum path length variation across the image field. This is the case

with the present GI2T recombiner. Equation (19) then becomes

Xo- U, xz/m\. 1)
This relation is used to derive the sign and amplitude of the optical delay in the
interferometer. The relation does not depend on the sampling nor on any instrumental setting

other than the wavelength and the total bandpass (A\) used.

The spatial frequency in the perpendicular direction is given by:
V. = Ay/dy = b Ay/A,

p

: (22)
Vp is not dependent upon the optical delay xo . However, Up and Vp are wavelength

dependent. In a broad band field, fringes are not equally spaced and parallel, and a two
dimensional Fourier transform would not yield optimal results. One optical solution that has
been thought of is a dispersed pupil: if the distance between remapped apertures in the pupil
is made proportional to the wavelength, the fringe slope becomes wavelength independent.
The solution presently implemented is numerical. The first step in a 2D Fourier transform
would be the expression

iuX-Vp]:I Lux, ylexp \|_2myvp]dy

(23)
It is here replaced by

P7 o S R 4= A InA -



‘ v
Ixv, 1= | 1.x ylexp rl— 2imy TP//y
. (24)
which has the same remapping effect as a dispersed pupil. Fringes need to be remapped in the

other direction as well. The fringes are also distorted by barrel distortion caused by the image
tubes in the detector. The images are therefore digitally remapped in real time prior to Fourier

transform. The delay is then estimated from this modified two dimensional Fourier transform.

If the number of photons in a coherence volume leads to a sufficient signal to noise ratio, o
can be sampled fast enough to allow coherencing. For fainter objects the signal to noise ratio in
a single coherence volume becomes too low for fringe detection and yo measurement:
coherencing is no longer feasible. However, a time averaged yo can be measured. Moduli of
the Fourier transforms are averaged over a large number of frames until the peaks are high

enough. This is possible because the phase effects of atmospheric seeing are zero average. In

case of continuous drifts, as for example in a non stabilized space interferometer, there is

another solution involving an xyt (3D) Fourier transform '® '' .

3.2 Algorithm

For each frame, the computation must be completed in less than the coherence time, (to =

1 -10 ms). Fortunately, only a small part of the Fourier plane needs to be searched, because

the vertical fringe spacing is known a priori, and remains constant at each baseline.

The algorithm chosen for the 2-D Fourier transform takes advantage of the photon counting
nature of raw images. Such images are usually sparse matrixes: a 100 K photons-per-second
rate creates only 100 non-zero pixels in typical 1024 x 128, 1 ms frame. These images can be
expressed as

I.x, y1= 39 \|X_Xi’y_yi1
i=1 , (25)

xij and yj are the coordinates of the ith photon.
In the target Fourier plane only one frequency line per baseline needs to be computed. Let

us consider a two-step approach to the 2-D Fourier transform. The first step is a 1-D transform
along the y axis, for the single frequency Vp corresponding to the fringe spacing:

S RN
I x, vp]—'316..x—xﬂexpﬁ—hnyi X %

i=

(26)
This requires only one addition per photon, all trigonometric values being in tables. For n

photons and B baselines, the number of computation steps is of the order of nB. It is much

more efficient than an FFT over the whole frame. It is also more efficient than a sparse matrix
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autocorrelation whose computation time is of the order of n2.

Another advantage of this algorithm is the adjustment of Vp (in tables) to the local value of

the fringe spacing in each spectral channel allowing precise computation over broad

bandpasses.

The second step in the 2-D transform is a normal FFT along the x axis:

T(u, vp) = [ 1(x, vp) exp( -2imu x) dx. 27)
This step has to be performed once every 2to and for every speckle in the multi-ro aperture

case.

4 Implementation

4.1 Optical layout

The standard GI2T recombiner is used. Its optical layout and image slicer have been
described in reference 2 . It has not been modified for the moment as a single detector is used
simultaneously for both for the ongoing astrophysical studies, and for the fringe tracker. A 40
nm bandpass is used, centered on the Ha line (656 nm) and 128 spectral channels. The spectral
resolution is close to 0.4 nm and we get a fringe response suitable for detection over a path
length difference of 500 ym. In the perpendicular direction a large over-sampling factor is used

(18 pixels per fringe).
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Figure 3. Fringes in a dispersed speckle in the image plane.
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Figure 4. Peaks in the Fourier transform of the dispersed fringe image. The spatial frequency Up

is related to the optical delay by the expression Up = co (DI / 12) , where co is the optical path length at

the center of the image.

4.2 Detectors and Data Acquisition

The dispersed image plane is sampled by a photon counting detector: the CP40 ' . The
CP40 is an intensified CCD camera with an extended-red S20 photocathode. An average of 250
x 600 pixels are used in the present setup. The detective quantum efficiency of this detector
peaks at approximately 5.5%. It can operate to a maximum flux of 1200 photons per frame,

limited by the camera digital electronics, and provides a fixed frame rate of 20 ms. A Ranicon

detector '® has also been used to allow the frame rate to be adjusted to the seeing conditions.

This camera has been helpful in the implementation stage, but it is not used for fringe tracking,

due to a limitation in photon flux (1.5x104 photons/s).

Once detected, photon coordinates are sent to computers: a RISC processor Macintosh for
the real time optical delay computing and control, and HP workstations for data storage and

off-line fringe visibility processing.

4.3 Control

The variance of the integrated modulus as a function of spatial frequency is sampled and
compared to the peak value. When the signal reaches a given threshold, which may take from

a few 20 ms frames to a few seconds, depending on the stellar visibility and magnitude, the
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measured optical delay is used as an error signal for the delay line. It is interpolated in order to
achieve a 1 uym resolution in path length difference. The delay line has been described in
reference 2. The control loop is sketched on Figure 5. The fringe tracker can also be used in
“scan mode”. The coherencing length being on the order of 0.5 mm, fringes are usually found

in a couple of steps.

/\
hoton counting cameras

Telescope \ Telescope
/[Izq Spectro y Recombiner e
Delay line Photon
control coordinates
data
Acquisition for Acquisition for
o fringe tracking .@ image processing

Figure 5. Fringe tracker control loop: single baseline setup for the GI2T.

5 Results

The stars § Lyr, y Lyr, a Cep, 8 Cep, and P Cyg were observed with the fringe tracker
during the week of 1-6 August 1994. Figure 6 illustrates the performance of the fringe tracker
during several of these runs. Each plot shows the results of about 30 minutes of observation,

with the servo errors shown immediately above the observed changes in path-difference.
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Figure 6. Path-difference variations observed on four stars : a Cephei (with a 29 meters baseline),
6 Cephei (29 meters), p Lyrae (51 meters), and P cygni (18 meters).The most noticeable feature in the
path changes are the steps caused by the change in supports at the telescopes.

The fringe tracker integrates the power spectra in real-time and calculates the signal-to-
noise ratio of the integration. It resets the integration when either a threshold in signal-to-noise
is reached, in which case a new delay estimate is assumed to be valid, or else the integration
time exceeds a maximum time-out, and the information is discarded. During these
observations, the fringe tracking system produced new estimates of the path errors every 2.9 —

9.6 seconds, and maintained the servo errors to 4.6 — 7.3 ym rms.

The features that are most readily discernible in each plot in Fig. 6 are caused by
mechanical changes and errors in the baseline solution. In each plot there are discontinuities of
~ 200 pm about every 5 minutes. These are due to the spherical drives of the telescopes, which
allow continuous tracking of a star for only a short duration. The drives of both telescopes are
synchronized so that they reach their limit at the same time, and tracking is resumed after a
break of ~ 40 seconds, during which time the drives are reset. Each plot also shows long term
systematic drifts of up to 500 ym over 30 minutes, due to slight errors in the baseline solution.
Atmospheric path variations are certainly present in each record, but account only for the fine

structure that can be seen in each 5 minute segment.
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The plot of P Cygni is the most remarkable in this series. It has a V magnitude of 4.8 and is
the second faintest object for which fringes have ever been tracked with the GI2T — the faintest
object being HR 7132 with a V magnitude of 5.6 (observed with a baseline of 16.3 m on June 7,
1995). During the observation in Fig. 7(d) the fringe tracker maintained the paths equal to 5.1
um rms and produced estimates every 5.7 s on average, which is comparable to its

performance with much brighter stars.

6 Remarks

Theoretical predictions suggested that if fringes could be observed using all the collected

14 15

light on large telescopes , a limiting magnitude would be reached between 13 and 17 with

1.5 m apertures. While 17th magnitude has been reached by speckle interferometry on a 3.6 m

telescope '®, no long baseline optical interferometer has ever observed objects much fainter

than 5th magnitude. The reason for this disparity is that interferometers must track fringes to
maintain coherence between the apertures. The path-difference must be continuously

measured and corrected.

The advantage of a multi-rp aperture is that it allows a larger number of coherence areas to

be sampled at the same time. For a large aperture, this in principle leads to an improvement

proportional to the diameter D in the signal-to-noise ratio, but the field and processing power

requirements increase with D2 . The slow development of an automated system for the GI2T
has mainly been due to the lack of an adequate algorithm and sufficient computing power. The
present recombiner samples approximately 12 speckles under the seeing conditions specified
in section 2.2, and yields a gain of 3.5 in the signal-to-noise ratio over a comparable single-ro
system. At low light level conditions, the signal-to-noise ratio is proportional to the photon
flux (see reference 15). Therefore in terms of limiting magnitude, this is a gain of 1.5 . The
whole speckle pattern on a 1.5 m telescope, if analyzed, would yield a gain of 10 in the signal-
to-noise ratio (2.5 magnitudes). Other parameters such as the optical throughput, the detector
efficiency, and the angular extent of the observed objects, are responsible for the gap

remaining between theoretical and observational limits.

As the aperture size increases, the transfer function of the instrument causes the fringe

signal to spread out in the spatial frequency domain. The resulting loss has been noted by

17 18

several authors . This problem is overcome by integrating — around —, the peak of the

fringe signal, rather than sampling the peak height '® and that is done automatically by the

fringe tracker.
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7  Conclusion

The new fringe tracker of the GI2T currently provides correction for path-variations with an
accuracy of = 5 ym rms. It takes advantage of the interferometer's large apertures and
relatively broad spectral bandpass (40 nm) without constraining the coherence length. It has
benefited the instrument by providing rapid fringe acquisition, and, as demonstrated by the

observations of P Cygni and HR 7132, an extended limiting magnitude.

We have shown that despite the lack of adaptive optics in the GI2T, it is yet possible to take
advantage of multi-ro apertures to track fringes in dispersed stellar spectra. This method has
the potential of enhancing the performance of future large telescopes arrays, either multi-
speckle, or diffraction limited. It has already allowed the GI2T to track on objects that, to the

authors’ knowledge, are fainter than those observed by any other stellar interferometer.
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