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of R steps where R is the redundancy – the number of times the given baseline is repeated within the pupil. In
the bright source limit, the noise inherent to this random walk process completely dominates the signal-to-noise
(SNR), leading to the well-known result that the SNR of speckle frames saturates to 1. For a non-redundant
(masked) pupil, this random walk and the “seeing noise” which it precipitates is eliminated. Although a mask
will discard most of the pupil area, and so lose a large fraction of the signal, it also removes almost all the
atmospheric noise, and this leads to dramatically enhanced SNR.

Until recently, masking has been restricted to a niche for bright target astronomy due to the loss of light at
the mask and the requirement for short (tens of milliseconds) exposure times. These problems have been largely
overcome with the advent of “sparse aperture AO”22 in which a masking experiment is operated in concert
with an adaptive optics system. For a detailed discussion of this technique, in which the AO system acts as
a “fringe tracker” permitting long exposures without the loss of all fringe visibility, see Tuthill et al., in this
conference (7735-58). As described in this paper, this innovative synthesis of the two imaging methods has
already opened rich new realms of astrophysical research in the detection of high contrast companions and in
optical interferometric polarimetry.

Despite these promising advances, masking interferometry still suffers from several disadvantages. The great
majority of the incident starlight (typically 90 – 98%) is still lost at the mask, and calibration is still affected by
redundancy noise. To strictly enforce the condition of non-redundancy, a mask would require the idealization of
infinitesimally small holes so that atmospheric noise is eliminated only when throughput goes to zero.
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Figure 1. Visibility data recovered from optical long-baseline interferometers studying the red supergiant α Boo. The
left-hand panel shows data points and best-fit model curve from the IRMA interferometer (no spatial filtering) while data
from the FLOUR instrument at the IOTA array (with spatial filtering) are shown in the right-hand panel. Overwhelming
signal-to-noise improvements are evidenced by (1) the scale of the error bars, and (2) the scatter of the points about the
theoretical curve.

The rapid advance of fiber and optical waveguide technologies in recent years led several separate groups
worldwide to independently propose a new imaging methodology: pupil remapping interferometry. Rather than
use a mask to reject areas of the pupil, the entire pupil is fragmented into a grid with the use of a lenslet array
which feeds each sub-pupil into a single-mode waveguide. This setup offers several critical immediate benefits;

• once light is in the waveguide, it is a straightforward matter to reconfigure the highly-redundant input
pupil into a non-redundant output pupil simply by channeling the light

• single-mode waveguides act as spatial filters, rejecting all phase diversity across the input aperture so that
the output beam will be a pure guided mode

• exquisite calibration can be achieved with spatial filtered beam recombination23

• these dramatic enhancements to data fidelity can be obtained with full pupil utilization and therefore
significantly higher throughputs.
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by the waveguide physical properties (Neumann 1988),
not by the input wavefront, and the phase is constant
across the guided beam. On the other hand, the intensity
of the guided radiation depends on the electromagnetic
field amplitude distribution in the focal plane of the tele-
scope and may vary with time if the image is turbulent.
Thus single-mode fibers force the transverse coherence of
the radiation and transform wavefront phase corrugations
into intensity fluctuations of the light coupled into the
fibers. Unlike wavefront perturbations however, intensity
fluctuations can easily be monitored and used during the
data reduction process to correct each interferogram indi-
vidually against the e↵ects of atmospheric turbulence.

The correction capability was first demonstrated in
a fiber unit set up between the two auxiliary tele-
scopes of the McMath-Pierce solar tower on Kitt Peak
Observatory, which transformed the telescope pair into a
stellar interferometer (Coudé du Foresto et al. 1991). The
prototype instrument (named FLUOR for Fiber Linked
Unit for Optical Recombination) observed a dozen stars
with statistical errors smaller than 1% on the object vis-
ibilities. The same fiber unit is now routinely used as
part of the instrumentation in the IOTA (Infrared and
Optical Telescope Array) interferometer at the Fred
Lawrence Whipple Observatory on Mt Hopkins (Carleton
et al. 1994). Some of the results obtained with FLUOR on
IOTA can be found in Perrin et al. (1997).

This paper presents the specific data reduction pro-
cedure used to extract visibility measurements from the
raw interferograms obtained with FLUOR. The procedure
can also be applied (with minor modifications that are
explained in Sect. 9) even if the interferometer does not
involve fiber optics. In that case, however, the spatial fil-
tering advantage is lost.

The organization of the paper is as follows: in Sect. 2 is
briefly described the conceptual design of a FLUOR-type
interferometer, and the principle of interferogram correc-
tion is shown on a simple example.

Before we can derive the full analytical expression of a
wide band interferogram (Sect. 5), we need to specify two
important preliminary assumptions (Sect. 3) and to un-
derstand the photometric behavior of the system (Sect. 4),
i.e. the proportionality relationships that link the diverse
outputs when light is incoherently recombined. Section 4
is specific to the use of a triple fiber coupler and can be
skipped in a first reading. From the expression of a raw
interferogram, obtained in Sect. 5, can be derived an ex-
pression for the corrected interferogram, which itself leads
to an expression for the squared modulus of the wide band
fringe visibility (Sect. 6). Real data are a↵ected by noise:
estimation strategies and noise sources are discussed in
Sect. 7. Finally, some practical considerations are devel-
oped in Sect. 8 and a generalization to non-fiber interfer-
ometers is proposed in Sect. 9.

Throughout the paper, the data reduction procedure
will be illustrated with examples from actual data. They

were obtained on ↵Boo (Arcturus) with the original
FLUOR unit set up between the two 0.8m telescopes
(separated by 5.5m) of the McMath-Pierce tower (Coudé
du Foresto et al. 1991). The unit included fluoride glass
fibers and couplers, four InSb photometers, and was op-
erated in the infrared K band (2µm  �  2.4µm). The
telescopes had entirely passive optics, without even active
guiding (tip-tilt correction). The sample data is a batch
of 122 interferograms recorded on 7 April 1992 between
7h19 and 8h04 UT, in mediocre seeing conditions (more
than 1.5 arcsec).

2. Principles of a fiber interferometer

It is beyond the scope of this paper to describe the de-
tails of a fiber interferometer. This has been done else-
where (Coudé du Foresto 1994). What is shown here is
only a conceptual description of a FLUOR-type instru-
ment (Fig. 1) and the principles of operation.

Telescope
1

P2

P1

Pi
st

on

Turbulence

I1 I2

Interferometric outputs

Photometric outputX

Y2Y1

Spatial
filtering

Pi
st

on

Telescope
2

Corrugated wavefront

Spatial
filtering

Photometric output

Fig. 1. Conceptual design of a stellar fiber interferometer

Two di↵erent pupils independently collect the radia-
tion from an astronomical source, and each telescope fo-
cuses the light onto the input head of a single-mode optical
fiber.
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Fig. 1. a) Optical layout of the experiment (credits: E. Stadler). The LEMO chip’s three outputs (described in the text) are
imaged onto a liquid nitrogen cooled infrared detector matrix. b) Integrated optics components, top: LETI beam combiner,
bottom LEMO beam combiner. c) IOTA interferometer. d) Optical breadboard.

fiber optics are available. The achievable functions provide
not only all the usual optical ones (divider or combiner)
but also diffracting and dephasing devices. Output beams
from these planar guides can act as the input slit of a
spectrograph, avoiding complex anamorphic optics. An
important additional advantage is that single mode waveg-
uides also spatially filter the wavefronts, leading to excel-
lent calibrating properties in the presence of atmospheric
turbulence.

2. An integrated optics beam combiner

2.1. Description of two IO chips

For the sky validation reported here, we used two differ-
ent IO chips designed for two-telescope beam combina-
tion in H band1 (see Figs. 1a and b). The component la-
belled LEMO was designed and manufactured using the
ion exchange process (Benech 1996): Na+ ions from a glass
substrate are exchanged with Ag+ ions in a molten salt
through a dedicated mask. It combines two input beams
injected by fibers in a direct Y -junction, and calibrates
the flux contribution from each beam using two reverse
Y -junctions located before the combining function. The
component labelled LETI was designed and manufactured
using the silica etching technique (Mottier 1996). Doped
silica layers, a few microns thick, are deposited on a sil-
icon substrate, etched following the mask drawing and

1 1.43 µm–1.77 µm.

covered by a silica layer. The component combines two in-
put beams in an asymmetric directional coupler giving two
interferometric outputs in phase opposition and calibrates
the flux as described above for the LEMO component us-
ing two Y junctions located before the coupler. Both beam
combiners were connected with two equal-length 1 m op-
tical fibers.

2.2. Optical interface with IOTA

Following a complete laboratory characterization of the
optical properties of these components (Berger et al. 1999;
Haguenauer et al. 2000), we set up an experiment at the
Infrared Optical Telescope Array (IOTA, Traub 1998) at
Mt Hopkins, Arizona), At the IOTA, 2 telescopes of 45 cm
diameter (a 3rd one is currently being implemented) may
be configured in baselines of length ranging from 5 to 38 m
(see Fig. 1c). The two IOTA light beams are carried from
the telescopes to the beam combination table (see Fig. 1d).
Off-axis parabolic mirrors are used to couple light into the
fibers connected to the component which outputs are im-
aged on a NICMOS 3 infrared camera (Millan-Gabet et al.
1999) using custom optics (see Figs. 1a and d). The opti-
cal path in one arm is sawtooth-modulated with a maxi-
mum optical path difference (OPD) of 85 µm by a piezo-
actuated mirror in one of the arms. The data acquisition is
synchronized with the piezoelectric displacement and the
piezo stroke is centered around the zero OPD position.
For each scan an interferogram is recorded in each of the
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mersion objective lens (Zeiss N-Achroplan, NA= 1.25,
working distance of 450 µm). In order to prevent the im-
mersion oil boiling during writing, the average power of
the laser was controlled by using an external electro-optic
pulse picker (BME KG) to reduce the repetition rate to
1.28 MHz. Pulse energies of 160 nJ were used in conjunc-
tion with a translation velocity of 8.3 mm/s in order to
create waveguides that supported a single-guided mode
at 1.55 µm. A set of Aerotech, air-bearing translation
stages were used to smoothly translate the sample in 3
dimensions. The entire device was written within half
a minute. The device was then ground and polished to
reveal the waveguide ends. As a result of the high rep-
etition rates used all waveguides presented herein were
written in the cumulative heating regime (Eaton, Zhang
& Herman 2005).
The 8 single-mode waveguides sampled the re-imaged

2D conjugate pupil plane of the telescope which had a
diameter of 210 µm at the Coude focus (see Figure 3).
The starlight was reformatted into a 1D equidistantly
spaced (250 µm) output array that spanned a total of
1.75 mm. In Figure 2 it can be seen that a lateral side
step was used. This was done in order to prevent un-
guided stray light reaching the output face where the
waveguides terminate which would induce phase errors in
the measurement (Norris et al. 2011). The distribution
of the waveguides at the input of the remapper (Figure 3)
was chosen to conform to the hexagonal lattice of the el-
ements of both the segmented mirror and the micro-lens
array (overlaid in Figure 3). A projection of the pupil
of the primary mirror has also been overlaid in Figure 3.
The inscribed circle of each hexagonal segmented mirror
element and its corresponding micro-lens, subtended an
area with 56 cm diameter on the primary mirror. For
this first prototype a subset of 8 of the available lenslets
was used in order to facilitate the characterization of the
instrument, with the specific pattern chosen to provide
adequate Fourier sampling. However, utilizing all avail-
able lenslets is possible (with some work) and will be the
focus of future prototypes and indeed the final instru-
ment.

3.1.2. Characterisation

The prototype pupil-remapper was designed to oper-
ate around 1.55 µm in the astronomical H-band. The
slightly elliptical waveguides (13 ⇥ 14 ± 1 µm) are de-
picted in Figure 3 and consisted of non-step index pro-
files with peak index contrasts of > 6 ⇥ 10�3. Before
the waveguides could be used for broadband interfero-
metric applications, it was important to first determine
the extent of the single-mode regime which is where spa-
tial filtering could be exploited, as described above. The
single-mode cuto↵ of the waveguides was determined by
the transmitted power method (Lang et al. 1994). This
involves exciting the modes of the structure and inves-
tigating the broadband transmission characteristics to
identify the point in the spectrum where the losses drop
abruptly (i.e. the transmission recovers). This point
signifies that a second mode is now bound to the guide
and can carry energy with relatively low loss which at
longer wavelengths it was radiating away. The light from
a broadband (super continuum) light source was injected
and collected from the waveguides by butt coupling the
device to single-mode optical fibres (SMF-28). It should
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Fig. 3.— Cross-sectional micrograph of the input facet of the
pupil-remapping chip. Eight waveguides are clearly visible each
of which consists of a complex index profile made up of a high
index central region (bright central spot, positive index contrast >
6⇥10�3) bordered by a low index region (dark spot, negative index
contrast of < �1 ⇥ 10�3) surrounded by a high index ring (weak
positive index contrast < 3 ⇥ 10�3). The optical field at 1.55 µm
is guided over the entire index profile. The image is overlaid with
a hexagonal grid depicting the overlap with the elements of the
segmented mirror and the injection micro-lens array. The dashed
red overlay shows the projection of the3.9 m primary telescope
mirror (the pupil).

be noted that the fibres were not aligned for optimal
transmission but rather they were o↵set laterally by 6 µm
in order to excite the higher order mode of the guide. The
transmitted spectrum was recorded by an optical spec-
trum analyzer (OSA). The spectrum was normalised to
that which was transmitted across a butt couple between
the probe and collection fibres without the chip in be-
tween. A normalised transmission spectrum for one of
the waveguides from the remapper is shown in Figure 4
with the cuto↵ wavelength highlighted as the point where
there was a dramatic recovery in the transmission. The
mean single-mode cuto↵ wavelength for the 8 waveguides
was 0.95 ± 0.03 µm which enabled the IPRI to operate
in a highly broadband fashion across the entire Y, J and
H bands (0.96–1.80 µm). It should be made clear that
the high losses shown in Figure 4 are not indicative of
the waveguides performance but are the result of the o↵-
axis injection of the probe light in order to excite the
higher order modes required for the measurement of the
single-mode cuto↵.
The throughput of the pupil-remapper was charac-

terised using the same fibre optic circuit used for the
single-mode cuto↵ measurements, with a few slight mod-
ifications; the light source was exchanged for a narrow
linewidth laser diode operating at 1.55µm and a Ge-
photodetector and power meter were used in place of
the OSA. High precision, flexure translation stages were
used to align the fibres with the waveguides, one at a
time. The maximum transmitted power was recorded
and normalised with respect to the power transmitted
across a butt couple between the probe and collection
fibres without the chip in between. Index matching im-
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Fig. 1.— Schematic diagram of the IPRI. Light from the celestial target (depicted as a star with an orbiting planet in this figure) is
collected by the telescope before propagating through the instrument and finally being collected at the detector. Orange circles indicate the
correspondence between the segments used on each optical component. The diagram is figurative only: the aspect ratio and scale are not
preserved. To follow the beam path downstream we have: CT - celestial target, TEL - telescope, COL - collimating lens, RAM - right angled
mirror, SM - segmented mirror (IrisAO - PTT111), RL1 - relay lens 1 (200 mm focal length achromat), RL2 - relay lens 2 (10 mm focal
length aspheric), MLA1 - micro-lens array 1 (30 µm pitch), PRC - pupil remapping chip, MLA2 - micro-lens array 2 (250 µm pitch), CL1
- cylindrical lens 1 (200 mm focal length), CL2 - cylindrical lens 2 (20 mm focal length), P - prism, CAM - camera (Xenics-Xeva-1.7-640).
Inset: Photograph of the IPRI instrument on a 900⇥ 600 mm breadboard.

pixel of 53.

3.1. The Pupil-Remapper Prototype

3.1.1. Design and Fabrication

A prototype pupil-remapping chip was designed and
is depicted in Figure 2. It consisted of 8 waveguides
which were constructed by interpolating with cubic spline
functions between nodal points placed along each path.
By moving the nodal points it was possible to attain
physical path length matching between all waveguides
to within 100 nm while maintaining a minimum sep-
aration between guides of 30 µm in order to minimise
cross-talk (Charles et al. 2012). This design process only
matched the path lengths physically because the optical
contributions, such as the reduced e↵ective index that a
mode experiences as it propagates around a bend, are
minor contributors that did not increase the path-length
mismatch beyond the coherence length of the light. The
design proved to be extremely challenging and the re-
sulting device, is to the best of our knowledge the first
3D, path-length matched chip consisting of unique routes
(i.e. each waveguide is unique and not simply a mirror
of any other).
The device was inscribed into a boro-aluminosilicate

glass substrate (Corning Eagle2000) with dimensions of
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Fig. 2.— A CAD rendering of the 3D paths taken by the 8-
waveguide pupil remapper. Note: the aspect ratio for the drawing
greatly inflates the transverse coordinates to exaggerate the bends
and curves in the guides. Insets show images of two of the waveg-
uides illuminated with red laser light.

30 ⇥ 20 ⇥ 1.1 mm (L ⇥ W ⇥ H) by the laser direct-
write technique. An ultrafast titanium sapphire oscil-
lator (Femtolasers GmbH, FEMTOSOURCE XL 500,
800 nm centre wavelength, < 50 fs pulse duration) with
a 5.1 MHz repetition rate, was used for inscription. The
laser was focused into the sample using a 100⇥ oil im-
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A prototype pupil-remapping chip was designed and
is depicted in Figure 2. It consisted of 8 waveguides
which were constructed by interpolating with cubic spline
functions between nodal points placed along each path.
By moving the nodal points it was possible to attain
physical path length matching between all waveguides
to within 100 nm while maintaining a minimum sep-
aration between guides of 30 µm in order to minimise
cross-talk (Charles et al. 2012). This design process only
matched the path lengths physically because the optical
contributions, such as the reduced e↵ective index that a
mode experiences as it propagates around a bend, are
minor contributors that did not increase the path-length
mismatch beyond the coherence length of the light. The
design proved to be extremely challenging and the re-
sulting device, is to the best of our knowledge the first
3D, path-length matched chip consisting of unique routes
(i.e. each waveguide is unique and not simply a mirror
of any other).
The device was inscribed into a boro-aluminosilicate
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Fig. 2.— A CAD rendering of the 3D paths taken by the 8-
waveguide pupil remapper. Note: the aspect ratio for the drawing
greatly inflates the transverse coordinates to exaggerate the bends
and curves in the guides. Insets show images of two of the waveg-
uides illuminated with red laser light.

30 ⇥ 20 ⇥ 1.1 mm (L ⇥ W ⇥ H) by the laser direct-
write technique. An ultrafast titanium sapphire oscil-
lator (Femtolasers GmbH, FEMTOSOURCE XL 500,
800 nm centre wavelength, < 50 fs pulse duration) with
a 5.1 MHz repetition rate, was used for inscription. The
laser was focused into the sample using a 100⇥ oil im-
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Fig. 3. Visibility points measured with LEMO (triangle) and
LETI (cross) beam combiner. The curve represents the best
uniform diameter fit.

With technological improvements we can thus expect
to use the same single-mode IO chip in two different
broad H and K bands;

3. First estimations of the system visibility show that the
average instrumental contrast of the instrument and
interferometer is higher than 60%. This number will
be improved once polarisation control is implemented;

4. The faintest star observed (HR 3779) has an H-
magnitude of 2. However, since the experimental setup
was not optimized for faint astronomical observations
we estimate, based upon considerations on the actual
coupling efficiency of light into the fiber, that the lim-
iting magnitude of these components should be three
magnitudes better.

5. Conclusions

These results have demonstrated, for the first time that
telecom-based integrated optics components can be used
to combine stellar beams collected by separated telescopes
in an optical long-baseline interferometer. These beam
combiners are very stable and lead to precise measure-
ments, moreover, they are versatile and easy to handle.
The number of optical aligment adjustments is reduced,
which dramatically reduces the complexity of multiple-
beam combination for aperture synthesis imaging.

This is not only vital for large ground-based interfer-
ometers under construction but also for upcoming space
missions. This technology will likely find many applica-
tions in the field of optical interferometry. Several concepts
for up to eight telescopes beam combination are already
under study (Berger et al. 2000).

Our next goal is to combine three telescopes beams at
IOTA using integrated optics components recently devel-
oped for closure phase measurements and imaging appli-
cations (Haguenauer et al. 2000). The spectral coverage
is also currently being extended to longer wavelengths.
Finally, we propose this technology as a solution to com-
bine the 7 telescopes of the VLTI.

Acknowledgements. We thank J. D. Monnier, P. Benech, F.
Reynaud, S. Gluck, G. Grand, Y. Magnard, E. Stadler and
M. Joubert. We thank the fluor team for their kind sup-
port at the IOTA. We thank Dr. van Belle, the referee, for
his comments. This work was funded by the Centre National
de la Recherche Scientifique, the Centre National d’Études
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that an infrared fringe tracker would be built to recover the sensitivity lost (∼4 magnitudes) in pursuing good
calibration and powerful imaging capabilities – indeed, a fringe tracker will be integral to MIRC’s ability to
observe a wide-range of targets. The “CHARA-Michigan Phasetracker (CHAMP) ” has now been funded by the
National Science Foundation and will be built at the University of Michigan; our design is described elsewhere
in these proceedings (Berger et al.).

This “science combiner with separate fringe tracker” design has been developed over many years, and was
probably first best expressed by the CHARA team in their original NSF proposal.7 This represents a major
departure from the approaches at the “first generation” imaging interferometers COAST and NPOI. We note
that the European Southern Observatory Very Large Telescope Interferometer (ESO-VLTI) has adopted a similar
architecture as we have for their AMBER instrument,8 which also will require a separate fringe tracker unit
(FINITO9) to achieve reasonable sensitivity at high spectral resolution.

Figure 1 shows how the MIRC combiner has been implemented at CHARA, and the next section will take
you through a guided tour.

Figure 2. Here we begin our guided tour of the MIRC combiner. The left panel shows how the light is deflected out of the
CHARA beampath into the MIRC instrument. You can see the off-axis parabolas that inject the light into single-mode
fibers. Once in the fibers, the light takes the path shown in the upper-right schematic. The bottom right image shows
the fibers being arranged into a silicon v-groove array, the location of the collimator lenslet array, and a spherical silver
mirror that focuses the beams to produce interference fringes at the input slit of the camera-spectrometer.

2. GUIDED TOUR
2.1. Forming Fringes
After light is received by the 1-m CHARA telescopes, the beams are compressed to 19 mm and the sidereal
delay is corrected by a combination of (in-vacuum) fixed delay segments and (in-air) dynamic delay line carts;
see recent CHARA instrument paper1 for details. The six beams are split by a dichroic – the visible light is used
for tip-tilt tracking using a new CCD-based system (see Sturmann et al., these proceedings), while the infrared
light (JHK bands) is sent towards the MIRC combiner.

The 6 beams are picked-off by picomotor-steered mirrors on automated (Zabar/Ealing) translation stages
(for phasing MIRC with internal CHARA internal fringes). Each 19 mm beam is injected into custom-drawn,
low-OH silica fiber (Highwave; used by VLTI AMBER) using an EFFL 60mm off-axis parabola (gold-coated,
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Context



Scientific drivers turn into technical 
requirements

…%3D%simulaEon%view%…%

8. Description of the proposed programme and attachments

Fig. 1: A light curve of omicron Ceti during the last four luminosity cycles (provided by the American Association
of Variable Stars Observers, AAVSO). Currently, the luminosity just started to decrease from the last maximum,
which happened to be quite low compared to the previous ones. At those phases, the shock wave is just emerging
from the photosphere and propagating outward in the lower atmosphere of the star.

Fig. 2: Three-dimensional hydrodynamical simulation of photospheric intensity maps of an AGB star at di↵erent
wavelengths of the AMBER filter. The maps have been convolved with 2x2 mas gaussian PSF (Chiavassa et
al. 2010, A&A, 511, id.A5; Freytag & Hoefner 2008, A&A, 483, 571-583)
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Opportunities driving R&D
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Figure 1. Examples of actually possible IO designs for each type of 4-telescope combiner presented in this paper. For
a sake a clearness, we have not shown designs with equalized internal optical paths.
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Beam combining functions

 

Chapitre II : Recombinaisons en optique intégrée 

 

Pierre Labeye : « Composants optiques intégrés pour l’interférométrie astronomique », 2008. 
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dans le cas d’une recombinaison à deux faisceaux de très haute performance 

[42][43]. 

• Coupleurs interférentiels multimode (MMI) : ils ont été envisagés pour la 

recombinaison à plusieurs faisceaux [44]. L’avantage principal est qu’ils sont 

applicables à une recombinaison de plus de deux faisceaux. L’inconvénient est 

qu’ils présentent une forte dépendance spectrale et nécessitent une bande 

d’observation restreinte pour le moment. 

• Recombineurs à zone planaire : les deux voies à recombiner sont injectées dans 

une zone planaire afin de fournir des franges spatialement étalées. Ils sont plus 

facilement extensibles à une recombinaison multitélescopes [45]. 

• Recombinaison ABCD : il peut être très avantageux de fournir, pour une paire de 

faisceaux recombinés, non pas deux sorties en opposition de phase mais quatre 

sorties en quadrature de phase. Diverses solutions ont été proposées [46][47] pour 

réaliser cette fonction, mais dans le cadre de capteurs utilisant une lumière 

monochromatique. Nous verrons ici comment étendre cette fonction à une large 

bande spectrale. 

 

 

Figure II-1 : fonctions élémentaires en optique intégrée. (a) guides droits, courbes, 

croisements. (b) jonction « Y ». (c) coupleur à ondes évanescentes. (d) tricoupleur. (e) 

coupleur multimode (MMI). (f) recombineur planaire. (g) recombineur « ABCD ». 

 

Ces fonctions ont été pour la plupart développées pour les télécommunications optiques 

dans un domaine de longueur d’onde assez restreint : autour de 1550nm et 1300nm qui 

sont les deux domaines de meilleure transparence de la silice. L’observation 

astronomique, quant à elle, utilise les bandes de transparence de l’atmosphère. Du visible 

à l’infrarouge moyen, le tableau II-1 donne les différentes bandes spectrales utilisées. 
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Fig. 1.  Sketch of  our experimental setup featuring a modified Mach-Zehnder 
Interferometer combined with a miniature prism-based spectrometer. The prism could 
be removed to allow spectrally unresolved imaging of the output of the DBC 
component. The inset shows the excitation points of the DBC. 

 

 

 
 

Fig. 2. Tapered DBC Sample manufactured by a laser inscription method in fused 
silica. The increased output pitch of the array was required to allow dispersing the light 
carried by each waveguide with an imaging spectrometer. 

 
 
 
 
 
 
 
 
 

 
 
 

 
 

Fig. 3. Array of spectra as seen by the  CCD camera placed behind the miniature 
spectrometer. The spatial separation between the spectra (which are centered at Ȝc=655 
nm, and span a bandwidth of ǻȜ=30 nm) is given by the output pitch of the waveguide 
array (80 Pm). 

 
 
 
 
 

 

Fig. 4. Measured condition number of the calibrated Į-matrix as a function of the 
bandwidth combined in the DBC. Central wavelength Ȝc=660nm. 

 
 
 
 
 
 
 
 
 
 

of the odd radiation modes generated by the junction
in the out-of-phase excitation. This dependence on
odd radiation modes enables us to increase the con-
trast and also to avoid interference between guided
modes in the transition region. The beam-
propagation method4 !BPM" and the radiation spec-
trum method5 !RSM" are thus used for analysis of the
junction.

We also propose and examine a second structure,
shown in Fig. 1!b" that is based on the interference
phenomenon in a multimode !MM" waveguide. This
phenomenon has already been used to design 3-dB
couplers,6 N # N couplers,7 optical routers,8 and
wavelength multiplexers–demultiplexers.9 In these
applications, multimode interference !MMI" struc-
tures have shown a lot of interesting features, as they
are mainly less sensitive to fabrication parameters,
more compact, and have a wider bandwidth than
other conventional directional couplers. In this pa-
per we use this interference phenomenon to build the
required integrated optical magic T. The magic T is
designed by use of the self-imaging technique, and
this design is verified with the standard fast Fourier
transform–BPM.

The two structures are characterized by insertion
loss, cross talk between the output arms, and the
3-dB bandwidth. These parameters are thus calcu-
lated and used for optimization of the two structures.

2. Symmetric Y-junction Structure
To explain the function of the proposed Y-junction
structure, let us consider a symmetric Y junction that
is excited at the inverse direction, i.e., with the two
parallel arms of the junction used as the two input
arms as in Fig. 2. In this case, when the junction is
excited by two in-phase input beams, we combine the
two beams to obtain the fundamental even mode of
the transition taper section of the junction. This

method is exactly the inverse process of the splitting
function when the one arm side is excited by the input
beam !which is the conventional use of the junction as
a beam splitter". Now let us assume that the junc-
tion is excited by two out-of-phase beams. The two
beams are combined again in the taper section but
form the odd local mode of the taper. As the output
arm is single mode, such odd excitation results in
generation of odd radiation modes in the output
guide, as shown in Fig. 2. These two forms of exci-
tation are clearly demonstrated in Fig. 3, which
shows calculations of the field distribution in the
junction in the two forms of excitation by use of the
fast Fourier transform–BPM. The guiding parame-
ters considered are those for an optical waveguide
fabricated by ionic exchange on a glass substrate.
Although this technology results in a graded-index
waveguide, it has been shown before that such guides
can be approximated by a step-index guide with an
effective width 2d and an effective index step $n.10

In our case we assume that 2d % 5 &m, $n % 5.4 #
10'3, and the junction angle 2( % 0.91°, which are
typical values in such technology.

The radiated field that results from asymmetric
excitation of the Y junction can be collected by the two
separate arms, as shown in Fig. 1!a". However, the
efficiency of collecting such a field depends mainly on
the spectrum of this radiation, i.e., on its angular
distribution. It is evident that if the field is confined
to a small radiation angle, collection of the field is
more efficient. This angular distribution can be
demonstrated by use of BPM calculations; however,
for a more quantitative description we have used the
radiation spectrum method !RSM" in our analysis.5
Thus the field calculated by the BPM at section S–S)
of the junction !shown in Fig. 2" is projected onto the
odd radiation modes of the output guide. This pro-
jection is obtained with the classical field expansion11

E!x, z" ! ag*g!x"exp!'j+g z"

" , - A!."*!x, ."exp!'j+z"d., (1)

with z % 0 in the plane S–S), where *g!x" is the field
profile of a guided mode with propagation constant +g
and *!x, ." is the field profile of a radiation mode with

Fig. 1. Schematic diagram of the proposed integrated optical
magic T: !a" symmetric Y-junction structure, !b" MMI structure.

Fig. 2. Asymmetric excitation of the Y junction and generation of
radiation modes at the output waveguide.

Fig. 3. Field distribution in a Y junction of angle 0.91° in the
inverse excitation: !a" symmetric excitation, * % 0; !b" asymmet-
ric excitation, * % /.
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Fig. 1.  Sketch of  our experimental setup featuring a modified Mach-Zehnder 
Interferometer combined with a miniature prism-based spectrometer. The prism could 
be removed to allow spectrally unresolved imaging of the output of the DBC 
component. The inset shows the excitation points of the DBC. 

 

 

 
 

Fig. 2. Tapered DBC Sample manufactured by a laser inscription method in fused 
silica. The increased output pitch of the array was required to allow dispersing the light 
carried by each waveguide with an imaging spectrometer. 

 
 
 
 
 
 
 
 
 

 
 
 

 
 

Fig. 3. Array of spectra as seen by the  CCD camera placed behind the miniature 
spectrometer. The spatial separation between the spectra (which are centered at Ȝc=655 
nm, and span a bandwidth of ǻȜ=30 nm) is given by the output pitch of the waveguide 
array (80 Pm). 

 
 
 
 
 

 

Fig. 4. Measured condition number of the calibrated Į-matrix as a function of the 
bandwidth combined in the DBC. Central wavelength Ȝc=660nm. 
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later device was characterized in our laboratory. The beam combiners contain three optical 
functions: spatial filtering based on single-mode waveguides with sufficient length, 
interferometric beam combining based on 3 dB symmetric directional couplers, and 
electrically-controlled phase modulation based on thin film metal electrodes. For the three-

beam combiner, the photometric signal levels can be determined using linear combinations of 
the interferometric outputs (I12+, I12-, I13+, I13-, I23+, and I23-) using a scheme similar to that 
reported in [21]. 

 

 

Fig. 1. Layout of (a) fabricated three-beam combiner (b) two-beam combiner for device 
characterization (figures not drawn to scale). 

 

2.1 Single-mode waveguide at a wavelength of 3.39 µm 

 
In order to obtain accurate visibility measurements the waveguides in the beam combiner 
must be single mode at the operating wavelengths. The beam combiner was fabricated in 
LiNbO3 because this substrate has excellent transparency from visible wavelengths to 
approximately 4 µm, and it may be easily EO phase modulated [20]. There are two widely 

used methods for fabricating waveguides in LiNbO3: annealed proton-exchanged (APE) and 
titanium in-diffusion (Ti:LiNbO3). The later method produces low-index contrast waveguides, 
and thus the radius of curvature of the waveguide bends must be kept large in order to avoid 
significant bending losses. On the other hand, APE waveguides only support the mode 

polarized along the z-axis of the substrate, while both TE- and TM-modes can be supported 
by Ti:LiNbO3 waveguides. Furthermore, APE waveguides show strong, broad OH absorption 
peaks around 3500 cm

-1 
(~2.8 µm), which have the potential to significantly increase the 

propagation losses in 3-4 µm band [22]. Therefore the Ti-indiffusion method was chosen to 

fabricate the astronomical beam combiners reported here. Both planar and channel 

waveguides were obtained by diffusing a E-beam deposited, 1600� thick Ti layer into 

congruent x-cut LiNbO3 for 35 hours at 1050 ºC in a covered ceramic tray [20]. For the 
channel waveguides, the width, W, of the pre-diffused Ti strips was chosen to be 18 µm. In 

Hsiao++ 2009

Figure 4. MAI2 IO components. Top: IMEP/GeeO component design, using Y-junction for beam combination.
Bottom: LETI component design, using tricoupler function for beam combination.

on-sky validation4 already conducted, the very stringent constraints of nulling interferometry require careful
studies of the components designs and accurate tests of their performances.

3.1. Components design
3.1.1. Ion exchanged component

Figure 4 (top) presents the design of the IO component developed and manufactured by IMEP/GeeO. In-
coming light is injected in the two inputs with an angle α. The injection angle has been chosen in order to
avoid any flux not coupled in the waveguide to be present at the component outputs. On each arm, one half
of the flux is then used, thanks to Y-junctions, to provide photometric outputs. These lasts are used for the
amplitude matching control. The other half of the flux is then combined with the flux coming from the second
arm through a reverse Y-junction. This IO function has been chosen here for its symmetrical design, leading
thus to achromatic behavior.

3.1.2. Silica on silicon component

The bottom drawing on Fig. 4 presents the design chosen by LETI for the component. The same angle has
been used for the input waveguides, for the same reason has above. The same distance between the two inputs
for the two components has been used in order to allow quick and easy component change on the breadboard
without major re-alignment. The photometric extraction is performed here using either Y-junctions or directional
couplers (several components have been manufactured with small parameters variations so as to define the
best configuration). The beam combination is achieved thanks to a tricoupler providing three interferometric
outputs. For the central one, the function behavior is completely symmetrical from both inputs, leading thus to
an achromatic response.

694     Proc. of SPIE Vol. 4838

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/17/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx

Haguenauer ++ 2003

-ii'

m
 

0 C
) 

C
,, 

-t'
 =

 
C

C
) 0 C
) 

C
,, I- C

D
 = 

r 
C

D
 

II 
- 

V

that an infrared fringe tracker would be built to recover the sensitivity lost (∼4 magnitudes) in pursuing good
calibration and powerful imaging capabilities – indeed, a fringe tracker will be integral to MIRC’s ability to
observe a wide-range of targets. The “CHARA-Michigan Phasetracker (CHAMP) ” has now been funded by the
National Science Foundation and will be built at the University of Michigan; our design is described elsewhere
in these proceedings (Berger et al.).

This “science combiner with separate fringe tracker” design has been developed over many years, and was
probably first best expressed by the CHARA team in their original NSF proposal.7 This represents a major
departure from the approaches at the “first generation” imaging interferometers COAST and NPOI. We note
that the European Southern Observatory Very Large Telescope Interferometer (ESO-VLTI) has adopted a similar
architecture as we have for their AMBER instrument,8 which also will require a separate fringe tracker unit
(FINITO9) to achieve reasonable sensitivity at high spectral resolution.

Figure 1 shows how the MIRC combiner has been implemented at CHARA, and the next section will take
you through a guided tour.

Figure 2. Here we begin our guided tour of the MIRC combiner. The left panel shows how the light is deflected out of the
CHARA beampath into the MIRC instrument. You can see the off-axis parabolas that inject the light into single-mode
fibers. Once in the fibers, the light takes the path shown in the upper-right schematic. The bottom right image shows
the fibers being arranged into a silicon v-groove array, the location of the collimator lenslet array, and a spherical silver
mirror that focuses the beams to produce interference fringes at the input slit of the camera-spectrometer.

2. GUIDED TOUR
2.1. Forming Fringes
After light is received by the 1-m CHARA telescopes, the beams are compressed to 19 mm and the sidereal
delay is corrected by a combination of (in-vacuum) fixed delay segments and (in-air) dynamic delay line carts;
see recent CHARA instrument paper1 for details. The six beams are split by a dichroic – the visible light is used
for tip-tilt tracking using a new CCD-based system (see Sturmann et al., these proceedings), while the infrared
light (JHK bands) is sent towards the MIRC combiner.

The 6 beams are picked-off by picomotor-steered mirrors on automated (Zabar/Ealing) translation stages
(for phasing MIRC with internal CHARA internal fringes). Each 19 mm beam is injected into custom-drawn,
low-OH silica fiber (Highwave; used by VLTI AMBER) using an EFFL 60mm off-axis parabola (gold-coated,
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Functions in a long baseline 
optical interferometer

602 M. Benisty et al.: A 4-beam IO beam combiner with ABCD encoding

Fig. 1. Upper panel: theoretical design of the integrated optics 4-way beam combiner allowing pairwise combination and using phase-shifting
devices to produce 4 outputs in quadrature. We refer to each output using the index m,l,k. mlk is the kth output out of 4, resulting from the
combination of the beam m and l. The lower panel is a picture of a prototype that is 80 mm long and 8 mm wide.

the combination scheme is complex. Finally, this technology of-
fers the flexibility to easily switch beam combiners to adapt to a
particular situation (e.g. target, number of telescopes).

Since the initial proposition by Kern et al. (1996), LAOG and
its industrial partner LETI/CEA have been developing the use of
IO technology to interferometrically combine light beams in op-
tical waveguides lying on a solid substrate of a few centimeter
(Kern et al. 1996; Malbet et al. 1999; Berger et al. 2000). This
instrumental research program has consisted in designing, fab-
ricating and characterizing all the IO building blocks required
to build an astronomical interferometric beam combiner. Several
beam combining schemes have been implemented and tested.
Some of them have led to successful on-sky demonstrations such
as the VINCI/VLTI (2 telescopes) and IONIC3/IOTA (3 tele-
scopes) instruments (Berger et al. 2003; LeBouquin et al. 2004;
Kraus et al. 2005; Monnier et al. 2006a).

In the context of VLTI second-generation instrument studies,
LeBouquin (2005) have studied the global efficiency of a great
variety of IO beam combiners. This study has concluded that one
of the most efficient ways to combine four beams (e.g. 4 UT or
4 AT) was to use a so-called “pairwise static ABCD” scheme (in-
spired by the visibility estimator of Shao & Staelin 1977). This
IO circuit allows one to extract simultaneously four phase states
of the coherent signal independently for each of the six base-
lines. We fabricated them (Labeye 2008), and in this paper, we
present these new 4-beam combiners together with their com-
plete laboratory characterization. They are probably the most
sophisticated astronomical beam combiners built to date. The
paper is organized as follow: in Sect. 2, the technology and the
specific design of the beam combiners are described. In Sect. 3,
we present the laboratory set up as well as the experimental pro-
cedure; the characterization results are given in Sect. 4 and dis-
cussed in Sect. 5.

2. The beam combiner: technology and design

Prior to fabrication, the IO circuit was designed and numer-
ical computation simulating the propagation of an electro-
magnetic signal was carried out to determine the expected
properties in terms of flux routing. Each IO function was
checked and its throughput and flux distribution were optimized

numerically. This step done, the simulation parameters were
turned into technological parameters and a photolithographic
mask was fabricated.

LETI uses a silica-on-silicon technology to fabricate IO cir-
cuits. This technological process requires several photolitho-
graphic steps to etch different layers. The beam combiners are
made by depositing alternatively 3 doped silica layers on a
silicon substrate. The second layer is etched to define chan-
nel waveguides and the other two layers constitute the optical
cladding. For the first time, the etching technology allows us
to completely isolate each waveguide from the others (Labeye
et al. 2006). The produced beam combiners have been designed
to operate in the atmospheric H band and more recently in the
K band.

The so-called “pairwise static ABCD” beam combiner can
be described as follows. Each beam combiner is designed to
have 4 inputs and 24 outputs, allowing 6 interferometric pairwise
combinations, each one producing 4 phase-shifted outputs with a
phase difference of 90◦. For each injected beam, the light prop-
agates through waveguides and is split in three in a tricoupler
(item (a) in Fig. 1) to enter the combining function (constituted
of Y-junctions and couplers). The light is then divided in two in
a Y junction that acts like a classical beamsplitter (item b), each
beam later being combined in a coupler (item c) with a beam
coming from another telescope. A coupler allows a controlled
power transfer between one waveguide and another. As a con-
sequence of energy conservation, each coupler has two outputs
in phase opposition. In only one of these four arms, there is a
phase-shifting device designed to change the phase of the prop-
agating beam by 90◦ (Fig. 2). This leads to four output beams,
two of them being in phase opposition with an additional phase-
shift of 90◦ with respect to the other two (e.g. ϕ12 and ϕ12 + π;
ϕ12 + π/2 and ϕ12 + π + π/2, following Fig. 2). The phase-
shifting function is based on the variation of the effective index
(i.e. index seen by the fundamental mode propagating into the
waveguide) with the waveguide diameter (Labeye 2008). To cre-
ate a phase shift, enlarging one of the two waveguides creates
a difference in the effective index and leads to an optical path
difference between two parallel waveguides of the same phys-
ical length. In order to achieve an achromatic phase shift, the
wavelength dependence is compensated by concatenating a few
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Fig. 2. Details of the beam combining function: for each interferomet-
ric pair (e.g. [12]), one arm is shifted by 90◦ leading to four outputs in
quadrature (with phases written as ϕ1

12 to ϕ4
12). Combinations of beams

occur in couplers that present two outputs in phase opposition to main-
tain energy conservation. By recording the four phase states (ABCD-
like, see the right figure), one can retrieve the interferometric observ-
ables (amplitude and phase of the fringes).

waveguide segments of different diameters separated by tapers
(i.e. adiabatic functions) to avoid any loss due to discontinuities
(Fig. 3). Since the photometry is extracted from a linear com-
bination of the interferometric signal itself, the beam combiners
have no dedicated photometric channels. This allows us to effi-
ciently use all photons for the interferometric combinations. By
design, each interferometric pair simultaneously gives access to
four phase states in quadrature (ABCD-like but without tempo-
ral modulation). These 4 measurements allow the visibility am-
plitude and phase to be retrieved using the ABCD method de-
scribed in Colavita (1999). In practice, the departure from ideal
quadrature forbids the use of simple algorithms and leads us to
consider a generalized algorithm capable of handling a realistic
description of the beam combiner properties.

Throughout the paper, the outputs are identified with the in-
dex m, l, k, such as mlk, where m, l are the interfering beams,
and k = [1..4], the output for this combination (similarly, the
A-C-B-D measurements of Fig. 2). The same nomenclature ap-
plies to functions. In the case of Y-junctions, we denote them us-
ing the index m, l to specify the beam combination to which they
are related, with m corresponding to the actual beam that enters
the Y-junction. The index k designates its two outputs. For exam-
ple, Y1

12 and Y2
12 are the two outputs of the Y-junction that splits

beam 1 in signals that will interfere with beam 2. Similarly, Y1
21

and Y2
21 are the outputs of the Y-junction that splits beam 2 into

signals that will combine with beam 1. We use the same notation
for the couplers, e.g. C1

24 and C2
24 are the outputs of the coupler

corresponding to the combination of beam 2 and 4.
With this notation, the intensity recorded at the outputs of

the combination of beams m, l can be written:

ikml=Nmtk
ml+Nltk

lm+2Vobj
ml Vk

ml

√
Nmtk

mlNltk
lm cos(ϕk

ml+ϕ
p
ml+ϕ

obj
ml ) (1)

where Nm is the number of photons in the m beam and tk
ml the

total transmission of the k output for the ml beam pair. Vk
ml is the

instrumental contrast, ϕk
ml is the instrumental phase introduced

by the IO beam combiner between the two interfering beams.
ϕp

ml is the residual atmospheric phase due to piston effects. Vobj
ml is

the object visibility and ϕobj
ml is its phase.

3. Laboratory set up

In this section, we present the aims of the experiments, our
testbed as well as our operating mode for the data acquisition
and processing.

Fig. 3. Principle of the phase-shifting function: a variation of the optical
path is induced by a differential change of the waveguide effective index
due to a change in their width. The concatenation of carefully optimized
portions of waveguides with controlled effective index allows to flatten
the wavelength response.

3.1. Goals of the characterization

With such beam combiners, all the information about the coher-
ence of the object is included in the way the 4 pixels are related
to each other, including the instrumental contribution. This con-
tribution has therefore to be known, i.e. fully calibrated.

The relationship between the measured fluxes on the pix-
els and the visibility amplitudes and phases of the object can
be expressed with a matrix representing the behavior of the in-
strument. With an unresolved internal source (i.e. Vobj

ml = 1 and
ϕobj

ml = 0) and without piston (i.e. centered at zero OPD), Eq. (1)
becomes:

ikml = Nmtk
ml + Nltk

lm + Vk
ml

√
NmNlXk

ml (2)

with Xk
ml =

√
tk
mlt

k
lm cos(ϕk

ml), a coefficient different from 1, that
corresponds to the level at which the beam combiner conserves
the coherence and that depends on ϕk

ml, the internal IO phase
specific to the output mlk. If one isolates a combination cell [ml],
the relation between the output intensity and input number of
photons (Eq. (2)) can be written as:

⎛
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ml1 and ml2 correspond to two outputs of the same coupler (the
same is valid for outputs ml3 and ml4). Therefore, ideally, be-
cause energy is conserved at the output of a coupler the follow-
ing relations should apply: ϕ2

ml = ϕ
1
ml + π and ϕ4

ml = ϕ
3
ml + π.

Similarly, the beam combiner is ideally designed to introduce a
phase quadrature between the outputs therefore: ϕ3

ml = ϕ
1
ml + π/2

and ϕ4
ml = ϕ

2
ml + π/2.

The overall behavior of the beam combiner can be general-
ized in a matrix. When considering all combinations, the matrix
should then be constituted of similar blocks of a [4 × 3] matrix
with zero elsewhere. In reality, crossing terms appear both as
incoherent and coherent contributions, and the actual outgoing
intensities should be described using a general matrix of 24 ×
10 terms:
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Fig. 2. Details of the beam combining function: for each interferomet-
ric pair (e.g. [12]), one arm is shifted by 90◦ leading to four outputs in
quadrature (with phases written as ϕ1

12 to ϕ4
12). Combinations of beams

occur in couplers that present two outputs in phase opposition to main-
tain energy conservation. By recording the four phase states (ABCD-
like, see the right figure), one can retrieve the interferometric observ-
ables (amplitude and phase of the fringes).

waveguide segments of different diameters separated by tapers
(i.e. adiabatic functions) to avoid any loss due to discontinuities
(Fig. 3). Since the photometry is extracted from a linear com-
bination of the interferometric signal itself, the beam combiners
have no dedicated photometric channels. This allows us to effi-
ciently use all photons for the interferometric combinations. By
design, each interferometric pair simultaneously gives access to
four phase states in quadrature (ABCD-like but without tempo-
ral modulation). These 4 measurements allow the visibility am-
plitude and phase to be retrieved using the ABCD method de-
scribed in Colavita (1999). In practice, the departure from ideal
quadrature forbids the use of simple algorithms and leads us to
consider a generalized algorithm capable of handling a realistic
description of the beam combiner properties.

Throughout the paper, the outputs are identified with the in-
dex m, l, k, such as mlk, where m, l are the interfering beams,
and k = [1..4], the output for this combination (similarly, the
A-C-B-D measurements of Fig. 2). The same nomenclature ap-
plies to functions. In the case of Y-junctions, we denote them us-
ing the index m, l to specify the beam combination to which they
are related, with m corresponding to the actual beam that enters
the Y-junction. The index k designates its two outputs. For exam-
ple, Y1

12 and Y2
12 are the two outputs of the Y-junction that splits

beam 1 in signals that will interfere with beam 2. Similarly, Y1
21

and Y2
21 are the outputs of the Y-junction that splits beam 2 into

signals that will combine with beam 1. We use the same notation
for the couplers, e.g. C1

24 and C2
24 are the outputs of the coupler

corresponding to the combination of beam 2 and 4.
With this notation, the intensity recorded at the outputs of

the combination of beams m, l can be written:

ikml=Nmtk
ml+Nltk

lm+2Vobj
ml Vk

ml

√
Nmtk

mlNltk
lm cos(ϕk
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where Nm is the number of photons in the m beam and tk
ml the

total transmission of the k output for the ml beam pair. Vk
ml is the

instrumental contrast, ϕk
ml is the instrumental phase introduced

by the IO beam combiner between the two interfering beams.
ϕp

ml is the residual atmospheric phase due to piston effects. Vobj
ml is

the object visibility and ϕobj
ml is its phase.

3. Laboratory set up

In this section, we present the aims of the experiments, our
testbed as well as our operating mode for the data acquisition
and processing.

Fig. 3. Principle of the phase-shifting function: a variation of the optical
path is induced by a differential change of the waveguide effective index
due to a change in their width. The concatenation of carefully optimized
portions of waveguides with controlled effective index allows to flatten
the wavelength response.

3.1. Goals of the characterization

With such beam combiners, all the information about the coher-
ence of the object is included in the way the 4 pixels are related
to each other, including the instrumental contribution. This con-
tribution has therefore to be known, i.e. fully calibrated.

The relationship between the measured fluxes on the pix-
els and the visibility amplitudes and phases of the object can
be expressed with a matrix representing the behavior of the in-
strument. With an unresolved internal source (i.e. Vobj

ml = 1 and
ϕobj

ml = 0) and without piston (i.e. centered at zero OPD), Eq. (1)
becomes:

ikml = Nmtk
ml + Nltk

lm + Vk
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√
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with Xk
ml =

√
tk
mlt

k
lm cos(ϕk

ml), a coefficient different from 1, that
corresponds to the level at which the beam combiner conserves
the coherence and that depends on ϕk

ml, the internal IO phase
specific to the output mlk. If one isolates a combination cell [ml],
the relation between the output intensity and input number of
photons (Eq. (2)) can be written as:
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ml1 and ml2 correspond to two outputs of the same coupler (the
same is valid for outputs ml3 and ml4). Therefore, ideally, be-
cause energy is conserved at the output of a coupler the follow-
ing relations should apply: ϕ2

ml = ϕ
1
ml + π and ϕ4

ml = ϕ
3
ml + π.

Similarly, the beam combiner is ideally designed to introduce a
phase quadrature between the outputs therefore: ϕ3

ml = ϕ
1
ml + π/2

and ϕ4
ml = ϕ

2
ml + π/2.

The overall behavior of the beam combiner can be general-
ized in a matrix. When considering all combinations, the matrix
should then be constituted of similar blocks of a [4 × 3] matrix
with zero elsewhere. In reality, crossing terms appear both as
incoherent and coherent contributions, and the actual outgoing
intensities should be described using a general matrix of 24 ×
10 terms:
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Figure 4. Upper left panel: routing of a tri-coupler. The light coming from
the two telescope entrances 1 & 2 is coupled by evanescence into the three
outputs A, B, and C. Upper right panel: photo of the integrated tricoupler
tested in this paper. Lower left panel: normalized flux on the three outputs
of the ABC beam combiner. An ideal ABC beam combiner would split flux
equally into the three outputs, as happens here at 1.56 µm. At this wave-
length the phase shifts between A and B and C and B are 120 degrees (lower
right panel).

combine the beams and extract visibilities (the coherence values).
However, as explained in Section 2, we also incorporate a first inter-
ferometric stage which extincts on-axis starlight before combining
the beams to extract visibilities. This first nulling stage is based on
a tri-coupler.

A tri-coupler was first proposed for beam combination by
Labeye (2009) 2. It was subsequently proposed for nulling by
Hsiao et al. (2010). The routing is presented in the upper left panel
of Fig. 4. It works by evanescent coupling of light between one
guide into three output waveguides. The lower left panel of the
same figure shows the measurements obtained on a test device
made by NTT electronics. The IO device was calculated to have a
33.3/33.3/33.3%3 beam splitting ratio at a wavelength of 1.55 µm.
The idea is to use the A and C outputs for fringe tracking (where
almost all the flux will be present) while on the B output the flux is
extinguished by coherent combination. A π phase shifter can be ei-
ther included inside the IO (and hence opening the possibility for a
design which is achromatic), or outside the IO by the means of the
delay lines already necessary for phase tracking (this is the option
chosen here).

An important advantage of the tricoupler is the three out-
puts: one null and two bright outputs give a perfect configuration
for phase sensing. At 1.55 µm, the phase shifters between A&B
and C&B are around 120 degrees, with the flux equally split be-
tween the 3 outputs. This is an ideal compromise between two ex-
tremes: a 50/0/50% or a 25/50/25% beam combiner. On one hand
the 50/0/50% would have phase shifters equals to -90/0/90 degrees:

2 available online: http://arxiv.org/abs/0904.3030
3 the coupling ratios are given for non-interfering light, ie when feeding
only one arm of the tricoupler.

Figure 5. IO version of the principle shown in Fig. 2: inputs 2 and 3 are
split into two to make six beams input to the nuller stage as before. Beams
1 and 4 are also split at the same first layer of Y junctions, but only one
of the two output channels proceeds to the nuller for this case. For this
configuration, the nuller stage interferes beams 1–2, beams 2–3 and beams
3–4 in the ABC tri-couplers. The final stage of the integrated optics accepts
the 3 nulled “B” beams from the tri-couplers, which are again split in two,
and obtains the complex coherences (and therefore closure phases). This
beam recombination is done with the well-known ABCD beam combiner
to produce the coherency values C12−23, C12−34 and C23−34.

perfect for fringe tracking but bad for nulling since no flux would
be conveyed into the B output. On the other hand, the 25/50/25%
would maximize the output into the B values, but the energy conser-
vations principle would force the phase shift to -180/0/180 degrees,
hence making it useless for fringe tracking.

3.2 The Closure Phase Stage

The second part of the optical setup is geared to generate closure
phase data. The basic idea is that due to phase errors, the nulls
will not be perfect, and the best way to test the light for spatial
structure is to generate closure phases: in the case of a perfectly
coherent source, the closure phase will be zero. In the presence
of an asymmetry (such as a high contrast companion), the closure
phase will in general produce a non-zero signal (see demonstration
Section 2).

To derive closure phases, at least three beams are necessary.
Since we want to have a nulling stage before, it means that 6 inputs
are in theory necessary, as shown in Fig. 1. However, as demon-
strated in Section 2.3, it is necessary to cophase all the telescopes to
have a meaningful observable. Thus, we are using a schematic op-
tical concept with only 4 input beams, as presented in Fig. 2. Prac-
tically, each beam is divided into two, before making interference
to get the nulls between pairs of telescopes. So beam 2 is combined
with 1 & 3, and beam 3 with 2 & 4. To respect the equilibrium in
flux (required for a good null), beam 1 and 4 are also split in 2, but
half on the light is only used for photometric measurement. Each
null output of the pairwise combinations are then combined with
the others to derive the complex visibilities which will be used to
compute the closure phases. On an IO device, it appears as shown
in Fig.5.

To model the effect of this complex beam combiner on the stel-
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Figure 6. This panel shows all the images from the contestants for R Car, in each of the three narrow spectral bands. East
is left, North is up and the field-of-view is 25⇥25 milliarcseconds. The images are scaled by the peak surface brightness.
The color table is non-linear and a color bar gives a more quantitative feeling for the surfaces brightness levels for each
entry. The e↵ective angular resolution varied between the entries and no attempt was made to convolve entries to a
common angular resolution (see text for more detail).
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Figure 4. (left panel) The VLTI/PIONIER visibility data for R Car are shown here. (right panel) The measured closures
phases are plotted as a function of length of the longest baseline in a given closing triangle. For both panels, the colors
show the 3 di↵erent spectral channels.

lead investigator, the algorithm used, and some details regarding use of priors and/or wavelength regularizers. All
groups were asked to provide text describing their methodology and including a short discussion of their images,
including which image features were likely to be real features and which features were likely to be artifacts. We
have only lightly edited these self-descriptions and thus the subsections below vary in length and detail, with
some entrants providing only a paragraph of description while others providing much greater elaboration. A
more consistent and complete treatment will be contained in a future refereed paper.

Table 1. Overview of Interferometric Imaging Beauty Contest Entries

Submitter Algorithm Prior? � Regularization?

VY CMa R Car VY CMa R Car

Hummel PEARL/CLEAN No No Gray Gray

Hofmann IRBis No No No No

Young BSMEM 2 Gaussians LDD+Gaussian No No

Sanchez BSMEM Extended Gaussian UD+2 Gaussians Gray Gray

Köhler MIRA No No No No

Soulez MIRA3D No No Yes Yes

Kluska MIRA-SPARCO Gray image Gray image via Prior via Prior

Duvert WISARD No No No No

Kraus SQUEEZE/MACIM No No No No

Kloppenborg SQUEEZE-poly� No No Yes Yes

Figure 5 show the reconstructed images of VY CMa for all 3 spectral channels by the 10 groups who partici-
pated in the contest. Likewise, Figure 6 presents the results for R Car. We only show the inner 25 milliarcsecond
field-of-view here. For presentation and comparison purposes we have interpolated each image onto a common
1 milliarcsecond grid, typically 3-5 times more fine than the grid resolution of the submitted entries. The inter-
polation was done in the Fourier plane by introducing extra zero-padding before an inverse Fourier Transform.

Monnier++ 2014 

More telescopes needed + spectral resolution



Débris disk science: 
high precision visibilities

A&A 570, A128 (2014)

with special attention on observing a sample of stars that is bal-
anced between the three spectral type bins of A type stars, F type
stars, and G and K type stars. Only very few M type stars remain
in the sample due to the brightness limitations. They are thus not
considered for any spectral type bin.

2.2. Properties of the observed targets

A list of stellar parameters and near-infrared photometry of our
observed targets is given in Table 1. Angular diameters θV−K
are computed following Sect. 2. Age estimates were collected
from the VizieR data base3. The mean logarithmic ages are
computed from all independent estimates available. Exceptions
have been made for βPic and HD 172555, which are well-
established members of the βPic moving group (Zuckerman
et al. 2001b). Here, we consider the latest estimates for the age of
this group (Binks & Jeffries 2014). For two targets, HD 141891
and HD 128898, no age estimates were found. HD 141891 is
an old F-type star for which we will see later that even a non-
detection is relevant for the statistics of excess detection vs.
age (Sect. 4.2.4). We estimate the age from the bolometric and
X-ray luminosity (Anderson & Francis 2012; Schmitt & Liefke
2004) following Mamajek & Hillenbrand (2008). HD 128898 is
an A type star without hot excess as we show in Sect. 4. For
this age bin, the inclusion or not of one more non-detection does
not significantly affect our statistics. Thus, we exclude this target
from the age statistics. The age values are listed in Table 1.

3. Data acquisition and processing

3.1. Detection strategy

When it comes to the detection of faint, circumstellar excess
emission, the strength of (near-) infrared interferometry is the
ability to spatially resolve this emission and thus to spatially dis-
entangle it from the much brighter stellar emission. Therefore
we follow the approach first presented by di Folco et al. (2007)
and briefly summarized here. When observing at small baselines
of up to a few tens of meters, a nearby star is nearly unresolved.
This minimizes the effect of its uncertain diameter on the predic-
tion of its squared visibility (V2). At the same time, an extended
circumstellar emission is ideally fully resolved. This will result
in a drop in V2 compared to the purely stellar V2, because it
adds incoherent flux. This represents the core of our detection
strategy and is illustrated in Fig. 1. Measurements on a limited
range of baselines, however, do not allow one to directly distin-
guish between a faint companion and a circumstellar disk. The
availability of closure phase data allows distinguishing between
azimuthally symmetric emission from a circumstellar disk and
highly asymmetric emission from a companion (Le Bouquin &
Absil 2012; Marion et al. 2014).

3.2. Overview

In this section, we describe the acquisition and processing of the
data from the observations to the measurement of the disk-to
star flux ratio in case of detected circumstellar excess emission.
This is a complex, multi-step process with some decisions in ear-
lier steps being motivated by the requirements during later steps.
Thus, we give a quick overview here first before discussing each
step in detail in the following sections:

– Observation: we measure the squared visibility of our targets
on six baselines (4 telescopes) simultaneously. Observations

3 http://vizier.u-strasbg.fr/viz-bin/VizieR

Fig. 1. Illustration of our detection strategy following di Folco et al.
(2007). For the “real”, dashed curve we assume a uniform disk for both
the star and the flux distribution from the exozodiacal dust and a disk-
to-star flux ratio of f = 0.01, while for the “simplified”, solid curve we
use the same assumptions but the approximation following the equation
in the figure. Diameters of the star and (face-on) disk have been chosen
to 2.5 mas (about an A-type star at 10 pc) and 500 mas (5 AU at 10 pc),
but exact numbers are not relevant for the illustration of our detection
strategy. For details see Sect. 3.1.

of one target are interrupted by identical observations of cal-
ibrators. For details, see Sect. 3.3.

– Data reduction is carried out using the dedicated script of the
PIONIER data reduction pipeline. For details, see Sect. 3.4.

– Calibration of the measured squared visibilities is done
with the dedicated script of the PIONIER data reduction
pipeline. From the observed sequences of calibrators (CAL)
and science targets (SCI) we select CAL-SCI or SCI-CAL
pairs observed directly after each other to compare their
squared visibilities. Several effects such as chromaticism
have to be characterized and considered in detail to achieve
the accuracy we aim for with our survey. For details, see
Sects. 3.4 and 3.5.

– Analysis of closure phase data to reject targets with compan-
ions. See Sect. 3.6 for details.

– Measuring the excess with the high accuracy needed to
detect possible excesses requires the combination of all mea-
surements of one target in order to achieve a high cumula-
tive accuracy. Therefore, we use a simple model of the in-
strumental response to extended emission. See Sect. 3.7 for
details.

3.3. Observation

Observations were carried out in H band in two runs each in P89
(Apr. 2012 and Jul. 2012) and P90 (Oct. 2012 and Dec. 2012),
each run consisting of three consecutive observing nights. In to-
tal, 92 stars were observed. An observing log of all nights can be
found in Table 2.

We used the four 1.8 m ATs to obtain six visibility mea-
surements simultaneously. The most compact array configura-
tion available at the VLTI with baselines between 11 m and 36 m
was selected. The detector read-out mode was set to FOWLER
with the SMALL dispersion (three spectral channels) and only
outputs A and C read in order to speed up the readout. The
number of steps read in one scan (NDREAD) was 1024. See
Le Bouquin et al. 2011 for a description of the available modes
and their effects. This setup was used for all observations (be-
sides a few with slightly different setups tried to optimize the

A128, page 4 of 20
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Calibration is key
Ertel et al. 2014
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Exoplanet science: 
precision closure phase

A&A 535, A68 (2011)

Fig. 2. Left. Map of the 3σ upper limit on the flux ratio of companions around Fomalhaut (top), tau Cet (middle) and Regulus (bottom). The
uppermost 1% values have been clipped to reduce the colour scale range. Right. Associated sensitivity as a function of angular distance, for two
completeness levels (50% or 90%). The 50% completeness level corresponds to the median 3σ sensitivity.

All other positions have probabilities below 10−3. The best-fit
flux ratio, which amounts to 2.05 × 10−2 ± 0.16 × 10−2, is com-
patible within 1σ for the three possible positions. The closure
phases associated to the three best-fit solutions are displayed in
Fig. 3.

In the case of Regulus, three successive OBs have been ob-
tained (see Table 1). This is representative of the quantity of
data one would get in a large survey for companions around

main sequence stars, although the number of files per OB (3 to
5) was rather low in the present case. The analysis of this data
set with the χ2 method results in the absence of significant de-
tection: once the χ2

r cube has been renormalised as discussed
in Sect. 3.2, the single-star model has χ2

r = 1.14, which cor-
responds to a probability of 7.6% (equivalent to 1.8σ) to re-
produce the data set, taking the 230 degrees of freedom into
account. The single-star model can therefore not be rejected.

A68, page 6 of 10

Uijk ¼ /ij þ /jk þ /ki ð4Þ

where /ij represents the measured Fourier phase for the
baseline connecting telescopes i and j. Alternatively, the
closure phase can be written in terms of the (u0,v0,u1,v1)
in the Fourier (hyper-)plane where (u0,v0) represents the
(u,v) coverage for baseline i, j in the triangle, where
(u1,v1) represents the (u,v) coverage for baseline j, k in
the triangle, and the last leg of the triangle can be calcu-
lated from the others since the sum of the three baselines
must equal zero to be a ‘‘closure triangle.’’ See definition
and explanation put forward in documentation of the OI-
FITS data format (Pauls et al., 2005).

The idea of closure phase was first introduced to com-
pensate for poor phase stability in early radio VLBI work
(Jennison, 1958). Application at higher frequencies was
first mentioned by Rogstad (1968), but only much later
carried out in the optical through aperture masking
experiments (Baldwin et al., 1986; Haniff et al., 1987;
Readhead et al., 1988). As of 2006, six different separate-
element interferometers have succeeded in obtaining
closure phase measurements, in the visible/infrared, first
at COAST (Baldwin et al., 1996), soon after at NPOI (Ben-
son et al., 1997) – most recently at IOTA (Monnier et al.,
2004), ISI (Weiner et al., 2006), VLTI (Weigelt et al.,
2007; Millour et al., 2007), and CHARA (Monnier et al.,
2006b).

Another way to derive the invariance of the closure
phase to telescope-specific phase shifts is through the
bispectrum. The bispectrum eBijk ¼ fVij

fVjk
fVki is formed

through triple products of the complex visibilities around
a closed triangle, where ijk specifies the three telescopes.
Using Eq. (3), we can see how the telescope-specific errors
affect the measured bispectrum:

eBijk ¼ fVmeasured
ij

fVmeasured
jk

fVmeasured
ki ð5Þ

¼ jGijjGjjeiðUG
i %UG

j ÞfVtrue
ij & jGjjjGkjeiðUG

j %UG
k ÞfVtrue

jk

& jGkjjGijeiðUG
k %UG

i ÞfVtrue
ki ð6Þ

¼ jGij2jGjj2jGkj2fVtrue
ij &fV

true
jk &fV

true
ki ð7Þ

From the above derivation, one can see that the bispectrum
is a complex quantity whose phase is identical to the clo-
sure phase. The use of the bispectrum for reconstructing
diffraction-limited images was developed independently
(Weigelt, 1977) of the closure phase techniques, and the
connection between the approaches elucidated only later
(Roddier, 1986; Cornwell, 1987).

For N telescopes, there are ‘‘N choose 3,’’
N
3

! "
¼

ðNÞðN%1ÞðN%2Þ
ð3Þð2Þ , possible closing triangles. However, there are

only
N
2

! "
¼ ðNÞðN%1Þ

2 independent Fourier phases; clearly

not all the closure phases can be independent. The number

of independent closure phases is only
N % 1

2

! "
¼ ðN%1ÞðN%2Þ

2 ,

equivalent to holding one telescope fixed and forming all
possible triangles with that telescope. The number of 0
independent closure phases is always less than the number
of phases one would like to determine, but the percentage
of phase information retained by the closure phases
improves as the number of telescopes in the array increases.
Table 1 lists the number of Fourier phases, closing trian-
gles, independent closure phases, and recovered percentage
of phase information for telescope arrays of 3–50 elements.
For example, approximately 90% of the phase information
is recovered with a 21 telescope interferometric array (e.g.,
Readhead et al., 1988). This phase information can be cou-
pled with other image constraints (e.g., finite size and pos-
itivity) to reconstruct the source brightness distribution.

2.3. General properties of closure phases

Before we explore the closure phase for specific exam-
ples, I will summarize the most general properties here:

(1) The closure phases are independent of all telescope-
specific phase errors. The measurement of non-zero
closure phases from a point source result from having
non-closing triangles or phase delays after splitting

Fig. 4. Phase errors introduced at any telescope causes equal but opposite
phase shifts in adjoining baselines, canceling out in the closure phase (see
also Readhead et al., 1988; Monnier et al., 2006a).

Table 1
Phase information contained in the closure phases alone

Number
of
telescopes

Number of
Fourier
phases

Number of
independent
closing triangles

Number of
closure
phases

Percentage of
phase
information

3 3 1 1 33
7 21 35 15 71

21 210 1330 190 90
27 351 2925 325 93
50 1225 19,600 1176 96
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Figure 3. The figure illustrates how the presence of a planet modifies the phase of interferometric fringes13

Figure 4. The figure illustrates how a phase delay introduced above a telescope can be canceled in the closure phase
quantity. The closure phase equals the sum of phases measured along baselines formed by at least three telescopes.14
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Table 4. Results of the orbital fit for the 6 selected exoplanets in H band

τ Boo b HD 179949 b HD 189733 b HD 73256 b 51 Peg b HD 209458 b
inclination 30 45 85.76 30 75 86.929

best fit 30.47 28.60 98.67 43.22 45.93 80.05
error bar 0.56 11.31 25.61 21.61 8.72 14.17

position angle 120 60 90 120 150 0
best fit 119.62 59.33 87.21 122 156.27 331.07

error bar 0.43 2.15 11.28 7.38 6.50 9.96
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Figure 7. Fit to the planet/star contrast from the simulated closure phase data in K band (from left to right and top
to bottom : τ Boo, HD 179949 b, HD 189733 b, HD 73256 b, 51 Peg b and HD 209458 b). Red curves are used for
the best-fit model when the input synthetic spectrum assumes heat redistribution around the whole planet, while green
curves are used when the input spectrum assumes heat redistribution on the day side only.
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Reconstructed spectra

Renard et al. 2008
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Figure 5. Graphical representations of the χ2 cube between the simulated observations and the model for a whole range of
values for the three free parameters : the radius, the inclination and the position angle (left : τ Boo, right : HD 73256).
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Figure 6. Simulated observations of two extrasolar planetary systems (left : τ Boo, right : HD 73256) using VSI with 4
UTs, hence 4 triangles. The data points with their associated bars (in blue) are shown separately for the four triplets
of baselines. The underlying black curve represents the noiseless closure phase signal of the extrasolar planet for each
triplet, while the red curve represents the best fit to the simulated data, as described in Sect. 3.1. The simulations are
performed in the band K.
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Exoplanet science: 
precision closure phase

Systematics not entirely understood 

- Residual atmospheric fluctuation 
phase effects 

- Chromatic effects dominating 
(atmosphere, finer dispersion) 

- Mitigation with multiple 
calibrator strategy and medium 
resolution 

- Increase photon efficiency 

- Crosstalk, polarisation

192 Zhao et al.
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Figure 5. Upper limits with 90% confidence levels for the planet/star flux ratios of
υAnd b in the H band, using the newly calibrated CHARA/MIRC data frommultiple
nights. The average upper limit level is 6 × 10−4. The best channel at 1.52µm shows
an upper limit flux ratio of 4.7×10−4. The solid lines show the latest model based
on Barman et al. (2005) (Barman 2011, private communication), assuming a typical
radius of 1.3 R j for the planet. The blue line shows the model with incident flux
uniformly distributed over the dayside of the planet only, while the red line shows
the model with full heat redistribution over the entire sphere. The dotted line shows
the model prediction from Sudarsky et al. (2003), assuming a radius of 1 R j with
heat redistribution over the dayside only.

Although we have searched the parameter space extensively, we do not clearly
detect υ And b in our fits, suggesting that our current signal-to-noise ratio is still inade-
quate. We thus decided to report our results in terms of an upper limit to the planet/star
flux ratio. To do this, we simulate the statistics of the best-fit planet/star flux ratios by
bootstrapping different nights of data. This approach treats each night of data equally,
ensuring the robustness of the bootstrap by preventing data from certain nights domi-
nating the statistics. Because noise is dominant in the data, we use a fine grid search to
ensure robust results. For each bootstrapped data set, we searched an extensive range
of semi-major axis, Ω, inclination, and the planet/star flux ratios at each of the eight
spectral channels. The set of parameters that yields the minimum χ2 is then chosen as
the “best-fit.” A total of 150 bootstrap iterations are carried out.

Figure 5 shows the upper limits together as a “spectrum,” and compares it with
planet atmospheric models based on Barman et al. (2005) (Barman 2011, private com-
munication) and Sudarsky et al. (2003). Our upper limits are at the 6 × 10−4 level, on
average. The first channel gives the best limit and reaches a level of 4.7×10−4, corre-
sponding to a star/planet contrast ratio of 2.1×103:1. This result stands as one of the
highest contrast limits achieved by closure phase measurements to date.

A&A 535, A68 (2011)

Fig. 2. Left. Map of the 3σ upper limit on the flux ratio of companions around Fomalhaut (top), tau Cet (middle) and Regulus (bottom). The
uppermost 1% values have been clipped to reduce the colour scale range. Right. Associated sensitivity as a function of angular distance, for two
completeness levels (50% or 90%). The 50% completeness level corresponds to the median 3σ sensitivity.

All other positions have probabilities below 10−3. The best-fit
flux ratio, which amounts to 2.05 × 10−2 ± 0.16 × 10−2, is com-
patible within 1σ for the three possible positions. The closure
phases associated to the three best-fit solutions are displayed in
Fig. 3.

In the case of Regulus, three successive OBs have been ob-
tained (see Table 1). This is representative of the quantity of
data one would get in a large survey for companions around

main sequence stars, although the number of files per OB (3 to
5) was rather low in the present case. The analysis of this data
set with the χ2 method results in the absence of significant de-
tection: once the χ2

r cube has been renormalised as discussed
in Sect. 3.2, the single-star model has χ2

r = 1.14, which cor-
responds to a probability of 7.6% (equivalent to 1.8σ) to re-
produce the data set, taking the 230 degrees of freedom into
account. The single-star model can therefore not be rejected.

A68, page 6 of 10
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Best CP precision ~ 0.1 deg
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GRAVITY core science 
case

21The Messenger 143 – March 2011

from the observer’s view or not. The 
direct proof that this absorber is really a 
torus, rather than another structure, is  
still pending. Indeed most resolved gase-
ous structures on the putative scale  
of the torus appear more disc-like, for 
example the maser disc, the radio contin-
uum emission and the mid-IR emission  
of the prototypical active galactic nuclei 
-&"Ű������RDD�%HFTQD���
�.ARDQUHMF� 
six baselines simultaneously, GRAVITY 
will image the inner edge of the torus with 
unprecedented quality, where the dust  
is close to the sublimation limit. GRAVITY 
will thus put strong constraints on the 
absorber models. These models are very 
much inspired by the observations of 
NGC 1068, but the few active galactic 
nuclei with interferometric observations 
show a puzzling variance.  GRAVITY will 
RHFMHjB@MSKX�DWSDMC�SGD�R@LOKD�SN�jM@KKX�
draw statistically sound conclusions.
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Figure 6. Testing the theory of general 
relativity with stellar orbits. GRAVITY 
will observe the orbits of stars within 
the central light-week of the Galactic 
Centre by means of interferometric 
imaging (upper panels: dirty beam 
with a resolution of four milliarcsec-
onds (left), simulated dirty image  
(middle), cleaned image (right, from 
Paumard et al. 2008)). Stellar orbits 
(illustrated in the lower left panel)  
will be affected by the general relativ-
istic periastron shift (red arrows)  
and the Lense–Thirring precession  
of the orbital angular momentum (blue 
arrows). For small distances to the  
BH, the timescale of these relativistic 
effects are short enough (lower right) 
to be in reach of GRAVITY (blue 
shaded area).
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Figure 7. A sketch of  
the prototypical active 
galactic nucleus of 
NGC 1068 (from Raban 
et al., 2009). The gase-
ous structures and  
dust emission on the 
scale of the putative 
torus appear disc-like, 
VGHKD�SGD�TMHjDC�LNCDK�
suggests a geometri-
cally thick torus. Ob -
serving at NIR wave-
lengths, GRAVITY will 
image the inner edge of 
the absorber, putting 
strong constraints on 
the absorber geometry.
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than three electrons with their prototype 

detector array (see image in Figure 3). 

Based on this success, ESO and SELEX–

Galileo are currently devel oping a next 

generation detector, which is tuned to 

GRAVITY’s wavefront sensor and fringe 

tracker. Another example of a major 

breakthrough is in GRAVITY’s laser 

metrology. It is based on a novel concept, 

and traces the starlight through the ob -

servatory, to allow the optical path to be 

measured at any desired point of the pupil 

up to the primary mirror. This concept  

and its implementation have been demon-

strated in three technical runs at the VLTI.

Science cases for GRAVITY

In the following sections the science 

B@RDR�ENQ�&1 5(38�@QD�AQHDkX�NTSKHMDC��
beginning with the broad range of sci-

ence opportunities that have opened up 

at the Galactic Centre of the Milky Way. 

The Galactic Centre is by far the closest 

galactic nucleus and the best studied 

SMBH (Genzel et al., 2010). There are still 

a number of fundamental open issues 

and just to name a few that we want to 

answer with GRAVITY: What is the nature 

NE�SGD�k@QDR�HM�2FQ� 	��6G@S�HR�SGD�ROHM� 
of a BH? How can we resolve the “Para-

dox of Youth” of the stars in its vicinity? 

Even tests of fundamental physics may 

come into reach with GRAVITY: Does the 

theory of general relativity hold in the 

RSQNMF�jDKC�@QNTMC�2,!'R��#N�!'R�QD��@KKX�
have “no hair”? 

4MBNUDQHMF�SGD�SQTD�M@STQD�NE�SGD�2FQ 	�
k@QDR

The Galactic Centre BH is surprisingly 

faint — its average luminosity is only 

about 10–8 of the Eddington luminosity, 

emitted predominantly at radio to sub-

mm wavelengths. On top of this quasi-

steady component there is variable emis-

sion in the X-ray and IR bands. Some  

NE�SGHR�U@QH@AKD�DLHRRHNM�BNLDR�@R�k@QDR��
typically a few times per day, lasting for 

about one to two hours, and reaching the 

brightness of massive main-sequence 

stars. The three most plausible explana-

SHNMR�ENQ�SGD�NQHFHM�NE�SGDRD�k@QDR�@QD�� 
a jet with clumps of ejected material; hot 

RONSR�NQAHSHMF�@�!'��NQ�RS@SHRSHB@K�kTB�

ST@SHNMR�HM�SGD�@BBQDSHNM�kNV��%HFTQD���
�
The jet model seems natural from the 

presence of jets in active galactic nuclei. 

The orbiting hot-spot model would be a 

natural explanation for the observed 

quasi-periodicity in the light curves of 

k@QDR�@MC�@RRNBH@SDC�BG@MFDR�NE�SGD�(1�
polarisation. However, the long-term light 

curves are well described by a pure, red 

power-law noise, indicating that statistical 

kTB�ST@SHNMR�HM�SGD�@BBQDSHNM�kNV�@QD�
responsible for the observed variability. 

Time-resolved astrometric measurements 

with GRAVITY will settle the debate 

 (Eckart et al., 2010). Even without push-

ing GRAVITY to its ultimate performance, 

SGD�NARDQUDC�CHRSQHATSHNM�NE�k@QD�ONRH-
tions and its  periodic variation will distin-

guish between these models.

Measuring spin and inclination of the 

Galactic Centre black hole

The mass of the Galactic Centre BH is 

well known from stellar orbits. If the cur-

rently favoured orbiting hot-spot model  

is correct, GRAVITY will take the next 

step and measure its spin and inclination. 

Figure 4.�4MBNUDQHMF�SGD�SQTD�M@STQD�NE�2FQ� 	�k@QDR�
(upper three panels); probing spacetime close to the 

black hole event horizon (lower left); and measuring 

its spin and inclination (two lower right panels). 

GRAVITY will easily distinguish between the three 

LNRS�OK@TRHAKD�k@QD�RBDM@QHNR��@�IDS��KDES���@M�NQAHSHMF�
GNS�RONS��LHCCKD��@MC�RS@SHRSHB@K�kTBST@SHNM�HM�SGD�
@BBQDSHNM�kNV��QHFGS�
�3GD�CDS@HKDC�RG@OD�NE�SGD�
photo-centre orbit is dominated by general relativis-

tic effects (lower left, from Paumard et al. 2008), and 

GRAVITY will thus directly probe spacetime close to 

the event horizon. The combination of time-resolved 

astrometry (lower middle) and photometry (lower 

right, from Hamaus et al., 2008) will also allow the 

spin and inclination of the BH to be measured.
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What is required to detect GR-effects in the 
orbit of  S2 in 2018/2019 ? 

R.A.  [“] 

S2 by the end of  2019 
 

Note: concentrating on S2 may be a conservative approach, if there are detectable stars with 
shorter P and smaller Rperi inside S2 orbit, or if the SgrA* flares exhibit orbital effects 

Reinhard Genzel for DG Tim de Zeeuw 24.10.2014 
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Differences between 
GR and Kepler orbit  

• Deviations before pericenter  
are very small: < 100µas 
Îwould only be detectable  
   with very dense sampling  
   with GRAVITY 

 
• After pericenter, the  

precession has flipped the  
orbit; the star now moves in  
a different direction.  
Îdetection is a matter of  
   time and precision 
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3 Overview 
GRAVITY is an adaptive optics assisted Beam Combiner for the second generation VLTI instru-
mentation. The instrument provides high precision narrow angle astrometry and phase referenced 
interferometric imaging in the astronomical K-band.  

3.1 Instrument concept 
The goal of the GRAVITY design is to provide a largely self-contained instrument for precise nar-
row angle astrometry and phase referenced imaging of faint targets in K-band. The following figure 
and block diagram illustrate the GRAVITY concept for the example of the Galactic Center observa-
tions. We choose the example because it covers most of the operational modes of the instrument. 
For clarity, only two of four telescopes – i.e. one out of six baselines – are shown. 

 

 
Figure 1: View of the Galactic Center illustrating the planned GRAVITY observations. 
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Figure 2: Working principle of GRAVITY. 
 Key Photonics developments

• K band (2-2.4 micron) cryogenic integrated optics 
• Metrology compatible IO 
• Fluoride fibers polarisation control 
• Fluoride fibers differential delay lines



GRAVITY at Paranal
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The following figure shows an overview of the beam combiner instrument cryostat and inside sub-
systems. 

 

 
Figure 4: Overview of the beam combiner instrument cryostat and its subsystems in it. 

  

3.3 Major concept changes compared to the final design 
While the overall concept is still that from Phase-C / FDR, there are a number of substantial modi-
fications: 

Spectrometer: 

x In order to suppress unwanted broadband asynchronous spontaneous emission (ASE) of 
the metrology laser and to properly define the polarisation of the laser beams 2 spectral fil-
ters and 1 polarisation filter were added to the metrology collimators of both spectrometers. 

x Based on dedicated measurements of the blocking capabilities of the individual filters it was 
decided to use two metrology blocking filters in each of the two spectrometers to achieve 
the required blocking power. 
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The following figure shows a functional sketch of the integrated optics beam combiner as well as 
pictures of the final assembly.  

 

 
Figure 14: Integrated optics beam combiner of the SC and FT spectrometer (top left); One IO 

chip (top right) and one V-groove assembly and mount (bottom). 



•Polarisation control  
•Fiber differential fiber delay lineGRAVITY 
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4.4 Fibers and fiber control 

4.4.1 Functional description 
The purpose of the optical fibers is to provide a single-mode filtering of the incoming wavefront and 
to transport the light to the integrated optics beam combiner. For that we use non-birefringent sin-
gle-mode Fluoride fibers with negligible absorption in the K-band. The fiber control unit provides 
the functions to adjust the polarization rotation angle and to adjust the optical path length. This is 
necessary because the non-birefringent fibers randomly rotate the polarization, and the separation 
of the two stars on the sky introduces a differential optical path difference. The random rotation of 
the polarization by the fibers is compensated with motorized polarization rotators to align the polar-
ization of each telescope for optimum fringe contrast. The optical path length of the fibers can be 
adjusted by stretching the fibers, which are wrapped around a piezo ceramic cylinder. The fibers 
and fiber control unit is described in detail in RD18. The verification of the system is described in 
RD60. 

The following figure shows the opto-mechanical design of the fiber control unit and its sub-
components. 

 

 

 

 

 
Figure 12: Zoom in on the fiber polarization controller and fibered delay lines (top). Fiber 
control unit 3D (bottom) and a picture with the opened unit (right). 

GRAVITY 
Consortium 

GRAVITY – FCU Test Report  
FDDL and FPR Tests 

Doc.-Ref. 
Issue 
Date 
Page 

: VLT-TRE-GRA-15882-6411  
: 2.0 
: 01.03.2015 
: 32 of 48 

 

 
 

GRAVITY Consortium 

 
FPR: 180 deg amplitude



accuracy 2 degree

DDL: stroke 4mm, resolution 1micron



The revolution of avalanche IR 
detector arrays

RAPID

FUI-RAPID: SOFRADIR, IPAG, ONERA, LETI, LAM 

Also:


!

SELEXESO announcement:


15042

RAPID
Rapid is born from a large collaboration within the “labex” FOCUS in which IPAG was 
involved to develop fast detectors for adaptive optics and optical interferometry. 
!
Outer Electronic made by l’Onera, chip and proxy-electronics made by SOFRADIR, LETI, 
cryogen made by l’IPAG. 
!
RAPID is intensively tested at IPAG on the interferometric bench named BETI. 
!
It is a  HgCdTe 320x256 Avalanche Photo Diode matrice made of 8 separated outputs. 
Adjustable multiplicative gain without additional noise (-7V reverse bias polarisation)  
!
• Pixel size of 30µm 
• Almost flat Quantum Efficiency  from 0.4 to ~3 / 3.2µm ! 
• Frame rates of 1600 Hz, full frame ! The fattest NIR detector ever made (i think). 
• Noise of ~2 electrons per frame ! 
!
Operated in a compact Pulse-Tube Cryo-cooler at ~80K (first one at Paranal) -> No 
nitrogen re-feeling.



Promises of photonics for 
coherent combination



Science directions

STEPS 2015

Establish the instrumental roadmap!
in 2016 

Where to 
go?

VISIBLE

High spectral resolution 
(> 30000)

High dynamics Higher angular 
resolution (longer 

baselines)

Increased imaging 
capability (more tel)

Polarimetry

Mid-IR

Sensitivity

Fundamental stellar physics (PLATO) 
Asteroseismology synergy 
Kinematics of accretion/ejection 
Star-Environment interaction

Planet formation 
Exoplanet & Brown dwarfs in HZ

Strong lensing 
SMBH mass measurements

All science 
Enable time resolved imaging 

(Novae, hydrodynamics, convection)

AGN 
Planet formation 

Exoplanet

All science - PLATO

Dust characterisation



The facility context

VLTI CHARA NPOI

MROI 30-40 m class telescopes PFI



High dynamic range: nulling

26

SMaSH+ : early results

246 companions detected

Sana ++ 2014



Imaging: the 10 telescopes 
ceiling?

 

Chapitre IV : Prochaine génération d’instrument pour le VLTI 

 

Pierre Labeye : « Composants optiques intégrés pour l’interférométrie astronomique », 2008. 
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Figure IV-10 : recombineur à 8 télescopes par paires. Là encore, le schéma est 

anamorphosé pour plus de clarté (échelle ~1 en horizontal, échelle ~ 2 en vertical si on 

considère la bande H). On reconnaît en haut et en bas deux recombineurs 4 télescopes à 

tricoupleurs et une zone centrale pour les autres paires. 

 

Un tel dispositif comporte donc 8 entrées pour 56 sorties (28 paires recombinées à 2 

sorties). En bande H, un tel dispositif mesure 110mm de long par 30mm de large, et il 

peut y avoir jusqu’à 12 croisements de guide sur certaines voies. Une évaluation des 

performances est résumée dans le tableau IV-6. 

  

Recombineur

Bande spectrale J H K

Rayon de courbure limite (mm) 5,3 8 14,1

Longueur du dispositif (mm) 80 110 185

Nombre de croisements

Nombre de jonctions Y

Nombre de coupleurs

Nombre de tricoupleurs

Longueur des parties courbes (mm) 30 40 60

Pertes simulées (dB) 2,42 2,22 3,48

Transmission 0,57 0,59 0,45

1

8T par paires

12

2

2

 

Tableau IV-6 : Evaluation des performances des recombineurs à huit télescopes par 

paires. 

 

Là encore la taille de puce en bande K est très grande et conduit à des pertes plus 

importantes que dans les bandes J et H. Il n’en reste pas moins que ces dispositifs sont 

réalisables sur un substrat huit pouces en technologie silice sur silicium. 
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A partir de ce schéma, si l’on conserve l’égalité des chemins optiques par paire, mais que 

l’on ne conserve pas la symétrie globale en déportant les deux recombinaisons centrales 

(recombinaisons 34 et 25), on peut alors (comme pour les recombineurs à quatre 

télescopes) gagner en encombrement et en nombre de croisements. On obtient finalement 

le schéma plus réaliste de la figure IV-7. 

 

 

 

Figure IV-7 : schéma du recombineur 6T-ABCD. Le schéma est anamorphosé pour plus 

de clarté (échelle ~1 en horizontal, échelle ~ 2 en vertical si on considère la bande H). 

On reconnaît en haut et en bas deux recombineurs 3 télescopes et une zone centrale pour 

les autres paires. 

 

La puce comporte 6 entrées et 60 sorties (15 recombinaisons à 4 sorties). Chaque paire 

recombinée a parcouru la même longueur de guide droit ainsi que les mêmes parties 

courbes. Le nombre maximum de croisements est de 8 suivant les voies, en incluant le 

croisement de la cellule ABCD. Un tel schéma permet d’évaluer la taille de la puce et les 

performances que l’on peut espérer obtenir pour les 6T-ABCD. Les résultats sont 

reportés dans le tableau IV-5. 

 

 

 

 

 

 

Labeye 2008 (LETI)

Lacour, Kotani

•Wafer size limitation: higher index 
•Losses limitation 
•Switchyards 
•Hybridation 3D-2D 
•Direct imaging 
•Large format (512) low noise detectors

Discrete beam combiners 123

will interfere inside the waveguides with variable amplitude and phase depending
on the observed waveguide and length of the sample. As a result, it is possible to
retrieve the mutual coherence properties of every possible pair of telescopes from
a measurement of the power carried by each waveguide.

Figure 1.: Conceptual design of the DBC. Light injected in selected sites of the
waveguide array (highlighted in the drawing) is combined within the waveguides
thanks to evanescent coupling. The discrete interference pattern is recorded then
by an array of detectors matched to the waveguides. This pattern can be related
to the mutual coherences of the input fields (see text for details).

More specifically, the efficient combination of the fields Ak from N telescopes
uses an array of (N+1)×(N+1) waveguides (Minardi 2012). The (N+1)2 output
intensities In of the waveguide modes at the end of the sample are thus related
to the complex visibilities Γjk = Γ∗

kj =< AjA∗

k > by a real valued, (N + 1)2 ×N2

elements matrix {α} (Minardi 2012):

In =
N2

∑

k=1

αn,kJk. (1)

Here the complex visibilities enter the equation in the form of their quadratures
Jk, that is the value of the field autocorreleation function (intensities: Γii) and the
real and imaginary components of all possible complex visibilities. The matrix
{α} is then nothing else that a form of the Visibility to Pixel Matrix (V2PM), usu-
ally employed to extract coherence information from multi-axial beam combiners
(Tatulli et al. 2007). In terms of the quadratures of the complex visibilities, the
commonly measured normalized fringe visibilities are defined as:

Vij =

√

(ℜΓij)2 + (ℑΓij)2

ΓiiΓjj
i ̸= j. (2)

Minardi
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Figure 4. Laser inscribed photonic lantern with 19 single-mode waveguides, which are brought close together at the input

to form a multimode waveguide.

waveguides (> 100) since no stacking of single-mode fibers is involved. The laser inscribed photonic lanterns are
composed of 19 single-mode waveguides, brought close together in a circular arrangement at the input to form a
multimode waveguide59 (see Fig. 4). These devices have been carefully optimized for throughput to provide raw
transmission values of 75%.

3.1.3 Low loss mid-IR waveguides

The mid-infrared spectral region from 3.5 to 4.2 µm (astronomical L’-band) is ideal for hunting for young extra-
solar planets. This is because the young planet is still hot from the formation process and thus has its peak of the
blackbody radiation curve in the mid-infrared. Hence the di↵erence in brightness between the parent star and its
companion decreases, since the star is less bright in that spectral region. Even though the brightness di↵erence
becomes even smaller further in the mid-infrared, the thermal background at longer wavelength increases the
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Figure 5. Laser written mid-infrared waveguides in ZBLAN glass. (a) ZBLAN material loss. (b) End on optical microscope

images of a depressed cladding waveguide. (c) Waveguide propagation losses and near-field profile (d) at 4 µm.
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Figure 4. Upper left panel: routing of a tri-coupler. The light coming from
the two telescope entrances 1 & 2 is coupled by evanescence into the three
outputs A, B, and C. Upper right panel: photo of the integrated tricoupler
tested in this paper. Lower left panel: normalized flux on the three outputs
of the ABC beam combiner. An ideal ABC beam combiner would split flux
equally into the three outputs, as happens here at 1.56 µm. At this wave-
length the phase shifts between A and B and C and B are 120 degrees (lower
right panel).

combine the beams and extract visibilities (the coherence values).
However, as explained in Section 2, we also incorporate a first inter-
ferometric stage which extincts on-axis starlight before combining
the beams to extract visibilities. This first nulling stage is based on
a tri-coupler.

A tri-coupler was first proposed for beam combination by
Labeye (2009) 2. It was subsequently proposed for nulling by
Hsiao et al. (2010). The routing is presented in the upper left panel
of Fig. 4. It works by evanescent coupling of light between one
guide into three output waveguides. The lower left panel of the
same figure shows the measurements obtained on a test device
made by NTT electronics. The IO device was calculated to have a
33.3/33.3/33.3%3 beam splitting ratio at a wavelength of 1.55 µm.
The idea is to use the A and C outputs for fringe tracking (where
almost all the flux will be present) while on the B output the flux is
extinguished by coherent combination. A π phase shifter can be ei-
ther included inside the IO (and hence opening the possibility for a
design which is achromatic), or outside the IO by the means of the
delay lines already necessary for phase tracking (this is the option
chosen here).

An important advantage of the tricoupler is the three out-
puts: one null and two bright outputs give a perfect configuration
for phase sensing. At 1.55 µm, the phase shifters between A&B
and C&B are around 120 degrees, with the flux equally split be-
tween the 3 outputs. This is an ideal compromise between two ex-
tremes: a 50/0/50% or a 25/50/25% beam combiner. On one hand
the 50/0/50% would have phase shifters equals to -90/0/90 degrees:

2 available online: http://arxiv.org/abs/0904.3030
3 the coupling ratios are given for non-interfering light, ie when feeding
only one arm of the tricoupler.

Figure 5. IO version of the principle shown in Fig. 2: inputs 2 and 3 are
split into two to make six beams input to the nuller stage as before. Beams
1 and 4 are also split at the same first layer of Y junctions, but only one
of the two output channels proceeds to the nuller for this case. For this
configuration, the nuller stage interferes beams 1–2, beams 2–3 and beams
3–4 in the ABC tri-couplers. The final stage of the integrated optics accepts
the 3 nulled “B” beams from the tri-couplers, which are again split in two,
and obtains the complex coherences (and therefore closure phases). This
beam recombination is done with the well-known ABCD beam combiner
to produce the coherency values C12−23, C12−34 and C23−34.

perfect for fringe tracking but bad for nulling since no flux would
be conveyed into the B output. On the other hand, the 25/50/25%
would maximize the output into the B values, but the energy conser-
vations principle would force the phase shift to -180/0/180 degrees,
hence making it useless for fringe tracking.

3.2 The Closure Phase Stage

The second part of the optical setup is geared to generate closure
phase data. The basic idea is that due to phase errors, the nulls
will not be perfect, and the best way to test the light for spatial
structure is to generate closure phases: in the case of a perfectly
coherent source, the closure phase will be zero. In the presence
of an asymmetry (such as a high contrast companion), the closure
phase will in general produce a non-zero signal (see demonstration
Section 2).

To derive closure phases, at least three beams are necessary.
Since we want to have a nulling stage before, it means that 6 inputs
are in theory necessary, as shown in Fig. 1. However, as demon-
strated in Section 2.3, it is necessary to cophase all the telescopes to
have a meaningful observable. Thus, we are using a schematic op-
tical concept with only 4 input beams, as presented in Fig. 2. Prac-
tically, each beam is divided into two, before making interference
to get the nulls between pairs of telescopes. So beam 2 is combined
with 1 & 3, and beam 3 with 2 & 4. To respect the equilibrium in
flux (required for a good null), beam 1 and 4 are also split in 2, but
half on the light is only used for photometric measurement. Each
null output of the pairwise combinations are then combined with
the others to derive the complex visibilities which will be used to
compute the closure phases. On an IO device, it appears as shown
in Fig.5.

To model the effect of this complex beam combiner on the stel-
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Figure 2. Schematic representation of a 4 telescope closure phase nuller.
The difference with respect to Fig. 1 is that the inputs 2 and 3, as well
as 4 and 5, are merged into one. The goal is to cophase the whole array
to produce the meaningful coherency values: C12−23, C23−34 and C12−34.
These values can be used to constrain the complex visibilities V1223, V2334
and V1234. More specifically, the relation between the coherency values and
the spatial coherence of the astronomical object is stated in Eq. (38).

fully coherent, the closure phase obtained on three combined base-
lines is equally egal to zero: arg (B12−34−56) = 0. On the other hand,
if one of the Vi j is not equal to 1, then arg (B12−34−56) can be dif-
ferent from zero. The remaining issue is that, although ΦCPnull ! 0
reveals that there must be some departure from a simple unresolved
source, it is not trivial to link it to a specific resolved structure. In
other words, the ΦCPnull are not straightforwardly related to the vis-
ibilities, as were the classical ΦCP . In the following section of the
paper, we demonstrate for a defined instrumental configuration that
it is however possible to recover direct information about the Vi j
from the coherency values Ci j−kl.

2.3 Relationship between spatial coherency and triple
product

The triple product combination is obtained in Eq. 19 thanks to
the derivation of the three coherence measurements C12−34, C34−56,
C56−12. Simplification of this equation is hard without any approx-
imation. Fortunatly, we can assume that some nulling is achieved.
The nulls are maintained by controlling the electric field of each
beam prior to the coupler. To that end, the antenna gains must be
pairwise of equal amplitude, but in phase opposition:

G2 = G1(ϵ2 − 1) (26)
G4 = G3(ϵ4 − 1) (27)
G6 = G5(ϵ6 − 1) (28)

Of course, the better the phase tracking, the smaller the ϵi and the
better the nulling. Concerning the spatial coherency values, we will
similarly assume that the object is close to having a point-like type
of structure:

Vi j = 1 + vi j (29)

with vi j small. Hence, we can decompose the coherence vectors
into three quantities of decreasing amplitudes:

C12−34 = G1G∗3V13 +G1G∗4V14 +G2G∗3V23 +G2G∗4V24

= G1G∗3 +G1G∗4 +G2G∗3 +G2G∗4
+G1G∗3v13 +G1G∗4v14 +G2G∗3v23 +G2G∗4v24

= (G1 +G2)(G3 +G4)∗

+G1G∗3v13 −G1G∗3v14 −G1G∗3v23 +G1G∗3v24

+G1G∗3ϵ
∗
4v14 + ϵ2G1G∗3v23 + ϵ2G1G∗4v24 +G2G∗3ϵ

∗
4v24

= G1G∗3ϵ2ϵ
∗
4

+G1G∗3[v13 − v14 − v23 + v24]
+G1G∗3[ϵ∗4v14 + ϵ2v23 + (2ϵ2ϵ

∗
4 − ϵ2 − ϵ

∗
4)v24] (30)

The first term of Eq. (30) is the fully coherent part (G1G∗3ϵ2ϵ
∗
4 ) of the

electric field, corresponding to the flux from the main bright source
which is leaking despite the null (eg, due to incorrect phasing). A
loss of contrast due to the nature of the incoming light, ie, V ! 1,
is mainly encoded in the second term. It depends on V1234 as:

V1234 = V13 − V14 − V23 + V24 = v13 − v14 − v23 + v24 . (31)

The third and last term is different from zero if there is a combi-
nation of both a phase fluctuation and non-coherent light (∝ ϵv). It
can be neglected with respect to the second term (∝ v) if the nulling
is done at least partially : ϵ << 1. It can be neglected with respect
to the first term (∝ ϵ2) if the cophasing error is still dominant com-
pared to the visibility loss due to the spatial coherency of the light:
v << ϵ. This is the case when the null is limited by instrumental
aberrations instead of the resolved astrophysical object. Something
likely to happen when pushing the device to its limit for very faint
companion observations.

Thus, neglecting this third term (v << ϵ << 1), we can ap-
proximate the triple product to:

B12−34−56 ≈
[

G1G∗3(ϵ2ϵ
∗
4 + V1234)

]

×
[

G3G∗5(ϵ4ϵ
∗
6 + V3456)

]

×
[

G1G∗5(ϵ2ϵ
∗
6 + V1256)

]∗ (32)

Note that an additional simplification is possible if we assume small
values for the closure phases ( v << ϵ2):

B12−34−56 ≈ |G1G3G5ϵ2ϵ4ϵ6 |
2(1 + V1234

ϵ2ϵ
∗
4
+
V3456

ϵ4ϵ
∗
6
+
V∗1256

ϵ6ϵ
∗
2

) . (33)

However the phase of the triple product still depends on the
unknown terms due to phasing errors (ϵ). This is a real problem
compared to classical closure phase which does not depend on op-
tical aberrations. This is why it is necessary to diverge from the
first concept presented in Fig. 1: we have to cophase all pairs of
telescopes.

A way to do so is presented in Fig. 2. With respect to the pre-
vious scheme of Fig.1, antenna 2 and antenna 3 are merged into
one, as well as antenna 4 and 5. With that scheme, the whole array
is phased (with π delays): G2 = G1(ϵ2 − 1), G3 = G2(ϵ3 − 1) and
G4 = G3(ϵ4 − 1). From Eq. (30), assuming v << ϵ << 1 (but not
necessarily v << ϵ2), the coherence terms can be approximated to:

C12−23 ≈ G1G∗2ϵ2ϵ
∗
3 + |G0|

2V1223 (34)
C23−34 ≈ G2G∗3ϵ3ϵ

∗
4 + |G0|

2V2334 (35)
C12−34 ≈ G1G∗3ϵ2ϵ

∗
4 + |G0|

2V1234 (36)

where |G0| is an average of the amplitude gain of all antennas.

Lacour ++ 2013

The Astrophysical Journal, 797:119 (28pp), 2014 December 20 Mennesson et al.

Figure 11. Keck Nuller sky transmission at 10 µm, when observing Fomalhaut at
meridian transit on 2008 July 17 (Julian date: 2,454,664.07; projected baseline:
67.8 m; azimuth: 49.◦6). North is up, east is to the left. High-frequency fringes
correspond to the long baseline separating the telescopes. The low-frequency
modulation is produced by interference between the subapertures of a single
Keck Telescope (“cross-combiner” fringes); these fringes are aligned with the
east–west direction when observing a star at transit. The contours indicate
inner regions of the Fomalhaut system (i = 66◦, P.A. = 156◦), showing
that the KIN is sensitive to dust emission in the 0.05–2 AU range at the star
distance. As noted before (Mennesson et al. 2013), a curious effect of the KIN
four-beam combination is that for emission sources extending further out than
λ/b in the direction of the cross-combiner baseline b (≃4 m), some regions
will contribute a “negative leakage,” i.e., effectively decrease the observed null
depth. This is illustrated by the two blue areas of negative transmission centered
around ±0.′′25 in R.A.
(A color version of this figure is available in the online journal.)

be written as

IKIN(θ ) = I (θ).
√

TL(θ)TR(θ ). cos(2πb · θ/λ). (A2)

The corresponding interferometric visibility measured at base-
line B is defined by

VB =
∫

IKIN(θ ) . e(j2π B·θ/λ)dθ∫
IKIN(θ ).dθ

(A3)

Replacing in Equation (A1), one finally obtains after a little
algebra

Nast(λ) = (1 − |VB |)
(1 + |VB |)

. (A4)

This is the usual relation between astronomical null depth and
visibility, except that the null or visibility is measured here for
a “modified” source brightness distribution, which incorporates
both the KIN instrument-limited FOV and the short-baseline
cosine modulation (Equation (A2)).

APPENDIX B

CONFIDENCE INTERVALS FOR PARAMETERS
ESTIMATED BY MAXIMUM LIKELIHOOD METHOD

Given the maximum likelihood function L defined in
Section 4.6.2 and the maximum likelihood parameters θ̂ =
(θ̂1, θ̂2, . . . , θ̂p), we define the profile likelihood function for a
single parameter of interest, e.g., θ1, as (Venzon & Moolgavkar
1988)

R(θ1) =
max

(θ2,...,θp)
L(θ1, θ2, . . . , θp)

L(θ̂)
, (B1)

where the numerator is simply, for each value of parameter θ1,
the maximum of the likelihood function over the remaining pa-
rameters (if any). For a large enough sample (asymptotic normal
assumption), the quantity X2 = −2 ln R(θ1) follows a chi-square
distribution with 1 degree of freedom (Venzon & Moolgavkar
1988), meaning that X follows a unit normal distribution. This
property allows us to compute confidence intervals for each
of the derived maximum likelihood parameters, which is much
preferable to giving 1σ uncertainties with no confidence levels
attached to them. A 100(1−α)% likelihood-based confidence
interval for θ1 is obtained for the set of θ1 values verifying

R(θ1) ! exp
(
− χ2

(1−α;1)/2
)
. (B2)

For example, a (two-sided) 90% confidence interval (95% on
upper or lower bounds) corresponds to a χ2 value of 2.706,
and the condition is then that R(θ1) be higher than 0.259.
This method is used to compute confidence intervals for the
maximum likelihood parameters derived in Section 4.6.2 and
for the (profile) likelihood curves shown in Figures 6–8.

Another possible approach, which does not rely on the asymp-
totic normal assumption, is to compute Bayesian confidence
bounds for a given parameter by integrating its marginal dis-
tribution given the data. In the case of a lognormal distribution
with parameters (µ,σ ), the confidence level for a given upper
limit µu on parameter µ is given by

P (µ " µu) =
∫ µu

−∞
∫ ∞

0 (L(µ, σ )/σ ) dσ dµ
∫ ∞
−∞

∫ ∞
0 (L(µ, σ )/σ ) dσ dµ

. (B3)

As an independent check, we applied this Bayesian approach to
the likelihood function L computed for the ensemble of solar-
type stars with no excess previously detected (Group 1), assum-
ing a lognormal zodi distribution. Using the above equation to
compute confidence levels for the distribution µ parameter, we
found values very similar to those presented in Section 4.6.4:
the ensemble median zodi level (exp(µ)) upper limit is 55 solar
zodis at 95% confidence and 90 zodis at 99% confidence.
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of the inner edge thereby boosting the areal efficiency of the delay 
structure. Finally, oxide thickness was increased from previous work 
so as to further reduce surface scattering loss. A thickness of 8 m 
was used in the present devices.

Backscatter characterization of single-spiral delay lines. An opti-
cal backscatter reflectometer (Luna OBR 4400) was used to charac-
terize each delay line. Figure 2a shows a spiral with a path length of 
approximately 7 m. (All path lengths quoted here are physical path 
lengths, and optical path lengths are about 1.45 times longer.) The 
cleaved facet input is at the lower left corner of the chip and features 
a 7° cleave angle so as to reduce Fresnel reflection for backscatter 
reflectometer measurements. Optical fibre and index-matching oil 
are used for coupling. The waveguide is a single, counter-clockwise 
Archimedean spiral that terminates near the centre of the spiral. As 
noted in Fig. 1, waveguiding occurs on the outer edge of the silica. 
The undercut to the silica must therefore be sufficient to eliminate 
scattering of the fundamental guided mode with the silicon pillar. 
Both calculation and measurement (see discussion of Fig. 2c) show 
that an undercut of 60 m is sufficient to lower this silicon pillar 
interaction to levels below that caused by silica surface scattering. In 
backscatter measurements, however, the presence of a few higher-
order radial modes will produce an enhanced backscatter signal 
due to their stronger interaction with the silicon pillar. For the 
same reason, these modes also show higher waveguide attenuation,  

masking the underlying fundamental-mode optical loss. To pre-
vent this masking effect, the undercut in Fig. 2a has been increased 
somewhat beyond what is necessary for the fundamental mode. By 
doing this, even higher-order radial modes excited by the input fibre 
will experience a negligible level of pillar scattering. This behaviour 
is observed by monitoring backscatter signal in spirals of increasing 
undercut. The backscatter decay rate is observed to steadily decrease 
and finally plateau at around 75 m of undercut.

Backscatter data in Fig. 2b are obtained for such a deeper under-
cut spiral. With the exception of the narrow-band spectral study 
in Fig. 5, all backscatter data are taken using a broadband setting 
(approximately 90 nm span in the 1,550 nm band)14. The data show 
a linear decrease (on the log scale) over nearly the full 7 m of the spi-
ral path. The inferred loss rate from this data is 0.05  0.01 dB m − 1 
and provides a lower bound on the waveguide attenuation rate. This 
value accounts for the optical return, which increases the observed 
backscatter attenuation rate by twofold. To further refine the esti-
mate, the impact of the varying backscatter signal caused by the 
changing radius of curvature is accounted for in the measurement. 
For this calibration, we first note that bending loss data in Fig. 3, 
when compared with attenuation calculation based on atomic force 
microscope (AFM) roughness data, show that surface roughness 
scattering is the principle source of attenuation to diameters at least 
as large as about 1 cm. By assuming that backscatter strength is pro-
portional to attenuation, a simple differential equation relates the 
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Figure 2 | Optical micrographs and backscatter reflectometer data for a single spiral and a monolithic spiral cascade. (a) An optical micrograph of a 
7-m physical path length, counter-clockwise spiral. This spiral has a diameter of 4.3 cm. (b) Optical backscatter reflectometer measurement of the spiral 
waveguide shown in a. On account of the return path, the backscatter decay rate is increased twofold. The blue curve is a fit to the backscatter level, 
while the green curve gives a fit to the local backscatter decay rate and the red curve uses a model to infer the actual local waveguide attenuation, which 
is approximately 0.08 dB m − 1 over most of the spiral. The upper axis gives the radius from centre, while the lower axis gives the physical path length. 
(c) Optical micrograph of a cascaded, four-spiral waveguide having a physical path length of 27 m. The input port is in the upper left of the image, and 
the waveguides connecting neighbouring spiral delays are visible. The entire chip is 9.5 cm×9.5 cm and consists of four, separately exposed and stitched 
lithography fields. (d) Optical backscatter reflectometer measurement of the spiral waveguide delay line shown in c. The periodic singularities (blue 
circles) in the backscatter signal correspond to the optical wave transiting the inner adiabatic coupling region of each spiral. Other discontinuities (green 
squares) in backscatter occur when the optical wave transfers between the spirals and result from higher-order transverse modes being mode filtered. The 
inset to d is a magnified view of the adiabatic coupling section, which is approximately 1 mm in diameter. Scale bars: (a) 1 cm; (c) 2 cm; (d) 500 m.
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Light propagation through an optical fibre causes a long, non-resonant (true) time delay used 
in numerous applications. In contrast to how it is deployed in optical communication systems, 
fibre is coiled in these applications to reduce footprint. This is a configuration better suited 
for a chip-based waveguide that would improve shock resistance, and afford the possibility 
of integration for system-on-a-chip functionality. However, integrated waveguide attenuation 
rates lag far behind the corresponding rates of optical fibre, featuring attenuation many orders 
larger. Here we demonstrate a monolithic waveguide as long as 27 m (39 m optical path length), 
and featuring broadband loss rate values of (0.08  0.01) dB m − 1 measured over 7 m by optical 
backscatter. Resonator measurements show a further reduction of loss to 0.037 dB m − 1, close 
to that of optical fibres when first considered a viable technology. Scaling this waveguide to 
integrated spans exceeding 250 m and attenuation rates below 0.01 dB m − 1 is discussed. 

1 T. J. Watson Laboratory of Applied Physics, California Institute of Technology, Pasadena, California 91125, USA. Correspondence and requests for materials 
should be addressed to K.J.V. (email: vahala@caltech.edu). 

Ultra-low-loss optical delay line on a silicon chip
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Figure 2. An example 30-telescope array configuration, with maximum baseline 7 km, minimum baseline 82m and excellent
imaging and baseline-bootstrapping properties.

The resolution requirement of one Hill sphere radius is not just to enable the separation of signals from
neighbouring planets and to maximise the ability to detect bright point-source like emission from the planet. It
is also essential to separate the planetary emission from background disk thermal radiation. If, for example, a
planet is forming in a disk gap that is only as wide as its Hill sphere, then the planetary signal would rapidly
become dwarfed by the emission from the disk at a few Hill radii.

In this paper, we argue that a heterodyne design is competitive to direct detection designs for detecting this
thermal radiation and should be considered as one of the options for PFI. This design has a low-order adaptive
optics system creating a collimated beam which is mixed with a laser frequency comb. This mixed signal is then
fed into a spectrograph disperses the mixed signal onto an linear array of individual detectors, ideally one for
each polarisation. We begin by describing the overall interferometer architecture and sensitivity, then move into
plausible designs for the individual components. A schematic system diagram is given in Figure 1.

2. ARRAY FORMAT

At a central N-band wavelength of 11.5µm, the angular resolution requirement (taken to be �/B) corresponds
to maximum baseline of 7 km. Allowing for some super-resolution might enable baselines to be reduced to 3 km,
but not without a reduction in sensitivity due to possible contamination by the disk emission as discussed above.
The imaging requirement for PFI is essential because complex structures in the disk could mask planetary signals
if ambiguous modelling of interferometric data are needed. The minimum number of baselines is roughly the
number of resolution elements across the final image - 400 in our case. This drives PFI to consider a large
number of telescopes - of order 30 or more, noting that the number of baselines NB = NT (NT � 1)/2 with NT

the number of telescopes. This number of telescopes is inadequate for snapshot imaging, and requires earth
rotation synthesis to get the full ⇠400 x 400 resolution element image. Snapshot imaging fidelity is arguably
not required, as the smallest timescale required to be resolved is ⇠ half the rotation period of the proto-Jupiter,
or a few hours. Given the need for ground-based observations sensitive to atmospheric conditions to avoid high
air-masses, it is also important that earth rotation synthesis can be achieved in only a few hours of observing
and not a full night. Taken together, these requirements mean that a 3-arm spiral (e.g. Figure 2) or a Y-shaped
array with a format similar to the VLA is close to optimal.

The aperture size of the individual telescope elements also can not be so large that the ⇠20AU radius field
of view is outside the primary beam. For a 11.5µm wavelength, a requirement of 20AU/140 pc < �/D means
that the telescope diameter of individual array elements should not be larger than 8m.
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Figure 1. Left/ SWIFTS-Lippmann principle. a) The forward propagating wave coupled in the waveguide is reflected
on the mirror, leading to a stationary wave. b) Nanodetectors are placed in the evanescent field of the waveguide, each
detector samples a small part of the flux over a distance smaller than the fringe size. Then, if the entrance light is
polychromatic, the resulting superimpose of stationary wave gives a Fourier interferogram sampled by nanodetectors. c)
3D view of SWIFTS for colored entrance light and resulting interferograms.
Right / s-SNOM observation of a SWIFTS-Gabor interferogram in a waveguide structure1: a) Top view of the integrated
optics component. The light of the ASE source is introduced into the guide and divided into two parts by an MMI providing
two waves that propagates in opposite directions. The central fringe of the interferogram is equidistant from the MMI
outputs. b) s-SNOM intensity image of the ASE interferogram inside the component. c) 20×1.5µm2 zoom of the previous
image where the central fringes appear as fine vertical features.

wavelength of the guided light. It has been shown that an ideal positioning of the wires achieves an efficiency of
74% for the photon collection in the SWIFTS concept.1

2.3. Instruments for interferometry
In the following section we will consider three kinds of beam combiner instruments that conveniently illustrate
the proposed concept of fully integrated instrument using the above described technology as elementary building
blocks.

Fringe sensor instruments, must provide a measurement of the fringe position. We consider the co-phasing
mode dedicated to close loop operation that returns the most accurate measurement of the central fringe
position. We consider also the coherencing mode dedicated to open loop operation which provides the
position of the whole fringe packet when the guiding star is too faint to achieve the mandatory SNR to
operate in close loop. In both modes the smallest number of pixels is required in order to optimize fastest
operation on faintest sources. An accurate sampling of the fringe pattern must be done, using a sufficiently
long coherence length in order to catch a shifted fringe packet. The required coherence length allows to
deal with disturbing effects that induce phase jumps and fringe smearing, and with contrast losses due to
longitudinal chromatism. While the first mode must perform short exposures able to drive the servo-loop
at the required speed (mainly given by atmospheric characteristic time to, down to few millisecond), the
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•Efficiency


•Integration with combiners



More developments

Polarisation control - Scientific polarisation 

Low-loss visible and MID-IR combiners 

Switchyards 

On-chip photonic modulation 

Hybridation 

APD matrices with higher number of pixels



Conclusion
Gigantic progress of photonics detector technology enable 
combination of ~ 8T: we should be ok for existing facilities 

… but mostly in the near-infrared (good alternatives in visible e.g 
VISION) 

Breaking Limitations in dynamic range (closure phase, nulling) will 
require pushing technology and calibration strategy 

PFI sets new frontier in terms of imaging, phasing requirements 

(re-)activate R&D (beam propagation, delay, coherent spectral 
resolution) 

Prototyping facility needed (e.g not easy to use VLTI for R&D)


