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The)4T)IOBC

2 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 80mm long and 8mmwide.

complex. Finally, this technology offers 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 optical waveguides lying on a solid substrate of a few cen-
timeter (Kern et al. 1996; Malbet et al. 1999; Berger et al. 2000).
This instrumental research program has consisted in designing,
fabricating 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 numeri-
cal computation simulating the propagation of an electromag-
netic signal was carried out to determine the expected proper-
ties in terms of flux routing. Each IO function was checked and
its throughput and flux distribution were optimized numerically.

Fig. 2. Details of the beam combining function: for each inter-
ferometric pair (e.g. [12]), one arm is shifted by 90◦ leading to
four outputs in quadrature (with phases written as ϕ112 to ϕ

4
12).

Combinations of beams occur in couplers that present two out-
puts in phase opposition to maintain energy conservation. By
recording the four phase states (ABCD-like, see the right fig-
ure), one can retrieve the interferometric observables (amplitude
and phase of the fringes).

This step done, the simulation parameters were turned into tech-
nological parameters and a photolithographic mask was fabri-
cated.

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 op-
erate 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 pair-
wise combinations, each one producing 4 phase-shifted outputs
with a phase difference of 90◦. For each injected beam, the light
propagates through waveguides and is split in three in a tricou-
pler (item (a) in Fig. 1) to enter the combining function (consti-

Input fibers 4T-ABCD combiner (Benisty et al., A&A 498, 2009) Prism and relay optic
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Temporal)fringe)coding
• Fringe)posi1on)is)corrected)at)the)end)of)each)scan)

• One)observa1on)=)5)files)of)100)scans)

• Fringe)visibility)is)computed)as)an)energy)in)the)PSD
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Exis1ng)pipeline)“pndrs”

• Kappa3matrix)and)dark)are)

associated)automa1cally.)

• The)spectral)calibra1on)is)

implemented)in)the)pipeline.
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RAW data

Build the transfer-
function calibration of 

the entire night

Science-ready 
data (OIFITS)

reduced data (OIFITS)

• Diameters)of)calibra1on)stars)

are)recovered)automa1cally)

from)the)JMMC)catalogue)

• Run)in)real31me):)science3

ready)data)can)be)analyzed)

~10min)arer)observa1on  
=>)real31me)decisions.

Step 1: Reduction  (30min)

Data)are)transferred)from)wpnr)to)the)ESO)
offline)machine)and)the)ESO)main)archive.

Step 2: Calibration  (20s)

Loop on fringe files



Part)1):)Data)reduc1on

•Step)0):)detector)cosme1c)(dark))

• Step)1):)from)24)RAW)data)to)6_fringes)and)4_photometry 
done)with)the)P2VM)formalism

24)RAW)scans
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Interferometric 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Data)reduc1on

•Step)2):)E_HF)and)E_LF)to)get)squared)visibili1es.
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Data)reduc1on):)the)trick)of)un3biasing
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Sta1s1cal)errors)bars)from)the)100)scans
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Sta1s1cal)precision)versus)flux
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Part)2):)Calibra1on
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• PIONIER'strategy:'more'than'1/2'of'the'3me'spend'on'calibrators'

• It)confirms)that)sta1s1cal)error)bars)well)determined)

• No)direct)correla1ons)between)spectral)channels)and)baselines)

• Strong)correla1ons)between)consecu1ve)files)of)a)given)baseline



Calibra1on

Strongest)effet)to)be)calibrated)is)the)posi1on)on)sky):)

• Need)calibra1on)star)<3deg)for)few)percent)accuracy)

• Using)several)calibra1on)stars)mi1gate)the)calibra1on)error)

• Split)the)night)per)region)on)the)sky)

• Large)programs)uses)“all)sky)calibra1on”)approach)because)they)share)
the)same)setup)for)the)en1re)night.

Figure 7. Example of the transfer function of a good-quality night dedicated to precision visibilities (2012-04-29). The
square visibilities for two baselines (top A1-C1 and bottom C1-B2) are plotted versus di�erent parameters, namely:
time (left), seeing (middle) and pupil rotation angle (right). Colors are for di�erent stars (all calibration stars, almost
unresolved). Data have been divided by the average transfer function of the night. True average instrumental visibility is
of the order of V 2 � 0.75.

challenged by the lack of spectral lines and their intrinsic broadening. On active stars, the intrinsic radial velocity
jitter may easily hide the signal of a faint companion. Moreover, compared with adaptive optics, the access to
smaller separations and therefore shorter periods increases the possibility of determining the dynamical masses
of the components.

We have initiated several surveys from massive to low-mass stars, including young stars and stars in nearby
moving groups. Deep integrations on a few selected targets permit assessing what is the best possible dynamic
range achievable. It is around 1:300 around bright stars such as � Pic, Fomalhaut or ⇥ Ceti.12 The dynamic is
typically lower around fainter stars such as TW Hya (1:20) or T Cha (1:100).

Note that calibration stars sometimes popup as interferometric binaries with nearly equal flux ratio. This is
all the more true for spectral types A and earlier. Indeed, these binaries are hard to detect from the analysis of
the spectral energy distributions as the two components have similar temperature. As of June 2012, PIONIER
reported 12 bad calibrators. According to the dedicated webpage of JMMC¶, it is the most e⇤cient instrument
to do so.

5. LESSON LEARNED
5.1 Performances
Usefulness of the small spectral dispersion
PIONIER features a mode with an unusually small spectral dispersion (3 channels across the H-band). Although
this was not really expected, this mode appears to be a very good compromise. For Young Stellar Object, it
provides valuable diagnosis to disentangle the hot photosphere from the cool environment, without sacrificing too
much of the sensitivity. When searching for binaries, it enlarges the usable field-of-view by reducing bandwidth
smearing up to about 50mas, just bridging the gap with classical AO-assisted imaging. This mode is also very
well suited to precision visibilities, where it mitigates chromatic issues without reducing too much the frame-
rate (critical to achieve high-precision calibration). Nevertheless the larger spectral dispersion of 7 channels

¶JMMC badcal: http://apps.jmmc.fr/badcal

Stability)of)the)transfer)func1on)versus)various)parameters

V2

seeing&(”)*me&&(days) alt+az&&(deg)

black&=&calibs



Calibra1on)as)a)polarisa1on)issue

Measurement)of)the)Δφ)
between)polarisa1on)for)
various)posi1on)on)sky.
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Context > Instrument > Comm > Results > Perspective

� Birefringence
� Pol-maintaining fibers are 

birefringent
� OPDs not aligned for two 

polarizations
� Requires pol splitting and 

separate detection
� Birefringence compensation

� Birefringent plates (LiNbO3) on 
optical path with adjustable 
inclination

� Phases (group and fringe) can be 
aligned � detected together

� Better S/N and speed
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Calibra1on)as)a)polarisa1on)issue

• The)observed)effect)changes)on)a)daily)basis)due)to)PIONIER)
internal)birefringence)(fibers)+)plates).)

• Should)be)able)to)reduce)the)effect)by)cancelling)the)sum)of)the)
PIONIER)birefringence)+)average)VLTI)birefringence.)

• Effect)is)more)important)toward)shorter)(H,J))wavelengths.

PNR-MAN-OperationManual  PIONIER Operation Manual 
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3. If necessary, rotate the Niobate plates so that the envelopes overlap (first order 
correction), by actuating on the crude rotation (see Figure 13). You should unscrew 
the blocking screw first, rotate the Niobate, and then re-screw the blocking screw. 
This step should not be necessary if the Niobate have been aligned within the past 
weeks. 

4. If necessary, rotate the Niobate plates so that the phases overlap, by actuating on the 
fine rotation (check that the blocking screw is screwed, see Figure 13). The contrast of 
the natural light envelope (white) should be maximal. 

5. If necessary, perform the alignment on two other baselines (it is necessary to touch 3 
plates to align the 6 baselines). 

 

 

A phase shift 
between the two 
polarizations can be 
seen both in the 
envelop (left) and 
the zoom on the 
central fringe 
(right). In that case 
plate #2 has to be 
adjusted manually 

 

 

The phase shift 
between the two 
polarizations has 
been corrected. 
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� Birefringence
� Pol-maintaining fibers are 
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� OPDs not aligned for two 

polarizations
� Requires pol splitting and 

separate detection
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� Birefringent plates (LiNbO3) on 
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� Phases (group and fringe) can be 
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� Better S/N and speed
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What)to)learn)for)the)future)?

For'GRAVITY'(not'talking'about'astrometry)':''

• I)expect)the)bias3removal)to)be)the)most)delicate)part)of)the)GRAVITY)pipeline.)

• It)may)be)possible)to)provide)5%)and)2deg)accuracy)without'calibra3on.'

• Accordingly,)it)should)be)possible)to)have)a)fully)automated)pipeline)that)
process)all)observa1on)and)deliver)science3ready)OIFITS)with)this)level)of)
accuracy.)

• Sta1s1cal)precision)beLer)than)0.2deg)and)0.5%)for)bright)targets)with)ATs,)
allowing)a)dynamic)of)ΔK>6.5)

• With)VLTI)as)such,)is)may)be)possible)to)achieve)a)proper)calibra1on)at)this)
level)in)K3band,)but)only)with)a)dedicated)and)intensive)calibra1on)strategy.

For'other'aspects':'

•We)should)work)on)VLTI)polarisa1on)to)open)the)J)band,)which)should)
otherwise)suffer)from)strong)TF)instabili1es.


