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ABSTRACT

We present the laboratory demonstration of a very high-dynamic range imaging instrument FIRST (Fibered Imager foR
Single Telescope). FIRST combines the techniques for aperture masking and a single-mode fiber interferometer to
correct wavefront errors, which leads to a very high-dynamic range up to 10° around very near the central object (~ A/D)
at visible to near-infrared wavelengths. Our laboratory experiments successfully demonstrated that the original image
can be reconstructed through a pupil remapping system. A first on-sky test will be performed at the Lick Observatory 3-
m Shane telescope for operational tests in the summer of 2010.
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1. INTRODUCTION

In recent years, high dynamic range imaging has become more and more important. The first detection of an exoplanet
around a solar-type star' has been one of the most important discoveries of the last century. Now we know that extra-
solar planetary systems clearly exist in wide range of masses and orbital parameters. Over 400 extra-solar planets have
been detected by different methods, but most of them have been found via radial velocity and planetary transit searches.
The space telescope and the advent of Adaptive Optics (AO) has led to several direct detections of outer (20 to 120 AU)
and massive (> 10M,,,) extra-solar planets for the first time (e.g. Fomalaut’ and multiple planets around HR8799%).
Clearly, a further step forward in our understanding of the origin and evolution of extra-solar planetary systems requires
not just the detection of their presence (with many specialized telescopes designed to carry out extensive photometric
surveys), but also a detailed, spatially resolved characterization of inner and less massive planets.

However, the detection limit of high-dynamic range imaging with current AO systems is highly dependent on the
angular separation®. Dynamic range limits are reported to be the order of 10* at 0.5 arcsec and 10* at twice that distance’.



At smaller separations, Fourier transform deconvolution techniques are necessary. In that domain, speckle imaging®’ and
aperture masking interferometry®’ that utilize post-processing of rapid-exposure data have demonstrated recovery of high
contrast images. In particular, aperture masking technique sets the present standard for very high angular resolution work
within a few tenths of an arcsecond, although it must be noted that the best demonstrated dynamic range does not exceed
a few hundred. Current optical interferometry does not provide very high dynamic range (~ 10°) even with a spatial
filtering by single-mode fibers'.

To overcome the barriers to achieve very high-dynamic range (>10*) at high-angular resolution (<a few A/D), Perrin et al
proposed an attractive solution, i.e. a single-mode pupil remapping system'"'?, by combining the techniques used for
aperture masking and single-mode fiber interferometry. The advantages of a single-mode pupil remapping system are as
follows: first, the use of single-mode fibers can filter out atmospheric turbulence effects. Second, non-redundant pupil
configuration eliminates redundant noise which affects the accuracy of wavefront measurements. Third, the full incident
pupil of the telescope can be used thanks to the pupil remapping by fibers. The removal of atmospheric turbulence and
redundant noise allows the calibration of the degraded wavefront almost perfectly. Therefore this technique can take a
full advantage of intrinsic high angular resolution of large ground-based telescopes and their large photon collecting
capability.

Our group has been developing a prototype system called FIRST (Fiber Imager foR a Single Telesocope). With the 9-
fiber system, we demonstrated the principles of a pupil remapping system by laboratory experiments for the first time".
We showed that an original image can be reconstructed with high-dynamic range through the pupil mapping system at
the He-Ne laser wavelength (633nm), as well as the development of the key components to realize the pupil remapping
system. We started to construct an instrument to demonstrate the capability of the instrument on sky. The instrument is
designed for a 3-meter class telescope. In this paper, we report the current status of the FIRST project. A first on-sky test
will be performed at the Lick Observatory 3-m Shane telescope for operational tests in summer of 2010.

2. PRINCIPLE OF PUPIL REMAPPING INTERFEROMETRIC IMAGING

The concept of a pupil remapping interferometric imaging technique with single-mode fibers was proposed by Perrin et
al®. FIRST utilizes a single-mode fiber array to divide an input pupil of a single telescope (Figure 1). The output pupils
will be reconfigured non-redundantly thanks to the single-mode fibers, and recombined in the image plane to measure
complex fringe visibilities. Images can be reconstructed by aperture synthesis techniques. The absence of atmospheric
turbulence and redundant noises allows the calibration of degraded wavefronts almost perfectly. Simulations showed that
a raw dynamic range up to 10° can be realized in only a few tens of seconds of integration time for bright objects’.
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Fig.1. Schematic view of the instruments.



3. DESCRIPTION OF THE EXPERIMENT

In this section, we describe the laboratory experiments. The experimental setup is shown in Figure 1. To demonstrate
an imaging capability of this instrument, an artificial binary star was used for this experiment. An intense broad-
band source is injected into 5 pm pinholes to make spatially coherent point source and collimated to be launched in
the system.

Injection optics: A 37-element, segmented deformable mirror (IRIS AO) is placed in the collimated beam to align
tip-tilt of each sub-aperture for precise fiber coupling. After reflection by the DM, the beam diameter is reduced by a
factor of 2.4 to match the pitch of adjacent sub-apertures (606.2 um) to the single-mode fiber array (250um pitch)
which consists of a bundle of 36 fibers (Fiberguide industries). A microlens array divides the input pupil to 36 sub-
apertures and each beam is focused onto a fiber head. The fiber is a polarization maintaining fiber (PM-640HP,
Nufern) optimized for operation in the R-band (the cutoff wavelength is 550 nm, NA= 0.12). Although the final
system should use all 36 fibers, for simplicity only 9 fibers were used for this experiment.

Figure 2. Left: Two-dimensional fiber array from FiberGuide Industries. The fiber pitch is 250 pm. Right: Segmented Deformable
Mirror from IRIS AO. The pitch between adjacent segments is 606.2 pm including a 4 pm gap.

Beam combining optics: Output fibers are precisely aligned in a silicon v-groove chip (OZ optics) in non-
redundantly and in one-dimensionally (Figure 3). The non-redundant configuration is important so that any fiber
pair has unique spacing. Output beams from the fibers are recollimated by a linear microlens array. The beams are
spectrally dispersed by a prism to minimize the effect of Optical Path Difference (OPD) between the fibers. The size
of the Airy pattern only in the vertical direction is minimized by using an anamorphic optics to avoid losing spectral
resolution, while keeping the size in the fringe direction. The design of an anamorphic system is relatively simple. It
uses an afocal combination of two cylindrical lenses (f=7.5mm and f=150mm) with the ratio of their focal lengths
corresponding to a magnification of a pupil diameter (~ 20), which translates into a small PSF in only one spectral
dimension in the image plane. The laboratory obtained PSF image showed the anamorphic ratio of this system is
about 20:1 as shown in Figure 4. For a 9-beam combiner, the optimum anamorphic ratio is 440:1, however it is
difficult to achieve this due to strong spherical and chromatic aberrations of the microlens. Finally the beams are
recombined on the image plane to make interference patterns. Our EMCCD camera (Andor technology Luca-S) can
be read at high-frame rates (~ 37 frames/sec) for reading out a full area (658x496 pixel) and effectively very small
read-out noise (<0.1 e-). These features allow this detector to be used in the photon noise limited regime.
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Figure 3. Configurations of the input redundant array (up) and the output non-redundant array (bottom) used for this experiment. The
white hexagons and the black filled circles show the positions of the input and output pupils respectively.
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Figure 4. Interferogram with a He-Ne laser source. Because of the anamorphic optics, the horizontal size of the PSF is 20 times larger
than the vertical. It allows spectral dispersion to the vertical direction.

Fiber length equalization: For broad-band observations, the effect of OPDs between fibers must be minimized in order
to precisely measure fringe visibilities. For this purpose, we equalized the fiber lengths with a precision of better than
100 pm by using the technique developed at LAOG in France. In addition, spectral dispersion of the output beams
reduces the effect of OPD. Figure 5 shows the spectro-interferogram obtained in our laboratory using a broad-band
source (600-800nm) and the 9-fiber system. The spectral resolution was about 300. The fringe patterns are clearly seen
over a wide wavelength range.

Figure 5. Measured spectrally dispersed interferograms. The abscissa is a wavelength (600-800nm).



4. RESULTS

The goal of this experiment is to show that we are capable of deriving spatial structures in an object from visibility
measurements. We created an artificial high-contrast binary system which has a contrast of 102 by using following
method. At first, a collimated input beam from a broad-band source (600-800nm) was amplitude divided by using a
beam splitter. The two beams were returned after reflected by flat mirrors then combined by the same beamsplitter. One
beam was slightly tilted and the intensity was reduced a factor of 100 compared to the other beam. In addition, about
10cm of OPD was added between two beams so as not to interfere each other. This is important to simulate a binary star
system. The direct image of this artificial binary star obtained with a CCD camera is shown in Figure. 6. To derive
spatial information of the objects, we fitted a binary star model to the measured visibilities at all wavelengths
simultaneously. We found that the best fit binary star model well matched to the CCD image with a few percent
positional errors and ~ 30% contrast error (see more detail in the caption of Figure 6).

Figure 6. Direct images of the artificial binary star with a CCD camera. Left and central images: A primary object and its companion
object. The intensity of the primary is ~ 100 brighter than the companion, but the intensity level of these images is adjusted so as to
see the positions of the two objects clearly. Right: Combined image of the primary and the companion. 0 is a position angle, d is a sep-
aration on the image plane. From the CCD image, we found 0 = -136 deg, d = 135 pum, contrast = 8.5x107, whereas the best fit model
predicts 0 = -133 deg, d = 138 pum, contrast = 6.0x10°.

S. CONCLUSION

Our experiments have demonstrated the capability to detect a high-contrast binary system with a single-mode fiber pupil
remapping system for a single telescope. We showed that there is no problem to observe a broad-band source thanks to
the precise fiber length equalization. The laboratory obtained fringe visibilities for the artificial high contrast binary star
(contrast ~ 102) well matched the theoretical model. This successful experiment is an important step toward on-sky tests.
We will test our instrument at the 3-meter Shane telescope at the Lick observatory, which is scheduled in the summer
and Fall of 2010. The optical setup for the Shane telescope is shown in Figure 7.
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Figure 7. Optical setup for the Lick 3-meter telescope.
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