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ABSTRACT

The future Extremely Large Telescopes will provide a high angular resolution enabling the study of small cir-
cumstellar disk structures, Jupiter-like planets, and maybe super-Earths. The foreseen instrumentation will be
composed of classical adaptive optics followed by a coronagraph and, an active and passive speckle minimiza-
tion. The active minimization requires a focal plane wavefront sensor that measures the electric field from the
coronagraphic science image to cancel the non-common path errors. Our team uses the self-coherent camera
(SCC). After demonstrating high performance in laboratory (le-8 raw contrast between 4 and 13 lambda/D),
we implemented the SCC at the Palomar telescope on the stellar double corongraph (SDC). We present below
the first results obtained at the telescope.

Keywords: High contrast imaging, Exoplanets, Adaptive optics, Coronagraph, high angular resolution, wave-
front sensor

1. INTRODUCTION

From indirect detections of 3500 exoplanets *, astronomers derived statistics on orbital parameters of the planets,
sometimes their radius,™? and they put constraints on the frequency of close-in planets.®* Then, transits enabled
first measurements of spectra of the upper layers of exoplanet atmospheres.® Today, to constrain the models
of planet formation, one priority is the determination of the frequency of planets with long-periods. Another
priority is the study of the exoplanet atmospheres. Direct imaging is the technique that enables both studies.

The challenge comes from the small angular separation and the high contrast between the star and its planet.
Specific instruments are thus required involving classical adaptive optics, coronagraph to reduce the starlight, and
active/passive speckle minimization. Sphere/VLT® and GPI/Gemini” were installed on the 8m-class telescopes to
probe young nearby exoplanet systems. The preliminary results show a low frequency of massive exoplanets,® 2!
but numerous circumstellar disks with structures that can be created by super-Earths or Jupiter-like exoplanets.

The future Extremely Large Telescopes will provide a higher angular resolution to study small disk structures,
and they will enable to probe Jupiter-like planets, and maybe super-Earths. The foreseen instrumentation will be
composed of classical adaptive optics followed by a coronagraph and an active and passive speckle minimization.
The active minimization requires a focal plane wavefront sensor (FPWFS) that measures the electric field from the
science image. Our team proposed such a FPWFS called self-coherent camera (SCC).??72® After demonstrating
high performance in laboratory (le-8 raw contrast between 4 and 13 lambda/D),2? 33 we implemented the SCC
at the Palomar telescope. We quickly recall the principle of the SCC (§2). Then, we present the first results in
§3 and §4.
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2. PRINCIPLE OF THE SELF-COHERENCE CAMERA

The self-coherent camera (SCC) has already been presented in several papers.?? 33 We briefly recall the principle
of the technique and how we use the spatial modulation of the speckles to control a deformable mirror and create a
dark hole in the science image. We encourage the reader to refer to the previous papers for exhaustive parametric
studies of the instrument configuration.

Fig. 1 presents a scheme of the association of a self-coherent camera with a focal plane phase mask corona-
graph. The beam incoming from the telescope hits a deformable mirror and converges on the focal plane mask of
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Figure 1. Association of a self-coherent camera, a coronagraph and a deformable mirror. Top center: SCC modified Lyot
stop. Top right: SCC coronagraphic image with SCC spatially modulated speckles. Bottom right: Fourier transform of the
SCC image.

the coronagraph. The mask scatters the light of the on-axis source (e.g. the star, red beam in the figure) outside
the geometrical pupil in the following pupil plane. There, a small reference hole is added to the classical Lyot
stop to add a reference channel to the science channel. We recall that the light of any off-axis source (planet for
example) as well as the light that induces the stellar speckles in the science image because of aberrations are not
affected by the focal plane mask and thus, go through the science channel. The reference channel contains only
part of the stellar light that is scattered by the focal plane mask. The last optics make the two channels interfer
in a Fizeau pattern in the SCC image (top right). In this image, the stellar speckles are spatially modulated
by fringes whereas the planet image is not modulated as its light is not coherent with the stellar light that goes
through the reference channel. The central peak of the Fourier transform of the SCC image (bottom right) is the
sum of the autocorrelations of the speckle intensity, of the reference intensity, and of the planet intensity. The
lateral peaks are the correlation between the reference complex field and the speckle complex field. To control
the deformable mirror, we select only one of the lateral peaks that directly leads to an estimation of the complex
electric field associated to the stellar speckles.31733

3. SCC ON THE STELLAR DOUBLE CORONAGRAPH

The stellar double coronagraph instrument®® has two focal planes for phase masks (vortexl and vortex2) and
two Lyot stops (1 and 2, Fig.2). We did not use the vortexl plane. We put a mask in the Lyot stop 1 to select
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Figure 2. Scheme of the stellar double coronagraph instrument (SDC) that is installed at the Palomar telescope.

a 1.5m full pupil from the Palomar 4.5m obscurated pupil and we used a vortex coronagraph in the vortex2
plane. Then, we modified the Lyot stop 2 (Fig.3) to implement a self-coherent camera (SCC). To choose the

-—

Figure 3. SCC modified Lyot stop. The classical stop is the large hole. The SCC reference hole is the small hole.

diameter and the position of the reference hole, we measured the energy distribution in the Lyot stop plane after
the SDC vortex using the internal source at K-band (Fig.4). The radial profile of this image is given in Fig. 5.
The energy at less than 0.5 pupil diameter (D) is due to aberrations. It is linked to the speckle energy. Outside
the geometrical pupil (r > 0.5D), the energy decreases as expected from the theoretical model as r—*. Given the



Figure 4. Image giving the energy distribution in the Lyot stop plane after the Palomar vortex coronagraph.
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Figure 5. Energy distribution in the Lyot stop plane after the Palomar vortex coronagraph (full line). The theory (dashed
line) predicts a 1/r* function outside the geometrical pupil.

speckle energy, we choose the diameter and the reference hole so that the spatial fringes in the SCC image are
detected with a good SNR. The diameter of the reference hole was 11 times smaller than the Lyot stop diameter
(D). The center-to-center distance between the reference hole and the Lyot stop was 1.69 D.



4. RESULT'S

We used the internal source and obtained SCC images (top in Fig.6). The Fourier transform confirm the
speckles are spatially modulated as there is energy in the lateral peaks (bottom in Fig.6). The peaks in the

Figure 6. Top: SCC image with spatially modulated stellar speckles. Bottom: Fourier transform of the SCC iamge.

Fourier transform are not round because we had to use a cat-eye Lyot stop to correctly filter the stellar light (the
magnification on the SDC bench was different from the one we assumed when designing the Lyot stop mask).

31-33

We used the SCC image to control the deformable mirror and we minimized the energy of the speckles



inside a disk of 5 FWHM radius. The images before (top) and after 4 iterations of correction (bottom) are showed
in Fig. 7. The controled area is cleaned from speckles and the contrast is improved by a factor of 10 in 4 iterations
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Figure 7. Top: SCC image before controlling the deformable mirror. Bottom: SCC image after 4 iterations of correction
using the SCC to control the deformable mirror.

as showed in Fig. 8 that gives the normalized integrated energy inside the disk of 5 FWHM radius (1 is the initial
energy). The initial speckle energy could not be attenuated by more than 10. Several reasons are to be studied:
stability of the fringes in time, low flux level, stability of the image center on the detector. We plan new tests to
understand the current limitations and to demonstrate the technique on-sky.
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Figure 8. Energy inside the disk of 5 FWHM radius for each iteration of correction controlled by the SCC. The initial energy
1s set to 1.

5. CONCLUSIONS

The Self-Coherent Camera (SCC, a focal plane wavefront sensor) performance was demonstrated at the Paris
Observatory in laboratory reaching very high contrast routinely. However, it had not been tested elsewhere than
at the Paris Observatory before we started a collaboration with the stellar double coronagraph (SDC) team of
the Palomar telescope. The SCC was easily and successfully implemented on the SDC bench adding a small hole
in the classical coronagraphic Lyot stop. We demonstrated the performance of the technique using an internal
source (because of bad weather) and a full-pupil of 1.5m (no spider, no obscuration): the self-coherent camera
science images were used to control the Palomar deformable mirror in close-loop and enabled the reduction by
a factor of 10 of the speckle energy behind a vortex phase mask coronagraph working in the near infrared.

Given the very good results, new tests are scheduled at the Palomar telescope. We will use the 4.5m obscurated
pupil and do on-sky observations taking advantage of the SCC that can attenuate the speckle energy at any
distance from the star (the closer to the star, the better the attenuation).
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