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ABSTRACT

We show that the use of apodizing functions at the coronagraph Lyot plane may be useful
for improving the image contrast of ground-based coronagraphs. An experimental set-up
consisting of a tip—tilt mirror, a coronagraph and a low-noise EMCCD camera was implemented
at the William Herschel Telescope. Images were taken in the / band, which meant that the D/r
value was around 10. Experimental results confirm that, for moderately aberrated wavefronts,
our instrument works as theoretically expected, and that the contrast value attained is high
enough to provide direct detection of faint companions.
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1 INTRODUCTION

Since 1978, when Harris (1978) published an extensive review
of apodizing functions for improving signal detectability, pupil
apodization has found applications in such varied fields as data
storage (Canales et al. 2009), beam reshaping (Dickey & Holswade
2000) and confocal microscopy (Canales et al. 2006). In particular,
we are interested in pupil apodization for high-contrast imaging of
astronomical objects with ground-based telescopes. Most apodiz-
ing functions have been developed for ideal systems; that is, for
dealing with non-aberrated wavefronts. In this case, the best op-
tion is to apodize the telescope pupil entrance, since this has been
demonstrated both theoretically and experimentally (Guyon 2003).
However, considerable effort is being devoted to making ground-
based observation of exoplanets a realistic option (e.g. Soummer
etal. 2011). In particular, the technique based on the local suppres-
sion of stellar haloes (Codona & Angel 2004) seems to be a clear
solution for dealing with atmospherically distorted wavefronts. An
extended review of state-of-the-art ground-based coronagraphy was
published by Mawet et al. (2012).

In a previous article (Cagigas, Valle & Cagigal 2013), we ex-
plored the use of super-Gaussian (SG) apodizing functions in both
the entrance pupil of the telescope and the Lyot stop plane of a coro-
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nagraph. We selected SG functions not only because they are easy
to study analytically but also because they provide a good balance
between absorbed energy and contrast. We restricted our analysis
to ground-based telescopes in which the condition D/ry < 7.8 is
fulfilled, where D is the pupil diameter and r( the Fried parame-
ter. This condition ensured the coherent energy of the stellar point
spread function (PSF) was larger than the incoherent one.

We have recently carried out an experimental test of an instrument
consisting of a coronagraph combined with a tip—tilt mirror, two
low-noise Andor EMCCD cameras and a software package to select
the best frames. /-band observations were performed at the 4.2-m
William Herschel Telescope (WHT). This means that the condition
D/ry < 7.8 was extremely difficult to reach, and that the incoherent
energy of the stellar PSF was larger than the coherent one.

The goal of this paper is to use computer simulations to find
out whether apodization is more effective when placed at the pupil
entrance plane or at the Lyot stop plane in conditions where the
D/ry value is above or below the threshold D/ry < 7.8. We also
checked experimentally whether proper Lyot apodization combined
with a lucky image detection system would allow the coronagraph
to reach a contrast level high enough to make the technique useful
for ground-based telescopes.

In Section 2 we describe SG functions as the two-dimensional
convolution of hard-edged (HE) circular and Gaussian functions. In
Section 3 we estimate the effects on coronagraphic images of using
a SG apodizing profile at the telescope entrance pupil or at the Lyot
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stop. Section 4 shows the procedure followed to obtain filters with
a SG transmittance profile. The experimental coronagraphic set-up
is sketched in Section 5 whilst experimental results are shown in
Section 6. Section 7 shows the result of observing the binary star HD
112196. Finally, Section 8 summarizes the most important results
obtained in the study.

2 SUPER-GAUSSIAN PUPIL FUNCTIONS

The nth-order two-dimensional normalized SG function is defined
as:

SG(n, r) =e |5’ (1

where o is the half-width and r is the usual radial coordinate. It
can be shown that the SG function ranges from a Gaussian function
for n = 2 to a HE circle (a HE circle is a function having unit
value inside the circle and zero value outside). In this paper we will
always take n = 4.

The SG(n, r) radial functions can be seen as the two-dimensional
convolution of a HE circle and a Gaussian radial function G(r)
(Cagigas et al. 2013). The width and order of the resulting SG
function will only depend on the ratio of the Gaussian width and
HE circle diameter. Assuming the SG function to be the result of
a convolution product, its Fourier transform will be the product of
the individual Fourier transforms:

SG(n, r) = HE(") ® G(r) — sg(w) = A() - g(). @

where A(w) is the Fourier transform of the HE circle function (its
square modulus |A(w)|? is the well-known Airy pattern) and g(w)
the Gaussian function resulting from the Fourier transformation of
G(r).

A detailed analysis of the apodizing properties of the SG func-
tions and a comparison with prolate spheroid apodizing functions
has already been carried out (Cagigas et al. 2013). It was found that
while a prolate spheroidal pupil apodizer results in a better inner
working angle, the SG pupil produces a larger throughput and the
same diffraction rings for angular distances larger than 9A/D. It is
important to notice that, when dealing with distorted atmospheric
wavefronts, the coronagraphic mask needs to have an angular ra-
dius of several diffraction rings to provide good contrast. Hence,
under these conditions, it seems to be more advantageous to use SG
apodizing functions for detection at large angular distances.

3 APODIZED CORONAGRAPHY

For a ground-based telescope, the PSF is composed of a coherent
peak and a surrounding speckled halo (Cagigal & Canales 2000).
It can be shown that the coherent energy in the PSF is higher than
the incoherent one when D/ry < 7.8, where D is the telescope
entrance pupil diameter and ry the atmospheric Fried parameter
(Hardy 1998). Since apodization affects only the coherent energy,
we expect that the effect of apodization will decrease when D/r
increases, becoming almost negligible for D/r, values much greater
than 7.8.

Inarecent paper (Cagigas etal. 2013), we studied the detectability
improvement produced when SG apodizing functions were used for
a ground-based coronagraph. We compared the results of using a
SG apodizing profile at the telescope entrance pupil and only at the
Lyot stop for D/ry < 7.8.

We used the computer simulation described by Cagigas et al.
(2013) to analyse the effect of apodization on the contrast curves of
the instrument. Simulations for D/ry = 5 and D/ry = 10 are shown
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Figure 1. Contrast curves for an unapodized pupil, no coronagraphic masks
and HE Lyot (black curve), HE coronagraphic masks and HE Lyot (green
curve), SG apodized pupil, HE coronagraphic masks and HE Lyot stop (blue
curve) and unapodized pupil, and HE coronagraphic masks and SG Lyot stop
(red curve). For D/ry = 5 (a) the HE coronagraphic mask radius was 121/D
and for D/ryp = 10 (b) the HE coronagraphic mask radius was 171/D.

in Fig. 1. It can be seen that the pupil apodization for D/ry = 5
performs slightly better than the unapodized pupil, but this ad-
vantage almost disappears for D/ry = 10. However, the Lyot stop
apodization increases the contrast in both cases, which is particu-
larly interesting for high D/r, values.

4 DESIGN AND MANUFACTURE OF A
SUPER-GAUSSIAN LYOT STOP

4.1 Stop design

Given the difficulty of manufacturing a SG mask profile, we used
a half-tone dot process to reproduce it. The microdot technique has
already been analysed (Martinez et al. 2009a, 2009b) and has been
developed for the James Webb Space Telescope NIRCam coron-
agraph (Krist et al. 2009). These masks consist of distributions
of opaque square pixels (called dots) to reproduce the continuous
transmission of a filter and they have several advantages: relative
ease of manufacture, achromaticity, reproducibility and the abil-
ity to generate continuous transmission ranges without introducing
wavefront errors. A detailed description of the design process can
be found in Martinez, Dorrer & Kasper (2009c).
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Figure 2. (a) HE and SG mask profiles, (b) binary SG Lyot stop and (c)
manufactured binary SG Lyot stop.

4.2 Stop manufacture

The Lyot stop was fabricated by lithographic methods with com-
mercial photographic optics. The process was carried out in two
stages, resulting in an intermediate and a final mask, both compris-
ing a patterned chromium layer on a flat glass substrate. First, the
glass substrates were coated with a chromium layer 0.3 pm thick
in a high-vacuum deposition chamber, and then a photoresist layer
was spun on the chromium.

Since the coronagraph was planned to be mounted on the WHT,
the Lyot stop has to block not only the light diffracted by the
telescope pupil but also that diffracted by the central obscuration.
Fig. 2(a) shows transversal cuts of the transmittance function cor-
responding to the HE and SG Lyot stops used at the WHT. In
particular, the SG Lyot stop, as shown in Fig. 2(b), has a size of
928 x 928 pixels, and the pixel size is 250 um.

The pattern, consisting of a square binarized mask of side
928 pixels, was printed with a size of 232 x 232 mm. A first
photoreduction was carried out in a Linhof enlarger provided with
a Rodenstock Apo-Rodagon-N 1:2.8/50-mm lens, set at optimum
magnification (—0.1x) and f/4. The image was used to directly
expose one photoresist-coated substrate for 2 h while the original
was being illuminated with four commercial Hg lamps (125 W
each). The intermediate mask was completed after development of
the photoresist, etching of the chromium layer and removal of the
residual photoresist. This mask was used as an object to expose a
new coated substrate in a second photoreduction step. This time a
Canon MP-E 65-mm 1-5x Macro Lens in reversed configuration
was used to achieve a —0.2x magnification at an effective f-ratio of
4.2. Moreover, the object was illuminated by transmission through
an optical system which filters the g line (436 nm) from a mercury
lamp and provides partial spatial coherence that slightly improves
the resolution. The exposure lasted 35 min, whereas the develop-
ment and etching were similar to that of the intermediate mask. The
final mask has a 4.64 mm side and a pixel size of 5 um. One of the
Lyot stops produced is shown in Fig. 2(c). It can be seen that four
slits appear surrounding the stop as a result of the manufacturing
process. These slits were conveniently covered and an antireflective
layer of 850 nm was deposited on both faces of the stop.

5 EXPERIMENTAL SET-UP

The coronagraph design is fully reflective and thus achromatic.
The functionality comes in two stages. The first stage (see Fig. 3)
scales the nominal (telescope) focal plane FP1, 20 times to pro-
vide a second focal plane, FP2, where the occulting mask will be
placed. One off-axis parabolic mirror (OAP1, fOAP = 25 mm) and
a spherical mirror (SPHE1, fSPHE1 = 500 mm) are used to provide
the required scale. A commercial piezo tip—tilt (T-T) mirror from
Physik Instrumente has been placed between OAP1 and SPHEI to
compensate for small star movements. The second stage follows
a collimator-camera configuration while supplying a pupil image

Figure 3. Coronagraph layout. FP1: telescope focal plane; OAP1: off-axis
parabolic mirror; T-T: tip—tilt mirror; SPHEL, 2, 3: spherical mirrors; FP2:
scaled focal plane and coronagraphic mask; LS: Lyot stop; FP3: detector
focal plane.

Figure 4. Coronagraph layout. The lucky imaging acquisition system
FASTCAM (CAM1), the tip—tilt control camera (CAM2) and the coron-
agraph placed at the WHT Nasmyth focus table can be seen.

of the system. The pupil is placed at the focal plane of SPHE2
(fSPHE2 = 1000 mm) whilst the camera is at the image focal plane
of SPHE3 (fSPHE3 = 500 mm). The Lyot stop is located 500 mm
before SPHE3. The powered mirrors are spherical because of the
long working focal length of the system. The long distance between
SPHE1 and SPHE2 is needed to provide a minimum pupil size
of 5 mm in this case. As a result of this restriction, several flat
packaging mirrors were used in the final assembly.

Fig. 4 shows the final set-up. The coronagraph shown in Fig. 3 is
now feeding the Andor scientific camera (CAM1). The orientation
of the tip—tilt mirror is driven in a closed-loop control mode. There
are two applied voltages in the system, one per axis. Images of the
star acquired by CAM2 (yellow paths in Figs 3 and 4) are employed
as feedback for the closed loop. The control is performed by a
simple digital PID controller with a governing equation given by:

Vi=Via+ ern +Kyle, — e+ Kile, +e,-1], (3)

where V, is the applied voltage to the tip—tilt mirror at step n, K,,,
K, and K; are constants, and e, (e, _ 1) is the positional difference
between an initial set point and the centroid of the star at step n

(n—1).
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Figure 5. Experimental contrast curves as a function of angular distance to
the mask centre obtained by the set-up shown in Fig. 4. The behaviour is as
theoretically predicted (see Fig. 1). The HE Lyot stop is shown in blue and
the SG Lyot stop in red.

6 EXPERIMENTAL RESULTS

The coronagraph described in the previous section was tested at
the WHT. First, we took observations of the bright star HR 622 in
the 7 band in December 2012. At the moments of best seeing, we
were detecting under D/ry 2~ 10. The coronagraph, consisting of an
unapodized pupil, HE coronagraphic masks and a HE or SG Lyot
stop, was completed with an S-330 piezo tip—tilt mirror from Physik
Instrumente.

To freeze the atmospherically induced distortions, the exposure
time used in the scientific camera (CAM1, Fig. 4) was 30 ms. In this
camera 4 x 4 binning was applied to get images of 256 x 256 pixels
with an angular size of 23.2 mas/pixel.

To check the performance of the SG Lyot stop, eight cubes of
10 000 frames were taken and stored using an HE Lyot stop and
four cubes of 10 000 frames using an SG Lyot stop. We selected
the frames with the greatest contrast, corresponding to a lower D/ry
value, for both Lyot types. We took the images with the lowest total
intensity for both kinds of Lyot stops and, after cancelling the static
background, averaged the radial intensity.

Fig. 5 shows the transversal cut of the averaged contrast experi-
mentally obtained for the object HR 622 as a function of the angular
distance to the star’s position. We used a coronagraphic set-up with
an unapodized pupil and a HE coronagraphic mask covering an an-
gular distance corresponding to 17 stellar diffraction rings. In one
curve, a HE Lyot stop reducing the telescope pupil diameter to 80
per cent of its initial size was used, while an SG Lyot stop, whose
profile is shown in Fig. 2(a) (red line), was used for obtaining the
other one.

The first conclusion is that the SG Lyot stop slightly improves
the HE performance at the mask border, but the difference increases
with angular distance. On the other hand, a contrast greater than 103
is reached in the coronagraphic mask border, and this contrast can
increase up to 10° for distances around 2.5 arcsec. These contrast
values could be improved by properly averaging the image over a set
of short exposure images. However, to determine the performance
limit of the set-up, it is more exact to show the result corresponding
to the image with the lowest D/r, since the contrast improvement
due to the average might be lost when using images with higher
D/ry values. A further contrast improvement could be attained by
applying the angular differential imaging technique, but once again
frames with higher D/r, values would be necessary.
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Figure 6. (a) Comparison between the experimental results obtained for a
coronagraphic mask covering 17 star diffraction rings (red line) and those
obtained from a mask covering 22 star diffraction rings (blue line) using a
HE Lyot stop. (b) The same curves when an SG Lyot stop is used.

If we compare the curves in Fig. 5 with those theoretically pre-
dicted, as shown in Fig. 1(b), where both sets were obtained for
D/ry = 10, we see that the behaviour of the experimental curves is
that expected for both the HE and the SG Lyot stops. The relative
distance is also reproduced by the experiment as a function of angu-
lar distance. However, experimental contrast values are about half
an order of magnitude higher than those theoretically expected.

To compare the performances of different masks and Lyot stops,
we defined the 30 detectability as:

. ( Peak >
30 detectability = —2.51og , “)
30(r)

where Peak is the peak intensity of the stellar companion and o ()
is the standard deviation as a function of the angular distance to the
star’s position. Fig. 6 shows 3¢ detectability curves obtained from a
set of 375 frames corresponding to the darkest 5 per cent of the total
number of frames. Comparison between the experimental results
obtained for a coronagraphic mask covering 17 star diffraction rings
and those obtained from a mask covering 22 star diffraction rings
is shown in Fig. 6(a) when using the previously described HE Lyot
stop. Fig. 6(b) shows curves for the same set-up when the SG Lyot
stop was used.

It is necessary to state that the peaks in the curves of Fig. 6
correspond to the coronagraphic mask border position; hence, a
companion can be detected only when it is located to the right of
a peak. Fig. 6(a) shows that the curve slope is the same for both
coronagraphic masks, as expected, and that the small mask allows
detection at smaller angular distances than the large mask. Fig. 6(b)
shows, besides the earlier detection from the small mask, that the
use of the SG Lyot stop reduces the 30 detectability for distances
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between 0.8 and 1 arcsec, but for greater distances the performance
of both the HE and the SG Lyot stops tends to equalize. In all
cases, a companion 10 magnitudes fainter than the parent star can
be detected at a distance of 1.5 arcsec.

7 OBSERVATION OF THE BINARY STAR HD
112196

During this campaign, several binary stars with close high-contrast
companions were observed. One of these, HD 112196, is an F8V
star at 34 pc with a known companion discovered by Metchev &
Hillenbrand (2009) using adaptive optics on the 5-m Hale Telescope.
According to their observations in the K band (2190 nm), the
companion, at 1.6 arcsec from the primary, has a visual magnitude
of 7.8, implying a mass of 0.59 M, from the theoretical models of
Baraffe et al. (1998). More recently, Roberts et al. (2012) performed
infrared spectroscopy of HD 112196 B, estimating a spectral type
of M2-M3 as the best fit to the models.

HD 112196 was observed in the I band (807 nm) with a four-
binning configuration and 40-ms exposure time using the median
mask. A selection of the best 100 frames from a total of 1500 was
used to create an averaged image, and each frame was re-centred
using the brightest speckles of the star (Fig. 7). Finally, a wavelet
filter was used. To obtain the magnitude, we performed aperture
photometry on the companion, calibrating it with unmasked images
of HD 77407 (I = 6.4) and HD 71881 (I = 6.7), obtained using the
same technique and observational parameters, and correcting only
for the exposure time, which was 35 ms. The measured magnitude
is I = 9.9 £ 0.1, giving an absolute magnitude of M; = 7.3 £ 0.2
using a parallax of 29.54 & 1.0 mas from Hipparcos (Van Leeuwen
2007). The resulting I — K; colour is 2.13 % 0.23.

Comparison of both the absolute magnitude and the / — K colour
with the theoretical models of Baraffe et al. (1998) — see Fig. 8 —
suggests a mass of 0.57 M, which is compatible with the M2-M3
spectral type obtained by Roberts et al. (2012) and with the mass
obtained by Metchev & Hillenbrand (2009) using K. Also, HD
112196 B shows a very similar magnitude and colour to those of

Figure 7. Processed image of HD 112196 in the / band with the primary
masked showing the companion at 1.6 arcsec. The image is an average of
the best 100 frames, with a 40-ms exposure time.

Figure 8. Absolute magnitude—colour diagram of HD 112196 superim-
posed on the theoretical models of Baraffe et al. (1998). Corresponding
masses in the model are indicated in solar masses. HD 112196 B is seen to
be quite compatible with an M2-type star.

several M2-type standard stars, such as Gl 507.1, G1844 and Gl 649
(Jenkins et al. 2009).

8 CONCLUSIONS

A theoretical analysis of the effect of apodizing functions has been
carried out by comparing the effect of separately apodizing the en-
trance pupil and the Lyot stop plane of a coronagraph. The resulting
contrast curves show that for moderate aberration (D/ry around
7.8), Lyot stop apodization produces higher contrast.

An experimental set-up consisting of a coronagraph, a tip-tilt
mirror and a low-noise EMCCD camera was implemented at the
WHT. The set-up was used to check that Lyot stop apodization is an
effective way of reducing starlight noise and also to show that the
whole instrument is able to attain a contrast value up to 10° for an
angular distance of 2 arcsec. This contrast value, fairly modest for
space-based detection, is really competitive for ground-based mid-
sized telescopes at the far-red (/ band) optical part of the spectrum
and could be improved by standard post-processing techniques.
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