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Abstract: The six-level phase mask (SLPM) can be used in a focal plane as an efficient
coronagraph [Opt. Express 22, 1884 (2014)]. It has several advantages: high-contrast imaging
in broadband with small inner working angle; easy fabrication at low cost by photolithography
and reactive ion etching processes; easy implementation with no need of pupil apodization. We
present in this paper the first laboratory results demonstrating the high performance of a SLPM
with an unobscured pupil. The on-axis attenuation reaches 2 x 107 at A = 800 nm and is better
than 10~* over a 10% spectral bandwidth and better than 10~ over a 20% bandwidth. Finally,
the detection of a planet can be achieved down to 1 1/D.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
OCIS codes: (120.4820) Optical systems; (050.5080) Phase shift; (220.4840) Testing.
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1. Introduction

Since two decades, more than 3,500 exoplanets have been discovered by using different techniques.
While radial velocity and transit techniques are efficient to probe exoplanets with short orbits,
the study of long-orbit planets requires direct imaging and coronagraphic techniques. However,
the coronagraph must deal with planets that are 10* to 10'° fainter than their hosting star at a
fraction of arcsecond, requiring efficient coronagraphs at short angular separations.

Phase masks proved to be a good solution in monochromatic or limited spectral bandwidth
but expansion to broadband requires complex phase achromatization. We propose for that
to use a new six-level phase mask (SLPM) coronagraph [1,2]. Other solutions use photonic
crystals, subwavelength grating or liquid crystal polymers [3] but they need a large number of
manufacturing steps which can rapidly increase the fabrication defects of the component. A
simpler solution is to use a well controlled fabrication process like photolithography and reactive
ion etching and to optimize the azimuthal phase distribution like achieved in the SLPM.

The SLPM is a sibling of the Four-Quadrant Phase Mask (FQPM) [4-8], both using a focal
plane mask that creates phase shifts in sectors of the image for producing destructive interferences
in the following pupil plane. Using six sectors instead of four quadrants enables to mitigate the
chromatic effects of the FQPM made of one single piece of material with two thicknesses.

The objective of this paper is to report the manufacturing process and the laboratory demon-
stration of a phase mask that was theoretically proposed by University of Shanghai [1,2]. We
show here: (i) the feasibility of a SLPM at Paris Observatory for any wavelength, based on our
previous experience to fabricate similar FQPM components [9]; (ii) the coronagraphic efficiency
of the SLPM in laboratory with respect to the wavelength.

2" etching
f +e 15t etching

+e

Fig. 1. Left: Image of the SLPM obtained with a scanning electron microscope. The
non-uniform illumination is due to the accumulation of electrons on the transitions. Right:
Lithography masks used for etching the SLPM in two steps.

2. Design and manufacturing

The SLPM is a thin silica glass split in six sectors yielding to uniform phase shifts of 0, 7 or
2n at the specified wavelength Ag. The phase shifts are directly related to the etching depths
by: ¢; = 2n(n(A) — 1) e; /A with n(1) the optical index of the SiO, material. We can choose the
optimal wavelength A for which the coronagraph totally attenuates the on-axis source (in theory).
The resulting phase mask that we manufactured has been designed for an optimal wavelength
Ao = 785 nm which requires depths of the etching equal to ¢; = 865 nm and e; =2 X e; = 1730
nm. If the mask is perfect, the attenuation of an on-axis point source is infinite at 1y and remains
strong over a spectral bandwidth of 10-20% [1] (Sect. 3.2) with an inner working angle close to 1
A/D (Sect. 3.3).

The main drawback of the SLPM is that the zones along the horizontal and vertical transitions
are hardly usable for exoplanet detection, like for the FQPM [4]. Those transitions induce a close
to 7 phase shift that attenuates and distorts the exoplanet image. At the optimal wavelength A,
the diagonal transition corresponds to a 0-2x variation that should not change the planet image.
However, at 4 # Ay, the phase shift departs from 0-27 and the planet flux is slightly attenuated. A
calibration of the transmission along the diagonal transition is thus required (Sect. 3.4).
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Fig. 2. Optical scheme of the laboratory experiment showing the main optical components.
Left to right: Pupil diaphragm, SLPM focal phase mask, Lyot stop, CCD detector.

The SLPM is manufactured in the same way as a FQPM [9] by using the standard 365nm UV
photolithography providing components at a reasonable price. The six-sectors patterns are first
defined by photolithography on a 1.5-mm thick silica substrate by using two lithography masks
(Fig. 1). The depth of e; and e, are then defined by lapping the uncoated sectors by reactive ion
etching process in two steps. The main requirement is to ensure the same depth e for the two
successive etchings so that e; = e and e» = 2e. The sector depths e; and e; are checked by using
contact profilometry technique providing an accuracy of 10 nm (depending in practice to the
surface quality achieved for etching the SLPM). It gives e; = 865+ 10 nm and e; = 1710+ 10
nm. The other requirement is the alignment of the second etching with the first etching which is
essential for maintaining the high-level performance. The visual aspect of the SLPM transitions
is inspected with a scanning electron microscope (Fig. 1). Here the centering of the two masks is
accurate since all the transitions are well-aligned and have almost the same narrow width. Other
defects (e.g. transition width) can be neglected in a first order approximation.

3. Results

3.1.  Experimental protocol

The SLPM has been tested at LESIA onto the facility named THD2 (Trés Haute Dynamique in
French, meaning high-dynamic range). The THD2 bench [10] was built to study and compare
high-contrast imaging techniques in the context of exoplanet science. It allows reducing the
starlight below a 1078 contrast level in visible/near-infrared [11, 12].

The SLPM focal mask acts as coronagraph in the focal plane downstream of the entrance pupil
(with no need of apodization) and upstream of the Lyot stop (Fig. 2). The Lyot diaphragm has
a diameter of 6.5 mm which corresponds to an 80% filtering of the diameter of 8.1 mm of the
unobscured entrance pupil. The images of interest are recorded on a detector located in the final
focal plane optically conjugated to the phase mask focal plane. We used three laser diodes (638
nm, 705 nm and 785 nm) or 10-nm narrow-band filters in the visible plus a super continuum
source. The resolution element A/ D varies from 7 to 11 pixels between 550 and 950 nm.

For the photometric calibration, we record on the detector a point spread function (PSF) for
each spectral channel, keeping the Lyot stop in position. The PSF is shifted at a position far
from the transitions so that the beam pass through the phase mask and the Lyot stop without
being strongly attenuated. Then, we record the images of interest: centered on the SLPM (Sect.
3.2) or out of the center of the SLPM (Sect. 3.3 and 3.4). An X-fiber is used to extract 1% of
the flux injected on the THD2 bench, while another 50%-50% X-fiber feeds a fluxmeter and a
spectrometer [10]. Finally, we record simultaneously one coronagraphic image, one spectrum
and one integrated flux enabling to calibrate the fluxes and the wavelengths.

We estimate the maximum of each PSF (/psr) and each off-axis image (Iory) using a 2D
Gaussian fit. We call 7o ¢ the transmission of an off-axis source which is equal to:

Max(losr)  Fpsr
Toff = X
Max(lpsp) Foff

ey

with Fpgr and Fopy the injected flux measured on the fluxmeter.
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Fig. 3. On-axis coronagraphic images obtained on the THD2 bench at 730 nm (left), 800 nm
(middle) and 870 nm (right). The dark hole has a width of about 27 x 27 1/D.
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Fig. 4. Left: On-axis attenuation as a function of the wavelength. Theoretical performance of
the FQPM (dark dashed curve) and the SLPM (blue dashed curve) optimized at 785 nm.
Experimental data (red points) of the SLPM. Simulated data (gray zone) for e varying over
the range 855 — 866 nm and for e, varying over 1700 — 1740 nm. Simulated data (blue curve)
for e; = 866 nm and e, = 1726 nm. Right: Positions in the focal plane where the on-axis
attenuation (circle) and the PSF (asterisk) is measured.

For the centered coronagraphic images (Ico,0), Wwe measure the maximum over the four central
pixels Max(Ic,r0(0)). We denote 7o, the on-axis attenuation:

_ Max(ICoro(O)) Fpsr
Ton =
Max(IPSF) FCoro

with Fe,,o the flux measured on the fluxmeter.

2

3.2. On-axis attenuation

The on-axis attenuation is estimated from experimental data for each spectral filter between
550-950 nm (Fig. 3 and Fig. 4). While the SLPM prototype have been designed at 785 nm, it
performs the maximum on-axis attenuation at 800 nm by reaching 2 x 1073. The SLPM preserves
an attenuation better than 10™* between 760 nm and 830 nm (10% bandwidth) and better than
1073 between 720 nm and 880 nm (20% bandwidth).

We used a numerical model to simulate a plate of glass with two varying steps (e; and e;)
and no defect. The focal pattern falling onto the focal mask is multiplied by a phase map on
infinite size split in sectors (yielding a 0, 7 or 27 phase shift at the optimal wavelength). The
transitions between each sector are perfectly thin. The theoretical performance of the FQPM and
the SLPM (Fig. 4) assumes perfect coronagraphs with perfect thicknesses of the etching (such
as ep = 2 X e1). Simulations show that any departure of the sector depths reduces the on-axis
attenuation and can change the optimal wavelength of the phase mask. We explore values of the
depths varying over the range e; = 860 + 6 nm and e, = 1720 + 20 nm (Fig. 4, gray zone). The
best least squares fit gives e; = 866 nm and e, = 1726 nm (Fig. 4, blue curve). The value of ¢ is
consistent with the measurements on the contact profilometer (Sect. 3.1). However, the value of
e; is two times the standard deviation (£10%) of those profilometric measurements.
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Fig. 5. Left: Off-axis transmission at 785 nm as a function of the distance from the optical
axis either perpendicular (red) or parallel (green) to the diagonal transition. Simulated data
(blue curve) for e; = 866 nm, e having no effect here. The inner working angle is close to 1
A/D. Right: Positions of the measurements in the focal plane.

3.3. Off-axis transmission

We study the off-axis transmission of the component at 785 nm by recording non-coronagraphic
PSF when the star beam is not centered on the phase mask. The transmission increases as a
function of the off-axis distance (Fig. 5). The inner working angle is close to 1 A/ D for which the
attenuation equals to 50%. Moving in parallel or perpendicular to the diagonal transition yields
to rather the same curves since this transition does not affect the transmission at 785 nm.

Undersizing the Lyot diameter compared to the pupil diameter (by 80% here) yields to a total
throughput of 64%. However, the throughput is higher than 100% in Fig. 5 for some off-axis
distances due to the normalization using the source far from the optical axis. The phase mask
induces light interferences in the Lyot stop plane and can bring additional light from the edge of
the pupil inside the Lyot stop.
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Fig. 6. Left: Transmission onto the diagonal transition as a function of the wavelength.
Theoretical performance of the FQPM (dark dashed curve) and the SLPM (blue dashed
curve) optimized at 785 nm. Experimental data (red points) of the SLPM. Simulated data
(gray zone) for e| varying over the range 855 — 866 nm and for e, varying over 1700 — 1740
nm. Simulated data (blue curve) for ey = 1704 nm, e; having no effect here. Right: Positions
of the measurements in the focal plane.

3.4. Transmission onto the diagonal transition

We study the chromaticity of the diagonal transition at a radial distance of ~ 5.7 4/D in the
spectral range 730-870 nm (Fig. 6). The maximum transmission occurs at 772.5 nm, meaning
that the depth e; is 1704 nm at 5.7 A/D. The transmission on the diagonal transition decreases
by less than 3% between 730 nm and 820 nm (10% bandwidth) and by less than 10% between
700 nm and 860 nm (20% bandwidth). The numerical model is used to explore values of the
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Fig. 7. Left: Transmission as a function of the wavelength when moving the source through
the diagonal transition. Experimental data (big points). Simulated data (solid lines) for
ey = 1704 nm. Right: Positions of the measurements in the focal plane.

depth varying over the range 1720 + 20 nm (Fig. 6, gray zone). The best least squares fit gives
ey = 1704 nm (Fig. 6, blue curve). The thickness e; has no effect at that location.

We also consider the chromatic behavior around the diagonal transition. The off-axis PSF
is moved perpendicularly to this transition at various distances and for various wavelengths
(Fig. 7). The throughput is slightly reduced up to a distance of + 0.7 A/ D from the transition,
meaning that the zone of absorption induced by the diagonal transition has a width of about
1.4 1/ D whatever the wavelength. As expected, the chromatic effects are not negligible and a
photometric calibration along the diagonal transition will be required if the mask is used for
astrophysical observations. Note that the experimental measurements are lower in transmission
than the numerical simulations by up to 4%. The simple numerical model does not account
for the transition widths which are not infinitely thin (see Fig. 1). The diagonal transition thus
diffracts part of the light, yielding to an additional flux loss of few percents.

4. Conclusion

Following a theoretical work [1], we easily manufactured a six-level phase mask (SLPM) for
broadband coronagraphy at very low cost. The first component show very good coronagraphic
performance in laboratory, that is an on-axis attenuation of 2 x 10> at A = 800 nm with a spectral
filter of ~ 1% bandwidth. The attenuation remains better than 10~ over a 10% bandwidth and
better than 103 over a 20% bandwidth. The diagonal transition attenuates an off-axis source by
less than 3% over a 10% bandwidth and by less than 10% over a 20% bandwidth.

The design was chosen with e; = 865 nm and e, = 1730 nm providing a theoretical optimized
wavelength 1p = 785 nm whereas the best experimental on-axis attenuation occurs at 800 nm (Fig.
4, Sect. 3.2). We used a simple numerical model which does not exactly fit all the measurements
but enables to understand this chromatic effect. The purpose here is not to fully model all the
effects, but to show that despite of small manufacturing defects, the simulations are rather close
to the experimental results. The simulation only accounts for both etching thickness errors which
are by far the most critical parameters (Sect. 2), as pointed out for the 4QPM made by a single
etching step. The best least squares fits of the experimental data correspond to e; = 866 nm
and ep = 1726 nm for the on-axis attenuation (Fig. 4, Sect. 3.2) and to e; = 1704 nm for the
transmission onto the diagonal (Fig. 6, Sect. 3.4). Optimizing the etching process will certainly
improve the performance of future components.

Finally, the advantages of the SLPM coronagraph are: (i) a high contrast at small inner working
angle down to 1 A/D in broadband; (ii) an easy-to-manufacture phase mask at low cost; (iii) an
easy-to-implement device with a unique focal plane mask (no need of pupil apodization). The
cons are: (i) the need for calibration of the mask transmission over the field of view near the
diagonal transition; (ii) the unusable field of view along the horizontal and vertical transitions.





