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ABSTRACT

Low-wind effect is a strong limitation to direct imaging of exoplanets from ground-based telescopes, such as the
Subaru telescope, the Very Large Telescope and probably the future extremely large telescopes. To mitigate it, we
propose to design coronagraphs passively robust to low-wind effect. The Redundant Apodized Pupils (RAPs) are
built so each pupil petal independently contributes to the contrast and therefore petal-level errors do not impact
the final coronagraphic image, up to the loss of coherence in the star image. In this paper, we present the first
experimental validation of the RAP concept, which is now applied on the Subaru/SCExAO instrument. We have
designed three RAPs: two for the infrared channel (CHARIS) and one for the visible instrument (VAMPIRES).
After these designs having been set up on the instrument in September 2023, we conducted internal source tests
and obtained a contrast robustness up to a few radians. After this first experimental application, the RAP
technology will be adapted, at higher contrasts (10−8-10−9), to segment-level errors, one of the main limitations
for space segmented telescopes like the Habitable Worlds Observatory.
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1. INTRODUCTION

High-contrast imaging of exoplanets and disks requires a control of aberrations. Between others, the low-
wind effect (LWE) is already a limitation on ground-based instruments when installed on high-emissivity spider
telescopes: for instance, it was first measured and studied on the Spectro-Polarimetic High contrast imager for
Exoplanets REsearch (SPHERE)1 at the Very Large Telescope (VLT) by.2–7 This phenomenon happens when
the wind speed at the level of the telescope aperture is lower than a few m/s. Because of differential thermal
cooling along the spiders, the phase is fragmented into piston, tip, and tilt at the scale of the petals delimited by
the spiders.8,9 These optical path differences, up to hundreds of nanometers cannot be corrected by traditional
adaptive optics (AO) systems since they are based on wavefront sensors that only measure phase gradients and
therefore remain insensitive to sharp discontinuities between wide pistons.10 On science images, these differential
pistons, tips, and tilts create secondary lobes around the location of the first Airy ring, distorting the PSF and
degrading the Strehl ratio (see Figure 1). On coronagraphic images, this directly impacts the contrast, in addition
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Figure 1. Simulation of low-wind effect on Subaru/SCExAO: (top) phase maps in radians with 0 to 300 nm RMS (at a
1.6 µm wavelength) of differential pistons, tips, and tilts, (bottom) associated PSFs in logarithmic scales with a field of
view of ±10λ/D.

with these secondary lobes also acting like off-axis sources and generating starlight leakage along the focal-plane
mask. In addition with VLT/SPHERE, this phenomenon has also been detected on other telescopes such as the
Subaru Telescope/Subaru Coronagraphic Extreme Adaptive Optics instrument (SCExAO)11–13 and, because of
their wider spiders (respectively 51 cm and 225 mm wide spider), the future Extremely Large Telescope (ELT)
and Thirty Meter Telescope (TMT) will probably also be sensitive to LWE.8

Because of its high degradation of the contrast on coronagraphic images and its impact on several telescopes,
LWE is a strong limitation to overcome, and several mitigation strategies are under study. First, a thermal
coating has been applied on the VLT spiders, leading to a drastic decrease in the aberration amplitude. In
addition, focal plane wavefront sensors are more sensitive than pupil plane wavefront sensors to pupil and phase
discontinuities.11,13,14 A last mitigation strategy consists in a modification of the pupil apodization (amplitude
or phase) to optimize the apodization at the scale of the petal and multiply it over the pupil to make it robust
to differential piston, tip, and tilt errors between the pupil petals.15,16 This concept is called the Redundant
Apodized Pupil (RAP) and is the purpose of this paper.

The SCExAO instrument is a competitive science instrument equipped with extreme adaptive optics and
also an experimental platform for instrumental research and development. It is set up at the Subaru telescope, a
8.2m large telescope built on the Mauna Kea, in Hawaii. With its sensitivity to LWE, its ability to mimic it with
a deformable mirror (DM),11–13 and its flexibility for experiments, SCExAO is an optimal platform to apply and
test the RAP concept. The objective of the study presented here is then to propose and test coronagraphs robust
to LWE on SCExAO, in both the near-infrared path with the Coronagraphic High Angular Resolution Imaging
Spectrograph (CHARIS) and in the optical path with the Visible Aperture Masking Polarimetric Imager for
Resolved Exoplanetary Structures (VAMPIRES), in internal source.

In section 2, we describe three RAPs that have been optimized for the Subaru/SCExAO, both in the optical
path (VAMPIRES) and in the near-infrared path (CHARIS). In section 3, we describe the experimental set
up on SCExAO and the data processing methodology. In section 4, the RAPs are applied and tested on both
CHARIS and VAMPIRES with the internal sources and we introduce the first results. In section 5, we discuss
this study and the advantages and drawbacks of RAP for further observations at Subaru/SCExAO and further
technological developments on upcoming instruments.

2. REDUNDANT APODIZED PUPIL DESIGN

2.1 Constraints and design of RAPs for CHARIS

CHARIS is the Integral Field Spectrograph (IFS) at the Subaru telescope and is combined with the SCExAO
coronagraphic instrument.17–22 It covers infrared wavelengths from 0.95 to 2.4 µm, which imposes the main
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Figure 2. From left to right: Real SCExAO pupil, pupil chosen for the optimization, and difference between the two.
The pupil transmissions are binary, 0 meaning no transmission and 1 full transmission.

constraints for the RAP design: the angular spatial resolution is 24 mas at 0.95 µm, and goes up to 60 mas at 2.4
µm. RAPs cannot access Inner Working Angles (IWA) below the petal diffraction limit (here below ∼ 2.5λ/D)
and hardly access low angular separations (lower than 6λ/D) while preserving their throughputs. In our case,
we decide to focus on different science target areas:

• a full donut-like dark zone, obtained with one single RAP (CHAR1), down to an average contrast of a few
10−6 from 7 to 33λ/D, which enables to access targets from 420 to 800 mas while covering the entire CHARIS
spectral bandwidth,

• a ”prohibition” sign dark zone, obtained with so-called CHAR2, and down to an average contrast of a few
10−6 from 5 to 25λ/D, which enables to access targets from 300 to 600 mas while covering the entire CHARIS
spectral bandwidth. This prohibition sign shape has been chosen after originally designing two RAPs with
complementary dark zones in bow tie shapes: they had very different throughputs, showing that one direction
only in the dark zone is hard to dig in intensity and decreasas the apodizer throughput. This prohibition sign
dark zone is a compromise between a large dark zone and avoiding that one single problematic direction. In
addition, since this direction is of no interest, petals North and West are optimized together, and petals South
and East too: island effects between South and East (resp. North and West) petals create a startlight leakage
in the direction of no interest, ie., outside the dark region.

The pupil used for the optimization is chosen slightly smaller and with wider spiders and central obstruction
than the real SCExAO pupil to allow for small misalignments (±0.5% in all directions) when being installed.
Figure 2 shows the real SCExAO pupil, the one chosen for the optimization, and the difference between the two.

With RAPs,15,16 the mitigation of petal-level errors relies on the fact that each petal generates a low-order
contribution to the full apodized pupil PSF with its own coronagraphic dark zone. These petal-level dark
zones prevent the intensity from increasing even in presence of petal-level aberrations. Figure 3 illustrates the
contribution of each apodized petal and their recombination (so-called RAP) on the PSF in monochromatic light,
in the CHAR1 case, meaning for a 10−6 dark zone from 7 to 33λ/D. As mentioned in Leboulleux et al. 2022,16

one can notice that a complete RAP contrast of ∼ 10−6 requires each petal contrast to go down to only 10−4.5.

Figure 4 (left and center) shows all three RAPs assembled, optimized upon the specifications mentioned
above. Figure 5 (top and center) shows the coronagraphic PSFs both in monochromatic light (0.95, 1.7, and 2.4
µm) and in broadband light (0.95− 2.4 µm). In this latest image, the broadband PSF corresponds to an RGB
combination, made of 41 coronagraphic PSFs with wavelengths equally spread between 0.95 and 2.4 µm, their
intensities being allocated across the three RGB channels proportionally to their wavelength. Two planets down
to contrasts of 5 × 10−5 and 10−5 are visible at respectively 450 mas and 600 mas. In addition, the final RAP
specifications are indicated in table 1.

In narrower bands, CHAR1 enables to access from 234 to 976 mas in J band (1.176 to 1.328 µm), from 314
to 1237 mas in H band (1.490 to 1.783 µm), and from 418 to 1676 mas in K band (2.019 to 2.375 µm). CHAR2
can access from 167 to 740 mas in J band, from 224 to 937 mas in H band, and from 299 to 1270 mas in K band.

2.2 Constraints and design of a RAP for VAMPIRES

VAMPIRES is a visible-light instrument on the SCExAO system.24–27 It can observe from 600 to 800 nm
with five 50 nm bandpass filters centered at 625, 675, 725, 750, and 775 nm. At 600 nm (resp. 800 nm), the
diffraction-limited FWHM is 15.6 mas per λ/D (resp. 20.8 mas per λ/D).
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Figure 3. RAP combination in the CHAR1 case: (top) apodized petals and combined RAP, (bottom) associated PSFs
in logarithmic scale. The apodized petals’ and RAP transmissions are binary: 0 stands for no transmission and 1 for full
transmission.

Figure 4. RAPs as amplitude apodizers aiming for the specifications indicated in Table 1. The pupil transmissions go
from 0 (no transmission) to 1 (full transmission).
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Figure 5. Coronagraphic PSFs with the three RAPs (from top to bottom: CHAR1, CHAR2, and VAMP) in monochro-
matic light (three first columns) and in broadband light (right column). The RAP designs are optimized to provide
dark zones according to Table 1. Two planets down to contrasts of 5 × 10−5 and 10−5 are visible in the dark zones at
respectively 450 mas and 600 mas. The broadband images correspond to an RGB combination, made of 41 coronagraphic
PSFs with wavelengths equally spread between 0.95 and 2.4 µm for CHAR1 and CHAR2, and between 600 and 800 nm
for VAMP, their intensities being allocated across the three RGB channels proportionally to their wavelength. All images
are in logarithmic scales.
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RAP Contrast IWA (λ/D) OWA (λ/D) Covered separations (mas) Throughput

CHAR1 2.8× 10−6 7 33 420-800 22%
CHAR2 5.2× 10−6 5 25 300-600 25%
VAMP 8.9× 10−7 8 35 167-546 25%

Table 1. Specifications for the three RAP cases, CHAR1 and CHAR2 being designed for CHARIS, and VAMP being
developed for VAMPIRES. CHAR2 accesses a prohibition sign shaped dark region (see Figure 5). The contrasts correspond
to the average contrasts in the dark regions, and the covered separations correspond to the broadband light dark region
(0.95 to 2.4 µm for CHARIS, 600 to 800 nm for VAMPIRES). The throughputs are computed according to Ruane et al.
2018.23

Figure 6. Apodizers provided by Optimask under a microscope: (left) from left to right: CHAR1, CHAR2, and VAMP,
(right) zoom in on CHAR1, where each pixel can be identified. For CHAR1 and CHAR2 (resp. VAMP), each pixel
measures 35µm (resp. 10µm).

Using again the misalignment pupil of Figure 2, another RAP (VAMP) is designed to access an average
contrast down to ∼ 10−6 in a full donut-shaped dark zone from 8 to 35λ/D. This enables to access objects from
167 to 546 mas within the full wavelength range. In the different filter bandwidths, VAMP accesses 135 to 546
mas (625 nm filter), 145 to 592 mas (675 nm filter), 157 to 637 mas (725 nm filter), 161 to 660 mas (750 nm
filter), 167 to 683 mas (775 nm filter).

The final design is shown in Figure 4 (right), and Figure 5 (bottom) illustrates its coronagraphic PSFs in
monochromatic light at 600 nm, 700 nm, and 800 nm, and in broadband light from 600 to 800 nm with an RGB
combination of 41 wavelengths linearly spread between 600 and 800 nm. On the coronagraphic PSFs, the same
two planets (off-axis sources) than in the CHAR1 and CHAR2 cases have been added to the simualtion.

3. APPLICATION SET UP AND POST-PROCESSING

3.1 Manufacturing

Both on CHARIS and on VAMPIRES, the RAP windows need to be circular with a 1 inch (25 mm) diameter
and a thickness below 5 mm to fit in the wheels, with a surface parallelism below 5 arcsec, and each surface
should have a flatness better than λ/10 or λ/20 at 633 nm. The CHARIS windows should be highly transmissive
in the infrared, between 0.95 and 2.4 µm and will be set up in the apodizer wheel, where the pupil diameter is
17.92 mm. The VAMPIRES window has to be coated for visible light, more precisely 600 to 800 nm. Because
there is no apodizer plane available, the RAP will be installed in the Lyot plane, where the pupil diameter is
7.03 mm. The apodizer windows are provided by Optimask, that also manufactured them as apodizers with
photolithography with chromium metallization (R < 10%), with a precision of 1 µm. Optimask also provided the
anti-reflection coating required for SCExAO (R < 1%, 0.95− 2.4µm for CHAR1 and CHAR2 and 600− 800nm
for VAMP). Fig. 6 shows pictures of the three masks (left) and a zoom to CHAR1 (right) under a microscope.

3.2 Low-wind effect simulations

SCExAO is equiped with a Boston Micromachines DM, composed of 2000 actuators, meaning 45 actuators across
the pupil diameter. With this DM, both static and dynamic LWE can be simumated with petal-level piston
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and/or tip-tilt errors.11,12 In our application case, we focus on static petal-level piston-like errors, from 0.001 to
3.1 rad rms of wavefront error, at λ = 1550 nm for CHAR1 and CHAR2 and λ = 750 nm for VAMP.

3.3 Image post-processing

Later on in this paper, all high-dynamic images have the same quick post-processing:

1) 500000 images with saturated intensity peak (exposure time TS) are taken, with 500000 darks (same
exposure time TS). The darks are subtracted to the images, and the images are averaged to one single intensity
image IS .

2) 500000 images with non-saturated intensity peak (exposure time T0) are taken, with 500000 darks (same
exposure time T0). The darks are subtracted to the images, and the images are averaged to one single image I0.

3) The image IS is normalized by T0/TS × 1/max(I0).

4. RESULTS

The three apodizers have been manufactured by Optimask and sent to IPAG in July 2023. In September 2023,
they were finally set up on SCExAO. The next few weeks have been dedicated to the RAP calibration and first
results, with SCExAO internal source.

4.1 Performance and contrast curves

Fig. 7 (top) shows the three coronagraphic PSFs behind CHAR1, CHAR2, and VAMP after the processing
described in section 3.3. The laser source is centered on 1550nm (25nm bandwidth) for CHAR1 and CHAR2,
and on 750nm (50nm bandwidth) for VAMP. No aberration has been simulated here, and only the system
aberrations limit the performance. Fig. 7 (bottom) indicates the contrast curves of the three coronagraphic
PSFs, by computing their azimuthal average plots (in the case of CHAR2, only one quarter of the PSF is used).

Both CHAR1 and CHAR2 reach a contrast of ∼ 10−4 in their dark holes, meaning respectively a circular
dark region from 8 to 37λ/D and a ”prohibition” sign dark zone from 6 to 27λ/D. VAMP generates a dark
region from 9 to 37λ/D, with a contrast at ∼ 3 × 10−5. One can also notice that the overall performance is
better with VAMP in terms of contrast than with CHAR1 and CHAR2, meaning a deeper contrast in the visible
light than in the infrared light. We cannot explain this difference so far, since the instrument is supposed to be
less impacted by aberrations at longer wavelengths.

4.2 Robustness to low-wind effect

We add controlled low-wind effect with petal-level piston errors on the DM and study the robustness of the three
RAPs to such aberrations: in Fig. 8, one see the coronagraphic normalized PSFs behind the three masks for
low-wind effect-like aberrations from 0.001 to 1 rad RMS, with no to little visual evolution of the PSFs.

In Fig. 9, we compute such PSFs for a larger number of aberration amplitudes and compute, for each case,
the normalized PSF and the average contrast in its dark region. We obtain a ”hockey-cross” like plot as already
presented in the literature.28–32 As expected for RAPs, optimized for coronagraphic PSF stability, the average
contrast in the dark region remains stable up to a few radians, which corresponds to the loss of coherence of the
PSF peak: the petals are then so unphased that each of them acts like a single imager, and the PSF peak energy
is spread through the lobes generated by each petal.

5. CONCLUSIONS

This proceeding introduces the first experimental validation of the RAP concept, with three designs developed,
installed, and tested for the SCExAO instrument at the Subaru telescope: CHAR1 and CHAR2 for the infrared
CHARIS instrument, and VAMP for the visible light VAMPIRES instrument. For all three RAPs, the optimal
performance is overall limited by the instrument internal aberrations, with contrasts down to ∼ 10−4 for both
infrared RAPs and ∼ 3×10−5 for VAMP. The robustness to LWE is as expected, meaning the dark zone contrast
is maintained up to a couple radians, ie., the loss of coherence of the PSF core.
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Figure 7. Performance after calibration: (top) calibrated images in internal source (1550 ± 12.5nm for CHAR1 and
CHAR2, 750± 25nm for VAMP) without added aberration, (bottom) contrast curves of the three images above.

The next step is to test these three RAPs on sky with Subaru/SCExAO, which should be done in the coming
year, and evaluate their performance and robustness in real conditions, including observation LWE.

Another application of the RAP concept would be the development of a RAP robust to primary mirror
segmentation-induced aberrations, at higher contrast and closer IWA. The RAP concept would be of particular
interest for an UV high-contrast instrument, since aberrations have a higher impact on the performance.
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