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ABSTRACT  

NRC’s NEW-EARTH Lab has demonstrated in the laboratory a Self-Coherent Camera (SCC) concept combined with a 
Tilt-Gaussian-Vortex focal plane mask (FPM). This speckle suppression technique, a.k.a. Fast Atmospheric SCC 
Technique (FAST), can enhance the contrast up to 100 times. Based on this success, NRC is now building SPIDERS, a 
visitor instrument for Subaru telescope to be installed on the infrared Nasmyth platform behind AO188 and the new Subaru 
Beam Switcher. The beam can be either shared between SPIDERS and SCExAO for simultaneous observations or sent 
entirely to only one instrument. SPIDERS should also benefit from the upcoming AO188 deformable mirror (DM) upgrade 
(64x64 actuators) turning A188 to AO3k. The key-components of SPIDERS are an ALPAO DM468, used as a second-
stage AO correction, a pupil apodizer mask, a Tilt-Gaussian FPM, a Lyot stop, a beam-splitter feeding (i), a C-RED2 
camera imaging a 5” FoV in narrow bands and (ii), an imaging Fourier-Transform Spectrograph and a SAPHIRA camera 
for spectroscopy up to R~20,000 over a 3.3” FoV. SPIDERS optical design is fully reflective up to the FPM to avoid 
chromatic aberrations and reduce the number of surfaces. Two off-axis ellipsoid mirrors are enough to form the pupil 
planes required on the DM and the apodizer mask, and the f/64 focus on the FPM. Only lenses are used from the FPM up 
to the C-RED2 camera to mitigate the sensitivity of the SCC to vibrations.  The Lyot stop reflects the blocked light to a 
camera acting as a Low-Order Wavefront Sensor complementing the SCC focal plane wavefront sensing. 

Keywords: Exoplanets, high contrast imaging, coronagraph, coherent differential imaging 
 

1. INTRODUCTION  
SPIDERS (Subaru Pathfinder Instrument for Detecting Exoplanets & Retrieving Spectra) is a high-contrast imaging 
pathfinder visitor instrument for Subaru Telescope currently being built and integrated at NRC-HAA with shipping to 
Subaru expected to occur in mid-2023. SPIDERS will be demonstrating new focal-plane wavefront sensing techniques for 
the GPI CAL2.0 update [1] and prepare the road to future high-contrast imaging instruments contemplated for extremely 
large telescopes and space-based observatories. 

SPIDERS will be installed on the infrared Nasmyth platform behind AO3k, the AO188 updated with a new 64x64 actuator 
ALPAO deformable mirror (DM), and the Beam-Switcher [2] enabling stand-alone or simultaneous observations with 
SCExAO from 0.65 to 1.8µm thanks to a new set of dichroics and mirrors selection mechanisms (Figure 1). 

The key-components of SPIDERS are: 

• A Fast Atmospheric Self-Coherent-Camera (SCC) [3,4,5] relying on an Apodized Pupil Lyot Coronagraph 
(APLC) equipped with a Tilt-Gaussian (TG) focal plane mask (FPM) sending most of the rejected starlight into 
an off-axis pinhole in the Lyot stop serving as a coherent reference beam enabling fringe detection and speckle 
nulling up to ~100Hz on very bright stars with a C-RED2 camera from First Light Imaging. This camera is 
covering a 5 arcsecond diagonal field of view with a sampling of 4 pixels per resolution element (resel) at 
l=0.94µm. This amount of sampling is required to resolve the fringes that are 1.6x smaller than a resel. An optical 
chopper [6] is inserted on the reference beam path behind the Lyot stop to enhance the fringe detectability and 
help with calibration and Coherent Differential Imaging (CDI) post-processing. 
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• A pupil-plane Lyot-based Low-Order Wavefront Sensor (LLOWFS) is complementing the SCC focal-plane 
wavefront sensing [7]. Its main goal is to keep the image of the star always centred and focused on the FPM mask 
while the SCC loop is running and correcting higher order modes. 

• An imaging Fourier Transform Spectrograph (iFTS) from ABB Inc. feeding a 320x256 pixel avalanche 
photodiode (APD) array detector camera (SAPHIRA) [8]. The combination of an iFTS with a photon-counting 
detector offer spectral resolutions up to R~20,000 over a field of view of 3.5 arcsecond along the diagonal, with 
4 pixels per resel at l=1.25µm. 

 
 

 
Figure 1: The SPIDERS instrument on the Subaru Infrared Nasmyth platform behind AO3k and the upcoming beam-switcher (credits: 
NAOJ & A. Johnson). 
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2. OPTICAL DESIGN  
 
2.1 Optical Layout Overview and Design Strategies 

The optical layout of SPIDERS is shown in Figure 2. The optical design has been done using conjointly Zemax and 
PROPER Matlab libraries [9]. PROPER was used to perform end-to-end Fresnel propagation simulation in order to 
compute the intensity in each plane of interest (Figure 3 and Table 1). This step was critical for optimizing the 
coronagraph’s pupil and focal plane masks, for dimensioning the optics and for verifying the performance of the instrument 
in terms of contrast with typical AO residuals (Figure 10).  

SPIDERS is basically a compact version of the NEW-EARTH lab bench VIPER [10] (Figure 12) using Off-Axis Ellipsoids 
(OAE) mirrors instead of Off-Axis Parabolas (OAP) to reduce the number of optics, and lenses downstream the FPM for 
compactness reasons and to mitigate vibration-induced fringe blurring on the detector. 

There are two reasons to favor lenses over mirrors in systems sensitive to vibrations like SCCs: (i) mounts and posts are 
generally much stiffer for linear motions (decenter) than for angular motions (tilt) and (ii), an image shift induced by a 
mirror tilt scales with the propagation distance, unlike an image shift induced by a lens decenter. 

The OAE mirrors are currently being made by co-authors from University Laval. Those mirrors are polished as stand-
alone (i.e. wedge-less) free-form mirrors and tested like spherical mirrors. NRC has developed routines generating a high-
resolution surface sag table (projected along the normal axis of mirror’s center) as well as the departure to the best sphere 
using solely the distances of the two foci from the mirror and the fold angle as inputs. This approach is deemed to be much 
less error-prone than relying on the parametric definition of the parent ellipsoid. 

Lenses L1 to L5 are all achromatic doublets providing diffraction-limited performance for wavelengths ranging from 0.65 
to 1.8µm. To reduce the cost, they all use the same high-index glass pair (Ohara S-NPH5 and S-LAH71) bonded with high 
index adhesive (Norland NOA165H) to mitigate Fresnel losses, same broad band anti-reflection coating and same 
prescription whenever it is possible (there are 8 doublets in total, but only 5 unique prescriptions). The lenses have been 
fabricated by BMV Optical. 

There are four distinct optical paths in SPIDERS: the calibration source path, the SCC path, the LLOWFS path and the 
iFTS path. The last three paths are common up to the Lyot stop. The following sections describe each path in detail. 

 
2.2 Calibration Source Path 

SPIDERS is equipped with an internal source that can be deployed for calibration and testing in the laboratory or during 
day-time at the telescope. A single-mode fiber fed by a super-continuum white source (NTK SuperK Compact) provides 
a bright point source that is collimated by lens L1 followed by a rotating turbulent phase screen (Figure 4) and a 7.2mm 
diameter mask defining the pupil plane and reproducing the Subaru telescope pupil with central obscuration and M2 
support structure (Figure 11a). 

A reversed copy of lens L1 (L1b) focuses the beam at f/13.901 and sends the pupil to infinity, which mimics the telecentric 
focus provided by Subaru beam-switcher. In addition to the point source, an integrating sphere mounted on a linear stage 
can be deployed to provide a flat field illumination for calibration. 
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Figure 2: Optical layout of SPIDERS modelled in Zemax. 

 

 
Figure 3: End-to-end Fresnel propagation simulation of SPIDERS SCC path with PROPER. 

 
Table 1: Optical prescription used for the paraxial model of SPIDERS SCC path in PROPER. Each achromat (L2 or L2b) is modelled 
as a thin lens in PROPER but its thickness is taken into consideration by using the principal planes of the lens as origin for distances. 

Surface Propagation distance (mm) Diameter (mm) Focal length (mm) 
Telescope pupil 110096 (Diameter ´ f/#) 7920 n/a 
Telescope “lens” 110096 7920 110096 
Telecentric F/13.901 focus 772.35 n/a n/a 
OAE1 471.40 76.2 459.682 
DM 664.1* + 367.22 33 n/a 
OAE2 377.17 38.1 277.78 
Apodizer 761.2* 12 n/a 
FPM 353.52 n/a n/a 
L2 382.67 40 285.99 
Lyot stop 55 4.07 n/a 
Chopper 133.14 n/a n/a 
L2b 202* 40 285.99 

* exact values obtained with the PROPER function prop_get_distancetofocus() 
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Figure 4: The rotating phase screens have been computed from GPI2 PWFS AO residuals [11], which should be similar to Subaru AO3k 
residuals, simulated for a guide star magnitude of V=8 and two seeing conditions (0.54 and 1 arcsec seeing) arranged in two concentric 
annuli (right panel), a linear stage being used to switch annulus. The butterfly-shaped halo due to lag error along the dominant wind 
direction is intrinsically inscribed in the phase screen, so the challenge was to make the butterfly halo non-rotating on the detector as 
the screen rotates (left panel). The solution was to create of an oversized phase map from which one strip has been selected and bent 
into an annulus. We also made sure there were no discontinuity nor repetition of the phase history within one revolution of the phase 
screen. The phase screen has been manufactured by Zeiss using photoresist and ion etching techniques [12]. 

 
 
2.3 Self-Coherent Camera Path 

The first optics of SPIDERS is OAE1 mirror that reflects the telecentric f/13.9 beam coming from the telescope and forms 
a 33mm diameter pupil on an ALPAO DM468 (24x24 actuators) used as a second-stage AO correction. OAE1 is mounted 
on a slow tip-tilt mechanism to keep the telescope pupil centred on the DM (and apodizer) over long period of time or 
after an instrument switch. The DM is also mounted on a slow tip-tilt mechanism to keep the image of the star centred on 
the FPM without using actuator stroke. 

OAE2 relays the DM pupil onto a 12mm diameter pupil apodizer mask (Table 2, Figure 5 and Figure 6) and at the same 
time forms a f/64 focus on a tilt-gaussian FPM [4] (Figure 7 and Figure 8). It is worth noting that SPIDERS uses the same 
apodizer diameter and FPM f/# than GPI. This could potentially permit the testing of GPI2 masks and/or CAL2.0 upgrade 
with SPIDERS fore-optics. 

Six different FPM diameters are available on the same wafer and are arranged along a row (Figure 7), such that a linear 
stage can be used to switch FPMs remotely. The FPM wafer is bonded on a 3-inch diameter mirror blank mounted on a 
slow tip-tilt mechanism to compensate any angular runout from the linear stage. The FPM assembly is tilted downward by 
an angle of -T/2, with T the tilt angle of the central area of the TG mask, in order to recenter the two beams on the next 
optics and reduce the required diameters, as shown in Figure 3.  

A custom 286mm focal-length achromatic doublet (L2) located 354mm downstream the FPM, forms a 4.07mm diameter 
pupil on a reflective Lyot stop. The reflected light goes to the LLOWFS, and the transmitted light hits a 50/50 beam-
splitter that feeds both the SCC and iFTS paths (Figure 9). The Lyot stop features a 203µm (or 291µm) diameter off-axis 
pinhole located at 1.6 pupil diameter from the pupil center (Figure 10 and Figure 11b). 

The light transmitted by the beam-splitter goes through the chopper plane located as close as possible behind the Lyot stop 
(55mm) to keep the two beams well separated, such that the blade of the chopper can block the reference beam without 
impacting the main beam. More details about the chopper design can be found in [6]. A revered copy of lens L2 (L2b) 
focuses the beam at f/64 on a First Light Imaging C-RED2 camera detector (640x512 15µm pixels), which offers a 
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sampling of 4pixel/resel at l=0.94µm and 5 arcsec FoV along the diagonal. The camera is oriented at 30deg around the 
optical axis from the fringes direction to avoid numerical artifact due to the pixel grid when computing image FFTs.  

 
Table 2: Dimensioning of the Apodizer and Lyot stop masks with respect to the telescope pupil. Some margins are required on the 
outside and inside edges of the masks to allow some pupil magnification and alignment errors without impacting the performance of 
the coronagraph. 

(mm on M1) Subaru pupil Apodizer Lyot Stop 
Outside Diameter D = 7920 DA = 7840.8 (-1%D) 7527.2 (-4%DA) 
Inside Diameter 2300 2379.2 (+1%D) 2645.7 (+3.4%DA) 
Spider Thickness 250 none 500 

 

 
Figure 5: Subaru telescope pupil (top left), grey-scale apodizer mask profile (top center) and Lyot stop (top right) optimized for 1.232µm 
and 20% bandpass to reach a contrast of ~10-7 between 5 and 20 l/D of angular separation (bottom left). The contrast achieved in other 
wavelengths is still acceptable (bottom right). The diffraction spikes from the M2 support structure have been masked out during the 
optimization process to get better contrast in the darkest areas of the PSF (middle row) (credits: N’diaye). 
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Figure 6: Black-chrome coated 10µm-dot halftone apodizer mask for SPIDERS. Left panel: Actual picture of mask fabricated by Opto-
Line Inc. Right panel: halftone pattern designed by M. N’Diaye. Right insert: microscopic close-up image of the actual mask. A square 
grid has been added to the design to generate 4 satellite spots each located at 24 resels from the central PSF. 
 

 
Figure 7: Top panel: Theoretical surface sag of the six tilt-gaussian FPMs of SPIDERS, each sized for a specific wavelength l ranging 
from 656 to 1550nm. The FPM diameter is equal to 5.7l/D except for the last one which has a diameter of 2.85l/D at l=1550nm for 
science cases requiring smaller inner working angles. A 2p-phase wrapping and a 16-level quantization are required for 
manufacturability reasons, and a piston is added all around the fragile FPM pattern for extra protection (yellow flat areas). Bottom panel: 
Pictures of the actual FPMs fabricated by co-authors from KAUST using photolithographic techniques and coated with aluminum. 
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Figure 8: A tilt-gaussian (TG) FPM acts as a tiny pickoff mirror that is tilted and curved forming an off-axis and defocused image of 
the pupil in the Lyot stop plane. A TG FPM without curvature (Gaussian term=0) would reimage the apodized pupil almost as it is on 
the Lyot plane (the spatial filtering due to the FPM being negligible here), sending little or no light to the Lyot stop pinhole due to the 
central obscuration (left panel). Adding a curvature to the FPM defocuses the pupil and fills up the central obscuration with light, which 
enhances the flux injected in the pinhole (right panel). A gaussian function is used here as per Ref. [3, 4], but a parabola or even a sphere 
would give a similar result. M2 support structure is ignored in this simulation. 
 

 
Figure 9: Transmitted and reflected pupils at the Lyot stop simulated with PROPER. It is worth noting the central obscuration and M2 
support structure are reflected, enabling very precise alignment between the telescope pupil, the apodizer and the Lyot stop using the 
LLOWFS as a pupil viewing camera.  
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Figure 10: Impact of Lyot stop pinhole size and profile. Two Lyot stops with top-hat profile pinhole of different diameters have been 
procured for SPIDERS. The smaller pinhole (20x smaller than pupil diameter D, or 203µm) Lyot stop will be used as a baseline since 
the reference PSF intensity matches the intensity expected for the residual speckles (AO Coro PSF curve). The larger (D/14 or 291µm) 
pinhole Lyot stop will be used only if performances are worse than expected. A ring of pinholes is available to accommodate any 
position angle of the Subaru pupil. All but one pinhole will be blocked with a key-hole shaped mask (left panels) once the actual pupil 
position angle is known.  
 

         
(a)                                                                                 (b) 

Figure 11: Actual Subaru pupil mask (a) and reflective Lyot stop (b) both manufactured by Opto-Line Inc. The pupil mask is anti-
reflection (AR) and black chrome coated, the Lyot stop is AR and aluminum coated. The Lyot stop shown here is the version with the 
larger (291µm diameter) pinholes. 

 
 
2.4 LLOWFS Path 

All the light that is rejected by the Lyot stop is reflected to the LLOWFS camera (Allied Vision Goldeye G-008 Cool 
TEC1) through a custom 158mm focal-length achromat (L5) which relays the whole pupil (main pupil and reference beam 
as shown in Figure 9) onto the 320x256 30µm-pixel detector with a magnification of -0.44´. This provides an image with 
60 pixels across the diameter of the main pupil, which is enough to resolve the spiders of M2 support when the LLOWFS 
camera is used as a pupil viewing/centering camera with OAE1 and FPM tip-tilt mechanisms. The low order wavefront 
sensing does not require such a high resolution to work but photons are not lacking, so oversampling comes without penalty 
here. The LLOWFS algorithm used to complement the SCC focal-plane wavefront sensing is detailed in ref. [7]. 
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2.5 iFTS Path 

The iFTS itself is a commercial spectrometer from ABB (model FTPA2000-304T) where the original source and mono-
pixel detector have been removed, as well as the fold mirrors. The control electronic will also be modified to enable low 
speed scans. The key-components that remain are the FTS beam-splitter, the two cube-corner reflectors mounted on a 
pendulum and the metrology laser (Figure 12, Figure 13).  

The beam-splitter located between the Lyot stop and the chopper reflects 50% of the light toward the iFTS path. A mask 
mounted on a linear stage can block either the pinole or the main pupil for calibration or for operating the iFTS on unfringed 
images only. Then, a pair of identical achromats (L3 and L3b) of 199mm focal length collimates the beam and reimages 
the pupil on the iFTS cube-corners with a beam diameter of 4.18mm. The collimated beam exiting the iFTS is focused at 
f/77 by a 329mm focal length achromat (L4) on the 320x256 24µm-pixel avalanche photodiode array detector of the 
SAPHIRA camera. This f/# provides a FoV of 3.3 arcsec along the diagonal and 4 pixels per resel at l=1.25µm. 

A cold filter will be installed inside the camera’s cryostat to block any thermal emissivity between 1.8 and 3.5µm, since 
the detector is sensitive up to ~3.5µm but SPIDERS will never observe beyond H band. Like the SCC, the SAPHIRA 
detector is rotated by 30deg to avoid numerical artifacts when computing image FFTs. 

 

 
Figure 12: Commercial laboratory spectrometer from ABB used in SPIDERS before modification (top left). Schematics of a Fourier 
Transform Spectrometer (bottom left). Preliminary tests of the iFTS with the SAPHIRA camera using the beam from VIPER (Victoria 
Pathfinder for Exoplanet Research) bench in NRC’s NEW-EARTH lab (right).  
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Figure 13: Custom mount designed for supporting the ABB’s FTS on SPIDERS bench with manual adjustments in height, pitch and 
roll, enabling fine alignments of the FTS with respect to SPIDERS incoming beam and SAPHIRA camera (credits: A. Johnson). 

3. CURRENT STATUS & NEXT STEPS 
With the optical design and analyses of SPIDERS completed in 2021, all the custom optics and masks have been ordered 
and received at NRC, except the OAE mirrors that will be delivered by September 2022. The breadboard and most of the 
opto-mechanical parts, mechanisms and control electronics are off-the-shelf items that have been received already. The 
integration and alignment of SPIDERS will start in September 2022. The fabrication of the bench hexapod, support frame 
and electronics enclosure will be completed in the fall of 2022. The design of the mechanical interface of SPIDERS with 
the Subaru Nasmyth platform has been contracted out to OMP Inc. The goal is to ship SPIDERS to Subaru by mid-2023 
when AO3k is ready. SPIDERS will be demonstrating on sky new focal-plane wavefront sensing techniques for the 
upcoming GPI CAL2.0 update [1] and will also prepare the road to future high-contrast imaging instruments contemplated 
for extremely large telescopes and space-based observatories. 
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