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ABSTRACT

The baseline design for the WFIRST-AFTA Coronagraphic Instrument includes several shaped pupil masks.
Our newest designs incorporate the shaped pupil into a Lyot-style architecture to access smaller inner working
angles at a given tradeoff in throughput and contrast. We describe two mask configurations: a characterization
mode for spectroscopy of exoplanet atmospheres, and a wider-field mode for debris disk observations. We use
polychromatic contrast constraints to anchor the spatial extent of the dark search region over the instrument
filter bandpass. We examine several practical issues that arise during the optimization process, such as the use
of symmetry, and the choice of spatial and wavelength resolutions in the propagation model. Finally, we evaluate
the tolerances of the new designs to mask translation and clocking errors.
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1. INTRODUCTION

Among all proposed space-based astrophysics endeavors, the National Research Council’s 2010 Decadal Commit-
tee gave its strongest recommendation to the development of a Wide Field Infrared Survey Telescope (WFIRST)
for dark energy and exoplanet microlensing surveys.1 The subsequent transfer of the Astrophysics Focused Tele-
scope Assets (AFTA) from NRO to NASA, increasing the primary mirror diameter of the WFIRST concept
from 1.5 meters to 2.4 meters, prompted an expansion of the mission scope to encompass exoplanet imaging.2

With a dedicated Coronagraphic Instrument (CGI) on board, it will be possible to image gas giant exoplanets
orbiting nearby stars in reflected starlight, and to acquire their spectra. At the same time, the WFIRST-AFTA
CGI would serve as a pathfinder to advance the technology needed to directly image Earth-like exoplanets from
space in the more distant future.3

Coronagraph designs for WFIRST-AFTA must be compatible with its heavily obscured telescope aperture,
broad filter passbands, and rapid development timeline. The shaped pupil coronagraph (SPC), along with a
hybrid Lyot coronagraph (HLC),4,5 were recognized to match these demands, and were selected as the two
coronagraph technologies to undergo extensive testing at JPL in advance of the mission formulation.6,7 Carlotti
et al.8 first presented SPC designs that meet the technical requirements of the WFIRST-AFTA CGI, reaching
a raw contrast of 10−8 at separation 4 λ/D from the star. One of those designs was successfully fabricated
and tested at JPL’s High Contrast Imaging Testbed in 2014.9,10 The baseline flight design of the CGI includes
multiple mask selection mechanisms, so that the SPC and HLC can share the same optical path and wavefront
control system, thereby curbing the overall CGI complexity. A third coronagraph type, the Phase-Induced
Amplitude Apodization Complex Mask Coronagraph, is being pursued in parallel as a backup option.11–13

A shaped pupil coronagraph modifies the amplitude transmission profile of a re-imaged telescope pupil to
create a region of destructive interference near the star in the final image.14,15 The shaped pupil itself is a binary-
transmission mask whose pattern is numerically optimized based on the Frauhnhofer diffraction relationship
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between the pupil transmission function and the scalar field in the image plane.16,17 In recent years, the
application of this technique has been extendend to arbitrary two-dimensional telescope apertures.18–22 A
shaped pupil coronagraph relies on only one specialized optic that functions purely in amplitude, enabling
relatively simple implementations in comparison to other coronagraph types. However, the shaped pupil has a
limitation in how close the dark search region can be pushed toward the star. At the contrast levels relevant to
exoplanet imaging, the smallest feasible shaped pupil inner working angle is between 3–4 λ/D.17 Coronagraph
types that manipulate phase in addition to amplitude, and/or contain additional masks in the focal plane and a
second re-imaged pupil, can achieve a smaller inner working angle than a shaped pupil alone. For example, the
charge-4 vector vortex coronagraph has a theoretical inner working limit of 1.7 λ/D separation from a star.23

In the course of our efforts to improve the science yield of the SPC beyond the minimum criteria, we in-
vestigated a design variation in which a shaped pupil functions as the apodizer mask in a Lyot coronagraph
configuration with hard-edged stops in the focal plane and Lyot plane. The benefit of using a smooth, graded-
transmission apodizer at the entrance pupil of a Lyot coronagraph has been long established, dramatically
improving the contrast and inner working angle over the classical Lyot design.24–26 Furthermore, like the shaped
pupil, the apodized pupil Lyot coronagraph (APLC) can be adapted to arbitrary telescope apertures.27–30 The
idea of replacing the smooth apodizer of an APLC with a binary shaped pupil was first tested by Cady et al.31

They designed a hard-edged, star-shaped apodizer for the Gemini Planet Imager’s coronagraph.

One year ago, our first promising results on WFIRST-AFTA shaped pupils optimized for a Lyot-style mask
train were presented by Riggs et al.9 In parallel, N’Diaye et al. have explored similar solutions in the context of a
future large optical space observatory.32 We identify this design category as the shaped pupil Lyot coronagraph
(SPLC).33 The SPLC offers a compelling union of the virtues of the SPC and the APLC: a binary apodizer
with achromatic transmission properties and promising fabrication avenues,34–36 and the relatively small inner
working angle and robustness to aberrations of an APLC. Like the conventional shaped pupil, the SPLC design
process can take advantage of optimization constraints bounded to a specific region of the focal plane. In this
way, the dark region of the coronagraph is efficiently matched to the scientific goal, as well as the practical
limitations of the wavefront control system.

In a separate publication, we explain the operation of the SPLC in relation to the APLC from a Fourier optics
perspective, and the design tradeoffs between dark search region geometry (inner working angle and azimuthal
span), bandwidth, and throughput for the WFIRST-AFTA solutions.33 Here, we explore some of the practical
issues that are encountered during the design and optimization procedure: the use of pupil symmetry and
chromaticity in the focal plane contrast constraints, and the sensitivity of performance to the spatial resolution
of the discretized shaped pupil array. Finally, we expand on the mask alignment tolerance calculations.

2. BASELINE SPLC DESIGNS

2.1 Spectroscopic characterization mode

The purpose of the characterization mode of the CGI is to acquire the spectra of gas giant exoplanets over the
wavelength range 600–990 nm. The visible-light reflected spectra of gas giants are sculpted by a series of methane
absorption bands, which yield insights into their structure, composition, and evolution.37,38 To observe a given
target, an integral field spectrograph (IFS) downstream of the coronagraph selects one of three fliters centered
at 660 nm, 770 nm, and 890 nm.39 Each IFS filter has a fractional bandwidth (∆λ/λ0) of 18%, which must be
matched by the bandwidth of the destructive interference created by the coronagraph. Later, we show how we use
polychromatic field constraints in our SPLC optimization program to maintain the contrast and angular extent of
the dark search region across this 18% bandwidth. Achieving this, while maintaining an acceptable transmission
of the off-axis (planet) field, and a low inner working angle, are the critical points of the characterization design.
A diagram of the baseline characterization-mode SPLC design for WFIRST-AFTA is shown in Figure 1. In the
same figure, the on-axis field propagation is illustrated at each mask plane.

One of the conspicuous features of the on-axis PSF shown in Figure 1 is the bowtie-like shape of the region
of destructive interference. This design decision follows from the same logic described in previous shaped pupil
developments.17,19 By restricting the azimuthal span of the region of constrained contrast from a full annulus
down to a bowtie, the inner working can be reduced, while maintaining the same throughput (roughly related
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Figure 1. A diagram of the characterization-mode SPLC mask scheme, along with the plots of the intensity of the on-axis
field at each mask plane. The shaped pupil (A) forms a bowtie-shaped region of the destructive interference in the first
focal plane (B), which is then occulted by a diaphragm with a matched opening. The on-axis field is further rejected by
an annular stop in the subsequent Lyot plane (C), before it is re-imaged at the entrance of the integral field spectrograph
(D). The propagation is shown at the central wavelength of the design, for the case of a perfectly flat wavefront with no
planet or disk present. The flux scale bars indicate the intensity on a log10 scale. In the first focal plane (B), the flux
scale is normalized to the PSF peak, whereas in the final focal plane (D) the scale is normalized to the peak of the unseen
off-axis PSF, in order to map the contrast ratio in a way that accounts for the Lyot stop attenuation. The mean contrast
in the dark bowtie region (averaged over azimuth angle, then averaged over wavelength, and then averaged over radial
separation) is 6 × 10−9.

to the ratio of clear area in the shaped pupil mask). The same tradeoff holds for the SPLC family of solutions.
However, in the first generation of WFIRST-AFTA SPC designs, the transmission of the shaped pupil vanished
for any inner angle below 4 λ/D, even with bowtie constraints.8 Now, optimizing for a Lyot configuration and a
bowtie search region with a 65-degree opening angle, the inner radius has been reduced to 2.5 λ0/D radians on
the sky, where λ0 is the center wavelength of the filter and D is the primary mirror diameter.

The practical inner working angle (IWA) of a coronagraph is often defined as the minimum angular separation
from the star at which the coronagraph’s off-axis (planet) PSF throughput reaches half of its maximum.40 For
an amplitude-based Lyot coronagraph like the SPLC, planet throughput rises steadily with increasing angular
separation from the edge of the focal plane mask, leveling off when the core of the PSF clears the line-of-sight
FPM occultation. For our characterization design, that half-max throughput crossing occurs at 2.8 λ0/D, slightly
outside of the inner radius of the dark search region. When the filter centered at λ0 = 770 nm is selected, this
on-sky angular separation is 187 milliarcsec. The IWA of the first-generation characterization SPC design was
4 λ/D, or 267 milliarcsec at a wavelength of 770 nm. But for a true comparison, we must emphasize the fact
that the PSF of a conventional shaped pupil always scales directly with wavelength, so that across the IFS filter
bandpass the IWA would increase by a factor of 1.2. For our polychromatic SPLC optimization scheme, however,
the IWA is fixed across the 18% bandwidth, allowing the spectrum of an exoplanet lying at the inner bound to
be measured over the full filter bandpass. The improved IWA angle of the SPLC would likely double the number
of accessible spectroscopy targets.33

To reach this small of an IWA over an 18% bandwidth, a tradeoff in planet throughput is necessary, with
respect to the original SPC. We define throughput by the ratio of energy inside the full-width half maximum
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Figure 2. A diagram of the debris disk-mode SPLC mask scheme, along with the plots of the intensity of the on-axis
field at each mask plane. The shaped pupil (A) forms an annular region of the destructive interference in the first focal
plane (B), which is then occulted by a diaphragm with a matched opening. The on-axis field is further rejected by an
annular stop in the subsequent Lyot plane (C), before it is re-focused at the final image (D). The propagation is shown
at the central wavelength of the design, for the case of a perfectly flat wavefront with no planet or disk present. The flux
scale bars indicatethe intensity on a log10 scale. In the first focal plane (B), the flux scale is normalized to the PSF peak,
whereas in the final focal plane (D) the scale is normalized to the peak of the unseen off-axis PSF, in order to map the
contrast ratio in a way that accounts for the Lyot stop attenuation. The mean contrast in the dark annulus (averaged
over azimuth angle, then averaged over wavelength, and then averaged over radial separation) is 3 × 10−9.

(FWHM) contour of the off-axis coronagraph PSF over that of the WFIRST-AFTA telescope PSF with no
coronagraph.40 For the SPLC characterization design, the FWHM core throughput is 11%, versus 23% for the
first-generation design. This loss in throughput is partially compensated by two factors. First, the overall SPLC
contrast is deeper, even though it uses the same optimizer constraint of 10−8. That is because the lumpier
structure of the SPLC’s PSF has deeper intensity minima, resulting in a mean contrast of 6 × 10−9 (averaged
over azimuth angle, wavelength, and radial separation). For the first-generation design, the dark region is flat,
so both the same mean metric and the maximum contrast are 10−8. A second point is the fact that targets at
separations inside of 4 λ0/D will tend to be at a shallower contrast, due to the fact that the brightness of the
starlight reflection depends inversely on the square of the star-planet distance.

A general disadvantage of the bowtie coronagraph scheme is that imaging a full annular region around the
star requires rotating the shaped pupil, and then repeating the high-order wavefront control procedure and long
science exposures. However, with the complementary “discovery” HLC mode of the CGI, the location of the
exoplanet can be established before characterization observations begin.3 Following this, the choice of three
shaped pupil orientations can be selected. Then, the bowtie focal plane mask must be chosen to match not only
the orientation of the shaped pupil, but also the wavelength, leading to a requirement of 9 bowtie focal plane
masks in total for the flight design (3 orientations × 3 IFS filters).

2.2 Debris disk imaging mode

The debris disk-mode SPLC design is illustrated in Figure 2. The scientific motivation of this mode of the
WFIRST-AFTA CGI is to observe scattered light from optically thin, circumstellar debris structures in a regime
of contrast and angular separation that is inaccessible to ground-based observatories as well as HST and JWST.41
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Figure 3. Transmission of the nominal WFIRST-AFTA telescope pupil, including obstructions from the secondary mirror
and its support struts. The three axes of mirror symmetry, spaced at 120 degree intervals, are marked with gray dashed
lines.

Here, the requirement of the inner working angle is relaxed, and the priority shifts to keeping the field of view
as wide as permitted by the wavefront control system. In this design, the dark search region spans angular
separations 6.5 λ0/D to 20 λ0/D, over a 10% bandwidth. The core throughput of this design is 18%. Both the
disk- and characterization-mode SPLC are optimized for the same annular Lyot stop, with inner diameter 26%
and outer diameter 88% of the re-imaged telescope pupil. The transmission profile of this Lyot stop is included
in the shaped pupil optimization. We tuned the inner and outer diameters of its aperture by a grid search, to
most efficiently reject on-axis starlight.30,33

3. SYMMETRY CONSIDERATIONS

An amplitude-only apodizer mask, described by a real-valued transmission function, produces an image plane field
with Hermitian symmetry. The intensity pattern (the squared modulus of field) therefore has point symmetry
about the optical axis (I (x1, y1) = I (−x1,−y1)). Through the elementary properties of the two-dimensional
Fourier transform,42 it can also be shown that if there is one axis of mirror symmetry in the apodizer transmission,
then in addition to point symmetry, the PSF will exhibit two axes of mirror symmetry (I (x1, y1) = I (−x1, y1) =
I (x1,−y1) = I (−x1,−y1)). In other words, the intensity pattern of the PSF for a flat, on-axis wavefront is fully
described by one quadrant of the image plane, reflected about horizontal and vertical Cartesian axes.

The obscuration pattern of the WFIRST-AFTA telescope pupil has three axes of mirror symmetry oriented
at 120 degree intervals (Figure 3). For a given SPC or SPLC design, we can make use of any one of these
three axes to produce a PSF with two axes of mirror symmetry in the image plane: one parallel to and one
orthogonal to the chosen telescope symmetry axis. For the characterization mode design, where we restrict the
azimuthal span of the dark region to improve throughput, a bowtie shape is the natural choice to minimize the
loss of contiguity in the science image. Then, to cover the full field of view with three shaped pupil masks (each
corresponding to one telescope pupil symmetry axis), the bowtie opening angle must be at least 60 degrees.

What remains less obvious, however, is how the dark bowtie region should be oriented with respect to the
symmetry axis of the telescope pupil. The dark region can be aligned either along the telescope symmetry
axis, or orthogonal to it, while satisfying horizontal and vertical mirror symmetry in the image plane.43 In
Figure 4, we compare the characterization SPLC solution, and the corresponding final PSF, for the two possible
orientations. The transmission of the shaped pupil is higher when the dark bowtie is aligned along the horizontal
axis (orthogonal to the axis of mirror symmetry in the telescope pupil). The core throughput of this solution is
a factor of 1.4 higher than the case when the contrast is optimized in a vertical bowtie.
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Figure 4. By changing the shaped pupil apodization pattern (A and B), the bowtie-shaped dark region can be oriented
either orthogonal to (C) or coincident to (D) the vertical axis of pupil symmetry. The horizontal bowtie orientation (A
and C) is preferential because the shaped pupil solution has a higher transmission. In the shaped pupil diagrams (A
and B), the regions of the pupil blocked by the telescope are colored dark blue, the regions blocked by the shaped pupil
apodizer are green, and the regions transmitted by the shaped pupil are yellow.

The symmetry of the WFIRST-AFTA telescope pupil is not exact. For example, the central obstruction is
slightly off-center, and the orientations of the struts are not exactly periodic. So in our optimization we pad the
features to enforce true mirror symmetry about the chosen axis.9 A second layer of padding is added around the
telescope pupil features to allow for misalignment tolerance of 0.25% of the pupil diameter. In the symmetrized,
padded version of the telescope pupil fed to the optimizer program, the overall loss in clear area is 3.2%.

4. OPTIMIZER CONFIGURATION

We use the AMPL programming language to define our coronagraph optimization problem.16,20 Similar to previ-
ous shaped pupil designs described in the literature, the linear relationship between the shaped pupil transmission
variables and the image plane field enables the application of interior point or dual simplex algorithms.15,17,21

The objective function we maximize is the sum of the shaped pupil transmission, which is in turn represented by
a square, two-dimensional array of samples. The subset of points unobstructed by the telescope pupil are treated
as free, continuous variables bounded between zero and unity. All other points are fixed at zero transmission.

For the case of the SPLC, there are two main changes from the conventional shape pupil optimization
procedure. First, the propagation model requires three Fourier transforms in series instead of one. Second, the
on-axis PSF needs to be constrained at multiple wavelengths, due to the wavelength dependence of the field after
the occultation in the first focal plane. As a result, the execution time of the optimization increases by over one
order of magnitude. We treat the transmission profile of the focal plane mask (FPM) and Lyot stop (LS) as
fixed parameters, using gray pixel approximations along the mask edges.44
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4.1 Formulation of the Fourier propagation

Following a notation similar to previous descriptions, we express the on-axis (stellar) scalar field in each coron-
agraph plane with discrete 2-D Fourier transforms.19,20 We use spatial coordinates xi and yj in the re-imaged
telescope pupil, and ξu and ηv in the image plane. These image coordinates are fixed in true physical space,
and do not scale with wavelength. A unitless wavelength ratio, γk = λk/λ0, where λ0 is the center wavelength,
captures the chromatic dependence of the field. We use the variable ASP to represent the shaped pupil array,
andMFP andMLS to represent the fixed stops in the focal plane and Lyot plane. The variables EFP1 and EFP2

are the scalar fields in the first and second focal plane, respectively; their real and imaginary parts are marked
with “Re” and “Im” subscripts. The Lyot plane field, is represented by ELP. Like the field at the shaped pupil,
ELP is purely real and has mirror symmetry about the y axis.

At all three stages, we expand the complex exponential of the Fourier transform into cosine and sine terms
to reveal how the symmetry of the telescope pupil across the vertical axis reduces the computational complexity
of the propagation. For example, in the expressions for the field in the first focal plane (1), the even symmetry
in xi causes the sin (2πξuxi/γk) terms to vanish. Furthermore, the summations over xi need only be computed
for positive coordinates and doubled.

EFP1Re
(ξu, ηv, γk) = 2/γk

Ny∑
j=−Ny

cos (2πηvyj/γk)

Nx∑
i=1

ASP (xi, yj) cos (2πξuxi/γk) ∆x∆y

EFP1Im (ξu, ηv, γk) = 2/γk

Ny∑
j=−Ny

sin (2πηvyj/γk)

Nx∑
i=1

ASP (xi, yj) cos (2πξuxi/γk) ∆x∆y

(1)

ELP (xi, yj , γk) = 4/γk

Nη∑
v=1

cos (2πηvyi/γk)

Nξ∑
u=1

MFP (ξu, ηv)EFP1Re
(ξu, ηv, γk) cos (2πξuxi/γk) ∆ξ∆η

− 4/γk

Nη∑
v=1

sin (2πηvyi/γk)

Nξ∑
u=1

MFP (ξu, ηv)EFP1Im (ξu, ηv, γk) cos (2πξuxi/γk) ∆ξ∆η

(2)

EFP2Re
(ξu, ηv, γk) = 2/γk

Ny∑
j=−Ny

cos (2πηvyj/γk)

Nx∑
i=1

MLS (xi, yj)ELP (xi, yj) (xi, yj) cos (2πξuxi/γk) ∆x∆y

EFP2Im (ξu, ηv, γk) = 2/γk

Ny∑
j=−Ny

sin (2πηvyj/γk)

Nx∑
i=1

MLS (xi, yj)ELP (xi, yj) (xi, yj) cos (2πξuxi/γk) ∆x∆y

(3)

In the above expressions we assumed the same spatial sampling in the shaped pupil and Lyot planes, and
likewise for the two focal planes. They can be different, however, as long as the differential step length and
array indices are adjusted accordingly for each plane. In practice, a balance must be struck between keeping the
computational burden of the problem reasonable, while maintaining the fidelity of the solution.

The minimum resolution in the shaped pupil array is related to the outer working angle and the contrast
goal of the design; we visit this question in Section 5. Adequate sampling in the Lyot plane is also related to the
outer radius of the focal plane mask. Given the number of resolution elements spanning the outer radius of the
FPM, the bare minimum number of points is twice that (Nyquist-Shannon criterion), but it should be at least
3–4× to keep contrast errors on the order of 10−9. For example, to model a debris disk-mode design with an
outer radius of 20 λ0/D, there should be 60 to 80 points spanning one pupil radius in the Lyot plane.

The spatial sampling in the two focal planes are driven by different requirements. For the low-IWA char-
acterization design, the critical tolerance at the occultation in the first focal plane (investigated in Section 6)
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raises the sensitivity to sampling artifacts there. In this plane, we found it necessary to sample the model well
above Nyquist-Shannon, with 8 points across each resolution element (λ0/D) in order to obtain solutions that
are robust to high-resolution evaluation. For the debris disk mode design, on the other hand, the sampling in
the first focal plane could be as low as 3–4 points per resolution element. A sampling of 3–4 points per resolution
elements is generally sufficient in the final focal plane, regardless of the design. There, the field distribution need
only be sampled finely enough to capture all local extrema, so that constraints are accurately satisfied.

4.2 Polychromatic contrast constraints

For each wavelength ratio γk sampling the operating bandwidth, we compute the peak field in the first focal
plane. This value is a proxy for the star’s peak intensity, and serves as a reference for the contrast constraints.

EFP1Peak
(γk) = 2/γk

Ny∑
j=−Ny

Nx∑
i=1

ASP (xi, yj) ∆x∆y (4)

The inequalities in (5) define the field constraints for all points (ξu, ηv) in the dark region matched to focal plane
mask. The c symbol in the exponent on the right-hand side is the base 10 logarithm of the desired contrast.
For the WFIRST-AFTA designs, we generally set c close to 8. The real and imaginary parts of the field must
be constrained separately in order to preserve the linear relationship between the shaped pupil transmission
variables and the final image.

−10−c/2 EFP1Peak
(γk) /

√
2 ≤ EFP2Re (ξu, ηv, γk) ≤ 10−c/2 EFP1Peak

(γk) /
√

2

−10−c/2 EFP1Peak
(γk) /

√
2 ≤ EFP2Im (ξu, ηv, γk) ≤ 10−c/2 EFP1Peak

(γk) /
√

2
(5)

Finally, we define the optimization objective, seeking to maximize the sum of the transmission of the shaped

pupil that meets these constraints:

Ny∑
j=−Ny

Nx∑
i=1

ASP (xi, yj) ∆x∆y.

By repeating identical constraints at multiple wavelength samples, the true spatial dimensions of the dark
search region (and equivalently, its angular projection on the sky) are fixed across the operating bandwidth.
Similar achromatization procedures have been applied to APLC designs.29,30 At the bandwidths of the WFIRST-
AFTA solutions we investigated (10% to 18%), 5 to 7 regularly spaced wavelength samples suffice to maintain
the broadband null.

5. SPATIAL RESOLUTION OF THE SHAPED PUPIL ARRAY

One of the appealing qualities of a shaped pupil coronagraph is its reliance on a purely binary transmission
pattern. Yet in general, the numerical solutions that our optimization programs produce are not binary-valued.
Instead, as illustrated in Figure 5, there are “gray” transitions around feature edges. This is due to the practical
limitations of the spatial resolution of the array representing the shaped pupil, bounded by the computational
cost of the optimization, as well as the manufacturing challenges. All gray pixel values in the SP array must be
rounded off in order to compute meaningful predictions of testbed performance, because converting even a small
fraction from continuous to binary values can cause substantial contrast degradation.19

For our baseline WFIRST-AFTA designs, we examined the roundoff penalty for SP array sizes between 250
points to 1000 points in diameter, the latter value being our target for the baseline fabrication process at JPL.36

All other parameters of the optimization program are fixed. In Figure 6 we plot the contrast degradation after
rounding each gray solution to a binary-valued array, with separate curves for the characterization-mode and
debris disk-mode designs. Overall, the characterization-mode design is significantly less sensitive to the resolution
of the SP array. This is explained by the fact that as the outer working angle of the design increases, the number
of narrow features in the SP solution increases. As a result, the gray transition pixels make up a larger fraction of
the mask area. At the coarsest resolution (250 points), the disk-mode performance degradation is over one order
of magnitude worse than that of the characterization SPLC. However, a 1000-point diameter SP array proves
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Figure 5. When the SPLC optimization is performed with a relatively coarse shaped pupil array (here with 250 points
across the diameter), a large portion of the pixels along the edges of features have “gray” transmission.

Figure 6. Comparison between the performance of the “gray” solution produced by the optimizer, and the same solution
after the mask is rounded off to force a binary transmission characteristic. The left hand plot (A) is for the characterization
SPLC, and the right hand plot (B) is for the debris disk SPLC. For each design, the gray solutions form nearly identical
contrast curves regardless of SP resolution, and hence only the D = 1000 case (blue curve) is shown. The binary roundoff
step worsens the coronagraph performance by raising the contrast floor. However, the degree of the penalty depends
strongly on the SP sampling. For the coronagraph configuration with a smaller outer working angle (A), the contrast
degradation is significantly smaller than in the case of the larger dark search region (B). For each case, the contrast curve
is calculated by averaging over azimuth angle in the dark region, and then averaging over wavelength.
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Figure 7. A: Nominal PSF of the characterization mode SPLC at the red edge of the 18% spectrograph bandpass. B:
Same PSF as in (A) with the bowtie FPM translated left by 1/50th of a resolution element (0.02λ0/D). C: Same PSF as
in (A) with the bowtie FPM translated down by 1/50th of a resolution element (0.02λ0/D).

adequate for both designs. At this resolution, the roundoff penalty for the characterization design is negligible.
The contrast degradation remains noticeable for the debris disk-mode, but at a manageable level on the order
of 10−9 in contrast on average.

6. ALIGNMENT TOLERANCES

We use Fourier propagation models to evaluate the solutions delivered by the SPLC optimization programs,
typically extracting performance metrics like throughput and contrast curves. However, they also permit some
useful error tolerance tests, to learn the effect of misaligned masks on the coronagraph performance.

The most sensitive alignment aspect is the accuracy of the position of the FPM with respect to the SP, in
particular for the small-IWA, characterization-mode design. The optimizer assumes a perfect on-axis field, and
to maximize throughput it will tend to enlarge the main lobe of the star PSF as much as possible without leaking
outside the inner radius of the FPM. Because the PSF in the first focal plane scales with wavelength, the effect of
light leaking around the inner radius of the FPM becomes most severe at the red edge of the design bandwidth.
In Figure 7 we show the effect of horizontal and vertical FPM misalignments on the characterization-mode PSF,
at the longest optimization wavelength. Physically, the result is very similar to a small tip/tilt error in the
wavefront. Therefore, by simulating the sensitivity of the performance to FPM translation, we also learn the
effect of milliarcsec-level pointing errors that are likely to appear in a dynamical flight environment.

In Table 1, we summarize the effect of these small horizontal and vertical FPM offsets on the characterization
SPLC contrast. We quantify this in two ways. First, by computing the mean change in contrast over all the
spatial samples and wavelength samples in the dark bowtie region. Then, we isolate the region of the image
that is most severely affected: the inner part of the bowtie (within 3.8 λ0/D), at the red edge of the bandpass
(illustrated in subplot B of Figure 7). Offsets up to 1/25 λ0/D cause a mean contrast degradation of only
2–4×10−9. However, in the most sensitive part of the image, for a horizontal offset of 1/50 λ0/D the contrast
increment approaches 10−8.

In comparison to the characterization-mode SPLC, the debris disk-mode design has a much looser tolerance
on FPM alignment. For example, the mean contrast degradation caused by a 1/25 λ0/D offset is below 10−10.
Therefore, we do not tabulate similar calculations for the disk-mode design.

We have also tested the effect of bowtie FPM clocking errors on the characterization SPLC performance.
The clocking angle of the bowtie FPM in the first focal plane needs to be accurate to within 0.5 degrees to keep
the worst contrast degradation (over all spatial samples and wavelengths) below 5× 10−9.

In terms of sensitivity to Lyot stop alignment, the roles of the two designs are reversed. The smaller FPM
diaphragm of the characterization design (outer angle 9 λ0/D) acts as a low-pass filter on the field pattern in
the Lyot plane.33 By smoothing the features in the field distribution, the effect of a given Lyot stop offset on the
PSF is mitigated. For the debris disk-mode design, on the other hand, the characteristic spatial scale of features
in the Lyot plane field are roughly halved. Visually, this difference is apparent when comparing the plots of Lyot
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Table 1. Contrast degradation of the characterization SPLC for a set of horizontal and vertical translation offsets of the
focal plane mask.

mean ∆Contrast; mean ∆Contrast;
all spatial and sep. < 3.8 λ0/D,

wavelength samples red edge of 18% band,
worst quadrant

horz. 1/200 λ0/D 3.0× 10−11 1.5× 10−9

horz. 1/100 λ0/D 1.2× 10−10 3.4× 10−9

horz. 1/50 λ0/D 4.8× 10−10 8.5× 10−9

horz. 1/25 λ0/D 1.9× 10−9 2.4× 10−8

vert. 1/200 λ0/D 5.8× 10−11 3.2× 10−9

vert. 1/100 λ0/D 2.3× 10−10 8.0× 10−10

vert. 1/50 λ0/D 9.3× 10−10 2.3× 10−9

vert. 1/25 λ0/D 3.8× 10−9 7.6× 10−9

plane intensity in Figures 1 and 2. Lyot stop misalignments therefore tend to have a larger impact on the PSF of
the debris disk SPLC. In Table 2 we list the contrast degradation at four different Lyot stop translations: 0.25%,
0.5%, 1.0%, and 2.0% of the re-imaged telescope pupil diameter. For each design, there are two metrics: the
mean contrast increase, and the maximum contrast increase, compared over all spatial samples and wavelength
samples.

Table 2. Contrast degradation for a set of Lyot stop translation offsets.
characterization SPLC debris disk SPLC

mean ∆Contrast max. ∆Contrast mean ∆Contrast max. ∆Contrast
0.25 % of D 5.2× 10−11 3.3× 10−10 1.6× 10−10 1.1× 10−9

0.5 % of D 2.1× 10−10 1.3× 10−9 5.6× 10−10 3.8× 10−9

1.0 % of D 9.2× 10−10 5, 5× 10−9 2.7× 10−9 1.5× 10−8

2.0 % of D 4.7× 10−9 2.5× 10−8 8.8× 10−9 6.4× 10−8

All coronagraph performance calculations shown in this article are open-loop models that assume a perfectly
flat wavefront. To be more realistic, they would need to include optical surface errors and aberrations, as well
as the wavefront correction provided by the two deformable mirrors in the CGI design. At this meeting, Riggs
et al.45 have presented optical simulations demonstrating the ability of deformable mirror wavefront corrections
to both deepen the SPLC contrast floor below the simple, flat wavefront case, and to compensate for static
alignment errors between coronagraph masks.
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