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ABSTRACT. Developments in coronagraph technology are close to achieving the technical requirements nec-
essary to observe the faint signal of an Earth-like exoplanet in monochromatic light. An important remaining tech-
nological challenge is to achieve high contrast in broadband light. Coronagraph bandwidth is largely limited by
chromaticity of the focal plane mask, which is responsible for blocking the stellar PSF. The size of a stellar PSF
scales linearly with wavelength; ideally, the size of the focal plane mask would also scale with wavelength. A
conventional hard-edge focal plane mask has a fixed size, normally sized for the longest wavelength in the obser-
vational band to avoid starlight leakage. The conventional mask is oversized for shorter wavelengths and blocks
useful discovery space. We present a new focal plane mask which operates conceptually as an opaque disk occulter,
but uses a phase mask technique to improve performance and solve the “size chromaticity” problem. This achro-
matic focal plane mask would maximize the potential planet detection space without allowing starlight leakage to
degrade the system contrast. Compared with a conventional opaque disk focal plane mask, the achromatic mask
allows coronagraph operation over a broader range of wavelengths and allows the detection of exoplanets closer to
their host star. We present the generalized design for the achromatic focal plane mask, implementation within the
Subaru Coronagraph Extreme Adaptive Optics instrument, and laboratory results which demonstrate the size-

scaling property of the mask.

Online material: color figures

1. INTRODUCTION

Coronagraphy is a technique for directly imaging extrasolar
planets by blocking the light from a star so that the faint light of
a nearby exoplanet can be observed. In a typical coronagraph
architecture, the input pupil is focused onto a focal plane mask,
hereafter referred to as “mask,” which is designed to eliminate
the starlight. A Lyot stop is then used to control the diffraction
introduced by the mask. Pupil plane apodization can be used
in combination with an occulting mask to achieve a high con-
trast PSF, as shown in the Apodized Pupil Lyot Coronagraph
(Soummer et al. 2003a) and the high throughput Phase-Induced
Amplitude Apodization (PIAA) Coronagraph (Guyon 2003).
The mask may alternatively be designed to provide a phase shift
to a portion of the starlight and force the shifted starlight to in-
terfere destructively with the un-shifted starlight. The phase
mask coronagraph (Roddier & Roddier 1997) uses a circular
phase plate to produce a 7 phase shift in the core of the stellar

" College of Optical Sciences, University of Arizona, 1630 E. University
Blvd, Tucson, AZ 85721; knewman @email.arizona.edu.

2NASA Ames Research Center, Bldg 245-144, Moffett Field, CA 94035.

* National Astronomical Observatory of Japan (NAOJ), Subaru Telescope,
650 North A’Ohoku P1, Hilo, HI 96720.

*NASA Jet Propulsion Laboratory, California Institute of Technology, 4800
Oak Grove Drive, Pasadena, CA 91109.

437

image. The Four-Quadrant Phase Mask (Rouan et al. 2000) is
a binary mask with alternating sections that produce 0 and 7
phase shift. The Optical Vortex Coronagraph (Palacios 2005)
uses a diffractive optical element with a purely azimuthal phase
ramp to produce a smooth gradient phase profile in the azi-
muthal direction. The Annular Groove Phase Mask (Mawet
et al. 2005) induces an achromatic optical vortex by using a sub-
wavelength zero-order grating. The Dual-Zone Phase Mask
(Soummer et al. 2003b) consists of two concentric phase masks
where the thickness of each is optimized to null starlight over a
large bandwidth. Phase masks generally allow planet detection
closer to the star and can achieve higher contrast when com-
pared with the opaque occulting masks. However, phase masks
can be particularly sensitive to manufacturing errors and instru-
ment alignment errors. One advantage of using an opaque oc-
culting mask is the simple manufacturing and alignment. In this
article, we propose a new mask which operates conceptually as
an opaque disk occulter, but uses a phase mask technique to
improve performance and solve the “size chromaticity” prob-
lem, namely, the fact that the size of a telescope point spread
function (PSF) illuminating a coronagraphic mask will scale
with wavelength, but coronagraphic masks of course stay fixed
in size.

The size of a typical occulting disk is designed to match the
stellar PSF size at the longest wavelength in the coronagraph
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bandwidth, therefore blocking potential planet detection space
from the shorter wavelengths. The alternative is to reduce the
size of the disk; however, this allows starlight at longer wave-
lengths to pass around the mask and decreases the contrast. The
size of an ideal mask would scale linearly with wavelength to
match the size of the stellar PSF. This achromatic focal plane
mask would maximize the potential planet detection space with-
out allowing starlight leakage to degrade the system contrast.
Compared with a conventional opaque disk mask, the achro-
matic mask allows coronagraph operation over a broader range
of wavelengths and allows the detection of exoplanets closer to
their host star (Newman et al. 2013, 2014).

In this article, we present a design for an achromatic focal
plane mask based on the diffractive optical filtering technique
(Belikov & Solgaard 2003). In § 2, we describe the design of a
size-scaling achromatic mask for the Subaru Coronagraph Ex-
treme Adaptive Optics (SCExXAO) instrument (N. Jovanovic et
al. 2014, in preparation). The same design principles can be ap-
plied to create an achromatic mask for other coronagraphs. In
§ 3, we show results from laboratory testing that demonstrate
the advantages of an achromatic mask compared with a conven-
tional hard-edge opaque mask.

2. ACHROMATIC FOCAL PLANE MASK DESIGN

Achromatic masks can be designed as substitutes for any co-
ronagraph normally using a hard-edge mask. This paper focuses
on a specific mask that was designed, manufactured, and tested
for SCEXAO (N. Jovanovic et al. 2014, in preparation), an ex-
treme adaptive optics (EXAO) type instrument installed at the
Subaru Telescope. Several features of the instruments drive spe-
cifics of the mask design.

The mask was designed to be used in the H-band (1.5-1.8 pm)
with a pupil apodized using the PIAA technique (Guyon 2003).
The main consequence of this setup is that when it reaches the
focal plane, the beam has an equivalent focal ratio f/65. Any
high-performance coronagraph requires fine pointing control.
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On SCEXADO, this is achieved via a closed-loop system moni-
toring the light rejected by the coronagraph, forming a sub-
system called the coronagraphic low-order wavefront sensor
(CLOWEFS; Guyon et al. 2009; Vogt et al. 2011). Figure 1 il-
lustrates the way this approach is implemented on SCExAO.

In a coronagraph, the mask diffracts light of the on-axis
bright source away from the center of the geometric pupil. This
light needs to be blocked by a separate mask, usually located in
a reimaged pupil plane after the mask, a component called the
Lyot-stop. In SCExAQ, the Lyot-stop is reflective so that the
light rejected by it can be reimaged onto a camera. CLOWFS
monitors this image and uses it to drive a servo-loop that effi-
ciently stabilizes the tip-tilt and other low-order modes such as
focus and astigmatism (Singh et al. 2014). Our mask design of-
fers the opportunity to further improve the sensitivity of this
CLOWEFS because the mask structure influences the spatial dis-
tribution of the light in the Lyot-plane. The reflective Lyot-plane
stop within SCEXAOQO is a flat mirror with a circular hole cut
through the center. Light that passes through the center hole
of the Lyot stop is potential planet detection light, and it con-
tinues propagating toward the science camera. The starlight that
is diffracted by the mask is incident upon the Lyot stop outside
of the center hole, on the reflective area of the Lyot stop.

2.1. Mask Structure

The effective size of the mask is designed to scale with wave-
length throughout the system bandwidth. We will define the sys-
tem bandwidth as spanning from the shortest wavelength (A;i,)
to the longest wavelength (\,,<). The mask pattern, shown in
Figure 2, is etched into a Silicon wafer, and consists of a central
cone-shaped structure surrounded by an azimuthally periodic
binary pattern. The cone is designed to reject all starlight inci-
dent on it as if it was an opaque disk, except instead of blocking
the light directly, it diffracts it outside the pupil to be blocked by
the Lyot-stop. Geometrically, the cone structure acts exactly like
a conical lens. The radius of the cone (r,) is set to the desired
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FIG. 1.—Schematic of SCEXAO instrument (/eff) and intensity profile in the pupil plane after PIAA (right). The achromatic focal plane mask diffracts starlight onto a
partially reflective Lyot stop which is then used in a low-order wavefront sensor. Planet light is passed by the focal plane mask and imaged onto the science camera. See

the electronic edition of the PASP for a color version of this figure.
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FIG. 2.—A microscope image of a mask fabricated at NASA JPL Microdevices Laboratory, along with a diagram to define geometric parameters of the mask (lef?).
Isometric view of mask profilometry (right). See the electronic edition of the PASP for a color version of this figure.

size of the occulter for a particular coronagraph design at Ap,.
The desired size varies based on apodization profile, desired in-
ner working angle (IWA), and desired contrast, but a typical
occulter would be sized for 0.5-2)\/D. The outer radius of
the mask (r,,) is set to the desired size of the occulter at \,.
The size of the stellar PSF scales with wavelength, so to keep a
consistent size of the mask relative to wavelength, r,, scales
with the system bandwidth. For example, a typical coronagraph
bandwidth is 20%, so A, is 20% larger than A,;,; in this case,
7, should be 20% larger than r..

There is a binary pattern around the outer edge of the mask
which is similar in structure to the teeth of a circular gear. The
relative height difference between adjacent teeth (h) produces a
phase shift and causes the light to diffract. We describe in § 2.2
how to tune the parameter h to produce a phase shift that allows
the size of the mask to scale with wavelength. The end result is
that the region with binary structure is effectively opaque to
long-wavelengths, yet transparent to short wavelengths, so that
the size of the mask effectively scales with wavelength. The bi-
nary pattern region diffracts short wavelength light inside the
Lyot stop opening, allowing it to pass to the science camera,
but starlight at long wavelengths is diffracted outside the Lyot
stop, rejecting it from the system.

There are four degrees of freedom in the mask design: the
radius of the cone, the slope of the cone, the system bandwidth,
and the number of segments in the binary pattern. Each of these
degrees of freedom has an impact on the system performance
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which can be described by the diffraction pattern of light in
the Lyot plane. Light incident upon the central cone of the mask
is always diffracted into a ring in the Lyot plane. The radius of
the cone (r,.) determines the amount of the stellar PSF at A,
that is diffracted, and therefore blocked from the science cam-
era. The radius of the cone should be set to match the desired
size of the occulter at \,;,. The angle of the cone, computed by
the ratio ¢/r,, determines the radial position of diffracted light in
the Lyot plane. A steeper angle moves the starlight further from
the optical axis, and a shallow angle moves the starlight closer to
the optical axis. If one is only concerned with removing the star-
light from the system, then a steep angle within manufacturing
limits would be appropriate. However, the rejected starlight
can be useful for CLOWES, so we adjust the angle of the cone
to send the rejected starlight into collecting optics for the
CLOWES. In the case of SCExAO, the starlight is collected in
a tight circular area directly surrounding the outer extent of the
Lyot mask.

Light at longer wavelengths that is incident upon the periodic
binary structure is also diffracted into a ring in the Lyot plane,
centered on the optical axis. The number of segments in the bi-
nary structure (and therefore the frequency between adjacent
segments) determines the radial position of the diffracted light
in the Lyot plane. An increase in the number of binary segments
will move the diffracted light further from the optical axis. To
simply remove the diffracted starlight from the system, a high
number of segments is appropriate within manufacturing limits.
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However, this diffracted starlight can also be useful for
CLOWES, so for SCEXAO, we adjust the number of segments
to send the starlight into a tight ring surrounding the outer ex-
tend of the Lyot stop. A typical number of segments is between
14 and 30. The SCEXAO mask is optimized to position dif-
fracted light between 4.5 and 12.5 mm radial distance from
the optical axis in the Lyot plane, which is 1.0 and 2.8 pupil
radii, respectively, and corresponds to the reflective region of
the Lyot stop. The only remaining parameter of the mask design
is the relative depth between adjacent segments of the binary
structure, h. The segment depth, which creates a phase shift be-
tween adjacent segments, is a calculated parameter based on the
system bandwidth.

2.2. Phase Shift

The mask is modeled as a pure phase mask (i.e., amplitude
transmission is 1). Any space not occupied by the profile of the
silicon mask is occupied by air, so the effective phase shift of the
mask is given relative to the phase shift that would have oc-
curred if the mask were made of air. A generic calculation of
phase shift can easily be achieved for any part of the mask,
but here we focus on the periodic binary pattern at the edge
of the mask because it determines the achromatic size-scaling
property of the mask. The relative phase shift (A®) between
adjacent binary segments is given in equation (1) as a function
of the segment depth (k) and the refractive index of silicon (ng;)
for a particular wavelength (\). The phase shift is computed in
units of wavelengths. We make the approximation n,;, = 1.000

because any further significant digits of the mask thickness usu-
ally amount to subnanometer levels that cannot be accurately
manufactured.

h

The Lyot stop forces interference between adjacent segments
in the binary structure. The goal is to create constructive inter-
ference at the shortest wavelength in the observing band, and
destructive interference at the longest wavelength in the observ-
ing band. For the SCEXAO mask, we compute h for a 20%
bandwidth in the H-band, where A\, = 1.5 pm and A, =
1.8 pm. For h = 1.81 um, there is a nearly ideal relationship
between wavelength and phase shift: at A,;, the phase shift
is 2.995 wavelengths, which is close to a 67 phase shift, and
at A\, the phase shift is 2.475 wavelengths, which is close
to a 57 phase shift. Therefore, adjacent segments in the binary
structure produce constructive interference for \;,, causing that
part of the mask to behave as if it was transparent, and destruc-
tive interference for A, causing that part of the mask to be-
have as if it was opaque. As shown in Figure 3, the relationship
between wavelength and phase shift is nearly linear within the
H-band. This results in a mask with an effective size that scales
monotonically with wavelength. We could create an achromatic
mask for any of the slopes in Figure 3 that are highlighted in
green, because there is constructive interference at A, and de-
structive interference at A,,.. The region in Figure 3 that is
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Fi1G. 3.—Phase shift produced by adjacent cells in the achromatic mask binary pattern as a function of wavelength for ~ = 1.81 pm. The phase is wrapped back to zero
for shifts greater than one wavelength. Within the H-band (dashed yellow box), the phase shift is nearly linear. See the electronic edition of the PASP for a color version of

this figure.
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highlighted in red has slopes with the opposite effect compared
with what is useful for an achromatic mask, destructive inter-
ference at A\, and constructive interference at \,,,. The phase
curves keep a similar pattern, but shift for different values of h
and for materials with different refractive indices. However,
there is clearly a limit to the bandwidth over which this mask
design can produce an effective phase shift that scales with
wavelength; it would be difficult to produce an achromatic de-
sign with greater than 20% bandwidth.

2.3. Fabrication

The mask design contains small features that require precise
nanofabrication. The NASA Jet Propulsion Laboratory (Micro-
devices Laboratory) has extensive experience making focal
plane masks using various techniques (Balasubramanian 2013).
They fabricated the achromatic masks using gray-scale electron
beam lithography and plasma transfer etching. An array of
masks were etched onto a silicon substrate with H-band anti-
reflection coating on one side. It is beneficial to have masks with
various sizes available on the same substrate, so we created
four scaled versions of the same mask design with r. = 130,
163, 203, and 254 pm, which represent approximately 1A/D,
1.25M\/D, 1.56\/D, and 1.95\/D for the apodized beam de-
scribed above, respectively. Balasubramanian et al. (2013) pro-
vide a more detailed description of the mask fabrication process.

3. RESULTS
3.1. Characterization of Size-Scaling with Wavelength

We can verify the size-scaling principle of the focal plane
mask as a function of wavelength using simulations. For the first
simulation, we create an apodized PSF which models the stellar
PSF that is achieved in an actual coronagraph. At first, the PSF
is centered on the mask, and the mask is blocking most of the
starlight as it would in normal coronagraph operation. The PSF
is then moved off axis in regular increments to simulate an off-
axis source at various distances relative to the center of the
mask. We measure the throughput of the PSF at each increment
and calculate the point at which the throughput reaches 50%,
known as the IWA. The IWA is considered to be the effective
edge of the mask. The simulation is repeated for the shortest,
middle, and longest wavelengths within the design bandwidth.
Each throughput curve is normalized relative to the maximum
throughput that is achieved when the PSF is completely un-
obstructed by the mask. Results are shown in Figure 4 for
the 1)\/D achromatic mask designed for SCExAQO, which has
r. = 130 ym and r,, = 156 pym, and compared with a hard-
edge mask with radius 156 pm. This represents a typical sit-
uation where the hard-edge mask is sized for the longest
wavelength in the observing bandwidth.

For both types of focal plane mask, the throughput is low
when the mask is directly occulting the PSF. The throughput
increases near the edge of the mask, and reaches a maximum
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F1G. 4.—First simulation of the size-scaling property of the achromatic mask
as a function of wavelength (solid lines). Results are compared to a conventional
hard-edged mask (dashed lines). We measure throughput of an off-axis source
and compare IWA for different wavelengths. See the electronic edition of the
PASP for a color version of this figure.

when the PSF is no longer occulted by the mask. For the ach-
romatic mask, the IWA 1is at nearly the same location for all
wavelengths (in units of A\/D). Over the entire 20% observa-
tional bandwidth, the effective size of the mask deviates by only
2.8% in units of A/D. If the mask could provide a perfectly lin-
ear phase shift as a function of wavelength over the entire band-
width, the chromatic dispersion would be 0%. However, as
shown in Figure 3, the phase shift relationship is not exactly
linear, and does not provide perfect destructive interference
at Ao = 1.8 pm. In this simulation, the maximum deviation
actually occurs for the middle wavelength. Despite the imper-
fect phase shifts, the achromatic mask provides a clear advan-
tage over a hard-edge mask. For the conventional hard-edge
opaque mask, the IWA scales by 20%. This is an expected result
for a 20% bandwidth because the mask has a fixed size.

A similar simulation is easier to replicate within the SCExAO
instrument. For this second simulation, the mask and the PSF
remain on-axis as they would in normal coronagraph operation.
In this case, we measure the intensity of the residual light as a
function of distance relative to the center of the mask, which is
also the center of the PSF. We intentionally use a PSF that is
oversized with respect to the mask so that there is significant
light leakage around the edge of the mask. The PSF is apodized,
so the intensity of the light leakage decreases with distance rel-
ative to the center of the mask. Therefore, the highest intensity
of the light leakage occurs directly after the edge of the mask,
and we can use this fact to identify where the edge of the mask is
located. The experiment is repeated for different wavelengths,
and we expect to see behavior that is similar to the effects shown
in Figure 4. Each intensity curve is normalized relative to the
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FiG. 5.—Second simulation of the size-scaling property of the achromatic
mask as a function of wavelength (solid lines). Results are compared to a con-
ventional hard-edged mask (dashed lines). See the electronic edition of the
PASP for a color version of this figure.

greatest intensity within the curve. This simulation does not
exactly measure throughput because the source remains on-
axis. However, we can use the point of 50% maximum intensity
of light leakage as a sort of “modified inner working angle”
(mIWA) to compare the location of the edge of the mask for
different wavelengths. Results are shown in Figure 5 for the
1A/D achromatic mask compared with a hard-edge mask with
radius 156 pm.

The intensity curves in Figure 5 have a similar profile com-
pared with the throughput curves of the first simulation shown
in Figure 4. One noticeable difference is that the intensity at zero
distance relative to the mask center is much higher. This occurs
because we are measuring light leakage, which has far less in-
tensity than the unobstructed PSF that is used for normalization
of the throughput profiles. Another noticeable difference is that
the mIWA occurs at a slightly greater distance than the TWA.
Again, this is due to the fact that the light leakage reaches a
maximum at a distance slightly beyond the edge of the mask.
In this simulation, over the entire 20% observational bandwidth,
the mIWA deviates by only 3.9% in units of \/D. For the con-
ventional hard-edge opaque mask, the mIWA scales by 17%.
The mIWA dispersion numbers are close to the IWA dispersion,
but differ slightly because the source remains on-axis. We can
use this experiment to clearly demonstrate the size-scaling prop-
erty of the achromatic mask. The achromatic mask has an ad-
vantage over the hard-edge mask for observing exoplanets
because the achromatic mask is not oversized for short wave-
lengths in the observational band.

We completed the same experiment that was described in the
second simulation using a broadband supercontinuum source
within SCEXAO. To select only a narrow range of wavelengths
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FIG. 6.—Intensity as a function of distance from the center of the mask in
measurement (solid lines) and simulation (dashed lines) for various wave-
lengths. The location of intensity increase, representing the effective edge of
the mask, scales with wavelength. See the electronic edition of the PASP for
a color version of this figure.

at a time, we used bandpass filters centered at 1570, 1610, and
1650 nm wavelengths, each with FWHM of 12 nm. Figure 6
shows the resulting intensity measurements as the . = 203 pm
achromatic mask was occulting the apodized PSF, along with a
simulation for comparison. Results of the simulation are some-
what different than those presented in Figure 5 because they
include parameters that are specific to the SCExXAO optical lay-
out. Unfortunately, the signal-to-noise ratio of the measurement
was somewhat low due to the maximum output power of the
supercontinuum source. However, we can identify features
within the intensity curves that indicate the size-scaling effect
of the achromatic mask. The mIWA dispersion is 2.8% in sim-
ulation and 3.2% in measurement, both of which are far less
than what we would expect for a hard-edge mask. This is an
important result because it shows that the size of the achromatic
mask scales with wavelength.

3.2. Performance in Coronagraph

The first step to verify the operation of a focal plane mask for
coronagraphy is to test its response to monochromatic light. We
simulated a stellar point source within SCEXAO by using a
1570 nm laser diode directed through an optical fiber. The sim-
ulated stellar PSF was apodized using PIAA lenses and focused
onto the r, = 254 pum mask. The science camera image shown
in Figure 6 was recorded while the mask was blocking the
source PSF. Images for the other three mask sizes show the same
features, but have a different sized dark zone in the center of
the image that corresponds to the size of the mask. The color
scale represents contrast in the focal plane relative to the highest
intensity pixel in an unobstructed PSF. The average contrast
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FiG. 7.—Image of focal plane mask contrast recorded using the SCEXAO
internal calibration source. The color scale is logarithmic and spans 4 orders
of magnitude. See the electronic edition of the PASP for a color version of
this figure.

between 3.8 and 7.7)\/D distance from the center of the coro-
nagraph is 1.47 * 10~°. From simulations, we expect to achieve
an average contrast of 4.26 * 10~® within the same boundaries.
The brightness of the central peak is close to what we expect in
simulation, but the diffraction spikes and system aberrations de-
grade the contrast further from the center of the coronagraph.
The raw contrast presented in this article is without the use
of wavefront control, but we plan to utilize wavefront control
in future iterations to achieve deeper contrast.

We observe two important features in Figure 7 that degrade
the contrast: a central spot and four diffraction spikes. We ex-
pect to see a Poisson-like spot located at the center of the image
corresponding to the location directly behind the mask, and in-
deed, we observe this spot. However, the intensity of the spot is
much greater than what we would expect from Poisson effects
alone. In addition to the Poisson-like spot, manufacturing limits
at the peak of the cone structure of the mask produce a flat
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surface that allows a small portion of the PSF to pass un-
obstructed. Unfortunately, the flat surface occurs at the point
of greatest intensity of the PSF and produces a bright spot
behind the center of the mask. We plan to mitigate this effect
in the future by making a small portion of the center of the mask
opaque.

The four diffraction spikes are caused by the support beams
of the secondary mirror of the Subaru Telescope. When testing
with the SCEXAO internal calibration source, we included a pu-
pil plane mask to simulate the effects of the Subaru Telescope
central obscuration and support beams. However, we did not
create a pupil plane mask to block the Subaru support beams
after PIAA remapping. This is a major cause of light leakage
into the science camera, and hence, the support beams are
clearly visible in the images. Diffraction from the support beams
degrades contrast over the entire image. Other blotches of light
in the image are speckles caused by imperfections in the optical
components, and these speckles further degrade the contrast.
Speckles can be corrected using active wavefront control meth-
ods such as “speckle nulling” (Trauger et al. 2004), or EFC
(Give’on et al. 2007); however, these procedures were not uti-
lized for testing the masks. We plan to achieve better contrast by
installing a modified pupil plane stop to block diffracted light
from the support beams and using speckle nulling to eliminate
residual speckles.

As we discussed in § 2.1, the focal plane mask was designed
to diffract starlight into a ring structure in the Lyot plane so that
it can be rejected by the coronagraph and used with CLOWFS.
Ideally, the vast majority of the starlight would be diffracted into
a tight ring on the Lyot stop mirror as shown in the simulation
in Figure 8. The dashed white circle in Figure 8 marks the extent
of the hole within the Lyot plane mirror, which is 0.56 pupil
radii in size, and any light falling within this region is allowed
to pass to the science camera. Our experimental data shows the
same ring structure, but there is far more starlight remaining
within the encircled region, which is caused by diffraction from
the central obscuration and secondary support beams in the

2 -1 0 1 2
Normalized pupil radius

FiG. 8.—Simulation (/eff) and measured image (right) of starlight diffraction pattern in the Lyot plane. The logarithmic color scale spans 3 orders of magnitude and
represents contrast relative to the maximum intensity of an unobstructed PSE. The scale for the measured image is offset by an order of magnitude relative to the
simulated scale. See the electronic edition of the PASP for a color version of this figure.
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telescope pupil. Only 0.41% of the starlight is allowed to pass
through the Lyot stop, but this is enough to cause degradation of
the contrast at the science camera. We can also see some vignett-
ing in the measured Lyot plane image due to opto-mechanical
mounts; however, this does not affect the operation of the mask
or CLOWFS.

4. CONCLUSION

We have developed an achromatic focal plane mask for exo-
planet-imaging coronagraphy, where the effective size of the
mask scales with wavelength to match the size of the stellar
PSF. The mask is meant to be a substitute for a conventional
hard-edge opaque mask, and can be implemented into a coro-
nagraph without any further changes to the system. The mask
retains the operational simplicity of an opaque disk occulter, but
utilizes the phase-shifting properties of a phase mask to create a
size-scaling effect. The size-scaling technique is based on opti-
cal diffractive filtering in the Lyot plane, and the discarded star-
light is utilized for CLOWFS. Compared with a conventional
hard-edge mask, the achromatic mask allows greater throughput

of an exoplanet at the shorter wavelengths of the system band-
width. This increases the potential planet discovery space, and
allows planets to be detected closer to their host stars. Labora-
tory measurements confirm the size-scaling effect of the mask.
Of course, the achromatic mask is only useful if it can obtain a
contrast level that is comparable or superior to an equivalent
opaque occulting disk. We plan to demonstrate deep contrast
with the mask while using wavefront control.
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