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ABSTRACT. The Phase-Induced Amplitude Apodization (PLIAA) coronagraph is a high-performance corona-
graph concept able to work at small angular separation with little loss in throughput. We present results obtained
with a laboratory PIAA system including active wavefront control. The system has a 94.3% throughput (excluding
coating losses) and operates in air with monochromatic light. Our testbed achieved a 2.27 x 10~7 raw contrast
between 1.65\/ D (inner working angle of the coronagraph configuration tested) and 4.4\ / D (outer working angle).
Through careful calibration, we were able to separate this residual light into a dynamic coherent component (tur-
bulence, vibrations) at 4.5 x 10~® contrast and a static incoherent component (ghosts and/or polarization mismatch)
at 1.6 x 10”7 contrast. Pointing errors are controlled at the 1072)/D level using a dedicated low-order wavefront
sensor. While not sufficient for direct imaging of Earthlike planets from space, the 2.27 x 10~7 raw contrast
achieved already exceeds requirements for a ground-based extreme adaptive optics system aimed at direct detection
of more massive exoplanets. We show that over a 4 hr period, averaged wavefront errors have been controlled to the
3.5 x 107 contrast level. This result is particularly encouraging for ground-based extreme-AO systems relying
on long-term stability and absence of static wavefront errors to recover planets much fainter than the fast boiling

speckle halo.

1. INTRODUCTION

An imaging system aimed at detection or characterization
(spectroscopy) of exoplanets must overcome the large contrast
beween the planet and its star. This is particularly challenging
for Earthlike planets, where the contrast is 21071 in the visible
and the angular separation is 0.1” for a system at 10 pc. Many
coronagraph concepts have recently been proposed to overcome
this challenge (see review by Guyon et al. 2006). Among the
approaches suggested, Phase-Induced Amplitude Apodization
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(PIAA) coronagraphy is particularly attractive. In a PIAA coro-
nagraph, aspheric optics (mirrors or lenses) apodize the tele-
scope beam with no loss in throughput. A PIAA coronagraph
combines high throughput, small inner working angle (2\/D
for 1079 contrast), low chromaticity (when mirrors are used),
full 360° discovery space, and full 1\/D angular resolution.
Angular resolution (size of the planet’s point-spread function
[PSF] in the image) is a critical performance parameter. Exopla-
net imaging sensitivity, even if speckles have been perfectly re-
moved, is usually background limited due to sky or thermal
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emission (near-IR and mid-IR imaging from the ground) or zo-
diacal and exozodiacal light (direct imaging of Earthlike planets
in the visible from space). The PIAA concept, orginally formu-
lated by Guyon (2003), has since been studied in depth in sev-
eral subsequent publications (Traub & Vanderbei 2003; Guyon
2005; Vanderbei & Traub 2005; Galicher et al. 2005; Martin-
ache et al. 2006; Vanderbei 2006; Pluzhnik et al. 2006; Guyon
et al. 2006; Belikov et al. 2006; Guyon et al. 2009; Lozi et al.
2009), which the reader can refer to for detailed technical
information.

In the first laboratory demonstration of the PIAA concept
(Galicher et al. 2005), lossless beam apodization was demon-
strated, and the field aberrations introduced by the PIAA optics
were confirmed experimentally. In this first prototype, the PIAA
acrylic optics lacked surface accuracy required for high contrast
imaging, and since this experiment did not include active
wavefront control, the high contrast imaging potential of the
technique could not be demonstrated. In the present article,
we report on results obtained with a new system that includes
reflective PIAA optics and wavefront control. Our prototype
combines the main elements/subsystems envisioned for a suc-
cessful PIAA imaging coronagraph instrument, with the excep-
tion of corrective optics required to remove the strong off-axis
aberrations introduced by the PIAA optics. This last subsystem
has been designed and built for another testbed, and its labora-
tory performance is reported in a separate article (Lozi et al.
2009).

The overall system architecture adopted for our test is pre-
sented and justified in § 2. The design of the main components
of the coronagraphs (PIAA mirrors, masks) is also described in
this section. Wavefront control and calibration are discussed in
§ 3. Laboratory results are presented in § 4.

2. LABORATORY SYSTEM ARCHITECTURE
2.1. Plate Scale in a PIAA System

Two optical conventions exist to define plate scale (physical
distance in meters on the focal plane per unit of angle on the sky,
in radians): one is to follow the trajectory of the central ray in
the optical system and measure its displacement on the focal
plane as the source is moved on the sky, and the other is to de-
fine the plate scale as equal to (F'/Dy,) x D, where D is the
telescope diameter and F'/Dy,, is the beam [F-ratio at the focal
plane. While the two conventions give identical results in con-
ventional optical systems, they yield different values at the focal
plane after the PIAA optics. This effect, due to the pupil distor-
tion introduced by the PIAA optics, is well documented in pre-
vious PIAA-related publications, and leads to some confusion
when comparing plate scale values, as both definitions have pre-
viously been used. In this article, we chose to avoid using either
definition; instead, we adopt a convention where focal plane
scale is physically defined relative to sky angle: 1\/D in the
focal plane is defined by the physical distance by which the

PSF photocenter moves when the source position on the sky
is offset by 1\/D.

2.2. Coronagraph Architecture

The coronagraph architecture adopted is a hybrid PIAA
(Pluzhnik et al. 2006), where beam apodization is shared be-
tween the aspheric PIAA mirrors (described in § 2.4) and a post-
apodizer (described in § 2.5). The PIAA mirrors perform most
of the apodization, but leave a small amount of excess light at
the edge of beam (left at 0.85% of the surface brightness at the
center of the beam), which is then removed by the apodizer.
Thanks to this hybrid approach, the PIAA mirrors are more
easily manufacturable (less aspheric) and the apodizer toler-
ances are relaxed (the apodizer is not absorbing light in the
bright parts of the beam). The hybrid design also solves the
problem of propagation-induced chromaticity (Vanderbei
2006), which would otherwise limit contrast at ~10~7 in a non-
hybrid system working in a 20% wide band. While this second
benefit was not relevant in our monochromatic experiment, it is
key to enable high-contrast direct imaging of exoplanets from
space.

The cost in throughput and angular resolution due to the
apodizer are small since the apodizer only removes light in the
fainter edges of the remapped beam.

A high-contrast image is formed after the apodizer, where
starlight is blocked by the focal plane mask. Since the upstream
PIAA optics + apodizer have apodized the beam with little loss
in telescope angular resolution, the focal plane mask is small,
with a radius ranging from approximately 1A/ D on the sky for a
107 contrast goal to approximately 2)\/D on the sky for a
107'% contrast goal. The focal plane mask is also part of the
low-order wavefront sensor (Guyon et al. 2009) briefly de-
scribed in § 3.2 which uses starlight reflected by the focal plane
mask for accurate sensing of pointing errors and defocus.

The optical layout of the laboratory experiment is shown in
Figure 1. The light source is a single mode fiber fed by a HeNe
laser (A = 632.58 nm), mounted on an X, Y, Z stage for con-
trol of the input tip/tilt and focus. The PIAA system (mirrors
PIAA M1 and PIAA M2) creates a converging apodized beam.
PIAA M2 is chosen as the pupil plane for the system, and lens 11
creates a small image of the pupil plane onto the apodizer. Lens
12 reimages the pupil plane on the deformable mirror, which is
located in a ~f/60 converging beam. Lenses 13 and 14 form a
focal plane for the focal plane mask. The reimaging lens 15 is
used to create a pupil plane and a focal plane. A Lyot mask is
located in the pupil plane, but can be remotely moved out to
allow the science camera (which is nominally in the focal plane)
to move forward and acquire a direct pupil plane image. The
focal plane mask reflects some of the light to the coronagraphic
low-order wavefront sensor (CLOWFS) camera. A detailed de-
scription of this device is given in Guyon et al. (2009).

Once the number of lenses/mirrors and their relative posi-
tions was decided, a set of equations was coded to link together
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F1G. 1.—Optical layout of the laboratory PIAA coronagraph system. The gray shaded area shows the rigid PIAA bench on which the two PIAA mirrors are mounted.
The light source is at the upper corner of the figure. The focal plane mask (near the bottom, center) separates light into the imaging channel and the coronagraphic low-

order wavefront sensor (CLOWES) channel.

the exact location of optical elements, their focal lengths (for
lenses), the position of pupil and focal planes, the beam size
on each optical element, and the plate scale in the focal planes.
The equations contain all the hard constraints of the experiment
(for example, the DM must be conjugated to the pupil plane
apodizer). Each variable was given an allowed range (for ex-
ample, beam size on the DM) or a set of allowed values (focal
lengths of lenses constrained by what is available from ven-
dors). A random search algorithm was then used to test many
possible optical designs and identify the solutions that meet the
criteria. This approach provided us with a flexible tool to ex-
plore design options. The same optimization code was also used
to compute offsets in the position of several components during
fine alignment of the system.

2.3. Wavefront Control Hardware and Architecture

A single 32 x 32 actuator MEMS deformable mirror (DM) is
used for wavefront control and is located after the PIAA optics.
The wavefront control subsystem is therefore fully decoupled
from beam-shaping effects introduced by the PIAA optics.
The PIAA optics simply deliver an apodized beam to the
wavefront control subsystem, which operates independently
of the technique used to apodize the beam (remapping vs. con-
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ventional apodization). While this configuration is simpler than
a configuration where the DM is ahead of the PIAA optics for
wavefront control, we note that it does not offer as wide a field
of view due to the magnification effect described in Guyon
(2005).

Our laboratory demonstration was performed in monochro-
matic light. In this configuration, a single DM provides suffi-
cient degrees of freedom to remove coherent diffracted light
in one half of the field of view, regardless of how phase and
amplitude aberrations in the beam are created. In a real corona-
graphic instrument operating in broadband light, diffractive
propagation between optics needs to be taken into account in
design of the wavefront control architecture: manufacturing er-
rors on optics introduce amplitude errors and wavefront chro-
maticity. In a high-contrast instrument, such errors can only be
addressed with a multiple-DM configuration, where the DM
locations are optimized to reduce residual wavefront errors over
the spectral band used. Diffraction propagation effects between
the aspheric PIAA optics surface would therefore need to be
quantified in design of the wavefront control hardware.

Two challenging aspects of wavefront control in PIAA coro-
nagraphs (understanding how beam shaping affects wavefront
control, and polychromatic wavefront control) are therefore
not addressed in our experiment.
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2.4. Aspheric PIAA Mirror Design and Fabrication

The geometric remapping is performed by two highly asphe-
ric mirrors, the PIAA mirrors. The role of the first mirror is
mostly to project the desired amplitude profile on the second
mirror, which is partially apodized with a faint plateau on
the outside of the beam (see Fig. 2, left). The apodization profile
is described in more detail in Pluzhnik et al. (2006), which in-
cludes a chromatic diffraction analysis of the PIAA optics used
for our experiment. The PIAA M1 mirror acts as a converging
element in the center (to concentrate more light in the center of
the beam on PIAA M2) while light in the outside is diluted in a
wide area of the beam on PIAA M2. This behavior explains the
peculiar aspheric sag shown in Figure 2 on the right. The PTAA
M2 mirror’s role is to recollimate light to output a beam that is
apodized but free of phase aberrations.

PIAA mirrors can be designed by solving a relatively simple
differential equation when the input and output beams are col-
limated (the equation is given in Guyon 2003, and also in Traub
& Vanderbei 2003 in a different form) or when the system is on-
axis. In our laboratory experiment, the PIAA mirrors are focus-
ing elements and the aspheric remapping shapes are added to
off-axis parabolas. In this configuration, the PIAA mirror
shapes cannot be derived from a simple differential equation,
and they were designed by an iterative algorithm:

1. Initialization: The PIAA mirror shapes are computed by
solving the differential equation for an on-axis system.

2. A constant slope is added to each of the PIAA mirrors. If
there were no apodization, the mirrors obtained in Step 1 would
be on-axis parabolas, and this slope would turn them into off-
axis parabolas. In the PIAA system, however, adding this slope
only leads to an approximation of the off-axis PIAA system.

1
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3. A three-dimensional (3D) ray-tracing code is used to com-
pute the beam phase and amplitude on the surface of a sphere
centered on the output focus of the system immediately after
reflection on PIAA M2.

4. The difference between the measured and desired beam
amplitude on the sphere is used to update PIAA M1’s shape
by linear decomposition of this residual (using precomputed
residuals obtained by adding Zernike polynomials on PIAA
MT1’s shape).

5. The residual phase error measured on the sphere is com-
pensated by changing PIAA M2’s shape.

6. Return to Step 3 with the new mirror shapes.

This algorithm converges because changing PIAA M2’s
shape has little effect on the amplitude profile of the beam on
the sphere, which is almost entirely a function of PIAA M1’s
shape.

The PIAA shapes were computed for a 75 mm beam diam-
eter at the PIAA mirrors, a 1.125 m separation from the center of
PIAA M1 to the center of PIAA M2, and a 190 mm offset be-
tween the PIAA M1 to PIAA M2 centerline and the input and
output of the PIAA system (see Fig. 1). In the coordinate system
shown in Figure 1, each mirror shape can be written as

2(z,y) = OAP(x,y) + sag(r) + Z{:aiZg‘ (1

OAP(z,y) is the off-axis parabola which would be the PIAA
mirror shape if no apodization was performed. It is a 1133 mm
focal length OAP with a 190 mm off-axis distance from the cen-
ter of the optical element. This shape is identical for the two
PIAA mirrors although the orientation is different. sag(r) is
the apodization radial sag on each mirror. It is computed for

0.0002 - Mirror 1 shape ('deviation ;rom off-a)'ds parabola) e
Mirror 2 shape (deviation from off-axis parabola)
0.00015 |
0.0001 +
5e-05 |

[ E— , , , , , ,
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
radius (m)

FI1G. 2.—Left: Beam apodization profile used for the design of the PIAA system. In this hybrid design, the apodization is not complete, and the beam surface brightness
at the edge of the beam is left at 0.85% of the center surface brightness. This extra light will need to be removed by a conventional apodizer. Right: Apodization radial sag
term for PIAA M1 and PIAA M2 in an on-axis configuration. The narrow region at the edge of PIAA M1 has a strong localized curvature, and is the most challenging

feature in manufacturing the PIAA system optics.

2010 PASP, 122:71-84



PIAA HIGH-CONTRAST IMAGING AND WAVEFRONT CONTROL 75

an on-axis system. A corrective term is added to account for the
fact that the system is off-axis (tends to O for an on-axis system),
decomposed as a sum of Zernikes polynomials up to radial order
7. For both PIAA mirrors, this correction is 295 nm rms (ex-
cluding tip/tilt).

The most challenging feature of the system is the small
radius of curvature in the outer part of the beam on PIAA
MI1. While the hybrid design adopted mitigates this problem,
the radius of curvature still reaches a minimum of 155 mm near
the edge of the mirror, at 36.1 mm from the center of the mirror.

The PIAA mirrors were fabricated by Axsys Imaging Tech-
nologies. The mirror substrates were initially diamond turned
according to the 3D prescriptions in the algorithm described,
and then polished against computer-generated holograms
(CGHs). PIAA M1 and PIAA M2 were then assembled on a
rigid aluminum bench, aligned, and permanently fixed to the
bench. The residual system wavefront error was then reduced
to 0.04 waves rms by optical figuring of PIAA M2. Two sets
of PIAA mirrors (4 mirrors total) were manufactured.

2.5. Postapodizer and System Throughput

In order to expedite manufacturing, the PIAA optics were
designed to perform most, but not all, of the beam apodization
required for high-contrast imaging. A more conventional apo-
dizing scheme is therefore necessary to transform the beam pro-
file at the output of the PIAA optics (solid curve in Fig. 3) into
the desired beam profile (dashed curve in Fig. 3).

The postapodizer was designed in transmission, with a series
of narrow opaque rings blocking light. The position and width
of the rings is optimized to best approximate the ideal contin-
uous apodization profile shown in Figure 3 as the curve labeled
apodizer transmission. Several contraints were imposed on the
design to ensure manufacturability: no ring should be less than
0.8 um wide and the gap between consecutive opaque rings
should be no less than 5 pm. The resulting design is composed
of 109 opaque rings for a total apodizer diameter of 3.815 mm
(defined by the outer edge of the last opening between opaque
rings). The apodizer was manufactured by lithography on a
transmissive substrate.

The postapodizer throughput over the 3.815 mm diameter is
96.9 %, but due to the narrow rings in the apodizer, some of the
light transmitted is diffracted at large angles. The effective
throughput of the apodizer is 94.3%, and would be equal to
the throughput if the apodizer were continuous instead of bi-
nary. The full system throughput can therefore reach 94.3% (ex-
cluding losses due to coating) provided that the telescope pupil
size on PIAA M1 is adjusted to the apodizer diameter. In prac-
tice, the telescope pupil should however be made slightly larger
to allow for pupil centering errors, and in very high contrast
applications (space coronagraphy), to mitigate possible edge-
ringing effects due to Fresnel propagation.

The apodizer throughput was mesured by inserting a pinhole
in the PIAA output focus and moving the science camera in the
pupil plane. The 1 pm pinhole is used to deapodize the beam at
the expense of a very low throughput. Figure 4 shows both the
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FIG. 3.—Left: Apodizer design. Right: Microscope image of the outer part of the apodizer (image covers approximately 1 mm vertically). The outer edge of the
apodizer (last transmissive ring) is at 1.9 mm radius. The width of the individual opaque rings is 0.8 pm.
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FiG. 4.—Laboratory measurement of the apodizer throughput. The designed
and measured radial throughputs are compared.

measured apodizer profile and the designed apodization. The
residual difference between the two curves is due to the finite
size of the pinhole (the beam before the apodizer is slightly apo-
dized, so the measured profile is slightly too bright in the center)
and the finite angular resolution of the pupil reimaging (the
sharp edge of the apodizer is blurred).

2.6. Focal Plane and Lyot Masks

The focal plane mask, shown in Figure 5, is used in transmis-
sion. The central part of the mask blocks the bright central PSF
core. The radius of this nontransmissive central zone defines the
inner working angle of the coronagraph, which is 1.65\/D in
our experiment. A clear zone transmits the science field to the
science camera. The shape of this clear zone of the focal plane
mask is chosen to exclude regions of the focal plane where the
wavefront control system cannot remove diffracted light. Since
our experiment uses a single deformable mirror, diffracted light
can only be controlled over half of the field of view. The clear
opening in the mask is therefore D-shaped with an outer radius
imposed by the DM actuator sampling. A slightly larger rect-
angular zone could also have been adopted, but would have
imposed the rotation angle of the focal plane mask. The reflec-
tive ring, extending from 0.8 \/ D to 1.65\/ D, sends some of the
starlight to the low-order wavefront sensor (LOWES) camera.
We note that the opaque zones of the mask are not fully opaque
due to manufacturing considerations: their transmission and re-
flection are, respectively, ~1075 and ~10%.

A Lyot mask is located in the pupil plane between the focal
plane mask and the science focal plane. This mask is designed
to block all light outside the geometrical pupil and transmit all
light within the pupil. It therefore has no effect on the nominal
system throughput, and its role is to ensure that the scattered light
reaching the focal plane camera does not contain light outside the

opaque (transmission ~ le—5)

reflective

FIG. 5.—Microscope image of the focal plane mask.

pupil. Although correcting for such light is theoretically possible
if it is coherent and within the control radius imposed by actuator
sampling on the DM, it requires an accurate model of the coro-
nagraph that can predict how light outside the pupil is affected
by DM actuator positions. The Lyot mask was made by drilling
a small hole in an aluminum plate, and its diameter is slightly
smaller than the pupil size to account for alignment tolerances.

Both the focal and Lyot masks are on motorized stages and
can be removed from the beam.

3. WAVEFRONT CONTROL

As described in § 2.3, wavefront control in our experiment is
performed after the PIAA optics, which allows full decoupling
between the pupil remapping introduced by the PIAA optics and
the wavefront control algorithms. The wavefront calibration and
wavefront control routines used in our experiment are therefore
not specific to PIAA—they simply take as an input the apodized
beam from the PIAA optics. We present these routines in this
section as they are an essential part of the experiment, and the
calibration techniques developed for this experiment are used
to quantify the coronagraph’s performance beyond the raw con-
trast achieved. Section 3.1 describes how the wavefront is first
flattened and the DM response is calibrated in a noncorona-
graphic mode (no focal plane mask). Section 3.2 briefly de-
scribes the low-order wavefront control loop, which is detailed
in a separate article. In § 3.3, the main wavefront control loop is
described along with the calibrations used to measure the coro-
nagraph performance beyond the raw contrast.

3.1. Initial Calibration Loop (without Focal Plane Mask)

Initial calibration is performed using conventional phase di-
versity with no focal plane mask: images are acquired with the
science camera in six positions regularly spaced from the focal

2010 PASP, 122:71-84
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F1G. 6.—Pupil phase (fop) and focal plane image (bottom) when the deform-
able mirror is powered off (left) and set to its nominal position after calibration
(right). A malfunctioning actuator is visible on the right side of the beam.

plane to the pupil plane. An iterative Gerchberg-Saxon algo-
rithm is used to reconstruct the pupil plane complex amplitude.
As shown in Figure 6 (top left), the beam quality is intially quite
poor, with a large amount of astigmatism. The corresponding
focal plane image is shown in Figure 6, bottom left.

This phase diversity routine is repeated IV times (N = 10),
with a different set of DM voltages applied for each phase di-
versity measurement sequence. The N phase maps obtained and
the NV DM voltage maps used to obtain them are then used to
constrain a model of the DM response consisting of seven pa-
rameters: Geometrical correspondence between the DM and the
pupil image (4 parameters: x and y shift, scale, and rotation) and
physical constants describing the DM behavior (3 parameters:
width of the actuator influence function, DM dispacement for
100 V applied, and power index « in the displacement to voltage
relationship with displacement ocV/?). The result of the DM cali-
bration can then be used to flatten the wavefront measured and
produce a sharp focal plane image (Fig. 6, right).

This initial calibration is a necessary preliminary step for the
high-contrast wavefront control, which needs (1) a knowledge
of the starting point (typically less than 1 radian error on the
wavefront) and (2) a good understanding of how DM com-
mands affect the pupil plane phase. The quality of the DM cali-
bration is shown in Figure 7 for a large DM offset (60 nm rms in
this example). The difference between the measured and simu-

2010 PASP, 122:71-84

DM voltage

simulated beam phase

measured — simulated

phase (radian)

FIG. 7.—Result of the automatic DM calibration. The DM is driven to pro-
duce a recognizable pattern on top of the flat wavefront (DM voltages, top left).
The DM model is used to convert the voltages into a simulated beam phase (top
right). The difference between the measured beam phase (bottom left) and the
simulated beam phase is shown in the bottom right panel. All images except the
DM voltage map are shown with the same linear phase scale.

lated beam phase binned to the actuator size is 6 nm rms in the
central 75% radius of the pupil (phase measurement in the outer
part of the pupil is noisier due to lack of flux), corresponding to
a 10% relative accuracy. The DM model relative accuracy is bet-
ter for smaller displacements.

3.2. Low-Order Wavefront Errors

Low-order wavefront errors are measured by reflecting a por-
tion of the bright starlight masked by the coronagraph focal
plane into a dedicted camera. A detailed description of this
low-order wavefront sensor (LOWES) can be found in Guyon
et al. (2009). The LOWEFS signal is used to simultaneously drive
the deformable tip/tilt and the source position ahead of the PIAA
optics. A key feature of the LOWES is the ability to separate
pointing errors (pre-PIAA tip/tilt) from post-PIAA tip/tilt, which
is essential to maintain high contrast: even a small pre-PIAA tip/
tilt creates diffraction rings outside the IWA of the coronagraph,
and pre-PIAA tip/tilt errors cannot be compensated for by post-
PIAA tip/tilt.

When the low-order loop is closed, the measured residual
pointing error is 1073\/D, and is therefore small enough to be
negligible in the scattered light error budget shown in § 4.3.
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A more detailed description of the design, calibration, control
algorithm, and performance of the LOWES in our experiment
is given in Guyon et al. (2009).

3.3. High-Order Wavefront Control Loop

Coherent scattered light in the clear opening of the focal
plane mask is measured by phase diversity introduced on the
DM. A series of focal plane images, each acquired with a
slightly different DM shape, is used to reconstruct the complex
amplitude and coherence of the scattered light. The high-order
wavefront control loop uses a linearized representation of the
system in focal plane complex amplitude, as described in the
electric field conjugation (EFC) approach proposed by Givéon
et al. (2007). The wavefront control loop is shown in Figure 8,
and is built around the EFC approach.

Prior to starting the loop, a model of the coronagraph is used
to compute how each actuator motion affects the complex am-
plitude in the focal plane. Since this relationship is linear for
small displacements, this model is stored as a complex ampli-
tude system response matrix M ., (shown on the righthand side
of Fig. 8) of size n by m, where n is the number of DM actuators
(ignoring actuators outside the pupil) and m is the number of
pixels in the high-contrast region of the focal plane. M, is the
linear operator that establishes the relationship between deform-
able mirror actuator displacements éDM(u,v) (sampled in n
points) and the corresponding complex amplitude change
6f(x,y) (sampled in m points) in the focal plane:

6f($7 y) - MrespéDM(uv U)' 2

M p 1s therefore computed by moving each actuator of the DM
in the coronagraph model and storing the corresponding change
in focal-plane complex amplitude in a column of M.

3.3.1. Loop Initialization

For each iteration k of the loop, the first step in the wavefront
sensing process is to acquire an image g with the DM shape set
at the best known position for high-contrast imaging (upper left
corner of Fig. 8). This first image is then used to choose the
shapes to apply on the DM to optimize measurement accuracy
and sensitivity.

3.3.2. Considerations for the Choice of Wavefront-Sensing
DM Shapes

Residual light in the coronagraphic focal plane is measured
by adding N known wavefront errors on the nominal deform-
able mirror shape. For each wavefront error added, a corona-
graphic image is taken. Intensity variations between the N
images encode the complex amplitude of the residual light that
needs to be measured and removed. In this section, we discuss
how to choose the N wavefront errors that are sent to the DM
for sensing.

These N DM displacements are denoted §DM¥(u, v), with
i = 1...N (the index k denotes the wavefront control loop itera-
tion). The complex amplitude added to the focal plane by each
of the DM displacements is given by equation (2):

'

‘ Compute DM :(

k
Compute P ;

Nominal DM ,
shape

( Apply DM shapes & acquire images )

!

update DM
shape

k
1@ t LJ ........
\

increment k

‘ Solve for complex amplitude & coherence

update Mrest to

Remove LOWFS
loop modes

A Y Y

minimize X2

compute X2
of solution

Y

light estimate

]

Coherent ’ ‘

Incoherent
light estimate

Wavefront stability
estimate

FiG. 8.—High-order wavefront control loop, showing both the main loop and the system response matrix optimization loop (light shaded area). The two dark shaded
boxes indicate image acquisition, which, in the simulation mode, can be replaced with a simulated image acquisition using a model of the experiment and DM response.
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P¥(z,y) = M,e,6DM! (u, v). 3)

These complex amplitude functions are referred to as wavefront-
sensing probes. The amplitude of the probes must be carefully
chosen: if the probes are too strong, the measurement is too sen-
sitive to errors in the DM calibration; if they are too weak, the
measurement is contaminated by photon noise, readout noise,
and small variations in the incoherent scattered light. As a guide-
line, it is therefore best to choose these DM offsets so that the
additional light (the complex amplitude focal plane probes) is
approximately as bright as the light to be measured. Finally, ran-
domly modulating the probes can mitigate the effect of calibra-
tion errors.

3.3.3. Wavefront-Sensing Probes

The first probe P’f is chosen to satisfy, for each pixel (x,y)
|P]f($,y)|2 :0404'@1](]3(3773/)’ (4)

where I%(z,y) is the image acquired with DM shape DME. If
ay = 0, this constraint will force the DM shape to add a uniform
coherent background of contrast ¢ in the focal plane, while if
oy = 0 and oy = 1, it will drive the DM shape to add a speckle
map with the same intensity as in the I} image. The phase of this
probe is not constrained, and is chosen by an iterative scheme to
best satisfy equation (4), with 6DM’f as the free parameter. We
note that an exact solution to equation (4) may not exist within
the DM space, but the following algorithm yields a good ap-
proximate solution:

1. Initialization: P¥ is computed from equation (4) with a
zero phase.

2. Singular value decomposition (SVD) of M, is used to
estimate SDM} from P%. Eigenvalues close to zero are rejected
in the SVD to improve stability.

3. 5DM§’ is clipped to avoid large DM displacements.

4. Equation (3) is used to recompute P¥ from the
clipped §DM¥.

5. The amplitude of P;f is updated to satisfy equation (4), but
its phase is left unchanged from Step 4.

6. Return to Step 2 until the iterative algorithm is stopped.

This iterative algorithm simultaneously produces the probe
P} and the corresponding DM displacements.

The second probe is chosen so that, at each point (z, y) in the
focal plane, its amplitude is identical to the first probe, but its
phase is offset by 7/2:

Ph(z,y) ~ iPf(z,y). Q)

This 7/2 phase offset maximizes the WFS sensitivity if the
dominant sources of noises are photon noise and readout noise
(Guyon 2005). We note that if all DM actuators are functioning,
there is a perfect solution to this equation, which can be ob-
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tained by shifting each spatial frequency of the DM’f map by
7/2. Images acquired with these first two probes, together with
the image [ ﬁ’, would be sufficient to solve for wavefront errors if
light in the focal plane is fully coherent, but at least one more
probe is needed to unambiguously measure light coherence, and
more probes can also provide the redundancy required for im-
plementation of the diagnostic tools described in §§ 3.3.4
and 3.3.5.

Two additional probes have been chosen to be Py = —P¥
and PY¥ = —P% with exact solutions SDM} = —6DM} and
6DM% = —6DM} respectively.

In our laboratory experiment, we chose to also add five ad-
ditional probes with random uncorrelated DM shapes of similar
amplitude as the DM displacements obtained for probes 1 to 4.
The mean dispacement amplitude per actuator is measured on
probes 1 to 4, and random displacement maps are produced with
the same amplitude. These additional probes are not required for
wavefront reconstruction (probes 1 to 4 provide sufficient infor-
mation), but, as described in the next sections, are added to al-
low for calibration of M.,, measurement of incoherent light in
the system, and measurement of coherent light variation during
the sequence of N exposures.

3.3.4. Solving for Complex Amplitude and Coherence

For each pixel (z, y) of the focal plane detector, the complex
amplitude A(x,y) of the coherent light leak and the intensity
I(x,y) of the incoherent light leak is estimated by solving
the following set of equations:

¥z, y) = |A(z,y) + Pi(z,y)* + I(z,y) (6)

fori = 0...N, with P%(z,y) = 0 (image acquired with nominal
DM shape).

This set of equations has three unknowns and is therefore
overconstrained for N > 2. With NV = 9 adopted in our experi-
ment, A(z,y) and I(z,y) are chosen to minimize:

X2($7y) = Z {IHJ%M

i=1...N
—[|A(z,y) + Pi(z,y)? + I(z,y)]}. ()

In noiseless ideal simulations, the residual X2 should be null.
The residual x? in the laboratory experiment includes errors
due to:

1. Photon and readout noise in the I%(z,y) measurements

2. Variations in the light leaks during the measurement se-
quence. When solving for this set of equations, we assume that
A(z,y) and I(z,y) are static, but if they vary, x* will increase.

3. Systematic model errors (errors in M.g,), which lead to
errors in the estimation of the values of P¥(z,y). If M, is
wrong, then the DM command sent will not produce the ex-
pected PF(z,v).
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For convenience, we have scaled x? in coronagraphic con-
trast units. This scaling is performed by measuring the uncor-
related noise that would need to be added to A(x,y) between
frames to reproduce the observed value of x?2. In this unit, the
observed x? is approximately 4.5 x 1078 (see § 4).

The first contribution (photon + readout noise) has been
computed to be a small part of the x> observed. We observed
that increasing «; (see equation (4)) above 1 has little effect on
the residual x?, also independently suggesting that 2 is not due
to detector readout noise.

3.3.5. System Response Matrix Optimization

One key output of the wavefront control loop is the estima-
tion of coherent light leaks (which should be used to compute
the DM correction to apply for the next iteration), incoherent
light leaks (which the DM can do nothing about), and the mea-
surement of the wavefront stability during the measurement
sequence. All these quantities depend upon a reliable estimation
of M. Itis possible, for example, if M., is wrong, to obtain
a low value of the residual coherent light and think that the
system has converged to a good contrast value, while in fact a
significant amount of coherent light remains. This last issue is
mitigated, but not entirely addressed, by continuously varying
the probes (as this error is a function of the probes chosen, and
will average to zero in the linear approximation used in this
work if the probes are randomly chosen). An error in M,
would first appear as a large x? value for the solution of
equation (6).

To address this, we have added a M, optimization loop
within our control loop. For each iteration k, the derivative of

X = (@) ®)
T,y

with each element of M, is computed (this is a total of
2 x n x m derivatives, as the derivative is computed for the real
and imaginary parts of each element of the M., matrix). This
derivative is computed from equation (7) by replacing P¥ with
M ,6DMY (equation (3)).

At each iteration of the wavefront control loop, M, is then
slightly modified in order to reduce x?: for the 10% of M resp
elements showing the largest derivative against 2, the value of
the matrix element is moved in the direction indicated by the
derivative by 0.1% of the rms value of elements in the corre-
sponding column of M. This algorithm was first tested on
simulated data with an initial M, estimate that was different
from the actual M., used in the simulation for computing the
images. This test showed that M, did converge toward the
true M,, and that the x? value decreases as a result. Conver-
gence is very slow, due to the large number of coefficients in the
My, matrix, requiring several hundred iterations before a sig-
nificant improvement in x? is observed.

3.3.6. Correction Applied to the DM

The linear electric field conjugation (EFC) algorithm
(Givéon et al. 2007) is used to cancel coherent scattered light.
This algorithm uses the linearized coronagraph model which is
also used for the measurement step described in § 3.3.4. The
system response matrix is inverted to build a control matrix
which is multiplied to the coherent light estimate to yield the
DM shape offset to be applied. Regularization schemes pro-
posed by Givéon et al. (2007) were used to improve the loop
stability and convergence speed.

4. LABORATORY RESULTS

4.1. Alignment and Apodization Measurement in the
Pupil Plane

The pupil plane apodization map is measured by placing the
science camera in the pupil plane. In our experiment, the pupil is
conjugated simultaneously to the PIAA M2 mirror, the apodi-
zer, and the DM. Alignment is necessary to ensure that these
three planes are conjugated and that their relative scales are cor-
rect. The camera positions for which conjugation to these planes
is achieved are measured and the corresponding pupil scales are
derived from the images. These six numbers are then fed to an
optimization routine which computes the offsets to be applied to
all movable optical elements after PIAA M2 to meet the con-
jugation and scale requirements. A few iterations of this se-
quence were sufficient to converge.

In the fine alignment step, the apodizer alone is moved. The
pupil image is compared to a simulated pupil image where the
relative scale and lateral offset between the PIAA apodization
and the apodizer transmission map are free parameters. The
values of these three parameters that give the smallest residual
difference are then used to guide fine alignment of the apodizer.
Fine tuning of the scale between the apodizer and the PIAA
apodization is possible because the beam at the apodizer is non-
collimated: apodizer motion along the optical axis changes this
scale. Figure 9 shows both the pupil apodization profile mea-
sured after alignment and the theoretical profile.

4.2. Imaging with a Noncorrected PIAA System

Figure 10 shows the system on-axis PSF in imaging mode
(no coronagraph focal plane mask). The on-axis PSF is similar
to an Airy function without the Airy rings beyond 1.22\/D.

While the on-axis image is sharp and exhibits high contrast,
our laboratory system did not include the inverse PIAA optics
necessary to correct for the strong off-axis aberrations intro-
duced by the forward PIAA optics. These inverse optics do not
need to be of coronagraphic quality, and can be a small set of
lenses. A laboratory demonstration of wide-field correction with
inverse PIAA optics is described in a separate article (Lozi
et al. 2009).
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PIAA HIGH-CONTRAST IMAGING AND WAVEFRONT CONTROL 81

T
Measured ——
1L design = -—---- ]

b
o

o o
ES e}

Beam surface brightness

o
o

0 0.2 0.4 0.6 0.8 1 1.2

Beam radius (1 = edge of the beam)

FIG. 9.—Measured apodization profile, compared the to the beam profile the
experiment was designed to deliver. A 2D image of the beam is also shown.

Without inverse PIAA optics, the image of an off-axis source
rapidly changes shape as the source moves away from the op-
tical axis. Figure 11 shows the measured off-axis PSFs and the
result of a simulations using a remapping of the beam phase
(Guyon 2003). With such a strong field aberration, measuring
the focal plane plate scale is challenging and its value is a func-
tion of the metric used. In this article, we choose to adopt the
noncoronagraphic PSF photocenter to measure plate scale. In
Figure 10, the 4\/ D ring therefore shows where the photocenter
of the PSF would be if the source was 4)\/D from the optical
axis of the entrance telescope. The bright PSF core at this sep-
aration would be slightly outside the ring, but the fainter asym-
metric diffraction arcs of the off-axis PSF would be inside
the ring. The same photocenter metric is used to measure the
angular sizes on the focal plane mask given in § 2.6. The plate
scale on the coronagraph camera was measured by 2-D fitting
of measured and simulated off-axis PSFs at several angular
separations.

4.3. Coronagraphic Performance: Measurements

Coronagraphic performance is measured with the focal plane
and Lyot masks in the beam and both the LOWFS loop and
high-order wavefront control loop closed. Figure 12 (upper left)
shows a raw image from the science camera. Most of the light
reaching the camera is due to partial transmittance (at the 10~°
level) of the core of the focal plane mask, which produces a
central peak in the image. The clear 1.65\/D to 4.4\/D open-
ing in the focal plane mask is visible below this central peak.

Residual light is decomposed in two components by the
wavefront sensing sytem, using the approach described in § 3.3:

1. An incoherent component composed of light that does not
interfere with light extracted directly from the central PSF core.
This component appears to be mostly stable in structure and
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FiG. 10.—On-axis PSF without focal plane mask (log scale indicated at the
bottom of the figure). The vertical bleeding feature extending downward of the
PSF core is a camera artifact, and is removed when the focal plane mask is used.
A faint ghost due to the entrance window of the camera is visible just beyond
2)\/D.

varies from iteration to iteration between 1.5 x 10~7 and 2 x
10~7 in contrast.

2. A coherent component that is used to compute the DM
shape for the next iteration. This component is at approximately
51078 contrast and is decorrelated on timescales above the re-
sponse time of the wavefront control loop. The estimation of
this component varies greatly from iteration to iteration, and
is sometimes below 10~% contrast.

We also measured the x? of the solution, and found it to cor-
respond to a change in coherent light at the 4.5 x 10~ contrast
level during the measurement sequence, which is 10 s long. The
M, optimization loop described in § 3.3.5 gave no noticeable
improvement in 2, suggesting that the inital calibration led to a
good estimate of M, and that the observed x? is indeed domi-
nated by fluctuations in coherent light at the 4.5 x 10~% con-
trast level.

Visual inspection of the coherent and incoherent portions
of the light strongly suggests that this decomposition was suc-
cessful. First, the images obtained show very little high spatial
frequency noise. Although the reconstruction is performed in-
dependently for each pixel, both the coherent and incoherent
components show speckles and features covering several pixels
in these oversampled images. Second, the ghost to the lower left
of the optical axis was properly analyzed by our algorithm.
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FIG. 11.—Off-axis PSF without focal plane mask, for a 1.7\/D off-axis dis-
tance. A cross indicates the optical axis in the simulated image (leff). Both
images are shown to the same brightness scale (bottom).

This ghost, also visible in Figure 10, is due to internal reflection
in the window of the CCD camera. Because the two surfaces of
the window are not perfectly parallel, interference fringes can be
seen across this ghost. Although the fringes are coherent, they
are too narrow for the wavefront control system to remove. They
are the only known feature in the image that (1) should be seen
in the coherent image, (2) should not be seen in the incoherent
image, and (3) cannot be removed by the wavefront control sys-
tem. As shown in Figure 12, our coherent/incoherent analysis
correctly identifies these fringe as coherent, and only a minute
fraction of the fringes is present in the incoherent portion of the
image (likely due to small motion of the fringes during the mea-
surement sequence).

4.4. Analysis

The analysis results are summarized in Table 1 and discussed
in this section.

4.4.1. Incoherent Light Component

The raw contrast is dominated by a very stable incoherent
component at 1.63 x 1077, which is likely due to ghosts and/
or polarization mismatch. Given the high number of air-glass
surfaces (20), including some which are not antireflection
coated, a ghost at this level would not be too surprising. A pos-
sible source of polarization mismatch is the ring apodizer, which
has many 0.8 ym wide annular rings. The variations observed in
the estimate of the incoherent light are due to the coherent light
variation during the measurement, which affects the incoherent
estimate. The data obtained is compatible with a fully static in-
coherent background, as would be expected from ghosts and
polarization effects. We note that a fast varying coherent com-
ponent could also be responsible for this light if it is varying
sufficiently rapidly to appear incoherent within ~1s.

Raw Image
Average Contrast = 2,.27e-7

Coherent portion
Average Contrast = 4.48¢-8

Complex Amplitude average
oherent portion over 1300

Incoherent portion
Average Contrast = 1,.63e-7

e x10 in image)

0 1e-7 2e7 3e—7 de7

FIG. 12.—Top left: Raw coronagraphic image. A decomposition of the scat-
tered light into a coherent component (fop right) and incoherent component (bot-
tom left) shows that the raw contrast is dominated by incoherent light. The
coherent bias over a long period of time is shown in the bottom right.

4.4.2. Coherent light component

During the measurement sequence, coherent light varies by
~1.4 x 1078 in contrast due to turbulence or vibrations in the
system, as shown by the x? analysis. The coherent light leak
estimate over a 10 s period is &5 x 108, which is at the level
expected from the 4.5 x 10~% variations shown by the x? anal-
ysis. The large variation, from iteration to iteration, observed in
the coherent light residual is due to the turbulence/vibrations in
the system. We note that the lucky iterations where the 10 s aver-
aged coherent light is estimated at below 10~% are artefacts of
the time averaging during the measurement period: even during
these lucky periods, the coherent light did vary by ~4.5 x 1078
between the 10 frames of the measurement.

4.4.3. Static Wavefront Aberrations

The wavefront control loop successfully removes static co-
herent speckles. Over a 4 hr period of time, we have measured
the static coherent speckles to be at the 3.5 x 107 contrast
level. Except for a known ghost on the camera window, we
could not detect any residual bias above this level in the residual
time-averaged coherent light.

The quality of the DM calibration (better than 10% for
small displacements) and the use of 10 probes chosen to avoid
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TABLE 1
CONTRAST BUDGET (AVERAGED OVER 1.6 TO 4.4\/D)

Term Likely Origin

Value Calibration

Incoherent light, static ...............
Coherent, variable (in t < 10 s) .....
Coherent residual (in 10 s) ..........

Coherent, static (in 4 hr) ............

Optical ghost, polarization
Turbulence, vibrations

Uncorrectable coherent light

1.63 x 1077
4x10°8
5 x 1078 (typical)
7 x 1079 (best)
<3.5%x107?

Incoherent portion of WFS data
Residual from WES reconstruction
Coherent portion of WES data

Time-averaged coherent light

systematic bias ensures that within a single wavefront measure-
ment, the coherent wavefront error is below 0.1 x v/10 = 0.03
times the DM probe amplitude. Since DM probes were chosen
to be at the 10~7 contrast level, the statistical measurement error
due to DM calibration errors is expected to be below the 107 x
0.03% ~ 10710 contrast level for each wavefront measurement.
Decorrelation between wavefront measurements further reduces
the effect of DM calibration errors on the static wavefront aber-
ration measurement accuracy. DM calibration and other poten-
tial sources of errors are further reduced by the system response
matrix optimization described in § 3.3.5. At the 3.5 x 10~ con-
trast level, the measurement of static wavefront aberration is
therefore robust.

5. CONCLUSION

The results obtained in this experiment are especially en-
couraging for ground-based coronagraphy. The 2 x 10~7 raw
contrast we have achieved in the 1.65 to 4.4/ D angular separa-
tion range already exceeds, by 2 orders of magnitude, the raw
contrast that can be hoped for in even a theoretically ideal
extreme AO system (Guyon 2005). We note that with a more
careful optical design and antireflection-coated optics, our ex-
periment could probably have reached 5 x 10~ raw contrast
(level of coherent light leak in the current experiment). More
importantly, we have demonstrated that with the coronagraph +
wavefront control architecture adopted in our experiment, static
coherent speckles can be pushed down very low (3.5 x 107?) in
long exposures. Our system successfully removed long-term
correlations in the coherent speckles, and their averaged level
in long exposure was reduced with a 1/+/T law. The combina-
tion of a high-performance PIAA coronagraph and a focal-plane
based wavefront control therefore appears extremely attractive
for ground-based extreme AO. In that regard, our experiment
has been a successful validation of the key technologies and
control algorithms of the Subaru Coronagraphic Extreme AO
(SCExAO) system currently in assembly. The major differences
between the SCExAO PIAA coronagraph and our laboratory
prototype are (1) the need to design and operate a PIAA coro-
nagraph on a centrally obscured pupil with thick spider vanes
and (2) the need for corrective optics to recover a wide field of
view. These two requirements have been validated in a separate
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laboratory experiment using the final SCEXAO coronagraph
optics (Lozi et al. 2009).

Our experiment was limited at the 2 x 10~" contrast by an
optical ghost and at the 5 x 10~® contrast by turbulence or vi-
brations. The PIAA coronagraph could therefore not be tested to
the contrast level required for direct imaging of Earthlike plan-
ets from space (approximately 10~1°), although several key con-
cepts were demonstrated, including simultaneous operation of a
low-order wavefront sensor using starlight in the PSF core and
high-order wavefront sensor using scattered light in the science
focal plane. New calibration schemes which will be very use-
ful for high-contrast coronagraphy were also developed and
validated, such as the system response matrix optimization
loop, which can executed as a background task to fine-tune
the system.

PIAA coronagraph technologies for high-contrast space ap-
plications are now being actively developed and tested at NASA
Ames Research Center and NASA Jet Propulsion Laboratory. A
new set of PIAA mirrors was recently manufactured to higher
surface accuracy than the ones used for this demonstration, and
is being integrated within the High-Contrast Imaging Testbed
(HCIT) vacuum chamber at NASA Jet Propulsion Laboratory.
We note that the HCIT chamber has already demonstrated sta-
bility to the 10~ contrast with a Lyot-type coronagraph (Trau-
ger & Traub 2007). The experiment described in this article
served as a precursor to this new step, which is aimed at reach-
ing higher contrast (minimum goal of 10~Y) in broadband light
using a two-DM wavefront correction. In parallel to this effort, a
highly flexible high-stability air testbed at NASA Ames Re-
search Center is coming online to further explore technology
and architecture trades for PIAA systems.

In addition to pushing the contrast further, future laboratory
demonstration of the PIAA coronagraph will explore chroma-
ticity and wavefront control issues unique to a PIAA corona-
graph architecture. The monochromatic experiment described
in this article did not address these important points, and should
therefore be considered as only a first step toward validation of
the PIAA coronagraph technique for high contrast space-based
exoplanet imaging mission.

This research was conducted with funding from the NASA Jet
Propulsion Laboratory (JPL) and the National Astronomical Ob-
servatory of Japan. Technical input and advice from the members
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of NASA JPL’s High-Contrast Imaging Testbed (HCIT) team,
NASA Ames Research Center’s coronaraph team, and Princeton
University’s coronagraph team has been of considerable help in
conducting this work, both for design/simulations and laboratory

implementation. In addition to providing laboratory space and
infrastructure, Subaru Telescope made this research possible
through major contributions by its technical staff (electronics,
hardware, software).
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