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ABSTRACT

Coronagraphs are an important technology to directly image and characterize exoplanets. Their efficiency has steadily
been improving over the past several decades, but has not yet reached fundamental limits. In particular, the expected
exoplanet yield for missions such as the Astro2020-recommended “IR/O/UV Flagship” can still be improved by factors
of at least 2-4. One possible architecture that can enable at least a part of this improvement is the Phase-Induced Amplitude
Apodization Complex Mask Coronagraph (PIAACMC). It features high throughput, small inner working angle (IWA),
and almost no loss in PSF sharpness, and natively supports obstructed and segmented apertures. Historically, key
disadvantages of PIAA have been poor tolerance to stellar angular sizes and maturity, but latest designs and demonstrations
have made significant strides in this respect. We present the current status of our program to mature the PIAACMC
technology. We first present our PIAACMC designs for LUVOIR-A and B, which resulted in improved expected yield of
Exo-Earths relative to the baselines for both mission concepts. In particular, for LUVOIR-B, the yield improves from 28
to 42 due to improved tolerance to stellar angular size in our design. Our and vacuum demonstrations for the LUVOIR-A
aperture at JPL’s High Contrast Imaging Testbed (HCIT) include: 1.9e-8 raw contrast in 10% broadband light between
3.5and 8 I/D; 4.1e-8 and 1.6e-9 coherent contrasts in monochromatic light between 2-4 and 4-8 I/D, respectively. We also
present measurements and analysis of sensitivity to tip/tilt jitter and stellar angular size and compare our test results to
models.
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1. OVERVIEW AND MOTIVATION FOR PIAA

Direct imaging of planets, and especially Earth-like planets, is an important goal of exoplanet science, and is one of the
top recommendations of the Astro2020 decadal survey [1]. Although a direct image of an Earth-like planet around the
nearest stars can in theory be accomplished with very small monolithic apertures as small as 0.45cm [2], much larger
segmented mirrors are needed to do a survey for potentially habitable planets around dozens or hundreds of nearby stars.
NASA’s flagship studies LUVOIR [3] and HabEx [4] describe point designs to conduct such a survey. The LUVOIR
concept has two options: LUVOIR A is based on a 15m on-axis segmented aperture with a central obstruction and spiders
(Figure 1, left); and LUVOIR B is based on an 8m off-axis segmented aperture (Figure 1, right). In addition, the HabEx
mission evaluated several segmented aperture options, but baselined a monolithic aperture, in part due to the perceived
challenges of high performance coronagraphs on segmented apertures.

Astro2020 suggested a 6m off-axis telescope, but it is important to note that both the size, and whether the telescope is on-
axis or off-axis, are still subject to trade. In particular, the motivation for an off-axis architecture has mostly to do with the
fact that current coronagraph designs for off-axis apertures perform better than for on-axis apertures. However, this
performance gap is not due to fundamental physics [5]. In other words, with sufficient engineering, coronagraphs on on-
axis apertures should have comparable performance to off-axis apertures. More generally, physics-limited coronagraph
performance is only weakly dependent on telescope aperture shape. On-axis apertures have significant advantages for
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flagships: they are mechanically simpler, less risky, and are lower cost; they require smaller and lower cost sun-shields;
and allow larger apertures for the same mass, volume, and/or price.

Figure 1.Left: LUVOIR A aperture (15m circumscribed diameter). Right: LUVOIR B aperture (8m circumscribed
diameter). This paper primarily describes tests for the (more challenging) LUVOIR A aperture.

Furthermore, a key theme running through Astro2020 as well as several other studies of flagship missions [6,7] is that
better and more thorough early trades and technology development are needed to lower the risk and cost of flagship
missions. A good way of achieving this is more efficient and/or robust coronagraphic instruments. In theory, the Earth-
like exoplanet yield of coronagraphs on a flagship mission can be improved by a factor of ~2-4 for off-axis and on-axis
designs, respectively, simply by improving coronagraph efficiency and robustness to instabilities, for a given spectral band
and quantum efficiency [5] (and even more if spectral band and QE can be improved). Such improvements in performance
reduce many key risks and costs: the risk of ng being low, the risk and cost associated with building an ultra-stable
telescope, and the cost of a larger aperture. (Yield goes roughly as 2" or 3™ power of telescope diameter [8], so that a
factor of 4 improvement in yield can be equivalent to doubling the telescope aperture.)

It is not clear what coronagraph technologies can best improve the current state of the art and bring us closer to physics-
limited performance, but the Phase Induced Amplitude Apodization (PIAA, [9]) family of coronagraphs is one promising
path. PIAA achieves high level of starlight suppression by using two aspheric mirrors to apodize the pupil of the telescope.
For the case of the “classical” PIAA coronagraph, this apodization suppresses the Airy diffraction rings of a stellar point
spread function, revealing the star’s planetary system. Classic PIAA provides high performance coronagraph designs for
monolithic apertures, and a variant of PIAA called PIAACMC (PIAA Complex-valued Mask Coronagraph [10,11]) allows
high performance on obstructed (and more generally, arbitrarily shaped) apertures. Similarly to PIAA, PIAACMC includes
two aspheric mirrors which apodize the pupil. However, in addition to these two mirrors, PIAACMC also employs a
partially transmissive pi-phase shifting mask. In practice, such an “ideal” mask is usually implemented by a fully reflective
holographic mask, which emulates the far-field response of the ideal CMC mask. In theory, the PIAACMC coronagraph
with an ideal CMC mask and no manufacturing errors is capable of fully suppressing an on-axis point source for any
arbitrary aperture in broadband light. (Practical implementations of the CMC mask may never reach this ideal, but with
sufficient engineering, they can come arbitrarily close.)

However, a key practical challenge for coronagraphs is sensitivity to stellar angular sizes, or equivalently, tip-tilt jitter of
the telescope. For the case of the LUVOIR telescope, for example, some of the target stars have angular diameters on the
order of 0.1 A/D. Thus, a coronagraph design for such a telescope needs to suppress starlight for the case that a star is a
disk (of mutually incoherent light) with ~0.1 A/D diameter. In theory, there is a fundamental trade-off between inner
working angle and sensitivity to stellar angular size, which applies not just to PIAA, but to all coronagraphs as a whole
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[5]. In particular, coronagraphs with inner working angles of ~ 1 A/D or less will not be able to achieve good stellar
suppression in the presence of stars with 0.1 A/D angular diameters. Fortunately, relaxing the inner working angle to 2 or
3 MD allows very deep suppression of such stars, although finding a design that achieves this for a particular coronagraph
architecture can still be challenging.

For the case of monolithic apertures, the sensitivity to stellar angular size steadily improves as the inner working angle
gets larger, both for PIAA and PIAACMC [10]. Therefore, coronagraph designs can readily be found for any desired stellar
angular size, at the expense of the inner working angle. In addition, coronagraphs on segmented apertures (such as
LUVOIR B) appear to perform similarly to monolithic apertures, because modern wavefront control systems appear to be
able to mitigate the effects of segmentation, for many coronagraph architectures.

For the case of obstructed apertures, PIAACMC sensitivity to stellar angular size does not steadily improve with inner
working angle, and in fact sometimes degrades. Nevertheless our PIAACMC design for LUVOIR A is tolerant to at least
~0.01 A/D stellar angular diameter and was described in detail in [12]. This design improves LUVOIR A baseline yield
from 47 to 51, based on simulations with the Altruistic Yield Optimizer [6] that modeled several coronagraphic instruments
on the flagship working in tandem, choosing different ones for different targets. To be more precise, the best combination
of coronagraphs involving PIAACMC have yield of 51, while the best combinations that do not have 47. Although these
improvements fall short of the factor of 2-4 theoretical potential, further improvements are possible since we have not yet
exhausted the design space (In particular, one promising path is the hybrid PIAA-vortex coronagraph [13]). In addition,
our design enables targets that are not otherwise accessible, such as stars that are farther away and/or more later type stars
such as K-dwarfs. Finally, our PIAA design for LUVOIR B is tolerant to 0.1 A/D stellar angular diameter, and improves
yield from 28 to 42. However, this paper focuses on testing of our LUVOIR A design in order to advance coronagraphic
performance for the more challenging case: obstructed apertures.

2. REVIEW OF MODELING, HARDWARE, AND TEST SETUP

Our prior publications provide detailed coverage of our PIAACMC design [12], modeling [14,15], as well as testing
procedures and initial results [16], which we briefly review here.

The PIAACMC design we manufactured and tested is similar to the one for the mission with one key difference — we
optimized the testbed design for a one-sided (180°) dark zone rather than the full double-sided (360°) one. This was done
because it allowed for testing with one deformable mirror rather than two, which served to simplify the system and better
isolate the key items we were testing for (contrast in the dark zone and robustness to low order aberrations, which are not
strongly dependent on whether one or two DMs are used, according to models). This design achieves 4.83e-10 raw contrast
in simulation between 2 and 8 I/D in a 10% band for a point sources, and stays below 1e-9 for up to 0.02 A/D diameter
stars, representing significantly improved tolerance to stellar diameter than prior PIAA designs. A combination of CMC
mask and DM were tuned to provide high contrast for a dark zone between 2 and 8 I/D, but this PIAA mirror design allows
IWASs as small as 1.4 A/D (with a different CMC and DM shapes, though this would make it more sensitive to tip/tilt and
stellar size). We have not fully explored the trade space of this architecture and in particular, designs with contrasts < le-
10 are possible (with a less aggressive inner working angle or tolerance to aberrations), but we settled on this design as
having a good combination of performance parameters for testing at HCIT.

Our tests were conducted at the High Contrast Imaging Testbed (HCIT) facility at NASA JPL, but due to the fact that
PIAA layout is not readily compatible with existing HCIT testbeds such as DST, we created an entirely new testbed for
our project, shown schematically in Figure 2. Key components of the layout are as follows. First, a single mode fiber and
a pinhole serve as a point source of light representing a star, with monochromatic as well as broadband laser options
available. This light is then relayed to a pupil mask representing the LUVOIR A pupil (manufactured by Lambda
Consulting using carbon nanotube technology). Light is next relayed to a PIAA system (by NuTek), consisting of a tube
with two PIAA mirrors with a hole in the middle corresponding to the pupil obstruction, allowing entry and exit of the
light beam. A Boston Micromachines Corporation Kilo-DM with 952 actuators is conjugated to the downstream PIAA
mirror (PIAA2) and performs wavefront control. Finally, a CMC mask (by NASA JPL MDL), Lyot tsop (by Lambda
Consulting), and field stop complete the coronagraphic setup. The final camera can move along the z-axis, covering the
range from focus to pupil-conjugate. A polarizer (analyzer) was also placed in front of the camera to isolate polarization
effects from other limiting factors, although we have not performed detailed tests of whether polarization was a concern
in our system.
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Figure 2. Top: One of the vacuum chambers in the High Contrast Imaging Testbed chamber (HCIT) at NASA JPL (left)
and PIAACMC bench (right). Bottom: Test layout of the PIAACMC coronagraph used for the results in this paper.

Initially, we observed significant mismatches between our model and testbed measurements, but after several iterations of
hardware and modeling, we are now achieving a good match [14]. In particular, empirically measured pupil plane and
focal plane illumination match, with and without the CMC mask, to within about 10% over the majority of the illuminated
region. In addition, our model calibrations relied not only on measurements of the intensities of different planes in different
hardware configurations, but also a phase retrieval procedure to estimate the wavefront error in the system (which
separately estimated low order errors upstream and downstream of PIAA). Finally, plate scale as well as DM scale and
registration were all empirically calibrated and folded into our models of the system and wavefront control algorithms.
Our main wavefront control algorithm was standard pair-wise Electric Field Conjugation (EFC, [17]), although we also
used our project as an opportunity to try several other techniques (outside the scope of this paper), including classical
speckle nulling and experimental self-calibrating control methods.
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Figure 3. Laboratory results. Rows correspond to different wavelength bands and dark zones (indicated by red outlines).
Columns represent, respectively, raw (unprobed), coherent (modulated), and incoherent (unmodulated) images, and 1D
azimuthal averages. A D-shaped field stop was used to prevent blooming of surrounding bright speckles.
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3. LABORATORY CONTRAST MEASUREMENTS

We performed tests to create high contrast dark zones with EFC under several different conditions (see Figure 3), including
monochromatic light with a diode laser (675nm) as well as broadband light (centered on 650nm) in a 2% and 10% band,
and different sized dark zones. Figure 3 presents the dark zones after EFC converged in each case, showing the raw dark-
subtracted images in the leftmost column (“unprobed”). These images consists of coherent and incoherent components
shown in columns 2 and 3. (These are also referred to as “modulated” and “unmodulated”, meaning a component that is
susceptible to modulation by the DM, and a component that is not.) The rightmost column shows 1D azimuthal averages
of all three images. The images show light in a D-shape region that is admitted by the field stop (with some light diffracting
outside the physical edges of the field stop), and the dark zone radii are shown as red circles. Typically, the dark zone is
smaller than the field stop, and the EFC control region is slightly larger than the actual dark zone. Contrast values shown
in the figure are averages across the dark zone.

Our monochromatic tests (first two rows in Figure 3) were done separately in the 2-4 and 4-8 A/D regions. This was
because we observed a bright speckle at the inner edge of the field stop which proved challenging to remove, and limited
our contrast to 1.1e-7 (4.1e-8 modulated) in the 2-4 region. The nature of this speckle remains under investigation, and in
particular whether or not it has to do with coronagraph hardware or testbed itself. This speckle was originally thought to
be due to testbed jitter and tip/tilt sensitivity, but this has been ruled out. Another possibility is diffraction from the field
stop edge. The field stop is not a fundamentally required component of a coronagraph and is present to prevent practical
issues such as camera blooming and other pixel cross-talk. (In which case a camera with less blooming and cross-talk
would mitigate this.)

Contrast in the 4-8 region was much deeper, at 9e-9 raw (1.6e-9 modulated), proving that PIAACMC components impose
no incoherent light limits down to at least 1.6e-9 levels. The unmodulated light is at 7.4e-9 levels and is what is ultimately
limiting our performance. It is not yet known whether this light is due to PIAACMC components or auxiliary testbed
hardware and environment. However, this unmodulated light was originally much higher, which was traced to several
effects external to the PIAACMC coronagraph, such as ghosts and scattered light, and this may still be what’s limiting
both the raw and modulated contrast.

Performance in the 2% band is only marginally worse than the monochromatic light 4-8 A/D case, and may in fact represent
better performance considering that wavefront control was applied over a larger dark zone (3.5-8 A/D). We conclude that
our system is insensitive to increasing the band to 2%, and that we do not have ghosts whose optical path difference is
between the coherence length of the monochromatic diode and 2% band source.

Finally, raw contrast performance in a 10% band is 1.9e-8 in 10% between 3.5-8 A/D, which is comparable (within roughly
a factor of 2) of monochromatic and 2% cases. Furthermore, levels of unmodulated light are similar. The greatest difference
is the unmodulated light, which at 9.4e-9 is almost an order of magnitude greater than the narrowband case. Analysis of
different wavelengths in the 10% band reveals a quadratic dependence of contrast vs. wavelength, with the contrast at the
central wavelength being much closer to the narrowband case. Therefore, unlike the monochromatic case, broadband
contrast appears to be limited by the chromaticity in our system, rather than incoherent light. However, according to
simulations of broadband EFC, this chromaticity should be suppressible, and it may be the case that we have simply not
spent enough time on tuning our broadband models (we focused on monochromatic and narrowband tests as a prerequisite
for broadband).

4. TIP-TILT SENSITIVITY MEASUREMENTS

One of the historical weaknesses of PIAA family of coronagraphs is its sensitivity to tip/tilt aberrations (and by extension,
to stellar angular size). Our LUVOIR A was designed with improved tolerance to tip/tilt aberrations and according to
models is insensitive to ~0.02 A/D diameter stars down to ~1e-9 contrast. However, does actual tolerance match the design?

To test this, we moved our source off axis by small amounts and collected the resulting coronagraphic off-axis PSFs. Raw
contrast measurements both in the model and testbed are shown in Figure 4 (top), for the full 2-8 A/D dark zone. On this
figure, solid thin lines show the model, and dashed lines show the measurement. The “x” and “y” coordinates correspond
to the orientation shown in Figure 3 (in other words, “x” corresponds to motion of the source parallel to the straight edge
of the dark zone, and “y” is perpendicular — as might be expected, sensitivity is greater in “y” than in “x”, which is
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consistent with Figure 3). However, all of these curves mix modes that are insensitive to tip/tilt (due to the underlying
speckle field), and terms that are sensitive to tip/tilt (which is what we really want to compare). The former is responsible
for the horizontal parts of the curves, which are greater for the empirical case due to the contrast limitations described in
section 3. This mixing of modes makes the comparison non-trivial if the underlying speckle fields are significantly
different between empirical measurements and model, as they are in Figure 4. However, it is possible to disentangle the
pure tip/tilt terms. The details of how this is done is beyond the scope of this paper (and will be covered in a journal paper),
but our empirical estimates of pure tip/tilt terms are shown as solid lines, which compare well to the slanted portions of
the design curves where the tip/tilt terms dominate. We conclude that the observed sensitivity to tip/tilt aberrations
compares well to the designed one.
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Figure 4. Top: Comparison of tip/tilt sensitivities between model and testbed.

5. PRELIMINARY ANALYSIS OF LIMITING FACTORS

A full analysis of limiting factors is ongoing and is outside the scope of this paper, but we present a few preliminary
findings here. First, it is important to note that, generally speaking, the majority of a dozen or more limiting factors we
encountered on the path to current performance in Figure 3 were not due to any kind of fundamental limitation of the
PIAACMC technology, but rather the development of the testbed itself. It is not known yet whether the current limits are
due to some kind of fundamental limitation of PIAACMC, but we have certainly not exhausted testbed and model
improvements, especially in broadband light. It is therefore quite possible that, had the project gone on for longer,
performance could be further improved to ~1e-9 raw contrast levels predicted by models.

A key limiting factor we were able to rule out is sensitivity to tip/tilt aberrations. Measured jitter levels on the testbed are
about 0.01 A/D rms in x and 0.0034 A/D in y. From Figure 4, this should result in unmodulated contrast on the order of le-
9, well below the levels we actually observe, especially in the 2-4 A/D dark zone. However, it is still possible that the
source is not truly single mode and is acting as a star with a diameter that is too large. Another potential limiting factor is
manufacturing and alignment errors. When we fold in all known errors into our models, our contrast performance stays
below 1e-9 in 10% between 2 and 8 A/D, but there may be unknown terms on the testbed that cause limits before 1e-9.

Other limiting factors we ruled out, or determined are not likely are: voltage resolution on the deformable mirror, most
types of ghosts, chromaticity due to Fresnel diffraction, and out-of-band light present in our source. Limiting factors under
investigation that are PIAACMC-related include sub-wavelength electric field interactions on the CMC mask, and
polarization effects (that are not isolated by our polarizer). Ones that are not PIAACMC-related include sub-wavelength
electric field interactions with the carbon nanotube pupil mask, the pinhole, DM jitter, certain types of ghosts, and
insufficient software parameter tuning.
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6. CONCLUSIONS

There is a significant gap between current coronagraph performance and theoretical limits, especially for obstructed
apertures, which remain important because they represent a path for significant risk and cost savings on the Astro2020
mission, assuming the performance gap between coronagraphs on on-axis and off-axis apertures can be closed. PIAACMC
technology is one path that may bridge both gaps, at least partially. Our PIAACMC and PIAA designs for LUVOIR show
improved performance over baselined designs, especially for LUVOIR B, where the improvement in yield of characterized
exoEarths is from 28 to 42. For LUVOIR A, the improvement is more modest (47 to 51), but allows new targets that are
not otherwise possible. Furthermore, further improvements may be possible for obstructed apertures such as LUVOIR A,
especially with the new PIAA-vortex concept.

Our current performance in the lab includes 9e-9 raw contrast (1.6e-9 coherent) for a 4-8 A/D dark zone in monochromatic
light; 1.1e-7 raw (4.1e-8 coherent) for 2-4 1/D in monochromatic light; and 1.9e-8 (9.4e-9 coherent) in 10% broadband
light. In addition, both our design, and our empirical measurements, show tolerance to 0.02 A/D diameter stars down to
~1e-9. Further improvements may be possible for PIAACMC, and are known to be possible for PIAA-vortex variant.

A full analysis of limiting factors is under way, but we have ruled out tip/tilt sensitivity, and a number of others, such as
sensitivities to known errors, voltage resolution on the deformable mirror, most types of ghosts, chromaticity due to Fresnel
diffraction, and out-of-band light present in our source. Most of our prior limiting factors have been related to the
development of a new testbed for PIAACMC, rather than PIAACMC itself. Although it remains possible that our limiting
factor is due to some unknown fundamental limitation of the PIAACMC architecture or hardware, we have not yet
exhausted possible testbed and software improvements that could have led to better performance before the testing phase
of this project concluded.
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