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gAix Marseille Université, CNRS, CNES, LAM (Laboratoire d’Astrophysique de Marseille)

UMR 7326, 13388 Marseille, France
hAdvanced Nanophotonics Inc., 4437 Windsor Farm Rd, Harwood, MD USA
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ABSTRACT

We present recent laboratory results demonstrating high-contrast coronagraphy for the future space-based large
IR/Optical/Ultraviolet telescope recommended by the Decadal Survey. The High-contrast Imager for Complex
Aperture Telescopes (HiCAT) testbed aims to implement a system-level hardware demonstration for segmented
aperture coronagraphs with wavefront control. The telescope hardware simulator employs a segmented de-
formable mirror with 37 hexagonal segments that can be controlled in piston, tip, and tilt. In addition, two
continuous deformable mirrors are used for high-order wavefront sensing and control. The low-order sensing
subsystem includes a dedicated tip-tilt stage, a coronagraphic target acquisition camera, and a Zernike wave-
front sensor that is used to measure and correct low-order aberration drifts. We explore the performance of a
segmented aperture coronagraph both in “static” operations (limited by natural drifts and instabilities) and in
“dynamic” operations (in the presence of artificial wavefront drifts added to the deformable mirrors), and dis-
cuss the estimation and control strategies used to reach and maintain the dark-zone contrast using our low-order
wavefront sensing and control. We summarize experimental results that quantify the performance of the testbed
in terms of contrast, inner/outer working angle and bandpass, and analyze limiting factors.

Keywords: Coronagraphy, high-contrast, GOMaP, LUVEx, LUVOIR

1. INTRODUCTION

The study of worlds similar to ours where life could be present is arguably one of the most compelling science
drivers for future large space observatories. The most recent Astrophysics Decadal Survey “Pathways to Discovery
in Astronomy and Astrophysics for the 2020s” recommended a large (∼ 6m aperture) infrared/optical/ultraviolet
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(LIROUV) space telescope to be developed for this purpose. This new space mission will obtain direct spec-
troscopic measurements of terrestrial planet atmospheres to enable the search for signatures of habitability and
seek out potential molecular markers of distant biologies.

In this context, the HiCAT testbed (High contrast imager for Complex Aperture Telescopes,1–7) is a ded-
icated coronagraphic demonstration with on-axis segmented apertures. The project is targeting system-level
experiments in ambient conditions that can happen before demonstrations in vacuum.

The project, started in 2013, has now achieved a high maturity. In order to provide a system-like approach, the
testbed includes a segmented mirror hardware simulator, a coronagraph, a low-order wavefront sensor, and other
metrology capabilities (interferometric metrology, and two phase retrieval arms). The testbed has the flexibility to
switch coronagraphic mode readily and in this paper we present results with a Classical Lyot Coronagraph (CLC),
Apodized Pupil Lyot Coronagraph (APLC)8–10 and Phase-Apodized-Pupil Lyot Coronagraph (PAPLC).11 The
project work has alternated between infrastructure development and contrast performance optimization for the
full system in the simpler CLC mode, while developing the other component technology in parallel (in particular
the apodizer masks) for the APLC mode.

In this paper, we give an updated overview of the testbed with recent hardware and software infrastructure
updates as well as an overview of the current results. The project has been organized in three levels of milestones,
from open-loop natural ambient conditions to closed-loop control under natural and artificial drift conditions.
HiCAT has reached and exceeded the dark-hole performance for all three levels of milestones, albeit only in the
monochromatic sense for now. Broadband development was halted during the pandemic for hardware reasons
and will resume by the end of 2022 with a new broadband light source.

2. TESTBED OVERVIEW AND PROJECT GOALS

2.1 Testbed description

The HiCAT testbed includes a segmented aperture telescope simulator (37-segment IrisAO DM combined with
an aperture stop). The entrance pupil is defined by the geometry of the 37-segment DM and is therefore not
circular. The HiCAT telescope simulator is thus truly segmented with the ability to add real co-phasing wavefront
errors and introduce temporal drifts for dynamical studies. Pictures of the HiCAT testbed are shown in Fig. 1
and a functional diagram is presented in Fig. 2.

Figure 1. HiCAT enclosure and view of the HiCAT bench itself. The three deformable mirrors can be identified by their
ribbon cables. The apodizer is not in use in this picture and is replaced by a flat surrogate mirror.

The segmented DM has a calibrated surface error of 9 nm rms, with very high open-loop repeatability, which
makes it suitable for the high-contrast goals of HiCAT. Wavefront control to calibrate the wavefront further and
generate dark holes (DH) is enabled by using two Boston Micromachines 952-actuator micro electro mechanical
(MEMS) “kilo-DMs”. The testbed is calibrated to a final wavefront error of the order of 1 nm rms using the
phase retrieval camera, which is used to measure the wavefront at a focal-plane mask (FPM) proxy location by
introducing a high-quality flat mirror into the beam.12 We have since then also implemented a dOTF calibration
(differential Optical Transfer Function),13 which is simpler operationally (E. Por, in prep). The dOTF calibration



Figure 2. HiCAT functional diagram. Recent upgrades include the ability to swap the focal-plane mount between a
circular mask for CLC/APLC mode and a knife edge for PAPLC mode. Also, a new pinhole assembly has replaced the
bare single-mode fiber launch that was creating a ghost in the fiber cladding at about 3 λ/D (similar behavior observed
with two fibers). HiCAT now also has a low-order phase retrieval camera. A new broadband laser will be installed in the
fall/winter of 2022 to resume the development of broadband operations.

combines an image with a flat wavefront with an image where one of the Boston DM actuators is poked near
the edge of the projected pupil to retrieve the complex amplitude of the pupil plane. During calibration, we run
several iterations in closed loop to get our final corrected point-spread function (PSF), which is then used as a
starting point for DH wavefront control. Figure 3 shows images after Fizeau interferometer flattening, and after
subsequent dOTF flattening.

The HiCAT coronagraph is based on a Lyot-style design and can accommodate modes including a Classical
Lyot Coronagraph (CLC), Apodized Pupil Lyot Coronagraph (APLC)14,15 and Phase-Apodized-Pupil Lyot
Coronagraph (PAPLC).11 The APLC can be implemented either using a reflective or transmissive apodizer that
can be manufactured using carbon nanotubes.16 Unfortunately, the current state of the testbed does not allow
reflective apodizers at the same time as the segmented aperture (an issue we plan to remedy in the near future
by performing an optical realignment of the testbed). This issue can be mitigated in the meantime by using
a transmissive apodizer, and in this paper we present results from a preliminary transmissive prototype. In
CLC/APLC mode, we use a circular FPM re-used from the former “Lyot Project”, courtesy R. Oppenheimer
(American Museum of Natural History), and a transmissive Lyot stop etched in silicon and coated with carbon
nanotubes. In PAPLC mode, we use a reflective knife edge that can be swapped readily using a custom kinematic
mount, in conjunction with the APLC Lyot stop. The Low-Order Wavefront sensor (LOWFS) arm includes a
target acquisition camera to center the PSF precisely at the center of the FPM, and two wavefront sensors. This
arm is fed with light that is rejected by the coronagraph: in CLC/APLC mode this is the light that is transmitted
though the FPM hole, in PAPLC mode it is the light that misses the knife edge. Both a Zernike wavefront sensor
and a Low-order Phase Retrieval (LOPR) arm are currently available and operational for closed-loop control,
either by themselves or concurrently with DH algorithms.



Figure 3. Left: Fizeau interferometric measurement of the IrisAO surface error after manual open-loop calibration. The
total surface error is ∼ 9 nm rms, and we show the corresponding PSF in the middle panel. Right: End-to-end calibrated
PSF using dOTF13 phase retrieval with compensation of both continuous (both low-order and higher-order errors) applied
to the Boston DMs, and discontinuous modes (segment-level piston/tip/tilts) on the IrisAO DM.

2.2 Project goals and milestones

The objective is to advance high-performance coronagraph systems’ technology readiness levels (TRL) for ter-
restrial planet direct imaging missions of the future with segmented aperture space telescopes. For such a future
segmented telescope aiming to achieve a factor of 10−10 starlight suppression, the stability of the wavefront
delivered from the telescope presents special challenges to the coronagraph performance. The telescope and
coronagraph must be considered together and their technologies advanced as an integrated system.

As part of the NASA Strategic Astrophysics program (Technology Demonstrations for Exoplanets Missions),
the HiCAT project is organized along three formal milestones to advance system-level aspects to TRL-4 in
ambient conditions17∗.

The DH goal for each milestone corresponds to a contrast better than ∼ 10−7 in a 360 degree dark hole
extending from ∼ 4.5 to 12 λ/D. The milestones are organized according to three levels of complexity along
the system-level demonstration axis. The first level corresponds to a static demonstration of the dark hole.
The second level includes closed-loop LOFWS control under natural ambient drift conditions. The third level
studies the dark hole stabilization under closed loop and controlled artificial drifts that can be applied to both
the segmented primary mirror segments, or the continuous DMs in the form of low-order aberrations.

The current results of HiCAT meet the performance goals for all three milestone levels, albeit only in the
monochromatic sense for now.

2.3 Software architecture

A significant effort has been invested in developing the HiCAT software infrastructure, and in particular to
enable concurrent operations with multiple closed loops (DH electric-field conjugation, or stroke minimization)
at the same time as LOWFS control loops. Very recently we have upgraded our architecture (E. Por, in prep)
to using a backend based on a service-oriented architecture with low-latency inter-process communication using
shared memory. While the backend and communication layer are written in C++, the testbed can be operated
and scripted fully from Python. An accompanying Graphical User Interface (GUI) is shown in Fig. 4. Camera
viewers, DM viewers and control loops can all be started from inside this GUI.

∗https://exoplanets.nasa.gov/internal_resources/1186/
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The main motivation for the transition to this updated infrastructure was to enable faster operations (im-
provement of an order of magnitude in speed), as we had established that the testbed performance was limited
by ambient drifts, especially at small inner working angles (IWA) (see Fig. 5 and Fig. 6). Furthermore, the GUI
makes it easier and faster to start experiments, and observe the testbed during operation, improving the active
duty cycle and usefulness of operations.

Figure 4. A new software control infrastructure has been implemented that allows a 10x speed performance improvement,
with a backend based on service-oriented architecture with low-latency inter-process communication using shared memory.
From left to right and top to bottom: i) Main control panel GUI. ii) Target-acquisition camera showing the image of the
back of the FPM with the core of the PSF centered inside the mask on a logarithmic scale. iii) Pupil camera image on a
logarithmic scale (here with a circular Lyot Stop in place, but non-circular entrance aperture). iv) Boston DM channels
to allow for multiple independent control loops (here showing the DM surface commands for both the dark-zone control
and the LOWFS correction. v) Science camera image showing the dark zone and control GUI for sensing and control
loops. vi) LOWFS control panel.



3. MILESTONE LEVEL 1: CORONAGRAPH COMPONENT DEMONSTRATION IN
NATURAL CONDITIONS

3.1 Classical Lyot Coronagraph

In Fig. 5 we show the progress made in terms of contrast and IWA over the past 1.5 years. Initially, the testbed
operated with a surrogate flat mirror in place of the IrisAO DM, with a circular aperture, and with a very
large IWA (7.5λ/Dpup). The testbed transitioned from this circular monolithic mode to the truly segmented
non-circular aperture in the winter of 2021. A number of improvements in the used algorithm, calibration, and
hardware allowed the contrast to increase by a factor 2-3x despite the more complex aperture geometry. At that
point the testbed was essentially limited by stability, which was addressed by a combination of both software and
hardware improvements. This allowed for a further improvement in contrast (factor ∼ 4) and IWA (factor ∼ 1.6).
The performance impact is particularly noticeable in the IWA improvement, illustrated in Fig. 6, confirming that
the performance was limited by the dynamical drifts and instabilities, which are now better compensated by the
increased operational speed.

Figure 5. Dark hole progress over the past 1.5 years, from a CLC with a circular monolithic aperture, to a truly segmented,
non-circular aperture. The contrast has improved by a factor ∼ 4 and IWA by a factor ∼ 1.6.

Figure 6. Comparison between the DH performance with the previous slower infrastructure (left) and with the new faster
one (right). This is also compounded with some hardware and environment improvements. The contrast was more limited
at small IWA, and the higher speed of course plays a major role to mitigate temporal drifts. This level of contrast is
achieved on the order of a minute. Other improvements have been associated with stability (better thermal management
inside the enclosure and lab HVAC repair/upgrade, as well as the installation of a pinhole.



3.2 Apodized Pupil, and Phase-Apodized-Pupil Lyot Coronagraph

Apodizers for HiCAT have been developed in partnership with Advanced NanoPhotonics†.7,18 After testing a
number of reflective apodizers, we identified an alignment issue with the testbed that currently prevents us from
using both the apodizer and the IrisAO DM at the same time. This will be fixed eventually by some optical
realignment, and at the moment we are investigating transmissive apodizers as a short-term mitigation path.
Indeed, we can use the entrance pupil mask plane to insert a transmissive apodizer19 (see Fig. 2). The process for
manufacturing the apodizer involves a catalyst patterned on the substrate, from which dark carbon nanotubes
are grown using chemical vapor deposition at around ∼ 600◦C. The carbon nanotubes result in 100% blocking of
incoming light while minimizing reflected light (total hemispheric reflectance is 0.5% in visible wavelengths, 0.2%
at infrared). Some of the manufacturing requirements of the apodizers are an excellent transmitted wavefront
with a minimal error (we achieved∼ 5 nm rms) and high spectral transmission (greater than 90% from 250-500 nm
and less than 92.5% from 500-2500 nm). The first such apodizer was received just in time for these conference
proceedings, and we include here preliminary illustrations of the full segmented-aperture APLC results, shown
in Fig. 7, with very preliminary results 2-3x worse in contrast than with the CLC (6 − 8 × 10−8). However,
this first prototype was impacted by a lower wavefront quality (a dOTF calibration was not performed in these
results) and some coating issues, which now have been fixed in a second prototype that will be implemented on
the testbed by the end of the year.

Figure 7. First demonstration of a fully segmented aperture APLC. Because of an alignment issue that was not possible
to fix in the past couple of years because of the COVID-19 pandemic, we have developed a transmissive apodizer option
which allows the concurrent use of the truly segmented aperture with the apodizer. The first apodizer prototype (though
impacted by some manufacturing defects) was installed. The coronagraphic PSF without wavefront control in the center
left shows significant presence of wavefront error that will be calibrated in the future using phase retrieval. The contrast
in the dark zone with this preliminary apodizer shown on the far right reached a 2-3x times worse value than CLC at
about 6− 8× 10−8.

Recently, and after a successful initial demonstration,20 we have upgraded the focal-plane mount to enable
the PAPLC mode. This coronagraph11 uses a knife-edge FPM instead of a circular one, and does not require
amplitude apodization.

The PAPLC offers a very small IWA (∼ 2λ/D) which is about ∼ 2− 3× smaller than for the CLC or APLC.
This comes at the price of half a field of view. This feature makes the two classes of concepts (PAPLC and APLC)
well matched as they support distinct observing concepts for direct imaging missions. Those typically require
target identification and discovery at shorter wavelengths to enable smaller IWA on the sky (where a full field of
view helps) but are usually followed by characterizations over a wide range of wavelengths and in particular longer
wavelengths where the PAPLC advantage is clear (a half field of view does not impact characterization since the
point-source location is already known, and the smaller IWA is an obvious advantage at longer wavelengths).

From a system-level aspect, the use of a PAPLC also offers interesting advantages since the system is a lot
more sensitive at smaller angular separations. This allowed us, for example, to identify incoherent ghosts within
3.5λ/D due to unexpected propagation in the cladding of our single-mode fibers. This was confirmed to be the
issue with different fibers and was finally fixed by a pinhole assembly at the beam launch. The current PAPLC
performance is shown in Fig. 8 and will be detailed in a future publication (Por et al., in prep).

†https://www.advancednanophotonics.com/
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Figure 8. The focal-plane mask mount was recently upgraded with a kinematic mount to easily swap between a circular
FPM for CLC/APLC operations and a reflective knife edge (top left) for PAPLC operations. This coronagraph does not
require any amplitude mask, but uses both Boston DMs to introduce phase apodization. This apodizes the PSF falling
on the knife-edge FPM (top right) to suppress the stellar light in the science camera image (bottom) to reach an IWA of
about 2.3λ/Dpup albeit in a half field of view. The raw average contrast reaches 2×10−8 from 2-13 λ/Dpup, and 8×10−9

from 5-13 λ/Dpup.



4. MILESTONE LEVEL 2: DARK HOLE WITH CLOSED-LOOP CONTROL UNDER
NATURAL DRIFTS

In Fig. 9, we show results for simultaneous closed-loop control on both a low-speed stroke minimization high-
order loop, running at ∼ 0.4Hz, and a high-speed Zernike WFS low-order loop, running at ∼ 80Hz. During this
test, we increased our dry-air purge lines and partially opened the enclosure to let in humidity. Both of these
result in higher (natural/uncontrolled) turbulence. Note that in this condition, HiCAT will not reach the same
performance as shown in the previous section. While the high-order loop by itself can correct for some slow-speed
drifts, Fig. 9 shows that the contrast is deeper and more stable when the low-order loop is running, as seen in
part 1 and 3 of the figure (red lines). Further details and analysis of these experiments can be found in Ref. 21.

Figure 9. Illustration of contrast performance by running simultaneous stroke minimization and Zernike control21 under
artificially high turbulence levels (dry air purge turned on high-speed and open enclosure). This also results in a slightly
worse contrast compared to the best results presented in the rest of the paper. Thanks to the increased speed of operations
(stroke minimization closed loop running at 0.4Hz in this example over about 30 min of experiment duration, and the
low-order loop at 80Hz), the high-order loop corrects some of the low-order drifts and the impact of the LOWFS is less
significant. The contrast is nevertheless measurably lower when both loops are closed simultaneously than when the
high-order loop runs by itself.

Natural drift results without the high-order stroke minimization loop running are shown in Fig. 10. Here,
the Zernike WFS low-order control loop is only controlling low-order aberrations on our in-pupil Boston DM
and high-orders are left static. This shows that the Zernike control loop is able to stabilize in part the source
of the drifts. This experiment, combining high-order open-loop and low-order closed-loop control corresponds
to the observational scenario of the upcoming Roman Space Telescope Coronagraphic Instrument (CGI).22–24

However, it is also clear that there are drifts uncontrolled by the Zernike WFS loop that impact the contrast in
the dark zone, even at timescales as short as a few minutes.



Figure 10. Comparison of open-loop drifts without any control (i.e., simply holding the dark-hole commands on the
continuous DMs) with activated Zernike LOWFS control over 30 min with artificially high turbulence levels (dry air
purge on high-speed and open enclosure). In this situation the stabilization provided by the LOWFS loop provides a
5x improvement in contrast. This operating mode corresponds to the mode of operation of the Roman Space Telescope
Coronagraphic Instrument (stabilization of low-order drifts and open-loop high-order control).



5. MILESTONE LEVEL 3: DARK HOLE WITH CLOSED-LOOP CONTROL UNDER
CONTROLLED ARTIFICIAL DRIFTS

In addition to natural drifts, we can also add artificial drifts using our DMs, both on the continuous Boston DMs
and the segmented IrisAO DM, and try to control all these drifts using our control loops. In Fig. 11, we show an
example of such an experiment. Artificial high-order drifts are introduced on the Boston DMs. The dark zone is
controlled using the Dark Zone Maintenance algorithm.25,26 All images fed to this algorithm are pre-processed
to add photon noise, dark current, and read noise representative of the expected noise statistics for exposures
in Roman CGI.22–24 When pre-processing the images, we use an exposure time of 39 s, so this 12 hr HiCAT
experiment is comparable to a 35 hr Roman CGI target observation. We can see that the algorithm maintains
the contrast at ∼ 5.3× 10−8 throughout the 12 hour experiment (magenta line in Fig. 11), even though in open
loop, the contrast would have drifted to 1.1× 10−6 (cyan line in Fig. 11).

Figure 11. Illustration of a 12 hour Dark Zone Maintenance algorithm26 experiment where a low-SNR image is simulated
using calculated Poisson statistics based on expected photon rates for a real mission (scaled to Roman CGI in this case).
Artificial drifts are introduced on the Boston DM. The closed-loop contrast (solid magenta) is maintained at 5.3× 10−8

(dotted black line) within a standard deviation of 6.4× 10−9 (dashed black line) for the duration of the experiment. The
open-loop contrast (cyan crosses) diverges to 1.1× 10−6 by the final iteration.

We can also independently stabilize the low-orders aberrations using the Zernike LOWFS as in the previous
section, but now under artifical drifts. The results of such an experiment is shown in Fig. 12, performed using
a large IWA dark zone using the previous, slower software architecture. The Zernike control loop was started at
t = 900 sec. The first nine Zernike modes, up to trefoil and excluding piston, are nicely controlled under these
artificial drifts, and the average raw contrast indeed returned to 3 × 10−8, the same values as before the drifts
were added. Work to combine the maintenance algorithm with low-order stabilization is underway.



Figure 12. Dark hole evolution with time under low-order drifts on the Boston DMs and stabilized by the Zernike LOWFS.
A random walk wavefront error is applied to the continuous Boston DMs in form of random combinations of the first
ten Zernike modes. The perturbations are added every 2 seconds and represent an on-average WFE of 1.5 nm rms. The
total experiment runs for 30 min and the LOWFS allows us to stabilize the contrast at about 3 × 10−8, even after the
open-loop drift reaches about 2× 10−7. This experiment was performed with the smaller dark zone (larger IWA) and the
previoius infrastructure, and with a closed enclosure.27



6. NUMERICAL AND ANALYTICAL MODELING

Simulations of the experiments performed on HiCAT allow us to calculate integration matrices needed for wave-
front control, prepare new algorithms without direct testbed access and understand the limitations of the current
testbed performance. HiCAT is currently modelled with a numerical simulator that implements all essential op-
tical components (e.g., masks, DMs, cameras) but without including every single optical surface of the testbed
(e.g., off-axis parabolas and lenses). This numerical model accurately reproduces images generated in all detec-
tors on the testbed, as shown for focal-plane images on the science camera in Fig. 13, corresponding to an earlier
testbed mode (without IrisAO, and with a reflective APLC with simulated segments).

Figure 13. Example output from our medium-fidelity simulator. This example is from a test of the COFFEE phase retrieval
algorithm28,29 with speckle patterns applied to the DM, prior to the generation of a dark hole, in a earlier hardware mode
implementing a simulated-segmented APLC (without the IrisAO DM). Left: Actual testbed image. Right: Simulated
image for the same configuration as on the left and simulated DM settings. The overall morphology and many details
are in good agreement. The main difference is that the simulated image has a lower speckle halo at wide separations
(corresponding to high spatial frequencies well outside of the dark-zone control frequencies, and thus less of a priority for
inclusion in the simulator thus far). We note the different intensities of the satellite spots caused by the DM actuator
print-through. These asymmetries arise due to Fresnel propagation between the two DMs, which at this time were slightly
misaligned in translation by about 0.2 actuator spacings. The details of this alignment and the resulting diffractive effects
are reasonably well reproduced in the simulator.

Figure 14. Left: Statistical segment tolerances on HiCAT (piston standard deviations, only in the un-correlated case)
derived from the PASTIS sensitivity model, for a target contrast of 5×10−7). Center: Validation of the tolerances on the
left on hardware using a Monte-Carlo experiment. The per-segment tolerances in the left panel are used as a prescription
to draw 1000 distinct aberration states on the segmented DM. The histogram represents the resulting DH contrast values.
Its mean value and standard deviation coincide with the predictions of the analytical model.30 Right: Generalization
to multiple modes to establish the segment-level tolerances on hardware albeit at less deep target contrast (10−6). The
solid lines are the joint tolerances of piston, tip and tilt allowed on all segments. The dashed line shows the piston-only
tolerances for comparison. The segment numbering on the x-axis corresponds to the segment numbering shown on the
right.



As part of the work to create comprehensive error budgets of the testbed and identify contributing factors
to the performance limitation of HiCAT, analytical models like the matrix-based PASTIS sensitivity model are
used.31,32 To quantify the impact of segment-level aberrations on the DH contrast, this model probes the contrast
response to a set of localized aberration modes. By scaling the segment influences to a pre-set statistical mean
contrast over many aberration realizations, we can produce tolerancing maps and requirement plots like shown in
Fig. 14 to establish WFE control requirements on the segmented DM. This analysis can be expanded to a wider
set of local basis modes, for example through a joint requirement analysis of piston, tip and tilt aberrations on
each of the segments of the IrisAO DM. In this way, we can quantify the relative contrast impact of a pertinent
aberration basis set on the mean DH contrast.

This tolerancing work will benefit significantly from the improved contrast performance with the new, faster
architecture to establish and validate piston/tip/tilt tolerances at higher contrast in the near future.

7. CONCLUSIONS AND PERSPECTIVES

The HiCAT project is contributing to the system-level technology maturation of a future segmented-aperture
coronagraphic space mission, by demonstrating a stabilized dark zone under both natural and artificially sim-
ulated dynamic drifts in the system. This demonstration involves high-contrast dark-zone algorithms based on
science camera images, along with sensing information from faster wavefront sensors, similar to what has been
done for Roman CGI — but now with the substantial added complication of segmented aberrations to sense and
control.

The HiCAT infrastructure is complete, with all hardware (integration of the Zernike LOWFS, phase retrieval
and metrology paths, pinhole filter) and a software architecture to operate the tested with multiple concurrent
control loops. The testbed now routinely achieves an average DH contrast of ∼ 2 × 10−8 from 4.6 − 13λ/Dpup

in CLC mode and slightly below 10−8 in the outer regions of the DH. These DHs can be obtained readily in
a few minutes starting from uncontrolled DMs. The best performance at short separations was obtained in
PAPLC mode in a half dark zone with closed-loop Zernike LOWFS at a contrast of 2×10−8 from 2−13λ/Dpup,
and 8 × 10−9 from 5 − 13λ/Dpup. The testbed performance is currently limited by a combination of camera
performance, environment residuals from turbulence and some measurable vibrations likely due to acoustics.
The resolution of the segmented IrisAO DM is appearing to be a limit for segment-drift studies, and the Boston
DM electronics (14 bits) will become a limiting factor if the contrast can be improved further. At the moment,
these results have been limited to the monochromatic configuration as we experienced hardware issues with our
existing broadband light source. We have therefore focused on developing all project goals in monochromatic
light. HiCAT will receive a new broadband light source by the end of 2022 and resume the broadband effort.

We have achieved all goals of the HiCAT project as defined in our SAT-TDEM white paper17 in terms of
contrast and DH geometry – albeit in monochromatic light for now, for all three milestone progression levels
(DH demonstration without stabilization, DH control with LOWFS stabilization under both natural drifts and
artificially controlled drifts).

HiCAT uses three possible coronagraphic modes: CLC, APLC and PAPLC. The development of the APLC
has been delayed as we had to develop a transmissive apodizer to mitigate a pupil alignment issue preventing the
use of our reflective apodizers together with the IrisAO segmented DM, until an optical realignment is performed.
The development of the APLC mode will continue with a second improved transmissive apodizer, and a new
design for a reflective apodizer that is compatible with the current state of the testbed.

The modeling component of the project has also reached its main objective by combining numerical sim-
ulations (necessary for our model-dependent control algorithms) as well as refined semi-analytical tolerancing
models and validated their predictions on the testbed hardware. The modeling effort will continue in the later
phase of the project, especially to help understand the performance limits of this testbed in ambient conditions.
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