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I. INTRODUCTION:

The next generation of space telescopes for direct imagingand spectroscopy of exoplanets includes telescopes
with a monolithic mirror,suchas the Wide Field Infrared Survey Telescope (WFIRST) [1] and Large Ultra-Violet
Optical Infrared (LUVOIR) telescopes with segmented primary mirror, like ATLAST [2, 3] or HDST [4]. Because
ofthe complexity of their pupils, high-contrast imaging becomes more challenging. Furthermore, space telescopes
have huge requirements interm of contrast stability in the presence of vibrations.

The High-contrast imager for Complex Aperture Telescopes (HiCAT) testbed has been developed to enable
studies on different components of high-contrast imaging, meaning starlight suppression, wavefront sensing
(WFS), and wawefront control (WFC) for such unfriendly pupils. New coronagraph designs are currently
developed on simulation [5, 6, 7] for a next implementation on the testbed. They will be complemented by two
deformable mirrors (DM) pupil-remapping techniques (e.g. Active Control of Aperture Discontinuities [ACAD]
[8, 9, 10]), that convert complex pupils into friendly apertures for coronagraphy.

In this communication, insectionll we introduce the HICAT testbed, focusingonits objectivesand in particular
the studies it will enable and the requirements that were deduced from these goals. These requirements leadto a
final designand environment, that we also present here, before describing its current status.

In section Ill, we present the results of our simulations on wavefront control using a single DM and a classical
Lyot coronagraph, including instability effects.

Il. HICAT TESTBED:

The HiCAT testbed is currently being developed at the Space Telescope Science Institute (STScl), more
precisely at the Russel B. Makidon Laboratory. This facility is dedicated to developing technologies for future
space missions. In particular, HICAT is designed to provide an integrated solution for high-contrast imaging for
unfriendly aperture geometries. Inthe section, we will describe the objectives of this optical bench, its final optical
and opto-mechanical designthat was deduced from these requirements, the environment constraints, and finally
the current status of the project.

A. Goals of the testbed

The HIiCAT tesbed was designed to develop methods for high-contrast imaging, including a starlight and
diffraction suppression system and wavefront sensing and control tools. These techniques have to be applied in
complex-aperture case telescopes, which includes segment gaps, spiders and central obstruction.

Its initial contrast goal inair is 10-7 ina dark hole limited by 3)/D and 10A/D (where A is the wavelength and D
is the aperture diameter) in a 2% bandpass, in the visible, assuming a single Boston Micromachines-deformable
mirror (DM), which should be improved to higher contrast after implementation of wavefront control methods.

To reachthis contrast ratio, the testbed is designed to minimize the impact of its optical components onits final
contrast, with focus on the sources of amplitude-induced errors from the propagation of out-of-pupil surfaces. To
limit that effect, known as the Talbot effect, we place a requirement on the contrast contribution of amplitude
errors to be one order of magnitude fainter than the total contrast, i.e. 10-8. The goal is that, by minimizing the
amplitude-induced errors due to the Talbot effect, the majority of the amplitude errors comes from the
discontinuities inthe pupil, such as the segment gaps, the spiders or the central obstructionand will be corrected
using wavefront control and wavefront shaping.

Since HICAT was designed to compensate for both amplitude errors due to its complex entrance pupil and
phase errors due to surface errors and non-homogeneous reflectivities of the optical components, two Boston-DM
are planned to be used. This is why this value of contrast should be then really improved after setting up the
second DM in the optical path.
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Such a contrast floor is below enough our contrast objective that the requirements will be achieved even in
presence of complex aperture (central obstruction, spiders and segments) and in large spectral broadband
operations.

But HiCAT also includes a coronagraph for starlight and diffraction-effect suppression, which is designed
considering the contrast as a metric to optimize.

B. Optical and opto-mechanical design

The HiCAT testbed is designed to achieve these goals, performing high-contrast imaging in the case of
unfriendly apertures. Therefore, it combines studies in coronagraphy, wavefront sensing and wavefront control,
plus a simulated telescope with a complex pupil. The final layout is presented in Fig.1 and is explained in details
in[7,11,12]. It is a purely reflective testbed, except for the last imaging lenses.

~4] Lyot stop Coronagraph

Space for
phase retrieval

Image camera

Pupil camera

2.4m x |.2m (8x4 ft) optical table

Fig.1.HiCAT testbed designdone with the software Solidworks, the beam is exported from Zemax. The telescope
is simulated by a pupil mask, the segmented mirror and off-axis parabolas. The segmented mirror is conjugated
with the pupil mask to form a segmented pupil with central obstructionand spider struts. The off-axis parabolas
set the telescope aperture. The wavefront control is done with two deformable mirrors. The coronagraph is
composed of an apodizer, a focal plane mask and a Lyot stop.

The telescope is simulated using:

- Anon-circularentrance pupil mask with central obstructionand spiders to define an aperture shape. Its size
is set the 20mm to enable small details to be represented (such as the spider) and the use of linchoptics.

- A 37-segment Iris-AO MEMs deformable mirror with hexagonal segments that can be controlledin tip,
tilt, and piston. The gaps between segments are between 10 and 12pm. This component is conjugated to
the entrance pupil mask.

Together, these two components provide a segmented pupil similarto ATLAST. The segmentedmirror canalso

be replaced with a high-quality flat mirror to give the possibility of studying AFTA-like pupils.

The chosen coronagraph is a Apodized Pupil Lyot Coronagraph (APLC), which combines a classical Lyot
coronagraph with entrance pupil apodization [8, 9, 10] and that is currently implemented in the exoplanet direct
imagers P1640, GPI, and SPHERE. It is then composed of:

- Anapodizer, located in a pupil plane, so conjugated with the two optical components previously presented.

- A reflective focal plane mask (FPM), with a 334pm diameter central hole. The beam focal ratio at its

locationis set at F/80.

- A Lyot Stop, with a diameter equal to the entrance pupil.

Both the FPM and the Lyot Stop are motorized and can be controlled from acomputer.

The final design of the apodizer is still under development, and the testbed is currently equipped with a Lyot
coronagraph, the apodizer being replaced by a high-quality mirror. For more details about the investigations on
coronagraph designs, please see [7]. Furthermore, thanks to the hole in the FPM, part of the beam can be reused
and this coronagraph is compatible with a low-order wavefront sensor [13, 14, 15].

Finally, the wavefront sensingand control system includes:
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- Two Boston Micromachines deformable mirrors (kilo-DM), which shows 952 actuators in a 9.9mm
diameter disk. One of them is calibrated and set ina pupil plane [7], and the second one, currently replaced
by a flat mirror, is located out of pupil. It will enable active correction for aperture discontinuities (ACAD)
and both amplitude and phase control.

- Afocal plane camera (CamF), with a motorized translation stage along the optical axis. This translation
stage will allow phase diversity applications [16, 17].

The testbed also includes a pupil plane camera (CamP), a 4D AccuFiz interferometer for alignment and
wavefront measurements, and convergent mirrors.

Combining all these components, the total wavefront error (WFE) in the testbed is 150nm RMS without the
correction from the DMs. This enables the use of A/20 surface error optics and an alignment tolerance of 100 to
500um, depending on the optic.

C. Environment constraints

To limit air turbulence and dust on the optical components, which would degrade the contrast performance,
HiCAT is locatedina class 1000 cleanroomwithtemperate control ina 1°C range and humidity that is maintained
under 40%. Furthermore, the testbed is on a floating table, which is on a platform independent from the rest of
the building, to remove vibration effects. A box covers all the testbed to protect it from dust and particles.

In addition to these first protections, the deformable mirrors have stronger constraints, in particular about
humidity (below30%), which lead to the installation of temperature and humidity sensors and a complementary
dry air system inside the box containing the optical bench.

This air supply may create unwanted turbulence effects inthe bench box, that might make the wavefront more
unstable and so high-contrastimaging implementation more challenging. This is why we plan to make this supply
external by limiting the humidity in the entire room below 30%, which would minimize the turbulence inside the
box.

D. Timeline and first results

The HICAT testbed was fully aligned in Summer 2014, except for the three deformable mirrors (2 Boston-DMs
and the Iris-AO segmented mirror) and the apodizer. This alignment resulted in a wavefront errors of 12+3nm
RMS over an 18mmpcircular pupil, after passing through an optical trainof 15 components. Fig. 2 shows the direct
and coronagraphic images obtained at the end of the testbed after this alignment. The direct image corresponds to
a nice Airy diffraction pattern, with seven visible rings. Furthermore, the coronagraphic image shows a lot of
speckles, that result from the residual wavefront errors of the testbed, and was not optimized at that time since the
FPM and the Lyot Stop were not optimally centered yet.

In 2015, the first DM was calibrated and integrated into the testbed, and replaced a flat mirror located in a pupil
plane. After alignment of the DM, we obtained a wavefront error of 13+3nm RMS, which makes us hope for very
good results after implementation of wavefront control.

Unfortunately, the firstwavefront control tests could not be achieved, due to an instabilityissue, that is described
in [18]. The resolution of this problem is currently on going, and once it will be solved, the wavefront control
implementation will go on, leading to the installation of the second DM to apply also the ACAD method.
Furthermore, the apodizer design studies is on-going and gives very promising results and an apodizer should be
added to the optical bench.

Fig. 2. Directand coronagraphic PSF obtained at the end of the HiCAT testbed, in log scale, but not on the
same scale. A 18mm circular pupil was used, combined with a 10mm Lyot Stop. The source gives a
monochromatic light at A=640nm.
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l1l. SPECKLE NULLING SIMULATION TESTS:

In this section, after ashort introduction to wavefront control, we describe a first method which does not need
any estimation of the wavefront. It was implemented in simulation mode and gave first really promising results.

A. Introduction to wavefront control methods

Since Brown and Burrows set [19] the typical requirements in term of contrast for exoplanet detection, the
theoretical feasibility of starlight subtraction in a so-called dark hole thanks to a DM has been proven [20]. This
approach has beensimplified with linearization of the equations to become the Speckle Nulling algorithm which
has already several times been experimentallytested and has proven itsefficiency and its robustness in broadband
light [21, 22]. A first generalization of this method (Speckle Field Nulling), which is based on minimization of
the speckle energy in all over the dark hole thanks to a Fast-Fourier-Transform-based (FFT) algorithm, has been
developed [23]. In oppositionto these estimation-free approaches, model-based techniques have been developed
and implemented. They separate estimation and control for a faster correction, such as the Self-Coherent Camera
(SCC) [24] and the COronagraphic Focal-plane waveFront Estimation for Exoplanet detection (COFFEE) [25]
for the estimation, or the Electric Field Conjugation (EFC) [26, 27] and the Stroke Minimization [28], including
even multiple DMs to enable symmetric correction in the dark hole (both amplitude and phase aberration
correction). Another algorithm was developed by Baptiste Paul, the so-called Non-Linear Dark Hole, which does
not make any linearization of the wavefront [29].

In this section, we describe in the first part the Speckle Nulling code that is applied in simulation mode in the
case of a circular aperture and the results we obtain. In the second part, we add random tip-tilt vibrations in the
pupil plane of our simulated system and study the influence of this perturbation on the results.

B. Simulation without perturbation

We wrote a code that is split in different parts, to separate the simulation-only sections from the sections
common to the simulation mode and to the on-testbed mode. The simulation-only sections are equivalent on the
testbed to an image acquisition and therefore contain a simulated Lyot coronagraph similar to the HiCAT
configuration. A visual description of the code is given in Fig. 3.

The Speckle Nulling method does not uniformly correct the image in the all dark hole. It typically focuses on
the correction of the n brightest speckles of the dark hole. For example, if we only want to correct for one single
speckle, the Speckle Nulling methodselects the brightest speckle of the dark hole and computesits intensity I and
its position (u,,u,,), according to the center of the PSF.

Since one speckle inthe field is equivalent to a sine function of the wavefront surface in the pupil plane, we are
looking for an equation of the unknown error phase in the pupil plane suchas:

¢ = Axsin(po+ 21 X (fx + £,9))

where A is the amplitude of the sine, ¢, is the origin phase and f, and f, are the spatial frequencies of the phase
and can easily be computed from the position (u,, u,,) of the speckle.

Furthermore, to estimate the amplitude of the sine function, we add a calibration step before the correction. A
known sine functionis applied on the DM surface and we simulate the resulting image in the focal plane behind
the coronagraph. This image has two symmetrical speckles,and we can get their intensity. According to thisvalue
and the amplitude of the sine command sent to the DM, we have a conversion factor fromthe DM command to
the intensity of the image points.

A=CxAyX I
I()
where A is the calculated amplitude, A, is the amplitude of the calibration sine command, C is the conversion
factor, I is the intensity of the speckle that has to be corrected, and I, is the intensity of the calibration speckle.
The main problem is finding the spatial phase ¢,. As explained in Fig. 3, itis found by testing different possible
spatial phases and selecting thanks to an interpolation the one that gives the best results onthe corrected image.

We apply the procedure described before onasimulated coronagraph with a Lyot Stop size equal to 0.99 times
the pupil size. In this case, since we are working on simulated data, we fix the DM size to 136 actuators, so 4
times larger than our real DM. The error phase is setas shown on Fig. 4 on the top left image and we just have
access to the top right image, which is the input of the routine.

We can also observe the results that we obtain after applying the Speckle Nulling code with the best correction
to the images. As we can see, the correction was very efficient: inthis case, the value of the speckle changed from
0.6898 to 0.01247 and onthe corrected image, no speckle is visible. If we look at Fig. 5, the absence of speckle
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Fig. 3. Diagram of our Speckle Nulling code. The code has been written to work in two different modes: with
simulated data or experimental images on the testbed. Simulations 1 and 2 are dedicated to the simulation mode
only while Codes 1, 2 and 3 are common to the two modes. Simulation 1 sets up all the useful input for the rest
of the procedure: an "unknown™ phase error (here: a sine function), background frames and image plane frames
obtained with a Lyot coronagraph. Code 1 computes the characteristics of the selected speckle (spatial frequency
and amplitude) and takes the average background-subtracted image. Code 2 generates n DM commands to probe
different spatial phases of the selected speckle. Simulation 2 computes the coronagraphic images inthe presence
of unknown phase for each of the n commands applied on the DM. Finally, Code 3 analyses these images to
determine the phase and the corresponding DM command that leads to the best correction of the selected speckle.

on the corrected image also clearly appears.
Lyot Stop plane Image plane

Without correction

With correction

Fig. 4. First results obtained with the Speckle Nulling code with simulated images before and after correction of
a pair of speckles (top and bottom). Left: Images in the relayed pupil plane of the coronagraph before application
of the Lyot stop. Right: Coronagraphic images in the final image plane.
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Fig.5. Azimuthal averaged intensity profiles of the coronagraphic images in log scale for the initial image (purple)
and the corrected image (blue) that are displayed in Fig. 4. The IWA and OWA of the controlled region are
represented with vertical lines. The attenuation of the intensity is observed at the speckle location (44 pixels).

C. Simulation with perturbation

In this part, fake random vibration are added in the pupil plane before the coronagraph, that is equivalent of the
DM plane.

To do so, we generate a vector of n random tip values and a vector of n random tilt values, in a certain range.
We can then compute the n corresponding wavefronts in the DM plane and we add them to our phase error. After
that, we can simulate the n images behind the coronagraph that are used as an input of the procedure. We apply
random vibration before summing the input images and also before applying the correction phases tested on the
DM. Except for these two extrasteps, the code is applied similarly than in the previous case.

As shown on Fig. 6, the vibration effect is clearly visible both before and after correction. In average, the
correctionis still doable, the vibration does not prevent the code from working.

The main effects of the vibration are that we can obtain random results, sometimes really good and sometimes
really bad, which is due to the fact that after correction, we take a single snapshot and the random tip-tilt can be
small or important. Furthermore, the translation of the pattern appears on the azimuthal plot. Indeed, we observe
both a translation of the rings and a smoothing of the values, as shown on Fig. 6.

The Fig. 7 indicates the performance depending on the vibration amplitude maximum range. For every
maximum range, we apply the code 5 times and obtain a set of 5 speckle values after correction. We then look at
the minimum obtained value, which corresponds to the best performance, the average value and the maximum
value (worst correction). As shown on Fig. 8, the higher the instability amplitude is, the more random the results
are, even if in every case we can still obtain very good results (the minimum value is quite constant).

100

Fig. 6. Coronagraphic images without and with correction, in presence of vibration. Left: Averaged image of 10
frames with random tip and tilt within the amplitude range [-0:01X, +0:01X]. Right: one single snapshot after
correction, with a similar random tip-tilt vibration. In both images, the tip and tilt aberrations are visible with the
asymmetry of the diffractionrings that are produced by the Lyot coronagraph. As the correctionis applied at a
certain position, it does not necessarily correspond to the right speckle location since a tip-tilt is added. The
correction is therefore less efficient than in the case we work without vibration.
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Fig. 7. Azimuthal averaged intensity profiles of the simulated coronagraphic images in log scale for the non-
corrected image (purple) and the corrected image (blue) that are displayed in Fig. 6. The IWA and OWA of the
controlled region are represented with vertical lines. A shift of the diffractionrings is observed between the two
cases. The attenuation of the speckle at its location is less important than the reduction observed in the absence of
vibration in Fig. 5.
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Fig. 8. Intensity of the speckle after correction as a function of the maximum vibration amplitude. For every
maximum range, we apply the code 5 times and obtain aset of 5 speckle values after correction. Fromthis analysis,
we retrieve the minimum obtained value, which corresponds to the best performance (yellowcurwe), the average

value (blue curve) and the maximum value that corresponds to the worst correction (pink curve).

IV. CONCLUSIONS AND PERSPECTIVES:

The HiCAT testbed will enable high-contrast imaging studies for telescopes with segmented apertures, spiders
and/or central obstruction. It is designed as a coronagraph completed with two deformable mirrorsto perform
wavefront sensing and wavefront control and address both phase and amplitude aberrations.

In parallel to this experimental study, we coded a preliminaryversion ofa Speckle Nulling code that gives good
results in simulation mode, even in presence of pupil plane instability. Without vibration, a given speckle is fully
remowved after correction. In presence of vibration, we obtain a reduction of the speckle intensity in almost every
case.

However, this method had some drawbacks, such as the computing speed. Indeed, since Specle Nulling only
corrects for one speckle at once in the dark hole, it has to be applied many times in a row to correct for speckles
in the entire dark hole. This is why, after this first test, we want to focus on other methods, such as the ones that
have been described in section Ill.A. The objective is comparing the performance in contrast of this different
methods, but also their requirements and their robustness to realistic space-like environment conditions, such as
jitter. After this study, amethod should be selected to be implemented onthe HiICAT testbed for further studies.
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