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ABSTRACT
In this article, we present a simulator conceived for the conceptual study of an AO-fed high-contrast coronagraphic imager. The simulator implements physical optics: a complex disturbance (the electric field) is Fresnelpropagated through any user-defined optical train, in an end-to-end fashion.
The effect of atmospheric residual aberrations and their evolution with time can be reproduced by introducing
in input a temporal sequence of phase screens: synthetic images are then generated by co-adding instantaneous
PSFs. This allows studying with high accuracy the impact of AO correction on image quality for different integration times and observing conditions.
In addition, by conveniently detailing the optical model, the user can easily implement any coronagraphic set-up
and introduce optical aberrations at any position. Furthermore, generating multiple images can allow exploring
detection limits after a differential post-processing algorithm is applied (e.g. Angular Differential Imaging).
The simulator has been developed in the framework of the design of SHARK-NIR, the second-generation high
contrast imager selected for the Large Binocular Telescope.
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1. INTRODUCTION
SHARK-NIR is a coronagraphic camera. Since coronagraphs deal with diffraction of light, it is necessary to
operate in the framework of wave-propagation physics: given the mathematical complexity of this theory, the
most common approach is to make use of numerical simulations. The test bench is written in IDL language and
it is developed to assess the coronagraphic performance of the camera.
Section 2 describes the simulator, with a brief insight into critical aspects such as implementation of AO correction
and NCPA. Section 3 introduces the coronagraphic techniques implemented in the test bench and identified as
possible candidates for SHARK-NIR. Finally, section 4 shows some of the possible studies that can be performed
with the simulator.
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2. THE SIMULATOR
The tool generates synthetic coronagraphic images using Fresnel optical propagation. For this purpose, we chose
the IDL library PROPER.1 The routines of this library allow to propagate numerically an electric field through
an optical train according to scalar theory of diffraction, in an end-to-end fashion. The propagator (i.e. numerical
alghoritm) to move from one surface to the subsequent one is selected by a dedicated set of internal routines by
means of analytical propagation of a Gaussian pilot beam, resulting in a very accurate modeling of the diffraction
phenomenon. Finally, intrinsic limitations of physical optics propagation with respect to ray tracing do not play
an important role because of the absence of refractive or highly aspherical optics in the camera, together with
the excellent optical quality by design.

2.1 AO correction and computational time
LBT AO system FLAO (First-Light AO)2 is a Natural Guide Star (NGS) single-conjugate system whose key
strengths are the telescope adaptive secondary mirror3 and the pyramid wavefront sensor.4 Since the efficiency of
the AO system feeding the scientific instrument is one of the fundamental drivers of coronagraphic performance,
a realistic estimate of the correction delivered by FLAO is mandatory. For the purpose, as input the code uses
closed-loop phase residuals generated with the official FLAO simulator PASSATA.5 This code has been developed
at INAF-Arcetri (Florence) and has been proven to yield SR in very good agreement with on-sky measurements.
The framerate of the AO loop sets the time step of simulations. For targets brighter then R ∼ 10, FLAO delivers
wavefront correction at 1 kHz rate, meaning that phase screen are interleaved by 1 millisecond.
Following this approach, the simulation time required to generate an image of exposure texp can be expressed as:
T = T0

texp
∆t

namely, a multiple of the time T0 required for the numerical propagation through the whole optical train, which
is primarily dependent on the size of computational matrices and on the amount of intermediate surfaces in the
model of the camera. ∆t is the time step discussed before.
The code also implements an optimized parallelization scheme, which allows to reduce this time by a factor depending on the number of simultaneous threads the machine is able to handle. The final result in our simulations
is ∼ 10 minutes (computation time) per second of integration at 1 kHz rate.

2.2 Non Common Path Aberrations
Speckles originating because of Non Common Path Aberrations (NCPA) represent a significant source of noise in
high contrast imaging because of their long life and slow temporal evolution. These aberrations are introduced
in the virtual test bench, according to some simplifying assumptions: we assumed a flat power spectral density
function (PSD) until the AO cut-off frequency, followed by a f −2 decline. This model relies on the assumption
that the introduced NCPA are actually residuals aberrations after a compensation is performed with LBT Adaptive Secondary Mirror (ASM). In addition, we assumed a total power of 30 nanometers rms. This value is the
result of a detailed assessment of NCPA error budget for SHARK-NIR and of a dedicated study on the possible
compensation strategies.

2.3 Telescope vibrations
Vibrations arise from resonant modes in the structure of the telescope, in particular the swing arm supporting
the ASM. These modes are excited by wind shacking and/or telescope tracking and mainly introduce tip and tilt
aberrations which are only partially filtered out by the AO system. Vibrations at LBT have been characterized
during FLAO commissioning run: the median value is around 6mas rms, with most of the power concentrated
at a frequency of ∼ 13 Hz. In order to model vibrations realistically, we used on-sky data coming from the
Forerunner experiment, a high contrast experimental imager installed at LBT in 2014.6 The data set consists of
a sequence of more than one million frames acquired at 1 ms cadence. The vector of centroids measured on these

images can be easily transformed into a tip-tilt aberration to reproduce in simulations the same star ‘wandering’.
Additionally, data can be arbitrarily rescaled in order to reproduce any total vibration power but preserving its
temporal properties.

3. CORONAGRAPHS
Thanks to the presence of two intermediate pupil planes and one focal plane in between them, the optical design
of SHARK-NIR is compatible with several coronagraphic techniques. From Lyot-class coronagraphs, requiring
only the focal plane and the downstream pupil plane, to three-planes techniques exploiting pupil apodization, like
Shaped Pupil and Apodized Pupil Lyot Coronagraph. In this section we introduce all coronagraphs implemented
in the test bench.
3.0.1 Gaussian Lyot coronagraph
This technique belongs to the class of Lyot coronagraphs, consisting of an amplitude mask in the focal plane
and a stop in the downstream pupil plane (the Lyot stop) to mask the light diffracted at the edge of the pupil
itself. In this variant, the amplitude of the electric field in the focal plane is modulated with a Gaussian filter.
SHARK-NIR will implement this solution for its overall robustness. Simulations showed that it represents an
optimal choice to adress those science cases not requiring extreme contrast nor very small IWA. The current
design features a 3 λ/D occulter and a downstream pupil undersizing of 15%.
3.0.2 Shaped Pupil
The Shaped Pupil Coronagraph (SP hereafter) acts on the shape of the telescope pupil in order to enhance
contrast in the focal plane.7 The re-shaping process is obtained introducing a binary mask in the pupil plane.
These masks are generated with an algorithm that iteratively converges to the pupil shape with the maximum
throughput that satisfies the desired requirements in terms of the high-contrast region morphology and depth.
In the process, any telescope aperture geometry can be considered. Figure 5 shows an example of binary mask,
together with the generated high-contrast region in the focal plane. All the light falling out of this region is
blocked introducing a hard edge mask in combination with a field stop. Finally, a Lyot stop is placed in the second pupil plane to block residual light diffracted at the edge of the pupil (as in the classical Lyot configuration).
We foresee to implement three SP in SHARK-NIR, one designed for moderate contrast but very small IWA and
the other two optimized to be used in combination to achieve very high contrast on a quite small IWA.
3.0.3 Four Quadrant Phase Mask
This coronagraph suppresses on-axis starlight by means of a phase mask in the focal plane. The mask ideally
divides the FP into four quadrants to apply in two of them on one diagonal a π phase shift. Provided that the
image of the star is perfectly centered on the common vertex of the quadrants, then the four outcoming beams
combine destructively at infinity and the stellar light in the downstream pupil plane is totally rejected outside
of the pupil area.8 This light is then easily blocked by means of a Lyot stop.
The FQPM represents an intriguing solution for SHARK-NIR, ensuring a way to further increase the detection
potentialities of the instrument at small angular separations in regimes of very high SR and moderately small
residual vibrations.
3.0.4 Vortex coronagraph
Like the FQPM, the vortex acts on the phase of the wavefront in the focal plane. Here the phase shift, while
being constant with the distance from the center of the field, is a continuous function of the azimuthal coordinate,
forming the so called ’phase ramp’. It has been shown in the laborary and on-sky that with this phase modification
the light in the downstream pupil plane is completely removed from the geomerical area of pupil itself and thus
can be easily blocked with a Lyot stop. This optical system has been proven, both on laboratory and on-sky,
to achieve very high stellar suppression.9 Simulations with our test bench show that this technique yields very
similar performance to the FQPM, but it is slightly more sensitive to low-order aberrations and misalignments.

3.0.5 Apodized Pupil Lyot Coronagraph
APLC is the coronagraph adopted in top-level high contrast imagers such as SPHERE and GPI.10 While the
SP creates high contrast with a single component (the apodizer), the basic idea behind APLC is to exploit the
diffractive properties of the combination of apodizer, FP mask and Lyot stop. This technique thus relies on
the joint optimization of the three. For a series of reasons related to instrument opto-mechanical constraints,
simulations showed that this technique can not guarantee the same performance as other solutions and thus it
is not foressen for the instrument.

4. APPLICATIONS
In this section we show a few situations which exemplify how the test bench can be used and which kind of
analysis it allows to perform.
Figure 2 shows, for each of the techniques implemented, the PSF out of the coronagraph, the PSF with the
coronagraph and the raw contrast radial profile. Raw contrast here is simply the intensity in the coronagraphic
PSF normalized to the peak of the out-of-coronagraph PSF. The conditions of the simulation are summarized
in table 1. Intensities are shown in the same logarithmic scale (the scale is different between first and second
column because of the different dynamic range) and the spatial extent of the image plane is also identical. Each
coronagraph has its peculiar features: the PSF of the SP, for example, is determined by the presence of both an
occulter and a field stop in the intermediate focal plane, while in the FQPM image the lines of phase discontinuity
are clearly visible. The AO control radius appears clearly as a ring of bright speckles causing the bump at 550
mas in the radial profiles. The small circular ring close to the star in both FQPM and vortex PSF is due to
telescope vibrations.
Figure 3 shows four images obtained integrating for one second with the Gaussian Lyot coronagraph in different
seeing conditions, from 0.4” to 1.0”. The star is bright (R=8), while vibrations are small (3 mas rms). It is
clearly visible how a bad seeing enhances speckle brightness inside the AO controlled region. These speckles are
distributed in the vertical direction, which is the one of the wind in simulations. Figure 4 reports the corresponding raw contrast profiles. The difference in contrast can be quantified as roughly half a magnitude per seeing step.
Another example of a possible application of the test bench is shown in figure 5. Here we compare three images
obtained with a Four-Quadrant Phase-Mask coronagraph introducing a growing amount of vibrations. The
difference in light-rejection capability of the coronagraph is clearly visible as vibration power increases: tip-tilt
aberrations cause a characteristic light ring to form around the star. As vibration power increases, secondary
rings start to appear at increasing angular separations.

5. CONCLUSIONS
In this paper we have presented a Fresnel simulator developed in the framework of the SHARK-NIR project,
the second generation high-contrast imager of the Large Binocular Telescope. The simulator is conceived as a
test bench: it implements several coronagraphic techniques and can generate images in a wide range of operative
conditions. Several sources of optical aberrations are introduced, with particular care on realistically reproducing
the LBT environment. The examples of possible applications shown here are part of a more comprehensive
tradeoff study that led to the definition of an optimal suite of coronagraphic designs for the instrument.
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Wavelength
R mag
H mag
Seeing
DIT
Residual jitter
NCPA

1.6 µm
8
6
0.4”
1s
10 mas rms
30 nm

Table 1. Parameters used for simulating the images shown in figure 2.

Figure 1. Example of Shaped Pupil design. Top-left: the binary pupil mask. Top-right: Intensity distribution in the focal
plane (Fourier transform of the re-shaped pupil). Bottom: Radial intensity profile in the focal plane. For this design, the
high-contrast plateau is 2 × 10−7 the PSF peak, while the discovery space ranges from 4 to 15 λ/D.

Figure 2. PSF out of the coronagraph, PSF with the coronagraph and corresponding raw contrast radial profile for each of
the techniques implemented in the virtual test bench. In order: Gaussian Lyot, Shaped Pupil, Four-Quadrant Phase-Mask,
Vortex and Apodized Pupil Lyot Coronagraph. Intensities are shown in the same logarithmic scale.

Figure 3. Images obtained integrating after 1 second of integration and a Gaussian Lyot coronagraph in different seeing
conditions: 0.4” (top left), 0.6” (top right), 0.8” (bottom left) and 1.0” (bottom right). Intensities are displayed in the
same logarithmic scale. As the seeing get worse, bright speckles appear inside the AO control radius in the direction of
the wind beacuse of the AO lag error.

Figure 4. Raw contrast profiles obtained using a Gaussian Lyot coronagraph in different seeing conditions. There is a
costant loss of about half a magnitude at all angular separations between the curves as seeing get worse.

Figure 5. Images obtained after 1 second of integration with a Four-Quadrant Phase-Mask coronagraph for different values
of telescope vibrations: no vibrations (top left), 3 mas rms (top right) and 10 mas rms (bottom). Intensities are displayed
in the same logarithmic scale. The difference in light-rejection capability of the coronagraph is clearly visible. Tip-Tilt
aberration causes a bright ring to form very close to the star. As vibration power increases, secondary rings further away
from the star become to appear.

