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ABSTRACT

In order to deliver high contrast, high resolution images, a keypoint in future space telescopes is to implement
a correction chain, composed by a WaveFront Sensor (WFS) and an active/deformable mirror (DM) running
in closed loop. While the current baseline for WFS is mostly focused on PSF sensing, no or little attention
has been paid to a crucial element: after an initial startup phase, a space telescope will be operating in quasi
diffraction-limited regime, so that a WFS shall be able to stably measure nanometer-level aberrations. In this
scenario, the aberration signal in the PSF is overwhelmed by the bright core and to get rid of the photon noise
a long time integration is required, which is converted into a more stringent stability requirement for the DM.
We propose the implementation of the pyramid WFS (PWFS), which has been already demonstrated on-sky for
high contrast at large ground based observatories. In this paper we present numerical simulations of a PWFS
controlling an active primary in space. We will show the signal measured by the pyramid when a offset is
applied on the mirror and the closed loop performances. The results indicate that the PWFS is able to detect
nanometer-level low spatial scale aberrations and drive the active mirror with an optical stability consistent with
typical requirements.
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1. INTRODUCTION

In the last decade the interest of the astronomical community focused on a new concept of large space telescope,
intended for high contrast imaging in UV-optical-IR bands. The top-level science objectives descend from
the vast heritage of the HST: for instance, the origin of cosmic structures, the detection and characterization of
exoplanets and the search for signatures of life in exo-atmospheres. Such an interest resulted in several conceptual
designs and notional architectures: HDST (High Definition Space Telescope), ATLAST (Advanced Technology
Large Aperture Space Telescope), LUVOIR (Large UV-Optical-IR surveyor). All of these designs are based on
a segmented primary, 8 to 15 m in diameter, to be deployed in space; operational wavelength coverage from
UV to K-band; diffraction limited in V-band, WF (Wavefront) stability better than 1 nm per control step,
pointing accuracy better than 1 milliarcsec. Compared with the traditional boundaries of space missions, such
requirements pose unprecedented technological challenges, together with high mission risk and cost. An overview
of these concepts may be found in the references (see for instance 1,2,3,4,5,6). A key point, common to many
groups, is that the active control of the optical surfaces may help reducing top level tolerances, while improving
the performances and simplifying global-wide the architecture. Such a concept, also known as active/adaptive
optics, is routinely used in ground based large telescopes: a WF sensor reads the WF deformations due to
telescope out-of-shape or atmospheric turbulence; a control loop converts such a signal into a compensation
command, applied by a WF corrector element (a secondary or instrument/post-focal deformable mirror). Many
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recipes were developed for the WF corrector (see for instance 7,8,9,10,12,13), including diverse actuators, mirror
technology, correction strategy. On the other hand, WFS and control loop strategies are mostly focused on PSF
sensing, since it may be easily implemented on the scientific camera or on a dedicated detector with no additional
devices.

The PSF sensing has some drawbacks because in order to get an optimal result the most assessed methods
require the injection of peculiar well known aberrations (i.e.defocus ) in order to remove the degeneration of the
solutions in the wavefront analysis. Examples can be found in literature (14 , 15), while different kind of image
analysis are being conducted worldwide ( 16) and within our team, with the aim to skip the aberration injection
and use direct sharp science fresh images from the telescope focal plane, maximizing the scientific efficiency
during the observation ( 17).

We focus here on the case of a large diameter telescope, optimized for V band observations and operating (in
space) at the quasi diffraction limit regime. In such conditions the WFS shall be able to detect with a robust
SNR deviations of the WFE at the level of a few nanometers. Moreover, when the primary has n segments on
a diameter d, the spatial scales of interest are in the range of 1 ∼ nλ /d. Especially when using coronagraph
for the detection of heart-like exoplanets, whose contrast is around 10−10, also WF aberrations less than 10 nm
may worsen the target detection; in fact this represents differential luminosity of the PSF comparable to the
luminosity of the planet itself. Here in case of aberration mitigation by direct focal plane PSF analysis, the
signal to be detected is therefore extremely faint and very close to the overwhelming bright central core of the
PSF itself. Simulations of Mag-R 12 stars on a 8 meter space telescope shows that several hours of integration
are needed to detect such a low signal, not taking into account the issues related to the PSF core saturation on
the detector.

We propose a non-mainstream approach and to adopt a pupil-plane WFS: in particular the pyramid WFS
(PWFS) for its intrinsic superior sensitivity to low spatial scale aberrations and phase steps.

2. THE PYRAMID WAVEFRONT SENSOR

The pyramid WFS implements the knife edge test and is basically composed by a pyramid prism, with its tip
placed at the telescope focal plane. The light beam is split by the four faces, then a relay lens produces four pupil
images on a detector. Any deviation from the diffraction limited PSF on the pyramid tip results in an intensity
unbalance amongst the 4 images, so that it is possible to evaluate the WF slope by comparing the 4 images. The
algorithm for the slope computation is described in 18. The pyramid WFS, which has been originally proposed
and developed in Italy at INAF (Italian Institute for Astrophysics) has been proven to be a very effective solution
for high resolution in many Adaptive Optics (AO) systems (20, 21, 22, 23, 24) so that it has been selected for sev-
eral future systems (refer to 26 27, 28, 29), including those for the Extremely Large Telescopes (GMT, ELT). The
PWFS presents in facts two main elements. As first, it exploits the full telescope resolution to sense the WF: the
larger the diameter, producing a sharper PSF, the better the WF sensitivity, which in turn is spatial-scale depen-
dent (more sensitive at the lowest spatial scale). As a second point, the PWFS is intrinsically sensitive to phase
steps, i.e vertical offsets in the WF map; so that it allows measuring and recovering the differential piston (and
differential alignment in general) amongst the mirror segments after deployment and tracking them in close loop
during the observations. This behaviour has been demonstrated both in simulation and in laboratory testing (31).

Along with the development of PWFS systems, simulation codes were setup to help designing and optimizing
the instruments and to investigate innovative control strategies. One of the available AO simulator including the
PWFS is PASSATA (30) : it has been originally prepared for the Large Binocular Telescope (LBT) First Light
AO systems and has been proven to be a accurate tool to predict the AO loop performances (21); it has also
been expanded to allow simulating future instruments such as the those for the ELTs as shown in 26, 27, 28.
PASSATA models the operation of an AO system from the propagation of a wavefront through the atmosphere
up to the formation of the image on the detector of the WFS. It comprises the WF correction thanks to DMs,
the real time computer (RTC) and the auxiliary control loops. The main outputs are the PSF on the science
camera and the residual WF map on the pupil. The module integrates also ancillary algorithms to calibrate the
AO system interaction matrix (linking mirror commands and WFS signals), to measure the slope null pattern,
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i.e. the signal due to diffraction registered with zero WFE, and to measure and optimize the optical modal gain.
PASSATA has been recently integrated with a module to simulate a large aperture, segmented, active primary
mirror and investigate the feasibility of a PWFS for space telescope. Such activity is performed within the
SPLATT project.

3. THE SPLATT SIMULATION

The SPLATT project is a work funded by INAF aiming at the technological transfer in the field of astronomical
adaptive optics. A major goal of the work is to demonstrate the usability of the PWFS for active correction
chain in space. The objective, at the current stage, is pursued by means of numerical simulations, also leveraging
on the strong expertise matured at INAF in end-to-end simulation of deformable mirrors, WFS and correction
loops. The main questions to be addressed in this work are:

1. what is the sensitivity of a PWFS to low-mid spatial scales aberrations, those affecting mostly the coron-
agraphic contrast, in quasi diffraction limited regime?

2. how is noise propagated in an AO chain with PWFS and what is its impact on the stability of the WFE?

3. what is the sensitivity of a PWFS to the differential piston amongst segments and what is its stability after
convergence?

With these questions in mind, we developed a numerical code to create a segmented, deformable primary
mirror and integrated it into PASSATA. The primary mirror is a LATT-way (see for instance 12, 13) active this-
shell system controlled by voice coil actuators. The concept shares the same technology already implemented
and extensively verified for the adaptive secondaries of the Large Binocular Telescope (LBT) and Very Large
Telescope (VLT), so that the simulation toolkit is robust and mature. The numerical code runs in two main
steps: the individual deformable segment is simulated by means of a Finite Elements (FE) model, including
the glass thin shell, the actuators, the electro-mechanical calibration of the system; the primary mirror is then
assembled by replicating the segments (i.e. the FE models) according to a given geometry. These steps are
described in the following.

3.1 Creation of the primary mirror assembly

The individual mirror segment is created with a FE model, including both the thin glass plate and the actuators.
The model is able to create the mirror deformation when an actuator command is applied. Each FE realization
represents a peculiar DM, considered here as an individual mirror segment. Each segment is independent, with
respect to the others under the control point of view: in facts actuators and positioners act on that specific
segment only. The lack of cross-talk amongst segments allows us to replicate the FE model of the single segment
and populate the entire primary mirror system. This task is accomplished in three stages.
As first, the geometry of the primary is drawn, according to the following procedure:

1. the segment arrangement is defined: since the segments are hexagonal in shape, we considered an hexagonal
grid, which is also a suitable arrangement to minimize the impact of aperture filling factor and obstructions
in the final PSF;

2. given the number of segments on the M1 diameter, the total number of segments is computed together
with the segments coordinates in the grid; at this stage, a mechanical gap is considered amongst segments;

3. a segment mask is placed at each segment coordinate to populate the primary; the mirror aperture is then
defined as a mosaic of the segment hexagonal masks;

4. the primary mirror aperture is then cut to the largest circular shape, to mitigate the impact of the hexagonal
grid on the PSF.
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As a second step we prepare the control matrices for the primary mirror. They are basically block diagonal
matrices, obtained by arranging the individual contributions from the segments. Here we recall that we are con-
sidering voice coil deformable mirrors, whose actuators work in closed loop fed by co-located position capacitive
sensors. Such systems are controlled by means of the so-called feed-forward matrix, which represents the system
stiffness. Operatively, it is defined as the coefficient k (in matrix form) of the Hook law between the force F
applied to actuators and the displacement d read by the capacitive sensors:

F = −kd.

Such a relation is evaluated by the FE model. The k matrix is not diagonal: since the actuators are in close loop,
when a single one is pushed, the neighbouring will apply a counteracting force to keep their starting position.
With the singular values decomposition of the k matrix we obtain the position and force eigenvectors, V and
U . The shapes in the V matrix, in particular, represent the eigenmodes of the DM, considered as an electro-
mechanical system (practically, they resemble the thin plate modes). The V matrix is a very convenient control
space, since the largest DM deformation comes typically from low order modes, which may be measured with
very large SNR and are controlled with a low force budget. In the end, the primary mirror control matrix is a
block-diagonal, (Nact x Nsegm) x (Nact x Nsegm) containing the actuator commands to produce each of the
individual segment eigenmode.

Figure 1. Pupil mask, or the geometry of the segmented
primary mirror. A circular mask is added to the hexago-
nal arrangement of the segments to reduce the impact of
diffraction.

Figure 2. Block-diagonal matrix of the all-segments mirror
modes.

As a third steps we created the Influence Functions (IF) matrices; an IF matrix is a Nact x Npixel matrix
representing the primary mirror surface maps after a given excitation (here Npixel is the number of pixels within
the aperture mask) . We identified four cases, as in the following.

• actuators IF: represent the mirror surface when a single actuator is poked, while the neighbouring ones
apply a counter-force to keep the zero-displacement.

• mirror modes IF: represent the mirror surface when a mirror mode is applied; a mirror mode is a vector in
the V matrix.

ICSO 2020 
International Conference on Space Optics

Virtual Conference 
30 March-2 April 2021

Proc. of SPIE Vol. 11852  1185251-5



• segment Zernikes IF: represent the expected mirror surface when a single segment is out-of-place, i.e. tilted
wrt the others or at a differential piston.

• global Zernikes IF: Zernike surfaces, drawn on the primary mirror aperture mask, representing the alignment
aberrations (tilt to spherical aberrations).

Actuators and mirror modes IF are produced with the FE model of the segment, so that they shall be specifically
produced for any segment size, geometry and actuators arrangement. Zernike shapes, on the contrary, are drawn
on-the-fly with library routines.
The procedure depicted above is generalized and may be run to produce any primary mirror model, starting
from M1 diameter, size and arrangement of the segments and FE model of the segment.
As a last step, the so-called disturbance maps are created, representing the pupil surface maps to be corrected by

Figure 3. Surface map of the mirror modes of segment #1. Figure 4. Surface map of the piston-tip-tilt modes of the
segments # 1, #1, #3.

the close loop. Basically, they are of two types: static offsets, which are a starting condition such as the initial
misalignment of the segments or an initial actuators scramble; or time histories, i.e. a sequence of variable pupil
surface maps, each associated with an individual loop step, so that their temporal frequency matches the loop
one. In Tab. 1 we report the main parameters of the simulated primary mirror.

M1 diameter 2.04 m Segment size 1 m
N. segm/diameter 3 N. segments 7
N. actuators/segm. 19 Total act. count 133
Inter-segm. gap 0.1 m
FEM: N. nodes 7651 Pixel pitch 0.012 m/pix
N. pix/M1 diam. 165 N. pix/gap 8

Table 1. Overview of the parameters to create the simulated active primary mirror.

3.2 Integration with PASSATA

The active primary mirror is integrated with PASSATA by means of the mirror control matrices and the mask
of the valid points within the aperture. Operatively, the integration is managed through a configuration file
containing the identifier of the data to be used; then they are loaded into the system and the simulated primary
mirror is created.
In the same way, the simulated PWFS is defined through a configuration file where the relevant WFS and loop
parameters are indicated. At this stage, the simulated PWFS is started up in two steps. As first, the measurement
mask is created: the camera is read-out (from a region corresponding to the entire pupil, illuminated with a
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flat wavefront) and the signal is processed into X, Y slopes; then a thresholding criterion allows rejecting the
pixels with insufficient SNR. In parallel, the system records the sensor offset or slope null, which is the signal
associated with a pure flat wavefront, and is mostly given by diffraction effects on the pyramid edges and roof.
The subtraction of such a null signal is of paramount importance since we intend to work in a WF signal regime
close to the diffraction limit.
The last step is the calibration of the active loop, consisting in the sequential excitation of the DM actuators,
or DM degrees of freedom in general, and the registration of the corresponding PWFS slope signal. The result
is the so-called interaction matrix, a npixel x nmodes table containing the PWFS slope associated with each of
the DM modes. In Fig. 5 we show the slope signal associated with each of the DM degrees of freedom excited.
In the case presented, the mode command amplitude is 20 nm RMS.

Figure 5. Optical interaction matrix of the system, or the signal recorded by the PWFS when a single degree of freedom
of the DM is excited. In the present case we consider the segments alignment modes piston, tip and tilt. The upper and
lower panels represent X and Y slope, respectively.

3.3 The simulation parameters space

As mentioned, we intend to investigate the PWFS sensitivity in the very low WFE regime. To this end, we
considered a parameters space in the simulation as described in the following.

DM offset

We considered at this stage a DM offset given only by differential alignment amongst the segments, i.e. differential
piston, tip, tilt. At a first step we exercise the system with a single segment piston-tilt error. Later we considered
a random scramble of all the segments. In the end, the DM offset added in the loop is a 3x7 elements vector,
representing the coefficients of the segments Zernike shapes. Regarding the offset amplitude, we normalized the
offset map so that it was 100 nm RMS surface, a value that is sound when compared to V band and to the
PWFS calibration amplitude (20 nm WF). The DM offset map is stored in a 165 x 165 pixel, with a pitch of
0.0125 m/pixel, to be compared with an inter-actuator distance of 20 cm and a segment gap of 5 cm.
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PWFS geometry

The signal of an individual PWFS pupil image (out of the 4 ones) is created over a 48x48 pixel bounding box,
with the image centers separated by 52 pixel. Such value are very robust to image with no aliasing errors
the individual segments actuator influence functions, which are the smallest spatial scale to be measured. In
this regard, the sensing of very low spatial scale modes doesn’t require such a sampling and the simulation is
therefore conservative. The PWFS is not modulated since modulation allows a larger capture range with a
poorer sensitivity. Modulation may be however considered in an initial segment-recovery phase.

AO loop

The PWFS works at a wavelength of 750 nm, with a badnwidth of ± 150 nm. The guide star magnitude is user-
selectable and we run simulations in the magnitude range 8 to 12 (R- band). The loop timing is user-selectable
as well and we considered as a baseline a time integration in the range 0.1 s -1 s. The loop control is a pure
integrator, with a 1 step delay (a longer delay, considering such a long time integration - compared to typical
values for ground based AO- is not requested). The loop gain is a test parameter in the simulation and we
considered values in the range 0.1 - 0.3. The loop was found unstable for gains larger than 0.7. The gain is
modal so that it is possible to tune it on a mode-by mode basis.

Noise and throughput

The simulation includes the photon noise and the camera noise. The former in particular is computed from the
the guide star magnitude and considering a very conservative system throughput 0.32 (full telescope throughput
and quantum efficiency of the camera). The detector noise is taken from a database (included in PASSATA) of
noise parameters, measured in laboratory on several detectors used for WFS systems. In the present case we
considered a value of 10 e-, including read-out noise and dark current.

4. PERFORMANCES

The simulation consists in a close loop to recover and track an initial DM offset, in the form of differential align-
ment (including differential piston) amongst the segments. After the initial PWFS calibration we completed
several runs to explore the simulation parameters, in particular the guide star magnitude and the sensor time
integration. For each run, we considered two indicators for the loop quality: the mean of the DM surface error
RMS after convergence, and its dispersion. Referring to Fig.6, the former is the average of the values inside the
red box, the latter is their standard deviation. This, in particular, is taken as an indication of the DM and loop
stability. Each run consists of 1000 loop cycles, for a total simulated time in the range 300 s to 1000 s, depending
of the loop integration time. Such duration is consistent with a typical exposure time on a scientific target.
The initial offset is shown (for that specific run) in the left panel in Fig.6. In Fig.7 we show the corresponding
distribution histogram of the DM residues. The PWFS signal (X and Y slopes) are shown in Fig.8 for a few
steps after starting the close loop. The initial offset signal is recovered and after convergence the slopes are given
by the photon and detector noise.
In tab 2 we collected the convergence and stability values for a sample of runs: we exercised the system with a
DM offset of 100 nm to 150 nm amplitude and closed the loop on a guide star with magnitude 8 to 12.

The typical convergence value is below 3 nm RMS: comparing the results obtained at magnitude 12 (0.1 s
vs 0.3 time integration) we guess that the loop is possibly not photon noise-dominated. The loop results are
also, as expected, not depending on the initial DM offset. A critical point is the piston control of the segments,
in particular when the signal on the WFS (which has a periodic response vs lambda) approaches the lambda/2
threshold. We observed in facts that the loop diverges to a wrong piston identification when the DM offset is
larger than 180 nm SE (equal to 360 nm WF, with the threshold set naturally to 750/2 nm WF). For this reason
we selected a DM offset amplitude lower than 150 nm.RMS SE. Such point is not detrimental of the robustness
of the simulation: we intend in facts to evaluate the stability of the PWFS in the low WFE regime, so that an
initial offset of 100 nm to 150 nm is to be considered very conservative.
The WF stability at convergence is below 1 nm for all the simulated test cases. Such a result shall be compared
with the typical stability requirement for the DM and optics in general.
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Figure 6. Mirror surface error, as a function of time during a simulated close loop run. The initial offset is 100 nm RMS,
with a spatial distribution (for this peculiar run) as shown in the figure in the left panel: each segment is individually
excited with a piston-tip/tilt offset. The red box indicates the sample for the evaluation of the loop quality, mean and
dispersion of the surface error.

DM SE offset [nm] Mag T.Exp [s] SE mean [nm] SE StDev [nm]
100 8 0.1 2.07 0.14
100 10 0.1 2.29 0.26
100 12 0.1 6.01 1.06
100 8 0.3 2.06 0.13
100 10 0.3 2.09 0.16
100 12 0.3 2.85 0.44
150 8 0.1 2.08 0.14
150 10 0.1 2.29 0.27

Table 2. Simulation parameters and loop quality indicators for a set of close loop tests.

5. ROADMAP

The SPLATT simulation is intended to provide a first, preliminary demonstration of the WF stability that can
be achieved using a pupil-plane, pyramid WFS to drive an active space telescope. We considered a single, very
specific test case, in terms of telescope geometry, actuators arrangement, WFS setup; in parallel, we explored
a very limited volume in the parameters space. Such a test case is intended to answer a very specific question:
what is the expected sensitivity of a PWFS in quasi diffraction limited regime. We showed a set of preliminary
results, indicating that the PWFS is able to recover an initial surface error of 100 nm RMS, to reduce it below 10
nm (<3 typ., depending on integration time and guide star magnitude) and to keep it at the convergence value
with a scatter lower than 1 nm. We consider such results as an indication to continue and extend the SPLATT
simulation to further validate the concept. Two points in particular deserve attention. As first, no specific
optimization of the system was considered here: for instance, the WFS mask was not tailored to maximize the
SNR, i.e. to discard those pixel where the slope signal is too low. This could be a major improvement for the
sensing of the differential piston. As a second point, the simulations triggered some questions and in particular:

• what is the best sensing strategy for the segments differential piston, also including the possibility to
measure and recover an initially very large offset (∼ hundreds of microns)?

• is the result scalable to much larger systems, with much higher actuators count? how shall the PWFS
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Figure 7. Distribution of the DM surface error after con-
vergence.

Figure 8. Slope signal, as measured by the PWFS during
the initial stage of the close loop. The signal at step 0 is
the one associated with the initial offset. When the loop
recover the DM shape, the PWFS signal is basically due
to the detector and photon noise.

adjusted accordingly, to match such more complex arrangements?

• will such results be maintained when an actuator scramble is added in the initial offset?

• how are these results compared with traditional PSF-sensing? may we identify a sensing and correction
strategy that includes both approaches (pupil and PSF sensing) to maximize the performances?

The questions will be addressed more in detail within the activities of the SPLATT project at INAF. The project
will possibly result in a robust roadmap for the development of WF sensing and active correction chains for space
telescopes.
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