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ABSTRACT

Context. Reaching the high angular resolution and contrast level desired for exoplanetary science requires us to equip large telescopes
with extreme adaptive optics (XAO) systems to compensate for the effect of the atmospheric turbulence at a very fast rate. This calls
for the development of ultra-sensitive wavefront sensors (WFSs), such as Fourier filtering wavefront sensors (FFWFSs), to be operated
at low flux, as well as an increase in the XAO loop frame rate. These sensors, which constitute the baseline for current and future XAO
systems, exhibit such a high sensitivity at the expense of a non-linear behaviour that must be properly calibrated and compensated for
to deliver the required performance.

Aims. We aim to validate on-sky a recently proposed method that associates the FFWFS with a focal plane detector — the gain
scheduling camera (GSC) — to estimate in real time the first-order terms of the sensor non-linearities, known as modal optical gains.
Methods. We implemented a GSC on the adaptive-optics (AO) bench PAPYRUS to be associated with the existing pyramid wavefront
sensor (PWES). We compared experimental results to expected results obtained with a high-fidelity numerical twin of the AO system.
Results. We validated experimentally the method both in laboratory and on-sky. We demonstrated the capability of the GSC to
accurately estimate the optical gains of the PWES at 100 Hz, corresponding to the current limit in speed imposed by PAPYRUS
hardware, but it could be applied at higher frequencies to enable frame-by-frame optical gains tracking. The presented results exhibit
good agreement on the optical gains estimation with respect to numerical simulations reproducing the experimental conditions tested.
Conclusions. Our experimental results validate the strategy of coupling a FFWFS with a focal-plane camera to master the non-

linearities of the sensor. This demonstrates its attractiveness for future XAO application.

Key words. instrumentation: adaptive optics — instrumentation: high angular resolution — methods: numerical —

methods: observational — telescopes

1. Introduction

The unprecedented angular resolution of the future Extremely
Large Telescope (ELT) (Gilmozzi & Spyromilio 2007) will rev-
olutionise the field of exoplanetary science. The development of
medium- (1-10 K) to high-resolution (10-100 K) spectroscopic
instruments (Thatte et al. 2024; Brandl et al. 2024; Marconi
et al. 2024) will enable exoplanets’ compositions to be probed
through direct imaging, with the aim of detecting biosignatures.
Achieving this ambitious goal is restricted to planets orbiting
nearby stars — including non-transiting ones — by spatially, and
hence angularly, separating the light from the star and that from
the planet. Angularly resolving an exoplanet from its host star
presents two main instrumental challenges. First, it demands a
very high angular resolution to disentangle the signals of the
planet and of the host star, with separations ranging from tens to
hundreds of milliarcseconds for rocky planets (Chauvin 2024).
Second, it requires extremely high-contrast capabilities, as the
flux ratio between star and planet ranges from 10 for young
Jupiters to 10~ for super-Earths (Kasper et al. 2021).

* Corresponding author: arnaud.striffling@lam. fr

Although the angular resolution should be granted by the
colossal diameter of the future ELT, telescopes are affected by
the phase aberrations induced along the light propagation by the
atmosphere, the telescope, and the imaging instrument’s optics.
These aberrations are responsible for a dramatic loss of angular
resolution and of signal-to-noise ratio compared to a diffraction-
limited system. An instrument is considered diffraction-limited
if the wavefront error is below 4/14 (Born et al. 1999). Although
this criterion suffices to restore maximum spatial resolution, fur-
ther improvements are necessary to meet the demands of high-
contrast imaging, since even modest increases in the Strehl ratio
(SR) critically enhances coronagraphic performance. Specifi-
cally, the intensity of residual stellar speckles — and thus stray
light — scales approximately with the square of the wavefront
error (Fusco et al. 2006). Therefore, pushing adaptive optics
(AO) systems towards extreme wavefront correction is essential.

Thanks to a powerful extreme AO (XAO) system (Fusco et al.
20006; Beuzit et al. 2019), the SPHERE instrument has success-
fully imaged giant (Jupiter-like) exoplanets located far from their
host stars. To achieve this, the XAO system reduced the residual
wavefront error to a few tens of nanometres root mean square
(RMS) and, in combination with coronagraphy, reached contrast
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levels of approximately 10~°. Although impressive, such contrast
remains insufficient for the detection of Earth-like planets. An
ongoing upgrade of SPHERE (Boccaletti et al. 2022) is under
development to implement a second-stage AO system designed
to improve contrast by tackling the dominant source of wavefront
error: the temporal error. Similarly, the Gemini Planet Imager
(GPI), which achieves a comparable contrast performance, will
soon be succeeded by GPI 2.0, targeting contrast levels of up to
1077 (Chilcote et al. 2024). However, accessing exoplanets that
may exhibit biosignatures will require the ELT’s angular resolu-
tion, combined with a very fast XAO system such as that planned
for the Planetary Camera and Spectrograph (PCS) instrument
(Kasper et al. 2021).

To mitigate the temporal error, XAO instruments must oper-
ate at very high speeds, which results in lower signal-to-noise
ratios and necessitates the use of highly sensitive wavefront
sensors (WFSs). In this context, several studies have demon-
strated the significant sensitivity gain offered by Fourier-filtering
wavefront sensors (FFWFSs) compared to the Shack—Hartmann
sensor (Vérinaud 2004; Plantet et al. 2015). Among these,
the pyramid wavefront sensor (PWFS) is of particular inter-
est, though it exhibits strong non-linear behaviour that must
be addressed to achieve optimal reconstruction of the phase
in operation, to perform off-zero operations as described in
Sect. 2.1 or to retrieve the point spread function (PSF) with the
AO telemetry (Véran et al. 1997). Following the same logic as
other concepts making use of multiple optical planes, such as
the non-linear curvature WES (Guyon 2010), an enhanced ver-
sion of the PWFS has been proposed: the focal-plane assisted
PWEFS (Chambouleyron et al. 2021). This approach integrates
an additional focal-plane measurement to estimate a first-order
approximation of the non-linear effects, referred to as opti-
cal gains (Korkiakoski et al. 2008). Initially developed through
theoretical analysis and validated in numerical simulation, this
concept has yet to be experimentally demonstrated in either
laboratory or on-sky conditions.

The present study details the integration of the focal-plane
assisted PWFS, covering aspects from optical hardware imple-
mentation to on-sky optical gain measurements, alongside the
associated algorithmic developments. Validation is conducted
both in the laboratory and on-sky using the PAPYRUS instru-
ment (Fetick et al. 2023), an AO test bed installed on the
1.52 m telescope at the Observatoire de Haute-Provence (OHP).
Section 2 reviews the various definitions of optical gains pro-
posed in the literature, the current estimation methods, and the
advantages of operating the PWFS away from its zero set point.
Section 3 describes the implementation of a gain scheduling
camera on PAPYRUS, together with the experimental optical
gains measurements obtained under controlled conditions using
the internal calibration source. Finally, Sect. 4 presents the
first on-sky optical gains measurements acquired via the gain
scheduling camera for different observing conditions.

2. The pyramid wavefront sensor: A non-linear
sensor

The PWES is one of the FFWFSs (Fauvarque et al. 2016). The
mask is a pyramid-shaped optical component made of glass with
its tip located in the focal-plane. Each tilted quadrant of the pyra-
mid angularly separates one quarter of the incoming beam. The
pyramid thus divides the incident beam into four sub-beams, re-
imaged on a detector placed in pupil plane. The optical layout
is presented in Fig. 4. The number of pupils imaged and their

A253, page 2 of 10

separation depend, respectively, on the number of faces and
the angle of the pyramid. Different configurations have been
studied by the community to mitigate the sensitivity and lin-
earity (Fauvarque et al. 2015; Janin-Potiron et al. 2019; Schatz
et al. 2021; Chambouleyron et al. 2023a), but the four-sided
pyramid, introduced by Ragazzoni (1996), remains the most
common implementation so far. As such, we focus in this paper
on the original implementation with four faces even though the
formalism applies to any FFWFS.

The PWES acts on the electromagnetic field with the
pyramid-shaped optical component and captures a useful signal,
1(¢), thanks to its pupil plane detector. We usually define a signal
of interest, AI(0¢;¢.), as the difference between the raw intensity
signal of the perturbation, I(¢), with ¢ = d¢+¢;, and a reference
intensity signal obtained around a reference phase, ¢, I(¢;), after
a normalisation based on the flux, such as

I¢) 1) _ 16+¢) 1)

AI(5¢¢,) = = , 1
(6¢:¢r) Now ~ Non Non Now )]

where we consider an invariant flux of Ny, photons per frame.
Based on the pixel illumination, a selection of the pixels of
interest is achieved to extract the useful signal from the detec-
tor. It is then possible to keep this reduced signal as it is:
the pyramid is working in intensity maps, or to reduce it fur-
ther to work in slopes maps (Vérinaud 2004). In this paper
we consider the intensity maps, as they represent the most
straightforward approach to process PWFS signal. However, this
choice is system-dependent and does not affect the optical gains
estimation.

As any type of FFWFS, the PWFS exhibits a non-linear
regime when the input phase is too large with respect to the
sensing wavelength, AI(6¢;¢;) no longer evolves proportion-
ally to 6¢. The linearity range of a PWFS can be increased by
applying a tip-tilt modulation at the cost of a lowered sensitivity
(Esposito & Riccardi 2001; Vérinaud 2004). In the linear regime,
the reconstruction of the phase can be computed making use of
the calibration of the PWFS. This calibration is usually achieved
by measuring the interaction matrix, M, of the system that is
then inverted to provide the reconstruction matrix. The mea-
surement of the interaction matrix is commonly obtained using
the so-called push—pull method, mirroring the finite-difference
derivative method, to provide the local derivative, o1, of I with
respect to a phase mode, Z;, around the working point, ¢,:

SI(eZipy) = AI(€Z;;¢,) ; eAl(_fzi;qu),

(@)

where € is the input phase mode amplitude, chosen to be small
enough to stay in the linear regime around ¢,. This opera-
tion is repeated for all the modes, Z;, of the control modal
basis, {Z;},,. The choice of the modal basis (Zernike modes,
Karhunen—Loéve or deformable mirror influence functions) is
usually driven by system constraints. The concatenation of the
ol gives the interaction matrix, M, measured around ¢,:

M($) = (S1Zisdo)s ..., SI(Zwdy)) - (3)

The matrix-based approach assumes a linear relationship
between the incoming wavefront and the intensity pattern deliv-
ered by the PWES:

Propagation 6¢ — I :  Al(6¢;6,) = M(¢,) 6¢ “

o¢ = M+(¢r) AI(6¢;¢r),

Reconstruction I — d¢ :
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with -* the pseudo-inverse. The validity of this assumption
is thus only guaranteed in the linear regime, usually for low
to moderate aberrations. Larger amplitudes entail a non-linear
behaviour.

Non-linearities take different forms on the phase reconstruc-
tion. At first order, the impact is a modal-dependent loss of
sensitivity of the PWFS — known as the optical gains — deteri-
orating the AO performance by underestimating the aberrations.
Then, cross-talk between modes appears — the modal confusion
(Cissé et al. 2024) — impairing the phase reconstruction, and thus
the stability of the AO. In this work, we target a fast method,
suitable for real-time computation during AO closed-loop, to
estimate the main contribution of the non-linearities, and there-
fore only focus on the estimation of the modal optical gains. Such
a method would enable the operation of the PWFS around a non-
zero phase, for reasons described in the following section, and to
target XAO performance.

2.1. Offsetting the PWFS

The error budget of an XAO system is critical, to ensure the high-
est performance possible. The main terms such as the fitting and
temporal errors are therefore minimised. Some errors, usually
less limiting, become dominant. It is the case of the non-common
path aberrations (NCPAs), arising from optical path differences
between the WES and the scientific branches (Sauvage et al.
2007; Vigan et al. 2022). Different techniques already exist to
compensate NCPA, such as the use of a phase plate (Clénet
et al. 2019) or a dedicated secondary deformable mirror (Dohlen
et al. 2018). This compensation may also be achieved by off-
setting the PWFS (Esposito et al. 2020; Chambouleyron et al.
2023b), which no longer works around a flat wavefront but
around the NCPAs compensating phase. The proper introduction
of NCPAs depends on the non-linearities of the PWFS, and thus
on the precise and fast knowledge of the optical gains. Ignor-
ing this effect alters the phase introduced and may ultimately
lead to the so-called NCPAs catastrophe (Chambouleyron et al.
2021); in the non-linear regime, the loss of sensitivity triggers an
over introduction of the NCPAs compensating phase, the PWFS
underestimating the offset truly applied. The excess of a created
phase amplifies the effect of non-linearity, driving to a positive
feedback causing the loop to diverge.

Operating the PWFS off-zero is also attractive to further
optimise the scientific instrument capabilities with the introduc-
tion of controlled aberrations. Absolute control of the tip-tilt
allows one to maximise the coupling of the PSF in a single-
mode fibre, feeding a high-resolution spectrograph (Jovanovic
et al. 2017; Mawet et al. 2017; El Morsy et al. 2022). For direct
imaging, the contrast can be enhanced by the introduction of dark
hole map (Paul et al. 2014; Bos et al. 2021; Potier et al. 2022),
usually composed of higher-order modes.

2.2. Defining the optical gains

Phase residuals spread the energy across the focal plane, in
a manner analogous to tip-tilt modulation. Consequently, this
effect can be interpreted as a form of self-modulation of the
phase, which reduces the sensitivity of the PWFS. While tip-
tilt modulation is well controlled and calibrated as part of the
interaction matrix — remaining stable during on-sky operation
— self-modulation is driven by the evolving wavefront residu-
als. This dynamic behaviour continuously modifies the PWFS
sensitivity, making the interaction matrix unsuitable for accu-
rate phase reconstruction. Although recalibrating around the

residual phase could enhance accuracy, the required time makes
this approach impractical during on-sky observations.

An alternative approach is proposed in Chambouleyron et al.
(2021), which models the PWFS as a linear parameter-varying
system (LPVS). In this framework, non-linearities modify the
locally linear operating regime. Rather than recomputing
the interaction matrix, it is retained and adjusted dynamically
to the current non-linear state using transition matrices — since
M(¢,) and M(é¢+¢;) have the same rank, and thus are equivalent
—such as

M(6¢+¢r) = 1(6¢+r) M(¢y) G(66+¢r), &)

with I(6¢+¢;) and G(6¢+¢;) the transition matrices describing,
respectively, the rearrangement in the space of intensities and
phases. A first approximation is made; we call it H, considering
that, independently of the non-linearity strength, the signal on
the PWFS detector can be interpreted as a linear combination of
the responses, 01, of the interaction matrix, M(¢;).

Hy = M(6¢+¢r) = M(¢y) G(0¢+¢r) (6)

And then, with the pseudo-inverse definition:

G(5p+¢r) = M* () M(5+b;)
= (M"(¢) M)~ M"(¢) M(56 + ). @)

The second approximation, H,, makes the assumption that the
resultant of M"(¢,) M(¢,) is diagonal, and the third and last
approximation, 3, is similar and assumes that M"(¢,) M(6¢+
¢;) is also diagonal. Those hypotheses imply complete orthogo-
nality between the PWFES responses for different phase realisa-
tions, whatever the non-linearities. They remain valid in case of
high diagonal ratio, where the cross-coupling between modes is
negligible, which is typically the case under moderate non-linear
behaviour such as that encountered in a closed-loop operation.

diag (M"(¢r) M(5¢+¢1))
diag (M"(¢,) M(4y))

Accordingly, G is a diagonal matrix, with diagonal elements

corresponding to the respective mode-to-mode optical gains.

This definition slightly differs from the one originally intro-
duced in Korkiakoski et al. (2008), defined as

_ [diag (M"5p+6) M(5p+40)
GK(6¢+¢r) - \/ dlag (MT(¢1-) M(¢r))

Hi, Hy, Hz = G(6p+¢r) = ()

(€))

where M"(-)M(-) are square matrices whose diagonal elements
encode the squared sensitivity of each mode. This formulation
expresses a ratio of sensitivities, but does not correspond to a
change in basis matrix such as G to create a link between M(¢;)
and M(6¢+¢,).

A recent study by Cisse et al. (2025) demonstrated that the
interaction matrix measured around the phase residuals, M(d¢+
¢;), does not permit the accurate retrieval of 6¢. The authors
introduced a specific matrix that enables the correct reconstruc-
tion. To first order, the optical gains associated with this matrix
can be expressed as

Gy(6p+¢;) = % (1 . Jiag (M40 M<5¢+¢r>)>

diag (M (¢,) M(¢))
1
=5 (1+G@©Sp+¢y)) (10)
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Table 1. Comparison of state-of-the art methods for optical gain
estimation.

Method CLOSE OGTL GSC
No loss of photons o o o
Non-invasive o (] o
OG only (] o o
OG for all modes — (] o
Real time o (] o
No additional optics V] V] (%]

and are based on the quantity measured in the Eq. (8). Eventually
it is remarkable that, in the three definitions proposed, G, Gk,
and Gg, optical gains are understood and measured as a ratio of
M(6¢+¢.) and M(¢,), which in practice needs to be estimated.

2.3. Measuring the optical gains

The previous definitions of optical gains are only based on the
knowledge of a ratio of interaction matrices. Other approaches
have also been considered in order to estimate the optical gains
using the telemetry of the closed-loop.

The CLOSE method, introduced by Deo et al. (2019), uses
closed-loop telemetry to estimate an optimal modal loop gain
that ensures system operation near the edge of stability, thereby
maximising performance. This approach does not provide direct
access to the optical gains values, but rather yields a combined
estimate of the optimal modal loop gain. Its principal advantage
lies in the fact that it requires no additional hardware and does
not interfere with the science path. However, it has not yet been
demonstrated on-sky.

An alternative, the optical gain telemetry loop (OGTL),
proposed by Esposito et al. (2015), employs probe signals mod-
ulated on the deformable mirror during the closed loop. By
comparing the reference amplitude with the amplitude recov-
ered from telemetry data, the method enables measurement of
optical gains. This technique, which also avoids the need for
dedicated hardware, has been successfully tested and validated
on-sky (Agapito et al. 2021). Nevertheless, it is invasive, as the
probes impact the scientific instruments, and it does not support
frame-by-frame estimation, the update frequency being of the
order of the hertz. Moreover, optical gains are measured only for
a limited number of modes, with the remainder extrapolated.

A third approach, introduced by Chambouleyron et al.
(2020), is the gain scheduling camera (GSC) method. It leverages
focal-plane images in combination with the convolutional model
described in Fauvarque et al. (2019) to infer the optical gains.
This technique requires additional hardware and a dedicated
optical design to access the focal-plane images. Its main advan-
tage is that it does not affect the science path and utilises only a
small fraction of the light directed to the WFS, while enabling
estimation of optical gains across the entire modal basis, poten-
tially at a frame-by-frame cadence. The implementation of this
concept is described in greater detail in Sect. 3.1.

A summary of the various approaches is presented in Table 1.
The choice between strategies is inherently system-dependent,
and involves a trade-off based on the error budget and the desired
performance. In the context of extreme adaptive optics (XAO),
and considering the PWFS operated away from its zero set point,
the GSC appears to be a promising candidate. It provides esti-
mates of the optical gains for the full modal basis at a high
temporal rate, at the expense of diverting a small fraction of flux
from the WEFS path.
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push-pull (2)

Fig. 1. (a) Experimental focal-plane camera frame; (b) KL mode 80;
(c) impulse response, in symmetrical logarithmic scale for visualisa-
tion purpose; (d) reconstructed PEWS response using the convolutional
model; (e) experimental linear response, obtained through push-pull
process; (f) 1D profile of one sub-pupil of experimental and simulated
PWEFS signal, with red lines indicating the edge effects due to the con-
volutional model.

3. The focal-plane assisted pyramid wavefront
sensor on PAPYRUS

3.1. Principle of the GSC

As was mentioned at the beginning of Sect. 2.2, the loss of sen-
sitivity leading to the optical gains arises from the spreading
of energy at the tip of the pyramid. Consequently, sensing this
distribution using a focal-plane camera appears to be particu-
larly valuable. By directing part of the flux towards a focal plane
camera, it becomes possible to measure the intensity of the elec-
tromagnetic field conjugated to the one in the pyramid plane.
Coupling the information acquired by the focal-plane camera,
noted Q(6¢+¢,) (Fig. la), with the Fourier-filtering analyser
formalism introduced by Fauvarque et al. (2019), enables the
extraction of an impulse response:

IR@p+d0) =29 (i (m Q5p+90) ) (11)
with J(-) the imaginary part, = the conjugate operator, - the
Fourier transform, and m the pyramid complex mask.

Assuming the linearity of the PWFS, which holds in the
small phase regime, and translation invariance, the sensor can
be modelled as a convolutional system. In practice, the trans-
lation invariance is not strictly satisfied but the hypothesis of a
sliding pupil (Fauvarque et al. 2019) allows one to get closer to
it and simplify the mathematical formalism. Under this frame-
work, convolving the impulse response (Fig. 1c) with a phase
mode (Fig. 1b) gives an approximation (Fig. 1d) of the linear
pyramid signal (Fig. le):

Ol(eZi:6¢+¢:) ~ IR(6¢+¢r) * Z;, (12)

with % the convolution product. The resulting signals shown in
Figs. 1c and d are quite similar, but differ at the edges due to
the approximations of the convolutional model described previ-
ously. This effect is clearly visible in Figs. 1d and f, where the
signal amplitude spikes at the limits of the pupil support. All
the results shown in Fig. 1 were obtained experimentally using
the PAPYRUS test bed, presented in Sect. 3.2.

The interaction matrix being the concatenation of the 41,
the convolutional model enables one to estimate M(6¢+¢;), the
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Fig. 2. Experimental measurement of the optical gains using PAPYRUS
internal source. The phase offset applied on the deformable mirror
shown has an amplitude of 105 nm RMS.

missing piece for the estimation of the optical gains. In this work,
we focus on the definition of the optical gains given in Eq. (8),
which can be written (Chambouleyron et al. 2021) as

 (IRGH+7) % Z,|IR(6) % 7 )
Cil0d+0) = R0y % ZIIRW@) % Z)

13)

with (- | -) the inner product associated with the two-norm.

As Eq. (13) computes the optical gain for a specific mode,
it must be applied across the entire modal basis. It is important
to note that the artefacts — such as the edge effects — have only
a negligible impact on the optical gains measurement. In fact,
by taking the ratio of objects originating from the same model
errors are, in this case, mitigated. As evidence of this state-
ment, an experimental result in laboratory is presented in Fig. 2,
comparing the optical gains estimated via the push-pull inter-
action matrix measurements Eq. (8) and those obtained using
the GSC. For this purpose, both methods are calibrated around
a flat wavefront, resulting, respectively, in an interaction matrix
and an impulse response. Afterwards, this calibration is repeated
for the PWFS, using an extracted phase screen from AO teleme-
try of previous closed-loop as an offset applied on PAPYRUS
deformable mirror — allowing one to measure the optical gains
considered as ground truth. The impulse response around these
residuals is also measured delivering the optical gains using the
GSC. The relative error measured between the optical gains of
both methods, defined as

1 m 2
\/Z Z,’:l(Greference,i - Gmeasured,i)

1 m
m ) i=1 Greference,i

quantifies the error on optical gain estimates and is around 3.2%
in this situation. While no formal requirement has yet been
established regarding the necessary precision of optical gain
measurements, we aim for the most accurate estimation, since
the goal is to perform the XAO operation. The GSC method,
despite its underlying assumptions, is therefore suitable for this
task as is demonstrated in Chambouleyron et al. (2021) in a
simulation that has now also been confirmed experimentally in
the controlled environment of the laboratory. The optical gains
curves follow the shape expected for a modulated PWFS (Deo
et al. 2018; Chambouleyron et al. 2020), with values decreasing
until the spatial frequency of the mode matches the modula-
tion radius and then increasing again. This is due to the dual
behaviour of the modulated pyramid in sensitivity described in
Vérinaud (2004). The choices made for the integration of the
current GSC are presented in the following section alongside
PAPYRUS test bed design.

e

) (14)

Table 2. Main characteristics of the AO test bed PAPYRUS.

Telescope

Diameter 1.52m

Deformable Mirror

Number of actuators 241 (Cartesian 17 x 17)

Wavefront Sensing path
Spectral range 400-950 nm
Modulation 3-10 A/D (usually 5)
Pyramid field of view 30"
GSC camera sampling 2.7 pix/(A/ D)

47.7" x 35.8”

Matlab homemade
up to 700 Hz

up to 400 Hz

~3 frames @ 500 Hz

GSC camera maximum field of view

Real Time Computer
Frequency (w.o. OG monitoring)
Frequency (w. OG monitoring)
Delay

— Calibration path
Common path
Deformable mirror §

— Imaging path ]

— WES path

@ GSC camera

@ Pyramid

e Focal plane
® Pupil plane

{

Fig. 3. PAPYRUS AO test bed.

3.2. PAPYRUS: A development platform for AO concepts

PAPYRUS (Fetick et al. 2023) is a pyramid-based AO system
installed at the coudé focus of a 1.52 metre telescope at OHP. Its
primary purpose is to serve as a test bed for on-sky AO concepts,
components, and methods — paving the way for technologies that
will be implemented in VLT and ELT instruments. Its main char-
acteristics are listed in Table 2 and its optical design is shown in
Fig. 3.

As part of the current research and development activity, a
GSC has been integrated on PAPYRUS to validate the concept
in real conditions. It allows for direct comparisons to be made
between on-sky results and realistic simulation outputs gener-
ated using a numerical twin of the test bed, thereby enabling a
full validation of the method. This validation step is essential for
operating the PWFS at a non-zero set point, as is required for
applications such as those described in Sect. 2.1.

The focal-plane assisted PWFS is the junction between the
classical PWFS and the gain scheduling camera, whose principle
diagram is presented in Fig. 4.
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Fig. 4. Schematic of the focal-plane assisted PWFS: combination of a
PWES branch and a GSC branch providing, respectively, the differential
intensities and an estimate of optical gains.

3.3. Hardware implementation

The focal-plane camera currently installed on PAPYRUS is a
low-cost Thorlabs Zelux CS165CU. Its small dimensions facil-
itate straightforward integration into the optical bench. It is
positioned downstream of one of the two outputs of the 50:50
beamsplitter cube. As is demonstrated in Chambouleyron et al.
(2021), the estimation of optical gains remains accurate even for
a sampling of the core of the PSF below the Shannon criterion,
as long as the modulation radius still satisfies this criterion, and
thus a sampling of at least 2 pixels of the modulation radius.
However, the incident beam on the pyramid features a focal ratio
of 14.5, and since no additional relay optics are used for the focal-
plane camera, it inherits the same focal ratio. This results in a
PSF sampling of 2.7 pix/(1/D). The only adjustable parameters
— without altering the optical design — is the region of interest
(ROI), which defines the field of view (FoV) of the camera, and
the hardware binning.

3.3.1. Choice of the field of view and binning

The natural approach when choosing the FoV of the focal plane
camera is to match the one of the PWFS, ensuring that it
sees the same perturbations. However, by its optical design the
PAPYRUS PWEFS has a FoV of 30 arcsec, over-sized for single-
conjugate AO, where the seeing and anisoplanatism angle are
of a few arcseconds. A study in simulation is conducted to esti-
mate the minimal FoV required on the GSC to ensure accurate
measurement of optical gains. The results, shown in Fig. 5,
are presented for various seeing conditions and across differ-
ent regimes of correction. The middle graph corresponds to the
median seeing typically observed at OHP. Based on this simu-
lation, a FoV of 5 arcsec (58 A/D at 635 nm) ensures a relative
error below 2% in closed loop regime. This FoV is therefore kept
for the focal plane camera, but can be adjusted in case of stronger
or smaller seeing.

The current sampling, without binning, leads to images with
a ROI of 160 by 160 pixels, which is suitable for fast computa-
tion. Indeed, the ROI defines the size of the matrices involved
in the calculation of optical gains with Eq. (13) whose algorith-
mic complexity is discussed in Section 3.4. While reducing its
size may increase computation time, it decrease the optical gains
measurement accuracy, requiring a trade-off between the two.
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Fig. 5. Simulated relative error, e, on the OG measurement with respect
to the FoV with a reference FoV corresponding to the one of the PWFS
(15 arcsec), for seeings of 1.5 arcsec (top), 2.5 arcsec (middle), and
3.5 arcsec (bottom). The dashed black line represents the chosen FoV
on PAPYRUS.

2 L

T 0.8

3 10 bits = 16 bits
a 12 bits == perfect
O 0.6 [ - 14 bits

Optical gains

0 25 50 75 100 125 150
KL modes

Fig. 6. Simulated quantisation effect of the focal-plane detector on opti-
cal gain estimation in closed-loop (seeing 2.5 arcsec) for modulation
radii of 2 A/D (top) and 5 A/D (bottom).

In this spirit, hardware binning allows to reduce the ROI size
without impacting the FoV. However, one should be careful to
keep an ROI large enough to ensure the correct sampling of the
influence functions, from which the modes Z; are computed.

3.3.2. Impact of the detector quantisation

Due to its position, the focal-plane camera must offer a high
dynamic range, as the PSF is highly contrasted — especially in
a closed-loop operation, in which most of the energy is con-
centrated in the core. To avoid saturation, acquisition parameters
such as the exposure time and detector gain are adjusted accord-
ingly. However, this can lead to part of the turbulent halo, spread
over many pixels but with significantly lower intensity per pixel,
falling below the camera’s quantisation threshold. As a result,
some energy is not recorded, introducing a bias into the global
scaling and the shape of the measured optical gains.

This amplitude loss is estimated in the simulation by com-
paring the optical gains measured using different levels of
quantisation with that of an ideal detector. The brightest pixel
is filled at 80% of its saturation. Results are shown in Fig. 6. For
the 10-bit detector used in the PAPYRUS focal-plane camera,
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quantisation effects lead to a relative error of 5.8% in the optical
gain estimation in closed-loop conditions for a modulation radius
of 5 /D and up to 9.8% with a modulation radius of 2 4/D.
This effect is thus further amplified for smaller modulation radii,
as the modulated core is concentrated over fewer pixels, thereby
increasing the contrast with the turbulent halo and increasing
the impact of quantisation. However, this estimate is based on
a noiseless simulation. In practice, the presence of strong noise
on PAPYRUS focal-plane camera mitigates the threshold effect,
most likely acting as a form of dithering. A more comprehen-
sive analysis is required to fully characterise and understand this
phenomenon. Regardless, a higher-quality detector with at least
12 bits, ideally 14 bits or 16 bits, would render the quantisation
threshold effect negligible.

3.4. Software algorithm implementation

Out of the four convolutions of Eq. (13), three can be computed
during the calibration process as they only require the knowledge
of the impulse response in calibration leaving only one convolu-
tion — IR(6¢+¢;) x Z; — to compute for each of the m modes of
the basis at each iteration of the loop. Thus, its complexity is,
without considering the one of the impulse response:
C(13) =mx C (n*) + mx SP (n?), (15)
with C and SP, respectively, the convolution and scalar prod-
uct complexities and n the number of pixels of one edge of the
detector. Using Fourier transform and Plancherel’s theorem, it is
possible to optimise the complexity, with

_ (IR@¢+¢)IR(¢)| 7,7 )
~ (IRGIIRG)IZZ )
2, IRGP+4)IR)Z 7,
S R@GRGIZ Z

Gi(6p+¢r)

(16)

where ~ denotes the inverse Fourier transform, s the support of
the impulse response, and a complexity of
C(16) = FT (n*) + mx SP (n*) 17)
with FT the 2D Fourier transform complexity, usually
O(n*log(n)). This formulation reduces greatly the complexity,
with only one Fourier transform being required to compute — all
terms in green being pre-calculated in calibration — instead of
m convolution products. The m scalar products left can be effi-
ciently computed in parallel using multi-threading, significantly
reducing the computation time. On state-of-the-art real-time
computer (RTC) hardware, the computation with m = 195 and
n = 160 can be done within a millisecond.

This calculation is achieved after the processing of the focal
plane image. The background is removed and then the reduced
image is normalised by its flux. From this processed image,
the impulse response can be computed using Eq. (11), which is
finally injected in Eq. (16). The different steps are summarised
in Fig. 7.

4. On-sky validation

Since its first light in 2022 (Fetick et al. 2023), PAPYRUS has
undergone several changes. Initially operating in the visible for
both the wavefront sensing and the imaging, it was later modified

[Focal plane frame]

Computed:
-- Once
—> Each iteration

Calibration: d¢ =0 |

N4

—---{IR(¢") |

On-sky
(IR(s¢+¢1))

IR

(S R(8)IR () ZZ:}H

Gi(6¢+¢r)

Fig. 7. Optical gains processing pipeline, based on the implementation
of Eq. (16).

Table 3. Observed targets for optical gain measurement, and corre-
sponding AO parameters.

Vega Altair S Peg
Date (D/M/Y) 24/05/23  26/07/24  26/07/24
CET (h:m) 03:02 00:17 02:05
Magnitude (V band) 0.09 0.82 2.48
Elevation 76° 52° 57°
Zenithal seeing (500 nm) 2.16” 2.04” 1.07”
Frequency 500 Hz 400 Hz 400 Hz
Integrator gain 0.5 0.4 0.3
Modulation 5 A/D 54/D 54D
Controlled KL modes 192 166 166
Sensing wavelength 635nm  635nm  635nm
Imaging wavelength 635nm 1450 nm 1450 nm
GSC exposure time 20 ms 10 ms 10 ms
GSC binning - 2x2 2x2
NCPAs compensation 0 Awrs /4 Awrs /4

to switch the imaging arm in the infrared, hosting a focal plane
imaging camera, a fibre-injection module and a port for a second
stage Zernike-based AO system. The following on-sky results
were obtained with these two configurations: observations of
Vega were carried out entirely in the visible, while those of Altair
and S Peg were conducted with infrared imaging, the wavefront
sensing remaining in the visible in both cases. The transition to
an infrared imaging arm required the addition of numerous opti-
cal elements, which introduced NCPAs that were absent in the
initial visible-only set-up and therefore need to be compensated
for. The details of the on-sky acquisition considered in this paper
are reported in Table 3.

The GSC exposure time is either 20 ms or 10 ms, where the
loop iteration duration is, respectively, 2 ms and 2.5 ms, showing
that the optical gains are not estimated frame by frame. How-
ever, this limitation is purely technological as the focal plane
camera is limited to a frame rate of 100 Hz and the current
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Fig. 8. On-sky results of optical gains estimation during a closed-loop on Vega using PAPYRUS. Left: Optical gains. Experimental data are
represented in solid blue, whereas dashed curves correspond to realistic simulations with different wind speeds. Right: Corresponding experimental

long exposure PSF (50 seconds) on the imaging instrument.

MATLAB RTC structure does not allow one to parallelise the
phase reconstruction and the optical gains measurement.

For each observation we recorded the GSC telemetry, a long-
exposure PSF, acquired on the imaging path, and all relevant
AO-loop parameters. The long-exposure PSF, typically inte-
grated over a few seconds, was fitted with the Psfao model from
the Python library MAOPPY (Fétick et al. 2019) to estimate the
line-of-sight seeing at the imaging wavelength. This estimate
was then converted to a zenithal seeing value at 500 nm using
an elevation correction. The derived seeing values, together with
the corresponding AO parameters, are reported in Table 3 and
are used to run realistic simulations with a numerical twin of
PAPYRUS using the Python library OOPAO (Heritier et al.
2023). Based on the PAPYRUS modelling and the comparison
with the experimental on-sky data, we assumed that the critical
parameters are the seeing and the wind speed, since the tempo-
ral error dominates the AO error budget for a system operating
at the frame rates given in Table 3. Other contributors — such as
vibrations, dome seeing, the outer scale, Ly, and the Cﬁ profile —
were considered either negligible or effectively encapsulated in
the PSF-derived seeing estimate.

The measured on-sky optical gains for the three observing
cases are presented in Fig. 8. The right-hand column show the
long-exposure PSF extracted from the imaging camera. These
are the PSFs used to estimate the seeing, and the resulting seeing
values are then used as an input to the simulations. The only
remaining unknown parameter for each simulation is the wind
speed integrated along the line of sight.

For each observing case, we carried out three simulations.
Two simulations were computed for fixed wind speeds of 2 and
7 m.s~! (plotted in green and red, respectively) to provide reason-
able lower and upper bounds that encompass the experimental
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measurements. A third simulation was made for a wind speed
chosen individually for each observation (plotted in orange),
manually adjusted so that the simulated optical gains curve
best matches the measured curve (plotted in blue). The authors
emphasise that the simulated data include limitations inherent to
the model and are therefore used only as a sanity check rather
than as proof of an absolute determination of the optical gains,
because no ground truth is available.

The effect of wind speed on the theoretical temporal error
is shown in Fig. 9, calculated using the parameters listed in
Table 3. An increase in the temporal error leads to a larger ampli-
tude of the residual phase, and a larger residual phase amplitude
enhances the non-linearity of the PWFS. Since optical gains are
determined by the PWEFS response, changes in the temporal error
are reflected in changes of the measured optical gains. Con-
sequently, a similar trend is expected, and is indeed observed,
between the evolution of the optical-gain curves and that of the
temporal error.

This relationship is particularly clear in the case of Altair.
The temporal error increases by a factor of three when compar-
ing the best matching wind speed to the upper-bound wind speed.
This significant increase in the temporal error corresponds to a
much larger increase in optical gains (i.e. values closer to zero)
than those observed for the other two stars.

To further investigate the validity of the results, an additional
analysis is provided in Fig. 10. The simulated and experimental
GSC frames obtained for the vase of Vega are shown side by side,
together with their associated encircled-energy profiles. Outside
the AO correction radius, all optical gains curves overlap, which
corroborates the seeing conditions used in the simulations being
representative of those on-sky. Within the AO correction radius,
and in particular at low spatial frequencies, the influence of wind
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Fig. 10. Experimental short-exposure (10 ms) focal-plane images (top
row) and simulated focal-plane images (middle row) without noise and
the wind speed of 5.5 m s~!. Bottom row: Encircled energies for experi-
mental and simulated data for the different wind speed. Left: Calibration
frame recorded on internal source. Right: On-sky frame recorded dur-
ing closed-loop operation on Vega.

speed becomes apparent: the encircled energies for the different
wind speed are spread apart, and only the best matching value
(dashed orange) reproduces the on-sky data closely.

Taken together, these elements indicate that the model used
for the best-matching simulations is sufficiently representative
of the observing conditions and that the derived estimates of the
optical gains are meaningful. Moreover, the overall shape of the
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optical-gain curve is consistent with previously published results
(Deo et al. 2018; Chambouleyron et al. 2020).

5. Conclusion

In this work, we have demonstrated the feasibility of accurately
measuring optical gains both in laboratory and on-sky using the
GSC method, building on the theoretical and simulation works
initiated in Chambouleyron et al. (2020, 2021). This on-sky val-
idation marks a significant step towards operational use of the
focal-plane assisted PWFES, allowing the PWFS to work around a
non-zero set point, with ongoing studies focused on stability and
precision in such configurations. In particular, it will be applied
to accurately compensate for NCPAs in order to maximise
coupling efficiency into a single-mode fibre, feeding the high-
resolution VIPA fibre spectrograph (Carlotti et al. 2022), recently
coupled to PAPYRUS. It also opens the possibility of deploying
this enhanced WFS as a first-stage sensor in future XAO systems,
such as PCS. In this context, PAPYRUS is currently undergo-
ing yet another upgrade, including a faster RTC based on shared
memory (Cetre & Barr 2023), an improved focal-plane detector
for the GSC, and a second-stage Zernike-based AO system.

While the present study focuses on the PWFS, the GSC
remains applicable to any FFWFS, as it is derived from its ana-
lytical formalism, providing great versatility. Moreover, the GSC
approach opens up the possibility of accessing more than only
optical gains thanks to the focal-plane information that it brings.
We can think of applications such as the monitoring of extended
objects, assessing the AO correction quality, retrieving the PSF
seen by the WFS, extracting information on low-order aberra-
tions such as the low-wind effect, and even including the entire
signal in the reconstruction. These features complement the off-
zero operation of the PWFS and may significantly contribute to
optimising AO performance.
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