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Adaptive optics (AO) correction based on pyramid wavefront sensors (P-WFSs) has been successfully implemented
in several instruments for astronomical observation due to the P-WFS advantages in terms of sensitivity with
respect to other WFSs, such as the Shack–Hartmann. The correction of non-common path aberrations (NCPAs)
between the sensing and the scientific arm, commonly performed introducing offsets to the Zernike coefficients
of the measured wavefront in the AO closed loop, reduces the sensitivity of P-WFSs causing a loss in sky coverage
and scientific throughput. We propose a technique to exploit the full capabilities of P-WFSs compensating the
NCPAs up to the fourth order on the WFS channel by means of a multi-actuator adaptive lens (MAL). We show the
preliminary results obtained in a dedicated laboratory test bench. © 2020 Optical Society of America
https://doi.org/10.1364/AO.393499

1. INTRODUCTION
Nowadays all the 8 m and the foreseen 30–40 m class groundbased telescopes offer a high-resolution observing mode among
most of the installed instrumentations. Such capability is delivered through adaptive optics (AO) systems implemented at the
telescope and/or instrument level. The AO system is dedicated
both to atmospheric turbulence sensing, by means of wavefront
sensors (WFSs), and to the wavefront error correction by means
of deformable mirrors (DMs) [1,2].
When the instrument has to deliver a very high-resolution
performance [Strehl ratio (SR) >80% − 90%], as required
for exo-planet direct imaging, a single conjugated extreme AO
(XAO) system is required [2]. Almost all such systems mount,
or plan to mount, a pyramid wavefront sensor (P-WFS) [3] in
the sensing arm. The reason for this choice is that the P-WFS
increases its sensitivity as the image of the reference natural
star gets smaller, i.e., as the closed-loop iterations increase.
Therefore, P-WFS-based systems have higher performances
with fainter magnitude objects with respect to systems mounting other types of WFSs such as Shack–Hartmann (SH) or
curvature WFSs [4,5].
However, the P-WFS sensitivity enhancement for such XAO
systems can decrease or even be nullified by the so-called noncommon path aberrations (NCPAs). Basically, NCPAs appear
when the instrument arm and the wavefront sensing arm experience different optical paths with different aberrations, which
1559-128X/20/175151-07 Journal © 2020 Optical Society of America

could originate not only from design mismatch or poor relative
alignment, but also from gravity and differential thermal effects.
NCPAs need to be compensated in order to recover the optimal
optical performance on the scientific arm [6,7]. This correction is typically performed by identifying and measuring these
aberrations with techniques such as phase diversity or Zernike
phase masks in the focal plane [8]. The WFS measurement is
corrected by adding an offset to the set of measured slopes, i.e.,
it is included on the commands sent to the DM. Despite the fact
that this technique was successfully demonstrated both theoretically and experimentally [9], its drawback is in transferring
the NCPAs from the scientific arm to the sensing arm. This,
in the case of a P-WFS-based system, causes a consistent loss
of sensitivity, especially for low-order aberrations which is the
regime over which its advantages with respect to SH-WFS are
more pronounced [5,10].
NCPAs are minimized by optimized opto-mechanical configurations designed to reduce flexures and thermal variation
and by introducing stringent optical tolerances of the components [11–13]. Still so, NCPAs cannot be completely corrected
at the level required by an XAO system. For example, just the
introduction of a dichroic beam splitter in the optical path to
separate the beam between the scientific and sensing arm leads
to unavoidable NCPAs, mainly composed of astigmatism, with
an amplitude on the order of a few hundreds of a nanometer,
leading to a speckle pattern which can prevent the achievement
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Fig. 1. Top left: image of the MAL and of its electronic driver. Top right: residual wavefront aberration on the MAL after flattening it in a closedloop configuration (units nm, residual error 20 nm rms). Bottom: maximum Zernike polynomial amplitude generated by the MAL [peak to valley
(PtV) and rms] and residual errors for the applied modes. Waves are expressed at λ = 633 nm.

of extreme SRs useful in a number of astronomical applications
[14–17].
The approach we propose in order to mitigate NCPA impact
on the overall XAO performance by recovering the full P-WFS
sensitivity is to insert a further deformable optical element in the
sensing arm before the pyramid itself, allowing for the introduction of a “real optical offset” in the wavefront and thus recover
the optimal performance on both channels. This principle is
illustrated in Fig. 1, right panel. In particular, we demonstrate
the correction of NCPAs using a multi-actuator adaptive lens
(MAL), a relatively new transmissive wavefront corrector,
developed at the Institute of Photonics and Nanotechnology of
Padova, Italy. This device features the capability of correcting
aberrations up to the fourth order of Zernike polynomials with
high transmission in the visible band, making it suitable for
the installation in already existing XAO systems. The MAL
has already been demonstrated as a good substitute for DMs in
several applications among which small-aperture telescopes AO,
optical communication, ophthalmology, and high-power lasers
[18–22].
In Section 1, we present the multi-actuator lens; in Section 2,
we describe the concept at the base of this technique and the
test bench setup used to demonstrate its feasibility. In Section 3,
we illustrate the results obtained and, finally, in Section 4, we
discuss the advantages and the possible development of the
technique for the implementation on 8 m class telescopes.
2. MULTI-ACTUATOR LENS
The MAL is a piezoelectric-type wavefront corrector composed of two thin glass membranes spaced apart by a chamber
filled with transparent oil, with a total optical thickness of
2.8 mm and a transmission of ∼90% from 400 to 1100 nm.
Transmission losses are mainly due to Fresnel reflection at the
air–glass interfaces since no anti-reflection coating is present.
The transmission should hence be considered as a lower limit

here, and the future implementation of anti-reflection coatings
will improve the transmission. This figure is accomplished
without any coating on the glass surface. Each glass membrane
is bonded to a piezoelectric ring divided in sectors. By applying a driving voltage (+/−125 V) to each sector (i.e., to each
actuator), it is possible to locally bend the glass membrane in the
central part (i.e., in the clear aperture). By the linear combination of the actuators, it is possible to generate aberrations up to
the fourth radial order of Zernike polynomials with a response
time of ∼1.5 ms, providing a correction speed of up to 590 Hz
[22]. Figure 1 shows the stroke of the lens for all those modes.
For this experiment, we used an adaptive lens with 10 mm clear
aperture and 18 actuators (9 on each side of the lens). Further
details on the MAL (transmission spectrum, response time
curve, chromaticity, etc.) can be found in Refs. [20,22].
3. NON-COMMON PATH ABERRATION
CORRECTION: A REALISTIC CASE IN 8 M
CLASS TELESCOPES
A common optical scheme of the AO setup on an astronomical instrument is reported in Fig. 2 on the left panel. After the
DM, the light is split with a dichroic beam splitter between the
scientific arm and the WFS arm. The NCPAs are the sum of all
the system aberrations in these two arms. As mentioned earlier,
in the case of the presence of NCPA, the scientific channel performance is usually optimized to deliver a scientific point-spread
function (PSF) with a high SR at the expense of the P-WFS arm.
However, the reduction of NCPA in the two arms would lead
to better performances of the AO system and of the acquired
images.
To estimate the improvement we are envisioning, let’s consider the graphic adapted from [5] (Fig. 3), where the magnitude
gain of the P-WFS is plotted as a function of the SH-WFS SR
with respect to the obtainable SR for different D/r0 . Since the
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Fig. 2. Left: optical scheme of a common astronomical instrument equipped with AO with a scientific channel and a WFS channel, with a pictorial view of the PSF delivered to the two channels; after that, the loop is closed and optimized for the scientific channel yielding a poor PSF on the WFS
channel. Right: same optical scheme, but with an MAL inserted in the WFS channel, providing a high SR PSF to both channels.

Fig. 3. Gain in magnitude of 0.7 mag, achievable in an 8 m telescope by reducing the aberrations of the system from 0.2 to 0.1 waves
rms (adapted from [5]). Black dashed line shows the maximum SR
achievable for each D/r0 as from [16].

SH does not have any gain connected to the improvement of the
PSF, we can use that plot to retrieve the pyramid gain in terms
of magnitudes for different SRs. For example, if we consider
an 8 m telescope with P-WFS working at visible wavelength
(therefore with D/r0 = 40), for an NCPA aberration of 0.2
2
waves rms, the Maréchal approximation SR = e −(2π σ ) will give
us an SR of 0.2. If we were able to push down the NCPA to 0.1
waves, we would achieve an SR of 0.67. This NCPA reduction
would hence translate into an improvement of 0.7 mag in star
magnitude [or a higher signal-to-noise ratio (SNR)]. Therefore,
the implementation of an NCPA correction system is of primary
importance, especially for the observation of faint objects.
4. EXPERIMENTAL SETUP
To demonstrate the correction of NCPAs, we created a laboratory test bench using three custom deformable elements made
by Dynamics Optics SRL, Italy: two MALs and a DM. The test
bench simulates the P-WFS-based AO system of a telescope,

similarly to the concept defined in Section 2. Since we aimed at
demonstrating only the NCPA correction capabilities, in this
demonstration we avoided the complication of atmospheric
turbulence generation and its correction. The experimental
setup is reported in Fig. 4: we used a fiber-coupled LED source
(470 nm), and a lens L1 (f = 100 mm) collimating the beam
onto a 32-actuators piezoelectric DM placed in the pupil of the
optical system. This DM mimics the adaptive secondary mirror
of the telescope. In place of the dichroic mirror (described in
the previous section), we used a beam splitter (BS1 ) that redirects part of the beam, through lens L2 (f = 250 mm), to the
scientific channel. The latter consists of two arms separated by
a second beam splitter (BS2 ): the first arm is the imaging channel with a camera, and the second arm re-collimates the beam
through lens L3 (f = 100 mm) before reaching an SH-WFS
for the assessment of the performance made by measuring the
residual wavefront error.
The rest of the light is directed to the P-WFS where a
Keplerian telescope made by lenses L4 and L5 (f = 150 and
f = 125 mm, respectively) collimates again the beam to the
size of the MAL clear aperture. A Barlow optical system (L6 ,
f = 250 mm and L7 , f = −50 mm) focuses the light on the
pyramid pin (1◦ vertex angle), after which a collimator (L8 ,
f = 60 mm) reimages the pupils on the WFS camera.
The MAL used for NCPA correction (MAL_corrector in
Fig. 4) is introduced in the intermediate optical plane conjugated to the DM (which, we recall, is the pupil of the system).
Also, a second MAL (MAL_generator in Fig. 4) can be inserted
in front of the correcting one, in order to simulate NCPAs by
introducing known low-order aberrations in the system.
A. NCPA Generation

One of the most important parts of this work was the introduction of well-known NCPAs with the MAL_generator to evaluate
their effect on the performance of the system.
As the first step, we characterized the MAL_generator in
a separate setup equipped with a high-resolution (40 × 40
lenslets) SH-WFS to determine its best flat configuration
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Fig. 4. Test bench setup used to simulate the P-WFS-based AO system of a telescope and to perform NCPA correction. A custom DM simulates
the adaptive secondary of a telescope, and a beam splitter (BS1) separates the beam in two paths: one representing the scientific channel (in red) and
one representing the P-WFS channel (in blue). The MALs used to generate and to compensate the NCPAs are placed in the sensing channel. The two
control loops are highlighted by dashed arrows: orange—main closed loop between P-WFS and DM; blue—NCPA correction loop. On the scientific
channel, both a scientific camera and a WFS [complementary metal–oxide semiconductor (CMOS) camera + lenslet array] are installed.

(Fig. 1). This was achieved by closing the loop between the
MAL and the SH-WFS, obtaining a residual wavefront error
value of 20 nm rms. When the MAL is in this configuration, it is
equivalent to insert in the optical beam a flat plano-parallel glass
window with negligible aberrations.
In the same setup, we calibrated the MAL to generate sets of
low-order aberrations with different amplitudes based on realistic cases assuming most of the NCPA is due to a misalignment
among optics [15]. Our tests were divided into two main cases:
A: Astigmatism: 40, 70, 100, 150, 200, 400, 900 nm rms and
B: Combination of aberrations up to the third radial order
(defocus, astigmatism, coma, trefoil): 100, 200 nm rms.
We recall that astigmatism is one of the most common
NCPAs, being introduced by the dichroic mirror.
B. DM and P-WFS (Main) Closed-Loop Calibration

Calibration of the main closed loop was performed by controlling the DM and the P-WFS with MATLAB software. We
measured the influence matrix by moving each actuator of the
DM one at a time, and we calculated its pseudo-inverse by singular value decomposition (SVD) to obtain the control matrix
used in the closed-loop operation. Figure 5 shows the DM influence functions, DM SVD modes, P-WFS pupils, and residual
wavefront error after wavefront correction. To avoid P-WFS
saturation due to large WF deformations when moving the

actuators in this phase, we used a 100 µm diameter fiber (above
the diffraction limit of the collimating lens) to simulate pyramid
modulation. After the calibration, we were able to operate in a
closed loop at approximately 10 Hz (limited by image transfer
bandwidth and computational latency).
C. NCPA Correction Strategies and MAL_Corrector
Calibration

In an astronomical instrument, the steps performed to optimize
the image on the scientific channel is to measure NCPAs from
the scientific channel and compensate them with the DM.
In our approach, we proceeded in quite a different way by
letting the DM–P-WFS main closed loop work at its best performance (so maintaining an optimal image on the pyramid
tip) and introducing aberrations only with the MAL_generator.
In this way, each small change introduced by the MAL would
be rapidly compensated by the DM to maintain the wavefront
unchanged on the P-WFS, yet inducing a variation on the
camera on the scientific channel.
To perform this operation in a controlled fashion and demonstrate the effectiveness of our approach, we adopted two different strategies:
(1) Double closed loop: we closed the control loop between the
MAL_corrector and the SH-WFS on the scientific channel
(secondary closed loop) in parallel to the main closed loop
between the DM and the P-WFS (see Fig. 4, orange dashed
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Fig. 5. Top left: influence functions of the DM (measured in µm). Top right: SVD modes (normalized) of the DM. Bottom left: image of the four
pupils on the P-WFS camera. Bottom right: reconstructed WF (rms 21 nm, color bar in µm) during the closed-loop operation with 16 SVD modes.

line main closed loop, dark-blue dashed line secondary
closed loop).
(2) Wavefront sensorless technique: we used a wavefront sensorless algorithm to retrieve some information from
the scientific image (PSF) and improve its quality (i.e.,
indirectly correcting the wavefront on the scientific
channel).

aberration on sharpness is also orthogonal so that iterative scans
lead to smaller and smaller residual errors [24]. In this case,
although the SH-WFS was not used for the NCPAs correction,
it was kept in place to measure the residual WFE on the scientific
channel.

The first approach allows for the direct measurement of the
NCPAs in terms of wavefront error (WFE) and allows for the
use of this measurement to directly control the MAL_corrector
in closed loop and reach the maximum achievable correction.
It implies using two independent AO closed loops working at
different refresh rates. To avoid instability, the secondary closed
loop, between the MAL and WFS, on the scientific channels
works at a lower frequency (∼1/10) with respect to that of the
main closed loop. In this way, it is possible to minimize the residual error and achieve the best NCPA correction capabilities.
However, this method in a real telescope would not be possible, since no WFSs are usually mounted on the scientific arm.
Therefore, we used this method to quantify the compensation
limit of the MAL_corrector.
Conversely, we used the second approach to demonstrate
that it is possible to perform a correction without a WFS on the
scientific arm by retrieving some information from the scientific
camera images, considering that it is always present in a telescope. Among many possible wavefront sensorless optimization
techniques, we implemented a hill climbing (or coordinate
search) algorithm. In this algorithm, the MAL_corrector performs a scan over several Zernike polynomials one at a time. In
the meantime, the image on the scientific channel is acquired
and sharpness metrics, based on the central second moment of
the image [23], is used as the factor of merit. It can be demonstrated that the sharpness increases as aberrations are reduced
[24] and that, for small aberrations, the effect of orthogonal

D. Calibration of the MAL_corrector

To perform the correction using the aforementioned techniques, we first calibrated the MAL_corrector. The calibration
was performed in two different ways, depending on the strategy
adopted to correct for NCPAs.
In the double closed-loop approach, we used the secondary
closed loop to calibrate the lens. It is worth noting that the
wavefront measured by the SH-WFS is not directly the MAL
wavefront, but instead is the one generated by the DM to compensate for the modifications induced by the MAL. This fact
implies that, for a correct calibration, the DM should be able to
reproduce any shape the MAL can achieve with minimal errors,
which is generally the case, since the DM has more actuators
than the MAL.
For the wavefront sensorless approach, the MAL influence
functions were measured in an external setup equipped with
a high-resolution SH-WFS. The control matrix was then
computed by SVD and used to drive the MAL in a sensorless
open-loop configuration.
In both cases, we noticed that the influence functions and
the control matrix were very similar, which further confirms the
correct functioning of the main closed loop and that the DM
can effectively reproduce any MAL configuration.
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Table 1. Residual NCPAs after the Correction with
a
Double Closed-Loop and WF Sensorless Techniques
RMS Scientific
Arm after
Correction
Aberration (Double Closed
Amplitude RMS Loop) RMS
(nm)
(nm)
Aberration Type
Astigmatism
(Case A)

Mix of
astigmatism,
coma and trefoil
(Case B)

63
94
126
158
190
316
760
95
95
190
190

22
22
22

RMS Scientific
Arm after
Correction
(Wavefront
Sensorless
Technique)
RMS (nm)
43

52
26
21
21
23
28
26
26

42
49

a
In both cases, the wavefront was measured by the SH-WFS on the scientific
channel.

5. RESULTS
We have applied the NCPAs generated with the MAL_generator
for all cases presented in Section 4.A, and we have recorded the
best results achievable on the scientific channel with both strategies (see Table 1).
In the double closed-loop configuration, the best correction
was achieved after approximately 10 cycles of the secondary
closed loop, after which it remains almost unchanged. The
residual error in this case is comparable to the residual wavefront aberration on the MAL after flattening it in a closed-loop
configuration (See Fig. 1), indicating that the system is working
close to its best performance. Conversely, in the WF sensorless
approach, two sets of scans over the first 10 Zernike polynomials

(up to third radial order) were enough to retrieve a diffractionlimited image within the Maréchal criterion (lambda/14), after
which we stopped the optimization procedure. Although no
detailed tests were made about the stability over time of the
MALs, the correction achieved in this mode proved to be stable
for several minutes. After the NCPAs correction procedure, the
image quality on the scientific channel significantly improved
(see Fig. 6).
6. CONCLUSIONS
We reported on two different approaches to correct for NCPAs
using an MAL in a configuration that mimics that typical of
an XAO system of a telescope. To this purpose, we built an
AO system including three deformable optics (two adaptive
lenses and one DM) and two closed-loop systems, one with a
pyramid wavefront sensor and one with a SH-WFS. A first MAL
(MAL_generator) was used to generate well-known sets of aberrations, resembling those typically present in 8-m telescopes,
particularly astigmatism, which is the main aberration introduced by the dichroic, one of the main contributor to NCPAs
in AO astronomical systems. A second MAL (MAL_corrector)
was used for the correction that was performed according to
two different strategies. The first one achieved the best possible
correction by monitoring the residual WF error with a WFS
and directly drive the MAL. The second one controls the lens by
retrieving the information from the scientific channel images,
demonstrating that it is possible to use the scientific camera
images to perform the correction even without a direct measurement of the aberrations. In both cases, MAL_corrector has
proved able to correct for the aberrations while maintaining a
low WFE on the P-WFS.
Although further investigations are needed to assess the practical aspects required for the installation on a telescope system,
such as stability over time and temperature and WFE residuals
correlation with input aberrations, this experiment proved that

Fig. 6. NCPA correction in double closed-loop configuration—example of NCPAs correction of astigmatism (first and second rows), mixed astigmatism, coma, and trefoil (third row): wavefront measured before and after correction (columns 1 and 2), image of the optical fiber on the scientific
channel (columns 3 and 4), wavefront measured on the P-WFS after NCPA correction (column 5). Rms wavefront error is reported on the side of the
images. Colorbar units: m.
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this technique is a valid candidate for future application. Due to
the transmissive nature of an MAL, allowing its direct placement
in the optical path without any beam deviation, this technique
is particularly suitable for those optical systems that are already
in use.
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