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Abstract

vectorial field.

Adaptive optics normally concerns the feedback correction of phase aberrations. Such correction has been of ben-
efitin various optical systems, with applications ranging in scale from astronomical telescopes to super-resolution
microscopes. Here we extend this powerful tool into the vectorial domain, encompassing higher-dimensional
feedback correction of both polarisation and phase. This technique is termed vectorial adaptive optics (V-AO). We
show that V-AO can be implemented using sensor feedback, indirectly using sensorless AO, or in hybrid form combin-
ing aspects of both. We validate improvements in both vector field state and the focal quality of an optical system,
through correction for commonplace vectorial aberration sources, ranging from objective lenses to biological sam-
ples. This technique pushes the boundaries of traditional scalar beam shaping by providing feedback control of extra
vectorial degrees of freedom. This paves the way for next generation AO functionality by manipulating the complex

1 Introduction

Phase aberrations affect the performance of many opti-
cal systems. Adaptive optics (AO) is widely used to per-
form feedback correction of these aberrations in a range
of applications, from the inter-galactic scale of astro-
nomical telescopes [1] to the molecular level in super-
resolution microscopy [2, 3]. However, in many systems,
polarisation aberrations play an even more crucial role.
These aberrations lead to polarisation errors and extra
(dynamic and geometric) phase distortion (see Addi-
tional file 1: Note S1) that can be introduced, for exam-
ple, when focusing through stressed optical elements,
due to Fresnel’s effects or induced via polarising effects in
materials or biological tissues [4—7]. These effects directly
alter the state of polarisation (SOP) of the light field and
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the focal quality, hence affecting vectorial information
analysis and degrading the system resolution in ways that
compound the effects of phase aberrations. Considered
jointly as “vectorial aberrations” (see Fig. 1a), these polar-
isation and phase errors limit the performance of many
vector sensitive or high-resolution optical systems.

Incorrect vector states in the illumination or detection
beams are greatly detrimental for polarisation sensitive
microscopes, including Stokes/Mueller confocal micro-
scopes [7], second/third harmonic generation micro-
scopes [8] and super-resolution fluorescence polarisation
microscopy [9]. Such effects are vital, for example, to
provide correct vectorial information in label-free can-
cer detection using Stokes/Mueller microscopy. Incor-
rect polarisation states also disrupt the interference at the
focus, hence affecting imaging resolution. This is particu-
larly important in sensitive super-resolution methods, for
example, in the creation of the zero intensity centre of
the ring-shaped STED microscopy or MINFLUX beams
[10-12]; in the interference light fields of the SIM or 4Pi
microscopes [13, 14]; and can also affect performance
of other common microscopes [15]. Such effects would
be exacerbated in deep sample imaging where there are
compounded polarisation and phase errors.

As these vectorial aberrations vary with the imaging
scenario, field positions, and specimen type, adaptive
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Fig. 1 Vectorial aberrations, vectorial adaptive optics (V-AO), and correction methods ranging from sensor-based to sensorless. a Schematic

of a system affected by vectorial aberration and a V-AO compensated system. The V-AO module encompasses a polarisation module and a phase
module. Here the V-AO module pre-corrects the vectorial aberration. The state of polarisation (SOP) and phase profiles, as well as focus profile

are given as sketches illustrating states 'before’and ‘after'V-AO correction. b Sketches of three different V-AO correction methods. Method

A (sensor-based V-AQO): A MM sensor is used to measure the aberration then give feedback to V-AO module for pre-correction, hence leading

to the desired light field output. PSG polarisation state generator, PSA polarisation state analyser. Method B (quasi-sensorless V-AO): A polariser filters
the intensity before the pupil, and the pupil intensity profile detected on a camera after the polariser serves as feedback for V-AO module to correct
the aberration (the full setup is detailed in Additional file 1: Note S1). P: Polariser. Method C (modal-sensorless V-AO): Focal intensity is used as proxy
for optimising the output phase and SOPs of the beam hence completing the V-AO loop

feedback correction is essential to obtain optimal sys-
tem performance. We therefore need to extend the con-
cepts of conventional AO to the joint compensation of
polarisation and phase aberrations through introduction
of the concept of vectorial adaptive optics (V-AO). Con-
ventional phase AO requires a method of phase meas-
urement—either through a wavefront sensor or indirect
optimisation methods (“sensorless AO” for short) [2,
3]—to determine the input aberration and a method of
phase compensation; whereas V-AO requires the sensing
and correction of the vectorial aberration. There are sig-
nificant challenges in extending existing AO methods to
this higher-dimensional analogue to conventional phase
correction.

In order to meet these challenges, we have imple-
mented and validated V-AO correction through three
methods: (A) sensor-based, (B) quasi-sensorless, (C)

modal-sensorless; conceptual sketches of the feedback
process are shown in Fig. 1b. We describe in detail the
three methods and their properties, with demonstrations
of the improvement of both vector field and focus after
correction of commonplace vectorial aberrations. Our
results indicate that V-AO can suppress vectorial aberra-
tions, thus enhancing the toolbox for applications beyond
those of traditional AO.

2 Results

In contrast to conventional AO, V-AO requires a method
to determine the full vectorial properties, encompassing
polarisation and phase, and a mechanism for its control.
Conventional Mueller matrix (MM) polarimetry plays a
role here, as the “sensor” for determination of the MM
(which is equivalent to the polarisation aberration) as
well as the output state of polarisation (SOP). Sensorless
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V-AO methods can also be employed, allowing for exam-
ple model-based optimisation of focal quality through
adjustment of polarisation and phase states. Based on
these principles, we introduce a suite of V-AO techniques
that can be applied in different situations. Central to this
is a versatile vectorial field compensation system consist-
ing of two liquid crystal spatial light modulators (SLMs)
to fully control the output SOP [16, 17] and a deform-
able mirror (DM) to compensate for phase (Fig. 1a) [2, 3].
Similar multi adaptive element systems have been used
for the purpose of complex beam generation [18-20],
whereas here we emphasise the use of such manipulators
as the aberration corrector in a feedback AO system.

2.1 Sensor-based vectorial adaptive optics (Method A)

At the heart of the sensor-based V-AO implementation is
an imaging MM polarimeter, which is able to extract the
full polarisation properties across the profile of a beam
or an object [7] (Fig. 1b). A complete MM polarimeter
consists of a polarisation state generator (PSG) and a
polarisation state analyser (PSA) [7]. Following the MM
measurement of the object using the PSG and PSA, the
SLMs are set such that the output SOP after propagation
through the object is spatially uniform. This is achieved
by setting the patterns displayed by precisely calibrated
SLMs (see Additional file 1: Note S2), so that the SLMs
introduce a pre-compensation aberration, leading to
uniform output SOP. Phase aberration can also be intro-
duced by the object, while additionally further phase var-
iations are introduced by the SLMs themselves [21] (see
Additional file 1: Note S1). Full correction is achieved by
first correcting the SOP aberration using the SLMs and
then applying phase only correction via conventional
sensorless AO.

To illustrate some peculiarities of full vectorial aber-
rations (comprising both SOP and phase) we first intro-
duce a vectorial aberration using the V-AO module.
Three notable cases are depicted in Fig. 2a: (1) a beam
with a uniform SOP was perturbed by such an aber-
ration (V-AO off), resulting in both a disordered SOP
in the pupil as well as a distorted focus. (2) (Phase AO
on) we applied phase-only sensorless AO with the DM
which results again in an aberrated focus. This verifies
that traditional phase-only AO cannot fully compen-
sate a full vectorial aberration, because a disordered
polarisation state affects the constructive interference
required for perfect focussing [22]. (3) Finally, the ini-
tial vectorial aberration introduced by the V-AO mod-
ule is removed as following the correction procedure,
resulting in a spatially near-uniform SOP in the pupil
and a diffraction limited focus (V-AO on). We illustrate
in Fig. 2b on the Poincaré sphere the distribution of
the SOP in along a line in the cross-section of the pupil
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as well as cross-sections of the foci in Fig. 2a. Corre-
sponding theoretical validation and simulations can be
found in Additional file 1: Note S1. The well-matched
results (for simulation and experiments) also validated
the capabilities of V-AO approach.

We then chose a graded index (GRIN) lens for dem-
onstration of a real vectorial aberration. GRIN lenses
are widely used for compact imaging systems and
microscopy; applications span across connectors for
quantum chips to biopsy probes for clinical diagno-
sis. By nature of their manufacture, GRIN lenses suffer
from a rotationally symmetric birefringence variation
that is concomitant with their symmetrical graded
index profile [4]. This property is considered as a nui-
sance as it introduces a vectorial perturbation that
disrupts GRIN lens based imaging systems [4]; these
perturbations cannot be compensated via traditional
phase AO. Therefore, widespread adoption of GRIN
optics is hindered in sensitive systems, such as for com-
pact super-resolution or polarisation contrast imag-
ing systems [4]. Similar experiments are conducted
following the same process in Fig. 2a. Figure 2c shows
results comparing before (V-AO off) and after correc-
tion (V-AO on). The vector fields, the correction pat-
terns on the DM, as well as focal spot comparisons are
given. More detailed analysis and quantitative data with
comparisons can be found in Additional file 1: Notes S1
and S3.

These demonstrations show that the feedback sensor-
based V-AO method (method A) can improve the perfor-
mance of an optical system both in terms of uniformity of
the SOP in the pupil and distortions at the focus.

The MM polarimeter provided complete information
about the spatially variant polarising properties of the
aberrating object and this information was used to apply
the SOP correction in method A. However, it is also pos-
sible—and indeed sometimes more practical for various
applications [2, 3]—to infer the necessary vectorial cor-
rection using less direct methods that do not require full
knowledge of the polarisation aberration. We investigate
here these polarimeter-free methods through the con-
cept of “sensorless V-AQ’, which is named in analogy to
wavefront-sensorless AO, which performs phase correc-
tion without the use of a wavefront sensor [2, 3]. In one
case, a sequence of intensity measurements is taken in
a conjugated pupil plane using a simple system consist-
ing of polariser and a camera (“quasi-sensorless V-AQO”;
Method B); in the other case, a sequence of intensity
measurements is taken at the focal plane instead of the
pupil (“modal-sensorless V-AO”; Method C); see Addi-
tional file 1: Note S4. In both cases, a process is employed
in order to optimize the intensity as a proxy for the uni-
formity of the polarisation state.
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Fig. 2 Method A—sensor-based vectorial adaptive optics. a Random aberration case, showing V-AO off, phase AO only, and V-AO on. The vector
field SOP profile, phase on the DM, profile of the foci are given. b SOP comparison on the Poincaré sphere of a sampled line of the vector fields

of V-AO on and off status. Intensity comparison of a sampled line of different focus is presented as well. ¢ V-AO off vs. V-AO on status of aberration
correction for the GRIN objective lens. SOP distributions, DM phase patterns, and focus spot profiles are given. The red side of the colormap used
for the SOP illustration represents right handedness while blue side is left handed. The ellipticity is illustrated via the shape of the ellipse. Pure linear

SOP is shown as a green line with appropriate orientation

2.2 Quasi-sensorless vectorial adaptive optics (Method B)

Figure 3a gives a schematic of method B. At the heart of
this method is the maximisation of intensity measured
after a polariser across every point in the beam profile
(highest intensity (HI); Fig. 3a). The camera is located at
the pupil plane and measures the intensity of the output
field after projection through a polariser, which was cho-
sen to have the same principal polarisation eigenvector as
the desired state (in principle, this could be spatially vari-
ant, but here linear polarisation is chosen for simplicity).
When the output SOP is parallel to the eigenvector of the

polariser, the intensity is maximum. One can thus correct
the SOP aberration by maximizing the intensity at each
point in the pupil.

For each point in the pupil, there is hence an input
Stokes vector SV’ that maximises the detected inten-
sity and any other state will result in a reduced inten-
sity. This intensity can be mapped onto the surface of
the Poincaré sphere (see Fig. 3a). The point with maxi-
mum intensity corresponds to the eigenvector of the
analyser and hence indicates the optimal SV’ pre-cor-
rection that must be applied with the V-AO module.
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Fig. 3 Method B—quasi-sensorless vectorial adaptlve optics. a Optimisation of SV'(x,y), which represents a Stokes vector that varies

across the pupil, which is located before the aberration described by the Mueller matrix MM(x, y) and is thus related to the transformed Stokes
vector SV(x, y). For a fixed point in the pupil P(n, m), the intensity is mapped onto the Poincaré sphere as function of SV'(n, m). The intensity

at the same point is equivalently mapped onto a graph of the SLM pixel values. The correction mechanism involves interpolation to the maximum
intensity point through a sequence of measurements using different SV'(m,n). The detailed mechanism is elaborated in Additional file 1: Note S5.

b V-AQ off vs. V-AO on status with a tilted waveplate array. SOP distributions, DM phase patterns, foci profiles, and an exemplar for comparison are
given. ¢ Comparison of V-AO off and V-AQO on status for an assembly of protected silver mirrors. SOP distributions and Poincaré sphere comparisons
are given, showing compensation of the significant errors introduced by the mirrors

In practice, this optimal correction can be obtained by
sampling a number of trial configurations of the retard-
ance settings of the two SLMs and by interpolating
between these measurements to reach the maximum
intensity (see exemplar in Fig. 3a). This process can
also be carried out in parallel for each single point in

the pupil. Detailed algorithms are elaborated in Addi-
tional file 1: Note S5. This procedure to optimise the
final SV correction introduces additional phase errors
due to the SLMs. This necessitates the second correc-
tion step consisting of a conventional phase sensorless
AO procedure.
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We validated the experimental feasibility of method B
using a titled waveplate array as the aberrating object.
Such a waveplate array is widely used to generate vec-
tor vortex beams, such as for the depletion focus in a
STED microscope [23]. We show the state before (V-AO
off) and after correction (V-AO on) including the SOP
fields, the phase on the DM, the focal spots (Fig. 3b). The
improvement in performance is also exemplified through
comparison of focal spot intensity profiles. A further
demonstration showed compensation of the deleterious
vectorial effects of a series of protected silver mirrors.
These standard components of various modern optical
systems show problematic vectorial aberrations, due to
off-axis reflections, Fresnel’s effects, and coating proper-
ties [6]. We applied V-AO correction through method B,
providing the results of Fig. 3c. More detailed analysis of
these and other vectorial aberrations due to other optical
components, such as beam splitters, wavelength filters,
etc., are given in Additional file 1: Note S6. We empha-
sise that the aberrations corrected here are spatially vari-
ant and thus require the complex correction provided by
V-AO.

2.3 Modal-sensorless vectorial adaptive optics (Method C)
Method B was able to correct vectorial aberrations after
a short sequence of measurements at the conjugated
pupil (correction of SOP) and focus (correction of phase).
In this section, we demonstrate fully “sensorless” V-AO
through method C. This method achieves V-AO correc-
tion with no additional hardware through focal plane
measurement alone, taking advantage of prior knowl-
edge of the nature of the vectorial aberration. There are
various scenarios where assumptions can reasonably be
made about the eigenmode axes of a polarising object,
For example, this may occur in stressed optics, such as
an endoscopic lens, which exhibits azimuthally or radi-
ally distributed birefringence axes, as determined by the
intrinsic stress direction [4]; alternatively, in biological
samples such as muscle tissue, where the axes follows the
stress direction or the alignment direction of the intrinsic
fibres [24]. While such prior knowledge about symmetry
is useful, the value of retardance is often still unknown,
such as due to variation from different manufacturing
processes for the lens, or the state of the biological tis-
sue [4, 7, 24], so adaptive vectorial correction is needed.
Method C operates in analogy to conventional, phase-
only sensorless methods, whereby different trial aberra-
tion corrections are applied in sequence and the optimal
value of the correction is deduced by assessing the image
quality using an optimisation metric [2, 3]. The salient
difference for method C is that polarisation and phase
aberration compensation are simultaneously performed
with both SLMs and DM operating in concert at each
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step. This is a vectorial extension of phase correction
through sensorless adaptive optics.

Sensorless feedback correction of both polarisation
and phase is a challenging task, because of the complex
interplay between them [6] when compensation is imple-
mented using a combination of SLMs (see Additional
file 1: Note S1). Furthermore, as feedback was provided
solely through intensity measurements, a sequence of
measurements was required to infer the necessary infor-
mation for correction. We hence considered two different
scenarios for method C. In scenario 1, we dealt only with
an unknown polarisation aberration, assuming that the
traditional phase aberration was negligible (Fig. 4a and
b). At each point of the pupil, we had prior knowledge
of the polarisation eigenmode axis, which we denoted
by the line Q/-Q through the Poincaré sphere. The input
SV (and equivalently the correction targeted SOP) was
represented by point A. As the retardance value was
unknown, the corrected SV T, which should be generated
via the V-AO module, must lie on the circle K, which
passed through A and was centred on Q/-Q.

In practice, this sensorless optimisation was imple-
mented using vectorial modes defined over the whole
pupil, which were based upon Zernike polynomials [2, 3].
The correction mechanism relied upon maximisation of
the focal intensity (the process is elaborated in Additional
file 1: Note S7), in a process that was a higher-dimen-
sional analogue to sensorless phase AO. Optimising the
intensity through adjustment of the modes on the SLMs
provided an indirect route to optimisation of the SOP. In
scenario 2 (Fig. 4c), we considered the combination of
unknown polarisation and phase aberrations. Here, we
first executed a phase-only sensorless correction routine
to remove most of the phase aberration due to optical
path differences on propagation through the aberrating
sample. Then we applied a polarisation-only aberration
correction, following the procedure used in scenario 1.
Finally, we applied a further round of phase-only aber-
ration correction to remove any residual phase bias. In
effect, through maximisation of focal intensity, this V-AO
procedure seeks uniformity of the SOP, rather than a spe-
cific SOP (see details in Additional file 1: Note S7).

Experimentally, we validated the feasibility of our
method C (sensorless scenario 1) via a calibration target
consisting of a region of birefringent material made from
a piece of thin film waveplate). This creates a pure polari-
sation aberration with negligible phase offset (Fig. 4b).
Specifically, we present the final overall system axis ori-
entation from the combined effect of the V-AO mod-
ule and the object. This in effect determines the overall
system performance, as an alternative evaluation of our
V-AO performance. It can be seen that the effective
fast/slow axis distribution show significantly improved
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Fig. 4 Method C—sensorless vectorial adaptive optics. a Simplified schematic of the sensorless V-AO mechanism. Taking a fixed point P(r,q)

on the pupil as example, when the axis of the aberration corresponding

to this point is known, the circle K'is determined. Hence, the vectorial

correction must be found to set the input SV'(r,q), corresponding to point T, back to the desired SV(r,q) at point A. In practice, aberration modes are
applied that change all of the points on the pupil P(x,y) simultaneously to optimise the focal intensity. Details are elaborated in Additional file 1:
Note S7. b V-AO off vs. V-AO on status for a calibration target consisting of piece of thin film waveplate. SOP distributions, patterns on DM, focus
profiles, overall slow/fast axis performances (before and after the correction), as well as the axis distributions and their comparison on Poincaré

sphere are given. The corrected SOP is more uniform, and the focal spot i

is sharper. It can be also observed that both corrected axes are more

uniform. The complex phase pattern here reveals the extra phase errors that introduced via AO correctors, which are a consequence of the complex
interplay between phase and polarisation, and includes dynamic and geometric phases. ¢ Comparison of V-AO off and V-AO on status

of a biological sample. Focal spots distributions at three steps, axis orientation corrections, are given for comparison. It can be found that the axis
distribution and focal spot profiles are enhanced after the correction process

uniformity after correction. More data, analysis and dis-
cussion are provided in Additional file 1: Note S7. V-AO
correction for scenario 2 was undertaken using a thin
tendon tissue sample, which exhibited both polarisation
and phase effects, in this case with comparatively smaller
polarisation aberrations (Fig. 4c). Focal spot performance
and axis corrections are provided. Detailed analysis of the

performance, including in terms of the vectorial modes,
is provided in Additional file 1: Note S7. The above
results validate that the sensorless V-AO method C has
potential to be used in future applications that require
precise vectorial control and correction of vectorial aber-
rations, where indirect optimisation is required, such as
for beam shaping, focal control and imaging.
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3 Discussion laser-based and lithographic nano-fabrication, in addi-
In summary, we have extended the concepts of con- tion to biomedical and clinical characterization.
ventional phase-only AO into the vectorial domain by

merging polarisation and phase aberration correction. ~Supplementary Information

V-AO can be implemented using feedback in a sensor- The online version contains supplementary material available at https://doi.
based approach using a polarimeter, or through two  ©/9/10.1186/543593-023-00056-0.

different implementations of “sensorless V-AO’, which

Additional file 1: Figure S1. Simplified layout of the optical system used

uses neither a MM polarimeter nor a wavefront sensor. in the experimental validation. (a) A HeNe laser beam (Melles Griot,
These three approaches provide a versatile toolkit for 05-LHP-171,632.8 nm) is expanded and directed towards the first SLM
compensation of vectorial aberrations, which can be (SLM1; Hamamatsu, X10468-01). After reflection the bgam passes through
. . . . a half-wave plate (HWP2; Thorlabs, WPH10M-633) and is reflected off the
chosen to match conditions in real applications. The second SLM (SLM2; Hamamatsu, X10468-01) first, and then off a DM
sensor-based method provides the most comprehensive (Boston Micromachines Corporation, Multi-3.5). The planes conjugate to
approach Compatible with full MM characterisation, the pupil plane are.denoted ‘vvith‘Q (the te\escopgs thét reimage these
X X planes are not depicted for simplicity).Some positions in the setup are
should it be necessary. However, the quasi-sensorless enumerated with numbers between parentheses in purple. The frame of
(and modal-sensorless) method can provide the abil- reference at position (3) is used to indicate the orientation of HWP2.
ity to perform V-AO with simpler hardware require- Measuring positive angles from the xtowards(they axis, the slow and fast
A K K . axes of HWP2 are at 22.50 and 112.50, respectively. Legend: HWP
ments compatible with more practical scenarios [2, 3]. half-wave plate, M flat mirror, P polariser (Thorlabs, GL10-A), BE beam
The quasi-sensorless method features unique advan- expander, BS beam splitter (Thorlabs, BS010), FBS flip-in beam splitter
tages: First, the Complex hardware necessary for a full (Thorlabs, BS010), C camera (Thorlaps, DCC324ON), QWP quarter—wave‘
i . . plate (Thorlabs, WPQ10M-633); (b) Flip-in elements denoted by letters in
MM polarimeter measurement is replaced by a simple (a); (c) Table showing in which cases the flip-in elements depicted (b) are
analyser without moving parts. Second, calculation enabled. Figure S2. Experimental validation of the modelling reported in
of the MM is no longer needed, nor is its decomposi- Supplementary Note 1.1. A randqmly chosen aberratp.n is mdyced with
. . . . . . both SLMs and no aberrating object is present at position (6) in
tion for application of the SLM settings, which avoids Supplementary Fig. 1. (a) MM data computed using the modelling relating
the complex error amplification due to the MM matrix position (1) and position (6); (b) SOP predicted at position (6) using the
calculation [7]. Third, detailed calibration of the SLMs modelling when j 1=[1;— 1142, (0 FID computed using the modelling
. L. K and expected at camera C2; (d) Experimental MM data measured with MM
is not necessary, as the optimization procedure can be polarimetry [12]; (e) SOP predicted at position (6) using the experimentally
expressed directly in terms of the pixel values applied measured MM data; (f) FID measured with camera C2; (g) phase applied in
to the two SLMs. The modal-sensorless approach the phase-only corre;t\on; (h) HD pr‘oﬁle‘s fgrthe VAO-off, ph}asg—ony,gnd
A L K VAO-on states. Experimental diffraction-limited FID and prediction using
requires no additional hardware and no extra pupil the Airy disk formula. Figure $3. Generation of an arbitrary SOP at
measurement, uses prior knowledge of the target, and position (4) in the optical setup. The Stokes vectors S indicate the SOP at
is based purely on focal optimisation. These methods various positions in the setup, which are denoted by the number in the
K K A . subscript. (a) The initial state S1 is fixed to [0; — 1;0], whereas an arbitrary
can separately assist different optical system scenarios, state 54 is desired; (b) Retardance 81 is applied with the first SLM, which is
with intriguing directions that are largely unexplored. modelled as a rotation by 81 along the H axis. This is followed by a rotation
Future developments can expand these methods to of 1800 modelling the reflection off the back plane of the SLM; (c) The
i | . . R effect of the half-wave plate is that of applying a rotation of 1800 about
deal with llght depolarlsed by the ObJeCtr which can the W axis; (d) The desired state S4 is reached using two rotations about
occur in scenarios such as bulk tissue monitoring or the H axis modelling both the retardance 82 applied with SLM2 and the
diagnosis [7]. Furthermore, with an increased number reflection off the back plane. Figure S4. Correction of a GRIN lens SOP

N aberration. (a) Mueller matrix data obtained by measuring a cross-section
of AO devices, the V-AO format can be extended. The of a GRIN lens using an external MM polarimetry setup described in [12];

current system, using two SLM passes, can provide vec- (b)—(c) Distribution of the extra-ordinary axes and the retardance & of the
torial aberration compensation with pre-correction of GRIN lens. Both parameters were extracted from the data reported in (a)

. . X . using the procedure outlined in Supplementary Note 3. The parameters of
the illumination state. For even wider reach, the system the polarisation ellipses are retrieved [7] from the distribution of axis Q
could be expanded to three SLM passes [17], thus per- across the aperture. The ellipses are then plotted in (b) to visualise the
mitting conjugation of the vectorial state, for example orientation of the extra-ordinary axes. Note that the plot in (b) is different
. L . . h from the plots in Supplementary Fig. 2(b)-(c), where the SOP is visualized
in the emission path of a microscope. More discussion instead of the axes; (d) Mueller matrix data obtained after correction of the
and perspectives can be found in Additional file 1: Note GRIN lens SOP aberration. This measurement is taken between position (1)
s8. and position (6) in Supplementary Fig. 1, and thus comprises both the

. pre-correction applied with the two SLMs and the aberration due to the
Overall, we have put forward novel V-AO techniques GRIN lens. As can be seen by comparing with (a), element (3,3) has

for joint correction of polarisation and phase aberrations. become approximately uniform, which validates the correction for the

With these vectorial field feedback control methods, fixed input SOP 51 =10;—1;0J; (€)~(f) Distribution of the axes and

. X . . retardance after correction of the GRIN lens SOP aberration. Both

this next-generation AO technique is expected to ben- parameters were extracted from the data reported in (d) As can be seen
efit various research areas—for example [25-31], rang- by comparing (e) with (b), the axes have become approximately linearly
ing from astronomical telescopes to microscopy—with polarised along — 450, for which the fixed input Jones vector j 1=[1;,-11/

. . . . V2 is an eigenvector. The retardance shown | (f) essentially becomes a
further applications spanning across galaxy detection, to
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scalar aberration, which can be corrected with the DM. Figure S5.
Additional data from the correction of a GRIN lens SOP aberration. (a)
phase applied with the DM; (b) Stokes components obtained from the
MM polarimetry data in Supplementary Fig. 4 shown before (VAO-off) and
after (VAO-on) the SOP correction; () Profiles of the FID measured before
and after correction and prediction using the Airy disk formula. Figure S6.
Example showing the correction of the SOP on the Poincar’e sphere. (a)
An object aberrating the SOP is represented by the Jones matrix SU2(Q, 6)
and can be visualised as a rotation by an angle § about the axis Q; (b) The
optimal pre-correction Sc is found by starting from S1 and by applying the
opposite rotation SU2(Q, — 6); (c) Correction of the SOP. Starting from ST,
the two SLMs and half-wave plate change the SOP into Sc. This is depicted
as a set of rotations along the light blue paths. Subsequently, the
aberrating object applies the rotation SU2(Q, §) depicted as the yellow
path, which restores the SOP to the initial state S1. Figure S7. Classifica-
tion of the sensor-based and sensorless strategies for conventional
phase-only AO and for V-AO. Figure S8. Layout of aMMpolarimeter. The
PSG and PSA are highlighted in blue dotted boxes. P polariser; QWP
rotating quarter-wave plate. Figure S9. Intermediate steps performed
during the correction of the SOP for Method B. A coarse grid of pixel
values tuples is initially created, see Eq. (30). For each tuple (g1, g2), g1 is
applied to all pixels of SLM1, g2 is applied to all pixels of SLM2, and an
image is recorded with camera C1, as outlined in Supplementary Note 5.
For each pixel in the aperture, the intensity sampled from the recorded
images and its interpolation are evaluated, see (a) and (b) respectively, and
the maximum intensity is identified in (b). From the pixel values g1 and g2
corresponding to the maximum interpolated intensity, the correction
patterns for SLM1 and SLM2 are computed, as shown in (c) and (d),
respectively. Figure S10. Flow chart summarising the main steps for
Method B outlined in Supplementary Note 5. The final correction of the
phase using a sensorless method [19] is not depicted. Figure S11.
Vectorial aberrations arising from common optical elements. (a) On the
left, the retardance and diattenuation measured due to a silver mirror
oriented at different angles of incidence {3. On the right, the same
measurements using one, two, and three pairs of mirrors oriented at 450;
(b) Vectorial aberrations obtained from cube, plate, and pellicle beam
splitters, and a bandpass filter (633 nm transmission). The measurements
are performed in transmission and reflection denoted by T and R in the
abscissa. Figure $12. Flow chart summarising the main steps for Method
Coutlined in Supplementary Note 7.1. Figure S13. Correction of the SOP
aberration due to a target object. (a) Distribution of the axes of the target.
This information is assumed known a priori in Method C. Parameter Q is
extracted from MM polarimetry measurements, as outlined in Supplemen-
tary Note 3. From the relationshipQ = [cos (2X) cos (2¥);cos (2X) sin (2¥);sin
(2X)] the parameters of the polarisation ellipse are obtained [7], and the
corresponding ellipses are plotted in the aperture disk; (b) Distribution of
the axes of the combined pre-correction using the SLMs and the target
aberrating object at position (6) after applying Method C, Scenario 1, see
Supplementary Note 7.1. The axes are approximately homogeneously
linearly polarised, aside from errors at the boundary, showing improve-
ment with respect to (a). Figure S14. Example of fits performed for the
sensorless algorithm described in Supplementary Note 7.1. (a) Measure-
ments of the metric in blue and fit of the measurements in red for the first
Zernike mode Z1; (b) Same as (a) for the fourthZernike mode 74 [35]; In
both (a) and (b), the abscissa denotes the amount of Zernike mode
applied. The ordinate denotes the normalised value of the image quality
metric [19] determined measuring the corresponding FID. The vertical
dashed line dengptes the optimal amount of mode determined after the
fit. The value of §, 81,82, and  is annotated at some states with letters
[A]-[F], see Supplementary Fig. 15 and Supplementary Fig. 16. The
correction is applied incrementally, so that in (b) the correction for modes
1,2,and 3 is already applied. Figure $15. State of §, 01,02, and ) at
different steps annotated by letters [A], [B], and [C] during the correction
of mode 1 in Supplementary Fig. 14(a). Figure S16. State of §, 61, 62, and
 at different steps annotated by letters [D], [E], and [F] during the
correction of mode 4 in Supplementary Fig. 14(b). Figure $17. Vectorial
aberrations in a multi-layer object. A focussing arrangement is shown on
the left where two V-AO modules A and B are highlighted in blue. An inset
indicating the layers of the specimen is shown on the right.
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