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Adaptive optics systems are critical in any application
where highly resolved imaging or beam control must
be performed through a dynamic medium. Such appli-
cations include astronomy and free-space optical com-
munications, where light propagates through the at-
mosphere, as well as medical microscopy and vision
science, where light propagates through biological tis-
sue. Recent works have demonstrated common-path
wavefront sensors for adaptive optics using the photonic
lantern, a slowly varying waveguide that can efficiently
couple multi-moded light into single-mode fibers. We
use the SCEXAO astrophotonics platform at the 8-m
Subaru Telescope to show that spectral dispersion of
lantern outputs can improve correction fidelity, culmi-
nating with an on-sky demonstration of real-time wave-
front control. To our best knowledge, this is the first
such result for either a spectrally dispersed or a photonic
lantern wavefront sensor. Combined with the benefits
offered by lanterns in precision spectroscopy, our results
suggest the future possibility of a unified wavefront
sensing spectrograph using compact photonic devices.

http://dx.doi.org/10.1364/a0. XX. XXXXXX

1. INTRODUCTION

Adaptive optics (AO) systems cancel wavefront distortions in
real-time by driving wavefront correctors such as deformable
mirrors (DMs) with wavefront sensors (WFSs), typically in
closed-loop control. Such systems have found use in a wide
range of imaging and telecommunications applications, includ-

ing ground-to-space optical communications [1], deep tissue
microscopy [2], and remote sensing [3]. In astronomy, AO sys-
tems correct for wavefront distortions which may originate from
the overhead turbulent atmosphere (in the case of ground-based
observation) or time-varying imperfections in the scientific in-
strument. AO has enabled highly-resolved imaging of the galac-
tic center [4], exoplanets [5], and more; [6] provides a review.

One of the primary goals for astronomy for the next decades
is the direct imaging of an Earth-like exoplanet and the iden-
tification of potential biosignatures [7]. This achievement will
require the separation of exoplanetary light from that of a host
star which outshines its companion by 10 orders of magnitude
in visible wavelengths [8], for instance by using coronagraphy
[9]. However, coronagraphic contrast is highly sensitive to wave-
front distortions, requiring correction at a precision and stability
which exceeds the capabilities of current AO systems. Such
systems typically use general-purpose WEFSs such as the Shack-
Hartmann lenslet array or pyramid WFS, which re-image the
telescope pupil and split off a portion of the light to a dedi-
cated WEFS arm. This gives rise to non-common-path aberrations
(NCPAs): quasi-static aberrations arising from opto-mechanical
deformations which affect one arm of the instrument but not
the other [10]. Other sources of wavefront error include the
low-wind effect [11] and petaling [12], both of which arise from
fragmentation of the telescope aperture and induce discontin-
uous phase aberrations over the pupil. While such aberrations
are difficult to correct with pupil-reimaging WFSs, they can be
sensed from the focal plane: a strategy that also mitigates NC-
PAs because the instrument now has a single common path.
To date, several focal-plane sensing techniques have been pro-
posed (e.g. DRWHO [13]), as well as dedicated sensor designs
like the self-coherent camera [14]. Recently, focal-plane sens-
ing was also demonstrated with a photonic lantern (PL; [15]).
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Fig. 1. a: A 3-port PL, with 3 outputs. The PL couples light copropagating in multiple fiber modes into multiple single-mode out-
puts. Note that we use a 19-port PL; a 3-port PL is drawn for simplicity. b: Simplified beam diagram of the astrophotonics platform
at SCExAO. Light comes from either the facility AO or a supercontinuum laser, and reflects off a 50 x 50 actuator DM. The light is
then divided between an internal camera, used to monitor the Strehl ratio, and the PL, which is dispersed at a resolution of several
hundred. c: Software steps used to perform wavefront control; we use a linear phase retrieval method.

As shown in Figure 1a, the PL is a slowly varying waveguide
similar to a tapered multicore fiber which can efficiently couple
aberrated telescope light into single-mode fibers (SMFs); opti-
cal throughputs of PLs have reached 97% in laboratory testing
[16]. Such devices also have potential astronomical uses beyond
AO: for instance, they can stably inject light into spectrographs
[17, 18] e.g. for high-resolution exoplanet spectroscopy, probe
sub-diffraction-limit spatial features with spectroastrometry [19],
and null starlight for high-contrast imaging [20]. Simultaneously,
the PL can drive a second stage of common-path wavefront cor-
rection [21], complementing the telescope’s primary AO.

Previous demonstrations of the PL WFS used the non-
dispersed spot images of a PL’s single-mode outputs to perform
phase retrieval [22] and drive wavefront correction [23]. The
purpose of this work is to show that the sensing capability of
the PL is retained, and even improved, when wavelength dis-
persion is introduced, and that such devices are suitable for
second stage correction of NCPA and low-wind effect. To this
end, we use the SCExAQO high-contrast imaging testbed at the 8
m Subaru Telescope [24], also used in [23]. This testbed contains
an astrophotonics platform that was recently upgraded to in-
clude a low-resolution diffraction-limited spectrograph, as well
as a 19-port PL optimized for high throughput in near-infrared
wavelengths (A = 1 — 1.8 um). This device was fabricated at the
Sydney Astrophotonics Instrumentation Laboratory by tapering
a multicore fiber with 19 cores. We present both off-sky and
on-sky demonstrations of real-time wavefront control.

2. RESULTS

A. Off-sky laboratory demonstration

We first present off-sky results from SCExAO. Figure 1b gives
an overview of our setup: briefly, this testbed emulates a point
source using a supercontinuum laser, which is collimated onto a
2500 actuator DM. 90% of the light is directed to a 4-axis stage
which holds the PL in a focal plane and enables tuning of align-
ment and focal ratio, while the remainder is sent to an FLI C-RED
2 detector for PSF and Strehl ratio monitoring. The output of
the PL is dispersed at a resolution of 700 - 300 over A =1 — 1.8

pum with a prism onto an FLI C-RED 1 detector. When on-sky,
the laser source is replaced with starlight from the facility AO
system (AO3K, [25]), which uses a separate 3228-actuator DM
and pyramid WEFS. See Supplement 1 for more details.

Figure 1c overviews the calibration and control process. First,
we measure the slope of the PL’s response to the first 100 non-
piston Zernike modes. This gives the response matrix, which
approximates the relation between the pupil phase and WFS
output; a singular value decomposition (SVD) of this matrix
determines our control modes. To compute the phase correction,
the phase retrieved by the PL WEFS is fed into a leaky integra-
tor. We then closed the AO loop (i.e. applied the correction
to the DM in real-time) at a framerate of 1.5 kHz. After run-
ning a “self-test” of the loop, where a static amount of each
control mode is injected into the system one-by-one on a sepa-
rate channel of the DM, we found that the first 52 control modes
— each a linear combination of Zernike modes — were clearly
corrected, with correction of the remainder too slow to be use-
ful. Note that an un-dispersed 19-port PL senses strictly less
than 19 aberration modes [21], and that previous experiments
from [23] demonstrated control over only 15 modes. We provide
an explanation for this increase in §3. Next, to test the loop,
we generated phase screens with an RMS amplitude of 150 nm
and windspeed of 10 m/s, and applied them to an indepen-
dent channel of the DM. We used high-pass-filtered Kolmogorov
phase screens to emulate first-stage correction of atmospheric
turbulence by Subaru’s facility AO. Finally, we recorded the
amplitudes for each control mode, as measured through the
PL WFS, in both open- and closed-loop operation. The ratio of
the closed-loop and open-loop power spectral densities (PSDs)
estimates the squared modulus of the rejection transfer function.
We find that the correction loop is stable up to a limit of 150 -
200 nm RMS of wavefront error, dependent on alignment and
control parameters. This somewhat limited dynamic range is
expected by simulations, e.g. [21].

Figure 2 shows the PSDs and rejection transfer function for
an example control mode of the Zernike-calibrated 19-port PL
WES. We find good agreement with an analytic model derived
in 23, except at the slowest frequencies where the deviation ap-
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Fig. 2. Wavefront control performance of the dispersed PL
WES during daytime laboratory tests. Left: one of the control
modes. Middle: Open- and closed-loop PSDs of this mode’s
amplitude. Right: the ratio of the closed and open loop PSDs,
which estimates the squared modulus of the rejection transfer
function. Orange dots correspond to the given mode, and blue
to the average over all modes; the dashed black lines give the
expected transfer function for our control parameters.

proaches 2-3 x. This suggests that a subset of control modes had
lower sensitivity and hence slower correction than expected; one
possible cause is a slow optomechanical drift within SCExAO,
which would change the alignment of the PL and eventually
outdate the sensor calibration. See Supplement 1 for a similar
test where the PL was calibrated in zonal (DM actuator) basis.

B. On-sky demonstration

On 9/17/2024, we demonstrated closed-loop wavefront control
using the spectrally dispersed 19-port PL at Subaru/SCExAO,
using Humu (Altair) as our natural guide star. This demonstra-
tion was performed as part of SCExAO engineering time, under
proposal ID S24B-ENO03 (PI Julien Lozi). The seeing during the
test was ~ 0.5", as estimated by the Maunakea Weather Cen-
ter. Our test was also downstream of AO3K, which provided
first-stage wavefront correction and yielded ~50% Strehl for
A ~ 1.5 - 1.8 ym, as measured from the PSF monitoring cam-
era: as such, this demonstration is also the first to show the PL
working as a second-stage focal plane WFS.

Because our PL’s spectral traces overlap on the detector,
we were unable to account for spectral differences between
SCExAOQ'’s calibration source and that of our natural guide star,
and had to calibrate the WES on-sky. This overlap is due to
hardware constraints, which will be rectified in the future with
a new PL; for more details, see Supplement 1. In the interest
of on-sky time, we only calibrated the WFS against the first 30
non-piston Zernikes. The SVD of this matrix obtained 14 control
modes, though higher fidelity control should be possible using
an on-sky calibration with more basis modes or an off-sky, day-
time calibration, as in the previous section. Finally, we closed
the loop using a leak of 0.97 and a gain of 0.2 at a rate of 1.7 kHz
and latency of 3.77 frames, using the PL and SCExAO DM to
perform secondary correction after AO3k. Our somewhat high
latency could be reduced with improvements to the (currently
Python-based) processing of the dispersed PL image. Figure 3
gives the average open- and closed-loop PSDs for the 14 control
modes, as well as the estimated rejection transfer function; the
peak at 100 Hz is a result of noise amplification at high gain, and
is captured by the analytic model. Beyond 100 Hz, we find devia-
tions which might be related to the large spikes in the PSDs near
100 and 200 Hz, perhaps corresponding to strong vibrations.

The rightmost panel of 3 plots the estimated H-band Strehl ra-
tio over the course of the test, and includes insets of the H-band
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point spread function (PSF) immediately before and after loop
closing, averaged over a two minute timescale. Note that the
closed-loop data was taken before the open-loop data, and that
after opening the loop, the seeing gradually increased to ~1", at
which point we were not able to close the PL loop again due to
the limited dynamic range of the PL. To account for this trend,
we performed linear fits of both the closed- and open-loop Strehl
data, which indicate that the second-stage wavefront control
provided a Strehl improvement of ~17%. Using the extended
Maréchal approximation, this corresponds to a reduction in RMS
WEE of ~190 nm to ~140 nm, which in turn matches the integral
of the difference between the experimentally measured open-
and closed-loop PSDs, computed to be 52 nm.

3. DISCUSSION

It is encouraging to see that wavelength dispersion already has
a beneficial impact on the WES capability of the PL, even using
linear phase retrieval. Since PLs concentrate light on a few pix-
els and have high optical throughputs, a second-stage PL WFS
may also use light more efficiently compared to other cascaded
WES designs. Considering the benefits in precision spectroscopy
offered by PLs, we believe that a combined astrophotonic spec-
trograph and WFS warrants further study. We note some consid-
erations for a such an instrument, as well as WFSing strategies.
In the case of linear phase retrieval, our results suggest that
the primary benefit of wavelength dispersion is to improve the
spatial resolution of the correction by increasing the number of
sensed aberration modes. This result may be somewhat surpris-
ing because the space of focal-plane electric fields that couple
into the PL depends only weakly on wavelength, at least over
our wavelength range. Therefore, we might assume that the
space of sensed phase aberrations should have a similarly weak
dependence on wavelength. This does not hold because the vec-
tor space of focal-plane electric fields is complex and the vector
space of phase aberrations is real. For a concrete counterexam-
ple, consider a two-mode wavefront sensor that only accepts
light in the two orthogonal LP;; fiber modes, denoted LPj1a and
LPq1b. When individually backpropagated to the pupil plane,
the phase sampled by each takes the form of a step function
that divides the pupil either horizontally or vertically. But the
complex linear combination LPj;a + iLPy1b forms a charge 1 or-
bital angular momentum mode, which samples a phase vortex.
So, the space of sensed phase aberrations depends not only on
the shape of the electric field basis vectors (LPy1a/b), but also
the particular linear combination(s) sampled by the wavefront
sensor. In the case of the wavelength-dispersed N-port PL, dif-
ferent linear combinations are sampled at different wavelengths
due to the dispersion of modes as they copropagate through
the waveguide. Put another way: at a single, fixed wavelength,
a PL senses a small subset of wavefront aberrations (phase &
amplitude) roughly corresponding to a projection of the global
wavefront aberration space onto the “photonic lantern principal
modes” [26]. As the wavelength is changed, this modal basis
rotates to reveal different projections of the wavefront aberration
space [21], sweeping across the space like a lighthouse beam.
We note two practical limitations to the PLWEFS. First, there is
a detector tension between spectroscopy, which favors slower
readout, and WFSing, which favors faster readout. When
where errors evolve slowly (e.g. NCPAs), this tension may be
sidestepped, but for a general dispersed WEFS this tension moti-
vates high speed detectors with low read noise (e.g. FLI C-RED
1) and brighter targets. Another solution is to divide the outputs
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Fig. 3. Left: on-sky open- and closed-loop PSDs for the dispersed 19-port PL WFS. Middle: the ratio of the PSDs, which estimates
the squared modulus of the rejection transfer function. Agreement between the experimentally measured transfer function and
the theoretical expectation for our control parameters is good up to around 100 Hz. Right: the H-band Strehl ratio as a function of
time. The wavefront control loop is initially closed and is then opened. Dashed black lines show linear regressions for the open-
and closed-loop Strehl data. Circular insets show the averaged H-band PSF in under open- and closed-loop operation.

of the PL, dispersing some at low spectral resolution for fast
WESing and dedicating others for long-exposure spectroscopy.
The second limitation is the dynamic range of the PL WFS,
which in our testing could only provide stable correction when
the seeing was good (~ 0.5" or less) and the residual RMS WFE
of the primary AO was < 150200 nm. While less of an issue
for the correction of smaller-amplitude NCPAs, low-wind effect
errors can exceed this threshhold, motivating the development
of nonlinear phase retrieval methods for wavelength-dispersed,
few-moded sensors. Combined with nonlinear methods, wave-
length dispersion should lead to an improvement of dynamic
range, in the same way that multi-wavelength measurements
of a 2rr-wrapped wavefront enable phase unwrapping. These
nonlinear methods might use neural networks as in [22] or in-
terpolating methods [27]. Still, the wavefront sensing benefits
offered by spectral dispersion even in the linear regime suggest
that dispersed PLs may be well-suited to simultaneously fulfill
sensing and spectroscopy functions in future instruments.
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