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ABSTRACT

Coronagraphs allow for faint off-axis exoplanets to be observed, but are limited to angular separations greater
than a few beam widths. Accessing closer-in separations would greatly increase the expected number of detectable
planets, which scales inversely with the inner working angle. The Photonic Lantern Nuller (PLN) is an instrument
concept designed to characterize exoplanets within a single beam-width of its host star, using a device called the
mode-selective photonic lantern (MSPL), a photonic mode-converter that maps linearly polarized modes into
individual single-mode outputs. The PLN leverages the spatial symmetry of an MSPL to create nulled ports,
which cancel out on-axis starlight but allow off-axis exoplanet light to couple. The null-depths are limited by
wavefront aberrations in the system as well as by imperfections in the lantern’s response. However, wavefront
sensing and control can be used to improve the null-depths achievable. We extend the technique of Implicit
Electric Field Conjugation, commonly used to create dark zones with coronagraphic instruments, to work with
a PLN. We present results from simulations and from in-lab testbed experiments.

Keywords: photonic lanterns, astrophotonics, nulling interferometry, wavefront control, implicit electric field
conjugation

1. INTRODUCTION

The characterization of exoplanets was identified by the Decadal Survey for Astronomy and Astrophysics 2020
as one of the top scientific priorities.! High-resolution spectroscopy is especially critical for many measurements,
including that of the planet’s radial velocity, spin, atmospheric composition, and surface features through Doppler
imaging.2 It can also enable the potential detection of exomoons.? The Photonic Lantern Nuller®® is an
instrument concept that enables the high-resolution spectral characterization of exoplanets at and within 1 A/D,
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where X is the wavelength and D the telescope diameter. It is inspired by the Vortex Fiber Nuller (VFN),%7
but unlike the VFN, which has only one nulled channel with a circularly symmetric coupling profile, the PLN
provides four nulled channels, each with a unique coupling profile. This allows for more planet flux to be retained,
and also helps place better constraints on the planet’s flux ratio and spatial position.*

The PLN exploits the symmetries of the ports of a six port mode-selective photonic lantern (MSPL),® a special
type of photonic lantern® that utilizes dissimilar cores that enable ports to be mapped into linearly polarized
(LP) modes, or the eigenmodes of a radially symmetric, weakly guiding step-index waveguide. Each mode at the
multi-mode face (MMF) of the lantern is mapped to a single-mode fiber (SMF) output, such that light coupling
to a given mode at the MMF side will result in flux in the corresponding SMF core. The symmetries of the
modes corresponding to the MSPL ports results in a null at the center (to which the star is aligned), with finite
transmission off-axis where potential planets may exist.

The operating principles of the PLN are fully derived in Ref. 4, and the first laboratory demonstration of the
PLN (in both monochromatic and broadband light) is presented in Ref. 10. In this work, we present the results
of using wavefront control — specifically the implicit electric field conjugation algorithm (iIEFC)!! — to deepen
the central nulls of the PLN.

2. IMPLICIT ELECTRIC FIELD CONJUGATION

The implicit electric field conjugation algorithm for active suppression of starlight is described in Ref 11. We
present a simplified overview of it here.

The stellar electric field can be modulated by applying probes on the deformable mirror (DM), and the
electric field is linearly related to the difference between an image with some probe and the image with the same
probe but with opposite sign. Minimizing the measurement § — a series of such ‘differenced’ images — thus also
minimizes the electric field. We can empirically calibrate the influence of the DM on § by applying a mode on
the DM and encoding the change in § that it produces into a response matrix:

§ = Sa, (1)

where « is the DM command and S the calibrated response matrix. The iEFC solution is given by
a = argmin |§ + Sal? + Maf? = —(STS + \)"15T§ = —C6. (2)

The parameter \ can be set to penalize large DM solutions, and the control matrix C' = (STS + A\I)~1S7 is
computed ahead of time, after calibrations are complete.

Unlike the alternative Electric Field Conjugation algorithm, which is model-based, iEFC is data-driven.
It has the advantage of not being limited by model fidelity but also the disadvantage of requiring testbed
calibration time. We choose to use iEFC, however, because it is relatively more advantageous for the PLN than
for conventional coronagraphs, because the PLN only has four ports and thus requires significantly fewer modes
to be calibrated.

For this work, we use the implementation of iEFC from the lina package.!?

3. EXPERIMENTAL SETUP

A detailed schematic of the front-end of Polychromatic Reflective Testbed (PoRT) can be found in Ref. 10,
along with the PLN coupling maps measured using the testbed without wavefront control — i.e. the DM merely
flattened by maximizing coupling through a single-mode fiber. The results with the monochromatic laser injected
using a polarization maintaining fiber are presented again in Figure 1. These coupling maps were obtained using
a photodiode with only one input, and therefore had to be measured sequentially. However, for wavefront control,
it is convenient to be able to measure the coupling through all the relevant ports simultaneously.

Proc. of SPIE Vol. 13095 130950S-2



PoRT Throughput Maps - Monochromatic

LP 01 LP 1la LP 11b LP 21a LP 21b LP 02
0.6 0.6 0.6 0.6 0.6 0.6
0.4 0.4 0.4 0.4 0.4 0.4
0.2 0.2 0.2 0.2 0.2 0.2
0.0 0.0 0.0 0.0 0.0 0.0
a
PoRT Throughput Map Centers - Monochromatic Pol 1 Summed Center Maps
Monochromatic Pol 1
LP 11a LP 11b LP 21a LP 21b 0.4
0.2 0.2 0.02 0.02
0.2
0.0 0.0 0.00 0.00
0.0
b c

Figure 1. a) Monochromatic PLN throughput maps measured with 1568.772 nm light. b) Throughput maps of the nulled
ports with fine spatial sampling of the center. The red crosses indicate the axial center of the lantern, identified using the
map in part (c). ¢) The summed throughput of the four maps in part (b). The location of minimum summed throughput
is taken to be the lantern center, where 7, is measured. Figure adapted from Ref. 10.

In Figure 2a, we present a updated simplified diagram of PoRT, which now includes a back-end that images
the outputs of the nulled ports onto a camera, allowing the fluxes coupled into each port to be simultaneously
measured using photometry. Figure 2b shows an example camera image, cropped to the region containing the
lantern outputs and with the dark frame (the camera image when the light source is turned off) subtracted. The
overlaid circles indicate the apertures used for photometry, where each intensity measurement is the sum of the
counts contained within the defined circle. When the incoming beam is aligned to the ‘center’ of the lantern (which
we choose as the location of minimum summed coupling as in Figure 1), these intensity measurements correspond
to the stellar coupling through each port of the lantern. These intensity measurements are proportional to 7, or
the fraction of the incoming starlight coupled into each port. For closed-loop wavefront control, all four nulled
ports are routed to the V-groove, and we work directly with the intensity measurements made on the camera (i.e.
the sum of the counts in each aperture). We leave the non-nulled ports disconnected in order to not saturate
the camera. After performing wavefront control, we use the photodiode to obtain normalized coupling maps
sequentially for each port.

4. IMPLEMENTATION AND RESULTS

We define the following two sets of probes, where Z,, is the nth Noll-ordered Zernike mode defined across the
12 x 12 DM actuator grid, each with an RMS of 1:

Py = i(Zs+Z6+Z7+Zg)/\/ZI (3)
P2y = £(Zs — Zo + Z7 — Zs) /V4 (4)

Using a probe amplitude of 0.02 and a mode input amplitude of 0.01 (both in DM control units that range
from 0 to 1), we then calibrate the response matrix S across the set of Zernikes modes from Z, to Zs (a total
of 17 modes). For our measurements, we divide the summed counts by 10® such that the measured responses
are closer in scale to our control inputs. We then calculate the control matrix C' using A equal to 1/10 of the
maximum diagonal value of STS.
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Figure 2. a) A simplified diagram of the experimental setup. A monochromatic 1568.772 nm laser is injected into the
bench, and the beam is collimated. A 12 x 12 deformable mirror can be used to manipulate the wavefront of the beam
before it is focused onto the lantern. The SMF outputs of the lantern can then be routed to either a V-groove array
to be imaged onto the camera, or to the photodiode. The photodiode is calibrated to a photometer that can slide into
the beam just before the lantern, and thus provides measurements normalized to the incoming beam. While performing
wavefront control, all four nulled ports are routed to the V-groove. We leave the non-nulled ports disconnected in order
to not saturate the camera. After performing wavefront control, we use the photodiode to obtain normalized coupling
maps sequentially for each port.

Figure 3a shows an example closed-loop iEFC run where, after the first twenty iterations (using an integration
time of 0.2 ms), several of the ports became somewhat faint on the camera. At this point, we increased the
exposure time to 0.8 ms to obtain more signal on those ports, and recalculated the response matrix and control
matrix. Doing this resulted in closed-loop behavior that drove down the coupling in the LP 21a port at the
expense of the other ports, achieving a mean suppression ratio (final ns divided by initial n,) of 0.267. Since this
was not the desired behavior, we reverted to the DM map at iteration 20 and continued to run iEFC with the
original integration time of 0.2 ms and without relinearizing the response matrix. This resulted in most of the
ports being driven down, though the LP 21b port rose slightly from its deepest point. Although no port reached
a null as deep as the LP 21a port in the first run, the final mean flux was deeper, with mean suppression ratio
of 0.156. Additionally, in this case, all ports reached a similar level of coupled flux. Note that because we kept
the original integration time, the signal on the camera was very low at this point.

We then obtain normalized coupling maps using the photodiode, both with the original DM map and with
the DM map after running iEFC (without relinearization), and present them in Figure 4. These maps were taken
on a different day, and because we expected the system have drifted since the end of the iEFC run, we took an
additional camera measurement as a reference point, shown in Figure 3b as cross-shaped marks. The difference
between the cross-marks and the last measurement of the run indicates the level of system drift over about a
day-and-a-half. Interestingly, the system actually drifted to a lower mean coupling (suppression factor of 0.104),
with three nulls degrading slightly and one null (spuriously) improving significantly.

The finely-sampled center maps show that the lantern was not perfectly aligned initially, likely because the
calculation of the alignment location was performed on full (coarsely-sampled) coupling maps instead of finely-
sampled ones of the center. Future work will involve repeating the experiment with better initial calibration and
alignment. However, these results show that the algorithm is robust to some degree of initial misalignment, and
will in fact correct it if it makes the measured null deeper.

The numerical values of 1, .., (the peak planet coupling, or the maximum coupling value for each port) and
75 for the four nulled ports before and after performing iEFC are shown in Table 1. Also shown is the suppression
factor obtained by using iEFC. The signal on the photodiode is much better than it is on the camera at the end
of the run, but the mean suppression factor it measures is 0.110, which is consistent with the mean suppression
factor measured on the camera. Meanwhile, the peak planet coupling drops on average by about 20% of the
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Figure 3. Two example iEFC runs that share the same first twenty iterations. In part a), the integration time was

increased and the system relinearized after iteration 20, and the LP 2la port was driven down at the expense of the
others, achieving a mean suppression ratio of 0.267. In part b), we continued to run iEFC at the original integration
time without relinearizing, and all four ports reached a similar level of suppression, with a mean suppression value of
0.156. The two test runs exhibit very different behavior, indicating that the final result can be strongly influenced by
experimental parameters such as changes in integration time or when the system is relinearized. The measurements (on
the y-axis) have been divided by 10° so that they are at a similar scale to the control inputs, and also scaled appropriately
by relative integration time. The cross-shaped marks in part b) indicate the measurement made on the camera just before
obtaining normalized coupling maps with the photodiode (shown in Figure 4).

Table 1. The values of 7y, (the peak planet coupling, or the maximum coupling value for each port) and 7, for the
four nulled ports before and after performing iEFC. Also shown is the suppression factor (final ns divided by initial 7,)
obtained by using iEFC.

LP 11a LP 11b LP 21a LP 21b
Npyear. (Before) 0.408 0.368 0.119 0.111
Npyear. (After) 0.355 0.259 0.102 0.089
ns (Before) 1.74x 1072 [ 3.85 x 1072 | 5.09 x 1072 | 3.38 x 1073
ns (After) 789 x 1074 [ 3.90 x 1072 | 1.75 x 1073 | 6.54 x 10~4
iEFC Suppression Factor 0.046 0.101 0.345 0.194

initial value. While this is significant, the improvement in the nulls still results in a better signal-to-noise ratio
than not performing wavefront control, whether the noise is expected to be primarily shot noise or systematic
noise. A comparison of the stellar coupling and raw contrasts before and after iEFC are also plotted in Figure 5.

5. DISCUSSION AND FUTURE WORK

We have explored the behavior of the iEFC algorithm and shown that it depends heavily on experimental
parameters such as when integration times are changed and when the system is relinearized, and can sometimes
drive one port to deeper nulls at the expense of other ports. This is undesired behavior, even if the mean
coupling of the system is reduced. Future work will involve investigating effective strategies for achieving the
desired behavior, such as by finding appropriate weights to apply to each port or by penalizing solutions that
degrade the null in any ports. Furthermore, while controling all four nulled ports is useful for a blind search, if
the planet location is known, targeting one port for nulling would be more effective, as a deeper null can likely be
achieved with less degradation of planet coupling. It is also worth exploring how other experimental parameters
affect the performance, such as the number of modes calibrated in the response matrix or the shape of the
probes. Ultimately, we have demonstrated that wavefront sensing and control algorithms originally developed
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Figure 4. a) The normalized coupling maps using the original DM surface. b) The normalized coupling maps using the
DM solution found with iEFC. c) Finely-sampled coupling maps of the lantern center using the original DM surface. d)
Finely-sampled coupling maps of the lantern center using the DM solution found with iEFC. The red crosses indicate the
location where the beam is aligned for the camera measurements in Figure 3, and also where 7, is measured.

for coronagraphic instruments can also be used to enhance the performance of the PLN, and future work will
focus on refining and optimizing the algorithms for use with the PLN.

ACKNOWLEDGMENTS

Y.X acknowledges support from the National Science Foundation Graduate Research Fellowship under Grant
No. 1122374. Additional effort has been supported by the National Science Foundation under Grant Nos.
2109231 and 2308360. This research was carried out in part at the California Institute of Technology and the
Jet Propulsion Laboratory under a contract with the National Aeronautics and Space Administration (NASA).

This research made use of hcipy;'® Astropy;'4 ¢ NumPy;'7 SciPy;'® and Matplotlib.

Proc. of SPIE Vol. 13095 130950S-6



A -1 A
A Before iEFC 10
A x  After iEFC A A
10724 % A
[7) & X
< x . < x
-2 |
A élo N
X
10734 "
X X
LP 11a LP 11b LP 21a LP 21b LP 11a LP 11b LP 21a LP 21b

Figure 5. Left) A comparison of the measured stellar coupling (7)s) before and after performing iEFC. Right) A comparison
of the raw contrast (ns/np,.,,) before and after performing iEFC. These results show that wavefront control can be used
to significantly improve the stellar null with only a slight degradation to the planet coupling, resulting in much higher
performance overall for the PLN.
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