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Abstract. To address the fundamental questions of exoplanetary science, future space-based
observatories will have to obtain quality spectra of a large enough set of Earth-like planets
around main-sequence stars. Although coronagraph instruments provide the necessary observational efficiency to probe many systems with respect to a starshade observation, they typically
suffer from a limited achievable bandwidth at the necessary contrast and relatively poor throughput to off-axis sources. This is mainly due to the fact that the starlight is suppressed within the
optical system, so the quasi-static aberrations from optical imperfections are the dominant term
and need to be dealt with deformable mirrors (DMs). The DMs have limited capabilities to
achieve large bandwidths, and their high stroke after corrections is highly detrimental to the
Strehl ratio of off-axis sources. A technological path to overcome these issues is the use of single-mode fibers (SMFs). Coupling the planet light into an SMF to feed a high-resolution spectrograph has been shown to improve the final signal-to-noise ratio. Furthermore, it has been shown
that it is more favorable to do broadband wavefront control with SMFs when exploiting their
modal selectivity; the DMs have to work less so the bandwidth is improved and the off-axis
throughput is better. Here, we demonstrate the potential of this technology by performing wavefront control through an SMF in a two-step process: first, by digging a small dark hole around the
position of the SMF, and second, performing an innovative version of the electric field conjugation algorithm modified for SMFs. We perform these experiments with 20% bandwidth light at
the high-contrast spectroscopy testbed achieving 2.5 × 10−8 raw contrast. © 2022 Society of Photo-

Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JATIS.8.2.029001]
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1 Introduction
The answer to some of the fundamental questions in exoplanetary science seems to be within our
reach in the next decades. Is there life on other planets? How common are Earth-like planets?
How do other worlds come to be? NASA mission concepts Habitable Exoplanet Observatory
(HabEx)1 and Large Ultraviolet, Optical, Infrared Surveyor (LUVOIR)2 intend to address these
questions. To do so, these missions will probe nearby planetary systems with the aim of
obtaining an effective census of the galactic vicinity’s ecosystem. Of particular interest are
solar-type stars, which may host planets analogous to our own. The outcome of such missions,
combined with future ground-based observatories scientific output,3–6 will determine the success
of comparative exoplanet research.
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Detecting and characterizing Earth-like exoplanets (or exoEarths) poses an enormous technological challenge. An Earth-sized planet orbiting a Sun-like star is of the order of 10−10 fainter
than its host. Furthermore, to detect biosignatures in their atmospheres, spectra have to be
obtained over large bandwidths with high resolution.1,2,7 For HabEx and LUVOIR, it is estimated
that the detection of the most compelling molecules in an exo-atmosphere will typically take over
100 h.7 Moreover, it is not sufficient to detect biomarkers in one exoEarth candidate, our conclusions on the fundamental questions mentioned above depend on the sample size of these
candidates.8 Given these considerations, HabEx and LUVOIR teams have examined the benefits
of a hybrid coronagraph and starshade mission.1,2,9 A coronagraph instrument, given its observation efficiency, would obtain astrometry of exoEarth candidates for their orbital characterization, and atmospheric spectra at modest bandwidths, and the starshade would follow up
obtaining high-resolution spectra more efficiently given its higher throughput. The expected
yield of these missions is 10–50 Earth-like planets in the habitable zone around main-sequence
stars, depending on telescope and general mission parameters.8,10
The use of single-mode fiber (SMF) technology provides a potential path to increasing the
yield of exoplanet census missions with internal coronagraphs. An SMF in the image plane is
used to retrieve the light from the exoplanet and send it to a spectrograph. Improved signal-tonoise ratio can be achieved in this way due to the mode selectivity of the fiber,11,12 which helps
filter out the stellar speckles. This concept is already in use at the Keck Observatory with the
Keck Planet Imager and Characterizer (KPIC).13 KPIC is already producing spectroscopic exoplanet science due to its unprecedented capabilities.14 In addition, an SMF in the image plane of a
coronagraph instrument has been shown to be more favorable to broadband light when it comes
to doing active wavefront control.15 This is particularly interesting to the subject of maximizing
the yield for a given mission since coronagraph instruments typically suffer from not being able
to achieve high contrast over broad bandwidths.
In this work, we demonstrate a 20% bandwidth (central wavelength: 775 nm) null through an
SMF at 10−8 raw contrast levels in an in-air testbed environment. This result illustrates the potential of SMFs for broadband light wavefront control. In Sec. 2, we present the laboratory setup and
previous results in monochromatic light. In Sec. 3, we give an overview of the wavefront control
algorithm we use. In Sec. 4, we present an evaluation of one of the main limitations of SMF,
which is tip and tilt (T/T) errors. In Sec. 5, we report the results.

2 Laboratory Setup
The experiments presented here were performed at the high-contrast spectroscopy testbed
(HCST).16 HCST was designed to demonstrate high-contrast imaging and spectroscopic technologies for future ground-based and space-based observatories. The optical layout of HCST can
be seen in Fig. 1. Its custom-made optics ensure the exquisite wavefront quality required for this
kind of experiment; we measured an overall wavefront error of <0.016 waves root-mean-square
(RMS) at 630 nm throughout the system until the field stop plane.17 All powered optics upstream
of the field stop are custom-made off-axis parabolas (OAPs) with gold coating. An enclosure
consisting of sandwiched honeycomb aluminum panels prevents air turbulence, acoustic vibrations, and temperature gradients from interfering with the setup. Furthermore, a floating optical
table provides passive vibration isolation. The humidity is controlled inside the enclosure to stay
below 30%. The light source system consists of a supercontinuum white-light laser source (NKT
Photonics SuperK EXTREME) connected to a tunable filter (NKT Photonics SuperK VARIA),
which we use to select the wavelength and bandpass sent to the instrument. We check the output
of the source and tunable filters with an optical spectrum analyzer (Thorlabs OSA202C) to validate the wavelength coverage. An SMF (Thorlabs SM600) feeds the light into the testbed and is
re-imaged onto a custom-made 4-μm pinhole. A circular polarizer is placed upstream of the
pinhole and ensures the correct polarization state needed to conduct wavefront control with the
HCST’s vector vortex coronagraph (VVC)18 is selected. An iris defines the pupil after the first
collimating OAP. The deformable mirror (DM) is a Boston Micromachines Corporation kiloDM; it consists of a continuous surface membrane with 34 × 34 actuators with an inter-actuator
separation of 300 μm. At the focal plane mask, we use a VVC; a vortex coronagraph imprints the
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Fig. 1 Layout of HCST for the SMF experiments. Blue font and arrows indicate conjugated pupil
planes.

beam with a phase ramp of the form eilθ , where l is the topological charge of the vortex. For this
experiment, we used a charge l ¼ 8 mask. At the following pupil plane, a Lyot stop removes the
on-axis diffracted light. Our Lyot stop is a laser-cut 15.4-mm diameter aluminum mask that
blocks ∼84% of the incoming beam diameter. At the focal plane following the Lyot stop, a
custom-made field stop from Shimifrez Inc. blocks most of the coronagraphic point spread function (PSF) except the area of interest where either the dark hole (DH) or the tip of the SMF was
placed. A circular analyzer follows, where the polarization leakage is canceled; we refer to
Ref. 18 for a detailed examination of HCST’s polarization state.
At the core of the experiments presented in this work is the fiber injection unit (FIU). The FIU
allows the positioning of the SMF to do wavefront control, photometric calibration, and injection
optimization. The light is picked off with a dichroic mirror (Thorlabs BSX11) and sent to the
SMF. The SMF is mounted on a three-axis stage consisting of piezo-linear stages (Physik
Instrumente Q-545.240) that provide nanometer precision positioning. To measure the output
of the SMF, we re-image the tip of the fiber onto a camera (Oxford Instruments Andor Neo
5.5), which reads the intensity transmitted through the SMF. The light transmitted through the
dichroic is focused onto the same camera with an ∼f∕50 beam, and used for tracking. The
retroreflector is used for calibration purposes when back-feeding light into the testbed through
the SMF. We use a filter wheel with a neutral density filter (Thorlabs NE50B, OD ¼ 5) for
photometric calibration.
The coupling of the beam through the SMF is measured to be ∼70% after correcting the
PSF with an image sharpening procedure with the DM that consists in maximizing the coupling.
The theoretical maximum coupling of a circular pupil and ideal optics is ∼82%.

2.1 Previous Results: Monochromatic Experiments
In Ref. 19, we presented a novel wavefront control algorithm, based on the electric field conjugation (EFC)20 algorithm, modified to work with SMFs. In Ref. 21, we presented the first
results of this algorithm (abbreviated here to EFC-SMF) at HCST with monochromatic light,
where we achieved SMF raw contrast levels of better than 1 × 10−8 . The EFC-SMF runs were
negatively affected by T/T issues; the fluctuating shape of the contrast versus iteration curves
shown in figure 2 of Ref. 21 was attributed to PSF jitter. Indeed, an SMF in a speckle field is very
sensitive to T/T errors.11,22 Moreover, a monochromatic EFC-SMF solution suffers more from T/
T errors with respect to multi-wavelength EFC-SMF solutions (see Sec. 4). We measure the jitter
of the setup to be 0.02 λ∕D RMS, measured at 2 Hz. The PSF drift varies depending on the time
of day and date; typically, there is PSF drift of 0.1 λ∕D over several hours.
We made several changes to decrease the jitter and PSF drift in the testbed. For instance, we
changed the protocol of operation in HCST for doing EFC experiments to avoid temperature
gradients and heat emissions near the beam. Actuators, encoders, and any heat source are now
carefully shielded and only powered for operation. Paneling within the testbed that was added to
screen out stray light was thoroughly analyzed in terms of vibration and its effects on beam
disturbance.
J. Astron. Telesc. Instrum. Syst.
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3 Wavefront Sensing and Control Algorithm
The wavefront control algorithm we use to null the unwanted stellar intensity that couples into
the fiber is an adaptation of the EFC algorithm. EFC, as originally conceived, uses an estimation
of the electric field in the image plane to produce a DM solution that cancels that electric field.
The intensity is thus minimized in a given set of pixels, or DH. The modified EFC algorithm for
an SMF follows the same formalism as conventional image-based EFC with the key difference
being that, instead of addressing the actual electric field in the image plane, the main focus is on
the overlap integral of this electric field with the fundamental mode of the fiber. Indeed, the
intensity at the output of an ideal SMF is
Z
2



I SMF ¼  Eim ΨSMF da ;
(1)
EQ-TARGET;temp:intralink-;e001;116;621

where ΨSMF is the shape of the fundamental mode of the fiber and Eim is the electric field at the
image plane. We refer to our previous paper, Ref. 19, for a more detailed explanation of the
algorithm.
Therefore, EFC-SMF is unconcerned with the intensity in the image plane; in other words,
there is no DH digging, the controller finds a solution that cancels the overlap integral. This
algorithm finds a phase pattern at the tip of the SMF that impedes the coupling of diffracted
light into the fiber. For instance, the DM generates a phase ramp, which, given its asymmetry
over the fiber tip, cancels the overlap integral. In general, any asymmetric phase solution with
respect to the SMF center ensures zero coupling. This kind of solution is typically easier to
achieve with the wavefront controller: (1) since the SMF corresponds to a single location in
the focal plane, the controller needs only to control the corresponding spatial frequency in the
pupil (as opposed to many for a normal size DH, and (2) the null condition through the overlap
integral is relaxed and allows for multiple DM solutions. Therefore, the DM requires significantly less stroke to achieve a high-contrast solution through the SMF with respect to digging a
DH.19,21 Furthermore, with EFC-SMF, the broadband solution is easier to obtain over broader
bandwidths for the same reasons.15
The implementation of EFC-SMF to work with broadband light follows the exact same
approach as in conventional image-based EFC20; sub-bandpass channels are added to the control
matrix, and the solution is the optimal DM solution, in the least-squares sense. In the monochromatic case, one SMF is associated to one control element, i.e., the corresponding overlap
integral. In the broadband problem, a number of sub-bandpasses, N, is chosen to represent the
bandpass. Therefore, a single SMF is associated with N control elements, for which the integrated value of the overlap integral is seeked to be minimized. The algorithm presented in this
section is implemented with the fast linear least-squares coronagraph optimization (FALCO)23
software package (https://github.com/ajeldorado/falco-matlab), which is used for simulations
and testbed experiments. FALCO is a coronagraph wavefront sensing and control package that
provides a modular framework for simulations and testbed operation, including performing EFC
and EFC-SMF. Its main strength consists on the fast computation of the Jacobian of the system.

4 Simulating the Control Bandwidth Effect on Tip and Tilt Error
Robustness
An important limitation in achieving and maintaining high-contrast levels through an SMF is the
T/T errors.15 We find that monochromatic results of EFC-SMF are very sensitive to T/T errors
(as is discussed in Sec. 2.1), and multi-wavelength results, given the averaging nature of the EFC
solution regarding multi-wavelength treatment, are more robust.
To assess this, we perform a series of simulations using FALCO. We simulate EFC-SMF with
different bandwidths to evaluate post-control T/T errors and verify this: the broader the bandpass
in EFC-SMF, the more robust the solution is to post-control T/T errors. Four different bandwidths are simulated: monochromatic, 5%, 15%, and 20%, all at a wavelength of 775 nm.
The number of sub-bandpasses that define the bandpass are, respectively, 1, 3, 5, and 11.
The SMF is placed at 5 λ∕D separation from the star in the vertical direction. The entrance pupil
J. Astron. Telesc. Instrum. Syst.
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Fig. 2 Null degradation in terms of SMF raw contrast when applying a T/T error after reaching a
solution with EFC-SMF. We run EFC-SMF simulations for four different bandwidths for 10 iterations and evaluate the solution moving the SMF on a 5 × 5 grid of positions around the original
SMF center. The final contrast at the original SMF center is indicated on top of each figure. These
numbers, in particular in the monochromatic light case, are not achievable in practice since they
were computed assuming a DM without an actuator height resolution limitation. While the final
solution is deeper in contrast for smaller bandwidths, the robustness to these errors is clearly
improved when increasing the bandwidth: the broader the control bandwidth the more robust the
solution is to T/T errors.

is a defined amplitude map based on a pupil image from the laboratory; all simulations run for 10
EFC-SMF iterations. The evaluation of the raw contrast is done with the same amount of
sub-bandpasses and more details on how we measure raw contrast are given in Sec. 5.1.
In Fig. 2, we show the results of the post-control evaluation. We plot the wavefront control
results for the four bandwidths where the SMF has moved with respect to the original null position, and the raw contrast is evaluated at those error positions. The contrast at the original position of the SMF is shown at the top of each image; for monochromatic and smaller bandwidths,
the control is almost perfect when assuming no limitations for the DM in terms of height
resolution: the control power over a single control element yields close to perfect nulling.19
The 20% bandwidth solution, although its original null is not as high, is clearly superior in terms
of robustness versus smaller bandwidths.
In Fig. 3, we take a closer look at the case of 20% bandwidth. After obtaining a null via EFCSMF, we can tolerate a T/T error of 0.1 λ∕D before reaching a null degradation >1 × 10−8 .
The dark zones in Figs. 2 and 3 (except for the monochromatic case) appear to be elongated
in the vertical direction. This is probably due to the fact that the broadband solution is a minimization of the average of the overlap integral of a set of wavelengths that span the bandpass.
Indeed, given that the SMF is placed in the vertical axis away of the star PSF, for a given
J. Astron. Telesc. Instrum. Syst.
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Fig. 3 We inspect the T/T sensitivity for the case of a 20% bandwidth EFC-SMF result, same as in
bottom-right of Fig. 2 but higher resolution. The resulting null is robust enough to allow for a T/T
error of 0.1 λ∕D before reaching 1 × 10−8 .

wavelength, other wavelengths in the spectral vicinity probe the SMF tip in nearby angular separations in the vertical directions. This is believed to cause the improved robustness of the null in
the direction defined by the star PSF and the SMF position, in these simulations being the vertical
direction. This accumulated effect is logically more prominent for broader bandwidths. For an
identical simulation, for which we only change the position of the SMF and place it the horizontal axis, we find that the dark zone is elongated in the horizontal direction, which is consistent
with our hypothesis.
We find that, according to simulations, the angular separation has little effect on the T/T
sensitivity performance. However, in the testbed, light concentrates at low separations, which
degrades the sensitivity due to light leakage in the vicinity of the SMF center. Our model of the
testbed fails to predict this effect. In practice, to avoid the effects of the high levels of unwanted
light, a DH is dug around the center of the SMF before performing EFC-SMF (see Sec. 5.3).
We attempted simulating the effect of jitter during the control process, i.e., in the presence of
rapid jitter that changes the position of the star PSF with respect to the SMF randomly for all
images. Excessive jitter is known to heavily hinder wavefront control performance: at HCST, a
high level of jitter, of ∼0.15 λ∕D RMS, sets the limit of achievable raw contrast at ∼7 × 10−8
for a conventional DH in monochromatic light. At low levels of jitter, where it is not the dominant
limitation, its effect is unknown. Intuitively, the small variations in position from image to image
during the control process, could potentially be beneficial in terms of robustness to T/T errors.
Indeed, attempting to control a variety of positions for every iteration could provide the DM with
a more robust solution, in a similar way as the small-grid dither technique for James Webb Space
Telescope seeks T/T diversity to improve the post-processing of coronagraph images.24 Simulating
this effect is non-trivial given our current tools; our simulations have been, so far, inconclusive.

5 Laboratory Results
In this section, we present the testbed results of the SMF wavefront control experiments
at HCST.

5.1 Measure of Contrast: The SMF Raw Contrast
Our measure of contrast is the raw contrast over the SMF, or SMF raw contrast, which is defined
as the intensity read at the output of the SMF, with SMF input end centered on the speckle field,
J. Astron. Telesc. Instrum. Syst.
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divided by the output intensity of the SMF with the SMF centered at the center of the pseudostellar PSF with the focal plane mask off center. These two measurements are done with the same
optical settings, e.g., Lyot stop position, source brightness, and DM shape. This is the measure of
contrast directly comparable to the typically used raw contrast, the difference being the added
SMF coupling consideration. This measure is the most relevant regarding contrast since it
directly drives the SNR of a planet detection. Indeed, the time to achieve a given SNR is
tSNR ∝ ηs ∕η2p , where ηs and ηp are the fraction of detected star and planet light, respectively,
and these values both depend on the same optical configuration, in particular, the DM shape.
After wavefront control correction, the DM solution degrades the coupling of planet light. This
effect is accounted for with the SMF raw contrast since the measurements of output intensities
share the same DM configuration.
The process of obtaining an SMF raw contrast measurement is as follows. The normalization
intensity is obtained by moving the fiber to the pseudo-star PSF center and re-imaging the output
of the SMF on the camera. The intensity is defined, for any SMF intensity measurement, as the
aperture photometry of the center of the image of the SMF output. The FWHM of the re-imaged
fiber is ∼5.1 pixels; the aperture photometry is done with a circular aperture of which the radius
is ∼4 pixels. To make the SMF raw contrast measurement, the SMF is moved to the position of
interest in the image plane, where another measurement of the intensity is taken. For all images, a
background image is subtracted for the corresponding exposure time. These background images,
i.e., with the source turned off, are taken if any change is done to the testbed, or every ∼2 months.
Since the measurements are multi-wavelength, the process of taking normalization measurements is taken N times for the N number of sub-bandpasses while changing the wavelength
with the tunable filter. It is done likewise for the measurements in the position of interest.

5.2 Exposure Time Considerations
The exposure time is chosen to provide the appropriate sensitivity for each measurement. In the
case of the normalization measurements an ND filter is needed given the high brightness of the
source. The source intensity suffers from considerable variability across the bandpass, which
combined with other chromatic considerations (e.g., detector quantum efficiency), make the
exposure time dependent on the wavelength. Typically, a measurement at ∼5 × 10−8 at 775 nm
is of 10 s.
The running time is proportional to the number of sub-bandpasses. To do broadband wavefront control, a number of sub-bandpasses must be selected to bring down the intensity across the
bandpass (see Sec. 3). The exposure time, as discussed in Sec. 5.1, is typically of a few seconds
for a single-intensity measurement. To save time, the normalization measurements are done at
the start of the run, and at the end before evaluating the result. Typically, for a seven subbandpasses EFC-SMF run, an iteration takes ∼20 min, and a full EFC-SMF 10-iterations run
takes ∼4 h. During an iteration, three pairs of measurements are taken to produce the estimate of
the overlap integral complex number19 using the pair-wise probing method,20,25 plus typically six
more measurements to test the DM solution of the current iteration with different values for the
regularization parameter.25 Finally, one more measurement to evaluate the SMF raw contrast of
the current iteration with the chosen regularization. To be noted is that the Jacobian computation
takes ∼15 min, and only one is typically computed given the small DM actuator strokes.

5.3 Results of 20% Bandwidth
The 20% bandwidth EFC-SMF control runs are performed with the multiwavelength version of
the EFC-SMF algorithm discussed in Sec. 3 using FALCO. We use seven sub-bandpasses for the
EFC-SMF run, which we find to be sufficient to drive the intensity down across the bandpass
while keeping the duration of a control iteration as low as possible. To evaluate the results after
running EFC-SMF, we use 11 sub-bandpasses that cover the whole bandwidth. That is, since the
sub-bandpasses have individual bandwidths of ∼1% to 2%, 11 sub-bandpasses are required to
fully cover the 20% bandwidth. The contrast results presented in this work are evaluated with 11
sub-bandpasses.
J. Astron. Telesc. Instrum. Syst.
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Fig. 4 We consistently achieve a raw contrast over the SMF of 2.5 to 3 × 10−8 with 20% bandwidth
at 780 nm. We run several independent EFC-SMF runs and evaulate the result five times with the
corresponding DM solution, each line represents an independent EFC-SMF solution. The DM is
maintained at the same configuration for the evaluation.

Before starting the EFC-SMF run, we dig a DH around the position of the SMF with conventional EFC using the camera. We do the wavefront control over a small aperture of 60 deg
from 5.5 to 9.5 λ∕D, which combined with the use of our field stop that blocks the light outside
this zone, removes most of the light from the image plane. This is done given the sensitivity to
T/T of an EFC-SMF solution; we find that it is important to dig a DH beforehand around the
position of the SMF to ensure there is minimal leakage of light that couples into the fiber. This
preliminary EFC is done at 15% bandwidth reaching typically ∼6 × 10−8 average raw contrast
over the DH.
The SMF is placed at 7.5 λ∕D from the center of the PSF. This separation is chosen to be well
separated to facilitate the digging of the initial DH, but close enough to make the results relevant
to realistic science cases. With the initial DH, the starting SMF raw contrast is of ∼6 × 10−8 .
Then EFC-SMF is implemented and the SMF raw contrast is brought down to 2.5 to 3 × 10−8 .
Figure 4 shows the post-control performance of the EFC-SMF result for the integrated 20%
bandwidth. We evaluate the SMF raw contrast five times with the DM control solution. In Fig. 5,
we show a camera image of the raw contrast in the image plane after a typical EFC-SMF run. The
fact that the raw contrast on the camera pixels is still ∼10−7 although the SMF raw contrast
through the fiber is ∼10−8 illustrates that the SMF is unconcerned with the actual intensity in
the image plane as long as the phase distribution yields a null through the fiber. In Fig. 6, we
show the null degradation through the SMF as a result of leaving the EFC-SMF DM solution
stationary; after 4 h the SMF raw contrast has degraded by a factor of ∼2. A small PSF drift and
speckle changes due to temperature gradient variations are believed to be the main causes for this
deterioration. The temperature changes in the testbed are measured to slowly fluctuate around
∼22°C. The rate of change of temperature is <0.7°C∕day. More data correlating temperature
changes, PSF drifts, and null degradation are needed to assess the effect of these temperature
changes; HCST was recently equipped with a set of sensors to undertake this analysis.18

5.4 Incoherent Light Limitation
The raw contrast limitation is unmodulated incoherent light that couples into the SMF. We find
the same limitation when doing conventional EFC. We hypothesize two possible explanations
for this: (1) chromatic leakage through the VVC mask and (2) a DM control limitation regarding
J. Astron. Telesc. Instrum. Syst.

029001-8

Apr–Jun 2022

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Astronomical-Telescopes,-Instruments,-and-Systems on 11 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

•

Vol. 8(2)

Llop-Sayson et al.: Laboratory demonstration of wavefront control through a single-mode fiber over. . .

Fig. 5 (a) Camera picture of the image plane after performing wavefront control with the EFC-SMF
algorithm. Colormap is raw contrast. Before, we run conventional EFC with the camera pixels to
get rid of most of the light in the image plane. Although the raw contrast in the image plane is
∼10−7 , the raw contrast through the SMF is actually ∼10−8 . The field stop at a focal plane (see
Fig. 1) blocks most of the coronagraphic PSF except a 60 deg arc around the SMF position. The
blue circle indicates the center of the fiber. (b) Model of the DM solution. Since we use a linear gain
to estimate the height of the DM, and the DM voltage to actuator height is non-linear especially at
low voltage, the actual heights in the DM are most likely larger.

Fig. 6 Degradation of the raw contrast through the SMF after having performed wavefront control
with the EFC-SMF algorithm. The DM is left at the configuration corresponding to the wavefront
control solution. PSF drift and changes in the quasi-static speckles over the fiber are thought to be
the main factors for this null degradation.

the least significant bit (LSB). The first is a known effect of the VVC given the way it imprints
the vortex ramp through polarization changes.26,27 Although there are ways to reduce the chromatic leakage with modifications to the polarization state that enters the testbed,18 the leakage
due to imperfect retardance in the VVC is inherent to the mask fabrication process, so it depends
on the fabrication quality. We refer to Ref. 27 for a more thorough analysis on this issue. If the
polarization leakage in the mask is the main limitation, either a better mask or better polarization
management with the circular polarizer and analyzer (see Sec. 2) can solve this problem.
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Regarding the DM control limitation, the LSB issue affects the achievable DM shape
features. Indeed, certain features that the controller aims at applying to the DM are not possible
given that the LSB limits the actuators minimal step. This quantization error results in an incoherent component; for a given set of DM electronics, there is an inherent contrast floor.28 Our
14-bit electronics are estimated to give a raw contrast floor of ∼5 × 10−9 . However, given the
non-linear nature of the DM actuation at relatively lower voltage levels, it is possible that this
limitation may be emerging at higher contrast levels than expected.

6 Perspectives
Doing broadband wavefront control for SMFs is more favorable with respect to conventional
camera pixels wavefront control;15 the natural next step is to go to larger bandwidths. We intend
to demonstrate the same algorithm used in this work to do 30% bandwidth wavefront control. In
line with these experiments is the laboratory demonstration of a new concept for multi-object
wavefront control using multiple SMFs on the image plane and doing simultaneous wavefront
control through all fibers. This will demonstrate the possibility of gathering high-contrast spectra
from multiple objects with SMFs. We purchased a custom made multi-core SMF to do this
experiment as detailed in Ref. 15. Furthermore, to demonstrate the viability of SMF wavefront
control for segmented apertures, we will repeat similar experiments using the apodized vortex
coronagraph (AVC) concept29,30 in HCST. This concept deals with light diffraction from telescope discontinuities such as segmentation. We demonstrated raw contrast levels of 10−8 at
HCST with a prototype AVC mask.31 We expect to obtain improved raw contrast through an
SMF with a new apodizer prototype.

7 Conclusion
We have demonstrated the potential of using SMFs for high-contrast spectroscopic characterization of exoplanets with broadband light. We have achieved a raw contrast of 2.5 × 10−8 at 20%
bandwidth (780 nm) through a SMF at 7.5 λ∕D separation with HCST, an in-air testbed equipped
with a VVC, a high-order DM, and an FIU. This result at such large bandpass, relative to what
other laboratory demonstrations typically work with, illustrates the potential of SMF wavefront
control. Their mode selectivity, combined with the DM frequencies requirements relaxation, are
their biggest advantage with respect to doing high-contrast imaging on a camera. We have also
analyzed what was been believed to be one of the main limitations with this approach: T/T errors.
We have demonstrated via simulations that a broadband solution is less sensitive to T/T aberrations and have shown in the laboratory that in an in-air environment the null through the fiber
degrades relatively slowly; a factor of ∼2 over 4 h. Continuing to mature this technology is a path
to increasing the estimated yield of characterizable Earth-like candidates for mission concepts
such as HabEx and LUVOIR.
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