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MagAO-X on the Nasmyth mount @ the Magellan Clay Telescope

o Pyramid wavefront sensor (PyWFS) 
o Operating at up to 3.63 kHz

Primary wavefront sensor:
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FPWFS w/ a vAPP
Focal plane wavefront sensing of low 
and mid-spatial frequencies with a 
vAPP coronagraph

Modal wavefront 
sensor (MWFS) spots

vAPP coronagraph
(vector Apodizing Phase Plate)



vAPP coronagraph (courtesy of D. Doelman, F. Snik, et. al.)

“Patterned liquid-crystal optics for broadband coronagraphy 
and wavefront sensing”, Doelman et. al 2017
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High-contrast 
dark holes

Planet-hunting regions of 
interest that must be kept dark 



vAPP coronagraph (courtesy of D. Doelman, F. Snik, et. al.)

“Patterned liquid-crystal optics for broadband coronagraphy 
and wavefront sensing”, Doelman et. al 2017
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vAPP coronagraph (courtesy of D. Doelman, F. Snik, et. al.)

“Patterned liquid-crystal optics for broadband coronagraphy 
and wavefront sensing”, Doelman et. al 2017

Bright field speckles

Control of mid-spatial 
frequencies
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Low-order 
wavefront 
sensing (LOWFS)
Low-order wavefront sensing (LOWFS) 
using modal wavefront sensor (MWFS) 
spots created in the image plane by 
the vAPP coronagraph

Modal wavefront 
sensor (MWFS) spots

Control of low-order 
aberrations



LOWFS w/ a MWFS

Applied Zernike modes



LOWFS w/ a MWFS

Applied Zernike modes



LOWFS w/ a MWFS

Applied Zernike modes



LOWFS w/ a MWFS

Applied Zernike modes



Applied Zernike modes

LOWFS w/ a MWFS

Lower MWFS spots

Upper MWFS spots



Applied Zernike modes

LOWFS w/ a MWFS

Lower MWFS spots

Upper MWFS spots

Lower MWFS spotsUpper MWFS spots

LOWFS signal



Applied Zernike modes

LOWFS w/ a MWFS

Lower MWFS spots

Upper MWFS spots

Lower MWFS spotsUpper MWFS spots

LOWFS signal



Simulated data: Linear response curves for the Zernike MWFS



Lab data: Linear response curves for the Zernike MWFS



Applied 
aberration

MWFS – sensed 
shape

Residual 
wavefront error

Upper MWFS Lower MWFS MWFS LOWFS signal

Simulated closed-loop MWFS LOWFS

RMS: 113 nm RMS: 27 nm



Applied 
aberration

MWFS 
correction

Residual 
wavefront error

Upper MWFS Lower MWFS MWFS LOWFS signal

Simulated closed-loop MWFS LOWFS
Aberrated PSF

Corrected PSF
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BMC Kilo-DM
• 1024 actuators
• 32 actuators across diameter
• 9.6 mm diameter pupil
• 300 µm pitch
• Stroke (PV): 1.5 µm
• Inter-actuator coupling: 15%
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In-lab closed-loop MWFS LOWFS

Applied 
aberration

Residual 
wavefront error

MWFS - sensed 
shape after 2 iterations 

RMS: 88 nm RMS: 19 nm



Linear dark 
field control 
(LDFC)
Linear dark field control (LDFC) using 
the bright speckle field outside of the 
dark hole for suppression of mid-
spatial frequency aberrations in the 
dark hole 

Bright field speckles

Control of mid-spatial 
frequencies



Linear Dark Field Control: Theory

• Stabilizes the dark hole

• Does not require field modulation; still 
fundamentally relies on coherent mixing 
of stellar speckles and aberration-
induced speckles

• Uses the intensity variation in bright 
field speckles in the image plane

• Relies on the linear response of the 
bright field to wavefront perturbations 
that modify both the bright and dark 
field and decrease the contrast in the 
dark hole

Bright field speckles Dark hole speckles
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• Does not require field modulation; still 
fundamentally relies on coherent mixing 
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• Uses the intensity variation in bright 
field speckles in the image plane

• Relies on the linear response of the 
bright field to wavefront perturbations 
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Bright field speckles Dark hole speckles

“Spatial Linear Dark Field Control: Stabilizing Deep 
Contrast for Exoplanet Imaging Using Bright Speckles” 
(Miller et al 2017, JATIS)



LDFC with a vAPP coronagraph
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LDFC with a vAPP coronagraph

Defocused image

Defocused aberrated image

Defocused reference image

LDFC signal

Lower PSF Upper PSF

Lower PSF Upper PSF



LDFC with a vAPP coronagraph
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LDFC with a vAPP coronagraph

Applied 
aberration

Residual 
wavefront error

LDFC - sensed 
shape after 5 iterations 

RMS: 27 nm RMS: 21 nm

Aberrated PSF Corrected PSF

Dark hole contrast: 10-3.6 Dark hole contrast: 10-4.3



LDFC w/ a vAPP in the lab



Bright field reference 
contrast: 10-2.4

LDFC w/ a vAPP in the lab



Initial dark hole 
contrast: 10-3.0

LDFC w/ a vAPP in the lab



Controlling 100 mid-spatial 
frequency mirror modes

LDFC w/ a vAPP in the lab



Aberrated dark 
hole

(LDFC off)

Corrected dark 
hole

(LDFC on)

LDFC w/ a vAPP in the lab log10 I



LDFC on 
MagAO-X
Future plans for implementing LDFC 
on MagAO-X

Modal wavefront 
sensor (MWFS) spots



LDFC on 
MagAO-X
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vAPP mask

vAPP PSF



vAPP mask

dark hole mask vAPP PSF



vAPP mask

dark hole mask vAPP PSFbright field passed to 
WFS camera
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vAPP mask

dark hole mask vAPP PSFbright field passed to 
WFS camera

defocused

LDFC signal

dark holes 
passed to 

science camera



Conclusions and 
ongoing work

•Further lab testing/demonstrations 
of LDFC

•Final selection of the MagAO-X vAPP 
coronagraph design

•Combining LOWFS with MWFS spots 
and LDFC into a single control loop 
for low and mid-spatial frequency 
control
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Thank you!



Backup slides



o Pyramid wavefront sensor (PyWFS) 
o Operating at up to 3.63 kHz

MagAO-X on the Nasmyth mount @ the Magellan Clay Telescope

Primary wavefront sensor:



Applied 
aberration

MWFS - sensed 
shape after 1 iteration 

Residual 
wavefront error

In-lab closed-loop MWFS LOWFS
Aberration: random phase aberration

RMS: 98 nm RMS: 47 nm











Simulated beam footprint 
on the  BMC Kilo-DM




