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Wavefront control requirements for
high contrast imaging

* Phase corrections to the nm level => Need to
correct for non-common path aberrations,
amplitude errors in addition to atmospheric
turbulence.

* Must suppress all speckles in order to detect a
planet.



ExAO 0 nm static errors, 5 MJ/500 MYr planet, 15 min
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ExAO 1 nm static errors, 5 MJ/500 MYr planet, 15 min
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ExXAO 2 nm static errors, 5 MJ/500 MYr planet, 15 min
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ExAO 5 nm static errors, 5 MJ/500 MYr planet, 15 min
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Importance of calibration systems
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CAL system status:
LOWFS

* LOWEFS sensor performs at 1 mas and <5 nm RMS

absolute accuracy
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Cal status: HOWFS

* HOWES performs at ~ 4 nm RMS absolute accuracy (requirement was 1 nm)
— Possibly mixing phase and amplitude at low level?
* Likely that repeatability and precision are higher than this

* See Kent Wallace poster for more information

Zygo measurement CAL measurement

Spatially—filtered, pixelated Zygo Phase Meausrement Cal Phase Measurement: ABCD, Pupil 1




Pushing the limits even further

The calibration system gives a very good relative measurement of the wavefront BUT
does not establish the high-contrast starting point.

The CAL then is best used as a sensor to maintain the wavefront. (Pueyo et al., 2010)

=> |n this wavefront maintenance mode, it is still necessary to first establish the
desired contrast on the science instrument via some other method.

= LLNL/UCSC/JPL developing focal-plane wavefront sensing algorithms for daytime
calibration to set wavefront setpoints

Ex: Electric Field Conjugation (EFC) method from Give’on A. et al, 2008

Goals of EFC:
- calculate the electric field (E;) in the focal plane

- find the shape of the DM such that its effect in the plane of interest negates the
electric field present in this plane
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EFC: Estimation of E;

e The wavefront is estimated by applying 4 different shapes on the
DM (“probes”).

e The additional probes are chosen such that the diversity is
uniform over the region of interest with the ability to change

the spatial phase. A

a,(x, y) = sinc(w,x) sinc(w,y) cos(fx + @) -

fx
v'cosine spatial frequency -> center location of the
diversity region
v'The sincs -> general amplitude shape of the Region that

diversity needs to be
v’ Cosine spatial phase -> overall diversity phase nulled Diversity region




EFC: Correction

e C(Calculation of the “G matrix”.
Assume that the overall effect of the DM in the image plane is the sum of the effects of
each of the actuators
N actuators

®
Image on - N2 pixels
—> | the CCD ®
(NxN pixels)

DM

The effect of the DM in the image plane will now be Ga, where a are the DM actuator heights.

* |nversion of the “G matrix”. i - )
R{G} | R{iFan}

3{G} | | S{iEa)}

Give’on et al, SPIE 2006



Combining APLC and EFC
at the Laboratory for Adaptive Optics
in Santa Cruz, CA
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APLC results (With Remi Soummer)

Use of a 64x64 MEMS, with 400 microns pitch. Only corrected the wavefront over a region of 29
actuators corresponding to 11.6 mm diameter pupil

- Apodized Lyot Coronagraph technigue (APLC). 10mm apodized pupil with no central obstruction,
Soummer et al, 2003

= We corrected the wavefront to 0.4nm RMS for 75% of the pupil and 0.7nm RMS for the full pupil.
=> The contrast obtained is better than 10 after 3 A/D than 5x107 up to 10 A/D.
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EFC: Wavefront estimation

e Use Fresnel propagation to simulate the bench
and estimate the electric field in the image plane.

Measurement Estimation
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Wavefront correction

* Correction of the electric field over
a rectangular region of size 6 A/D by
14 A\/D, between 4 and 10 A/D, and
-7and 7 A/D

* Loop on static aberrations only

e Better contrast obtained only after
about 10min

Iteration 1 Iteration 3 Iteration 25



Contrast
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After correction only 3 iterations we can decrease the contrast to
4x108, almost one order of magnitude.

This region can be increased, however, it can not be applied to the
whole image as we need to send the light from the region of
interest to other part of the image.

Following iterations do not improve the contrast. However, the dark
region appears darker over a wider region and more homogeneous.



Status and Future experiments

* We can increase contrast from a few 10~ of a few 108 over a region of
size 6 A/D by 14 A/D, between 4 and 10 A/D, and -7 and 7 A/D

But we want more....

* Improvement by controlling temperature and air motion.
 Measure the wavefront over the whole dark zone
 Comparison with more simple speckle nulling technics

e Study the effect of errors in the Fresnel model

e Stability

* Possible implementation on GPI as a day time calibration

» Tests are still ongoing at the LAO/LLNL/JPL (with Lisa Poyneer, Bruce
Macintosh and Amir Give’on).



