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OVERVIEW

= Background: Direct Imaging of Exoplanets
= Motivation:Wavefront Error Drifts
= Implementation: How does the algorithm work?

m  Results: Experiments on the High-contrast imager for Complex Aperture Telescopes (HICAT) at the Space
Telescope Science Institute




DIRECT IMAGING OF EXOPLANETS

Direct Imaging



CREATING HIGH CONTRAST REGION: HICAT HARDWARE

High-contrast imager for complex aperture telescopes
Soummer 2019, Moriarty 2019



CREATING HIGH CONTRAST REGION: HICAT HARDWARE

Circular Pupil Focal plane mask Lyot Stop PSF = I¢
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FOCAL PLANEWAVEFRONT CONTROL (FPWCQC)
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FPWC IN ACTION

Contrast vs Time
Initial Digging and Maintenance

Dig: Pair-wise Probe + Stroke Min | |
Maintenance: EKF w Dither + EFC | |

Historically most research
has been concerned with
digging the dark hole

1070

\ Today we will focus
\ on maintaining the
i dark hole
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WAVEFRONT ERROR DRIFTS




SYSTEM DRIFTS
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SLOW SYSTEM DRIFTS IN HICAT

Contrast vs Time with Lab Drift
%1077 Constant DM Command

= Slow system drifts are present in every optical
system
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= Degradation of contrast makes detection and f \ “]." l\,\\ m I%\ h W
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= Common causes:

m  Thermal diffusion

= Time to reach thermal steady state

®  Thermal gradient changes

Mean Contrast [I/ 1]

®  Changing telescope roll angle

®  Gravity (ground telescopes)

= Change in elevation angle
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MANUALLY ADDED DRIFT

Wavefront Sensing and Control
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DEFORMABLE MIRROR ACTUATOR RANDOM WALK DRIFT

Open Loop Image [I/I]
Iteration 1

10

L

15
20

contrast

(]

25
30

-10 -3 0 5 10
/\/Dc]pnd

k+1 — 2
U-01-;-en loop += N(Or Udriftl)

DM 1 Drift Command

[teration 1
— 0.5

I

0

i -0.5

5 10

15 20
Actuator

25 30

10
15
20
25
30

DM 2 Drift Command

5

10

Iteration 1

15 20
Actuator

Each actuator does a random walk with standard deviation of o4, = 0.01 nm/iteration starting at

the final Stroke-Min DM command
Contrast degrades by a factor of 2 in 1.5 hrs
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IMPLEMENTATION OF THE DARK HOLE
MAINTENANCE ALGORITHM

Algorithm



HIGH LEVEL MAINTENANCE PROCEDURE (POGORELYUK 2019)

. Contrast vs Time
= Digdark hole Initial Digging and Maintenance

m  Use final DM command (1) and Electric
Field Estimate (E,) as initial conditions for

Dig: Pair-wise Probe + Stroke Min |
—— Maintenance: EKF w Dither + EFC ||

maintenance algorithm

S
T
= Turn on DM random walk drift and start ~,
maintenance algorithm 7 |
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= Advantages: % :
®=  More science images 2 )
. . ~ Py
m  Easier post-processing (Pogorelyuk, 2019 < 1
POSTP 8 (Pogorely ) = \ DM Drift
u Can use shorter exposures .
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FPWCWITH DM ACTUATOR RANDOM WALK DRIFT
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= uy + Auftl + Sufid + du
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STEP 2: ELECTRIC FIELD CONJUGATION

DM 1 EFC Command Electric Field Conjugation:

lggtl = —(GGT —al) ' GT Ek
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STEP 2: DITHER

DM 1 Dither

Command Dither Command:

Acts as a ‘probe’

0 Increases phase diversity to improve
estimate
Random displacement applied to each

02 actuator with standard deviation g,
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STEP 2: DRIFT

DM 1 Drift Command Drift Command:

Manually inputs a drift/instability into the

system
Simple case: each actuator does a random
walk from a normal distribution with
5 B standard deviation ggyft
o g:&?gzinman 4 Future drifts could be Zernike modes, lab
- 02 temperature, etc.
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STEP |:ESTIMATE

Image for Iteration 1 Estimate for Iteration 1
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STEP |:ESTIMATE

Extended Kalman Filter

Linearized model at
each time step:

Ek|k—1 — F/cEk--l + Guk + Wk

2k = HKEK 4+ pk

Intensity Electric Field




STEP |:ESTIMATE

Extended Kalman Filter

Linearized model at
each time step:

Ek|k—1 — FkE'k—l + Guk ) Wk

2k = HXE® + n¥

= yk = Aulgpt + 5u§ith
22

"= Need 5u§ith to avoid estimate converging to incorrect value (Riggs,2016)




STEP |:ESTIMATE

Extended Kalman Filter

Linearized model at
each time step:

Ek|k—1 — FkE'k—l + Guk 4 Wk

2k = HXE® + n¥

Measurement noise from camera and
scattered star light

Drift (04rift) from the deformable mirrors 2




STEP |:ESTIMATE

Extended Kalman Filter

Linearized model at
each time step:

Ek|k—1 — FkE'k—l + Guk + Wk

2k = HXE® + n¥

Pixel-wise advancement:

~klk _ ak|lk—1
Ej = Ej

ki _k ~k
+ K|z —9f]

24

Kalman Gain Measurement




STEP |:ESTIMATE

Extended Kalman Filter

Linearized model at
each time step:

Ek|k—1 — FkE'k—l + Guk + Wk

2k = HXE® + n¥

Pixel-wise advancement:

pklk _ pklk—1 k(. k _ ok
E;" =E; + K; [Zj Yj |

Estimate Error




STEP 3: REPEAT AS DESIRED

Image for Iteration 30
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Estimator tends to
converge within

~30 iterations using
an appropriate
dither value
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HICAT RESULTS

HiCAT Results



LONG MAINTENANCE RUN PERFORMANCE

Mean Contrast vs Time
Ogither = 0.2 nm

1077 oarise = 0.01 nm/iter
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Open loop mean contrast degrades by a
factor of 4 over the six hour experiment

Closed loop mean contrast is maintained at
8.5 x 1078 within a standard deviation of
2.4 %1078
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RAW EFFECT OF DITHERING DMSWITHOUT CONTROL

Contrast

3%107
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Dither Effect on Contrast (no control)
Sim and Lab Comparison

= Without any control, dithering the DMs degrades the
contrast®
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= *This depends on the initial contrast, if the dither is
below a certain threshold the contrast does not change
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RAW EFFECT OF DITHERING DMS

LAB Mean Contrast
over 50 Iterations for Varying Dither

7
10
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= We can then fit the data and predict the ‘limiting’
contrast based on the dither

®  This would suggest that we want to choose a dither
of zero BUT this is not the whole story, we have an
estimator and control loop too!

Mean Contrast
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—4%— Lab Data
Fit: 5.55e-07x> + -8.04e-08x + 8.15¢-08
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EFFECT OF DITHER ON MAINTENANCE PERFORMANCE

= Small dither (5 X ggrift):

Shallow slope
Takes longer to shoot off and recover

Reaches original contrast at ~200 iterations

Large dither (40 X 04y5t):

Steep slope pre and post contrast

Asymptotes to higher final contrast

Medium dither (20 X g4y5¢):

Smaller offshoot than large dither
Steeper slope than small dither

Asymptotic contrast is on par with original state

SIM Contrast vs Iteration
Drift = 0.01 nm/iter
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DITHER AND ESTIMATE CONVERGENCE

SIM Absolute Intensity Estimation Error vs Iteration

Drift = 0.01 nm/iter
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: Larger estimate error

™~ Long recovery time
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Note: Estimate
error has same
trend as contrast.
The better the
estimate, the more
effective the
control and the
better the contrast.
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DITHER AND ESTIMATE CONVERGENCE

SIM Absolute Intensity Estimation Error vs Iteration
Drift = 0.01 nm/iter
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" | ooking at three main parameters:
|.  Peak estimation error [contrast]
2. Number of iterations until peak [iterations]

3. Asymptotic estimation error [contrast]
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CHOOSING THE ‘BEST’ DITHER

Ultimate Goal:

= Estimator converges fast

m  Estimate error is small

= Final Contrast is small

Caveats:

= This is for a single DM drift
" ogrise = 0.01 nm/iter

[ |

Repeating this process for various drifts shows that
for best performance:

Odither = 20 X O-drift

Iterations

10

Effect of Dither on Maintenance Performance =107’

Peak Estimate Error Iteration
Final Absolute Estimate Error
——--- Final Contrast

0.3
Dither [nm]

2

1.8
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.
Contrast

—_—
a

0.8
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LAB VERIFICATION!

LAB Contrast vs Iteration
Drift = 0.01 nm/iter
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= The same trend is observed in the lab! 3L - /\N\J\f\ —— Dither = 0.1 .
: . : // V\f\'\f‘\ﬂu — Dither=10.2] ]

® |arge dither limits steady state contrast 25¢F \ Dither = 0.4 |1

®  Small dither takes a long time to recover

" Ogither = 20 X 0grir; performs the best

Contrast
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SUMMARY AND FUTURE WORK




SUMMARY AND FUTURE WORK

®  The EKF + EFC dark hole maintenance algorithm
presented here can maintain contrast levels of 7 X
1078 in the presence of a DM random walk drift for et
thousands of iterations / 6 hrs :

= Next steps:

®  Use the recently installed an Iris AO Deformable
primary mirror to introduce drifts

®  Drift using Zernike modes instead of random walk of
each actuator

®  Use the temperature as the drift

"  Add broadband capabilities

" Translate testbed results into mission implications \

IRIS AO Segmented Mirror
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VALIDATION OF REAL TIME DRIFT CORRECTION

®  Goal: Show that the open loop electric field is drifting and the estimator+controller is correcting for it in real time.

= Algorithm:
|.  Take close loop image

a.  Apply closed loop DM command: u®t(k + 1) = ug + Augpe (k) + Sugien (k) + Sugripe (k)

b.  Take image
2. Take open loop image
a.  Apply open loop DM command: u®"(k + 1) = ug + Sugrise (k)
b.  Take image
3. Advance Estimator using closed loop data
4.  Obtain new optimal DM command using closed loop data
5. Repeat

40



VALIDATION OF REAL TIME DRIFT CORRECTION

DM 1 Closed Loop Command

Closed Loop Image Mean Closed Loop Dark Hole Contrast
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