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1. Background



The vortex coronagraph
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Sensitivity to tip-tilt and finite sources
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Sensitivity to aperture shape
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Apodized vortex coronagraphs
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Circular pupil

Annular pupil

Starlight cancellation with a ring apodizer
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Circular pupil

Annular pupil

Starlight cancellation with a ring apodizer
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Circular pupil

Ring apodized pupil

Starlight cancellation with a ring apodizer
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Apodizer optimization
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Apodized VC performance with segmented apertures
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2. Optimizing the masks



. Optimizing the apodizer
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. Optimizing the apodizer and Lyot stop
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. Optimizing the apodizer and Lyot stop
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On-axis PSF (irradiance)
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. Optimizing the apodizer and Lyot stop
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Option II: Optimizing the focal plane mask
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. Optimizing the focal plane mask
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Angular coordinate (A/D)
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. Optimizing the focal plane mask
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On-axis PSF (irradiance)
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. Optimizing the focal plane mask
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Optimizing the sensitivity to planets
In photon-noise limited regime:

SNR planet energy _ planet energy
JJstar energy + noise terms  /star energy

nxB B

sensitivity metric =

\JSx B L S

n — Max. encircled energy throughput (within 0.7 A,/D
of source position, normalized to telescope throughput)

S — Residual stellar energy in the image plane
(averaged over 3-10 A,/D annulus and passband)

B — Percent bandwidth B = AA/A,*100



For example: optimizing the Lyot stop
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. Optimization via a sensitivity metric
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3. Wavefront control for segmented
apertures



Active Compensation of Aperture Discontinuities (ACAD)
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Active Compensation of Aperture Discontinuities (ACAD)
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Active Compensation of Aperture Discontinuities (ACAD)
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Active Compensation of Aperture Discontinuities (ACAD)
PP2 FP2

pupil

PP1 FP1

/

. vL1

\

:<—f—>‘<—f—>.<— —>

Ring apodizer phasé mask
(charge 4 vortex)

Surface height DM1 (nm

x/R

A =500 nm
Nt = 64

/ DM1

.

(Located in pupil)

Lyot stop

-20 -15 -10 -5

e

0 5

Angular coordinate (A/D)

10 15 20

29

—4
log irradiance

Pueyo & Norman, ApJ 769 102 (2013)
Mazoyer et al., Proc. SPIE 96050M (2015)



Active Compensation of Aperture Discontinuities (ACAD)
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Active Compensation of Aperture Discontinuities (ACAD)
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Active Compensation of Aperture Discontinuities (ACAD)
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Active Compensation of Aperture Discontinuities (ACAD)
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Active Compensation of Aperture Discontinuities (ACAD)
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Expected gains with wavefront control
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Outlook for future work

1. Develop numerical optimization of grayscale
apodizers for VCs.

2. Optimize broadband performance of wavefront
control algorithms for VCs on segmented
apertures.

3. Investigate potential performance gains by
combining wavefront control and optimized
coronagraphic masks.
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Active Compensation of Aperture Discontinuities (ACAD)

PP1 FP1 PP2  FP2
! 1
) . !
pupil : A : A | +
: 1 1
1 - i N ~ 1
i P
I - ~ 7 />:
1 1 S~o s 1
: : S~ L , 7 1
| v L1 ' v L2 vL3 :
| — f —e— f —re— | —>je— f — |
apodlzer phase mask Lyot stop
/ DM1
ACAD results from Mazoyer et al. (2015)
e . Raw PSE Conknst, DM1, ACAD solution pm DM2, ACAD solution pm
i o2 0.2 0.
i e 10.1 ~0.1
i T8 0.1 -0.1
0.2 -88 0. 0.2
0. -99 0. -0.2
ACADESE Contrast Contrast, DM, adjustment ~nm DM2, adjustment nm
8 29 2.5
-6.5 6.5 03 07
-7.7 77 =4, -0.2
8.8 838 -23 -1.1
99 -99 -35 -2.

Mazoyer et al., Proc. SPIE 96050M (2015)



Active Compensation of Aperture Discontinuities (ACAD)
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Apodized VC performance with segmented apertures
Analytically-inspired, ring-apodized VC (RAVC) with charge 4
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Apodized VC performance with segmented apertures

Analytically-inspired, ring-apodized VC (RAVC) with charge 4
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Option I Optimizing the apodizer
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Swartzlander, J. Opt. A 11 094022 (2009)
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Option I: Optimizing the apodizer

PP1 FP1 PP2 FP2
i /\\\\ Tz
i yLi yL2 Y3 |
| — f—e—f —e— —le— f — :
apodizer phase mask Lyot stop

VC {P(x,y)}=P(x y)*FT* "]

Convolution with a circular pupil

Z€ero non-zero
(inside) (outside)

Occurs for nonzero even values of |

Swartzlander, J. Opt. A 11 094022 (2009)



Option II: Optimizing the focal plane mask

PP1

A

FP1

\

2

-
~

L

apodizer

Broadband FPM optimization process

Angular coordinate (AOID)
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1. Initial phase

Angular coordlnate A /D

(charge 4 vortex)

phase at each A
(4)
2)
ﬂ»)

2. Solve for new
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i L2

| — f —fe— ——
phase mask

3. Take weighted

average of solutions

Achromatic (e.g. liquid crystal):

® =) cd (4

M =exp(i®)

Dielectric material:
c A
h= Z )

2

M:ep( /1

(l)h]

FP

[
>

z
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4. Update phase mask

Angular coordinate (LO/D)

Angular coordrnate (A /D

5. Repeat steps 2 -4

.
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Optimized focal plane masks
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Alternate apodization schemes
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PP1 FP1 PP2 FP2
: A i A I A E
é \‘:””— \\\>E .
: | - iz
i gL yL2 LS vL3 |
| — f —fe— —rie— | —>— f —» '
apodlzer phase mask
PP1: ampl. PP1: phase FP1: ampl. FP1: mask PP2: ampl.
@ rules
. | is even
2 _22 26
Z2 +zZ2 =re
(b) P= Zanm N
. I] > max {n +|m|}
z 22 2 cos(26)
- orP=>"b,r"e™
sgn(1)=sgn(m)
Z; =;3 c-(‘)s(39)

O

amplitude phase

 Ruane et al., Proc. SPIE 960511 (2015)



Monochromatic focal plane mask optimization

Ruane et al., Optica 2, 147 (2015)
RAVC4 w/ focal plane corrector (FPC) Ruane et al., Proc. SPIE 9605 1 (2015)
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Monochromatic focal plane mask optimization

20 T

10
T
£ ©
< 0 ©
~ c
— (@]
=

-10

-20 —TC

-20 -10 0 10 20
x/ (A F#)

Phase corrections needed for monochromatic suppression.
This will inform the basis used for broadband optimization.



On-axis PSF (irradiance)

Monochromatic focal plane mask optimization

Azimuthal average of on-axis PSF

Normalized encircled energy throughput
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Phase-shifting Lyot plane masks for RAVC4

Phase masks optimized for angular separations of 5-20 A/D
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Optimized LPMs for the VC improve the suppression over a
substantial spectral bandwidth (achromatic phase shifts assumed)



On-axis PSF (irradiance)

Phase-shifting Lyot plane masks for RAVC4

Azimuthal average of on-axis PSF (10% bandwidth)
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Theoretically, suppression is

broadband owing to achromatic vortex

FPM, but the improvement comes at
the cost of off-axis PSF quality.
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Phase masks designed for apodization

PP1 FP1 PP2

Telescope,
fore optics

\ 4

\
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YRy N I S ——

(on-axis source,

perfect wavefront)
Downstream pupil

Telescope pupil Pupil phase mask PSF (log irradiance) (for field inside white circle)
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\
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E.E. throughput = ~0.5




Achromatic phase mask technologies
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Achromatic phase mask technologies

Vector phase masks Annular groove phase masks (AGPM)

\

subwavelength gratings L band (Sep 2012)

1.4 pm period

Phase shift depends on direction of grating.

Delacroix et al., A&A 553, A98 (2013) 4.7 um depth
Mawet et al., Appl. Opt. 44, 7313 (2005)
Bomzon et al., Opt. Lett. 26, 1424 (2001)



