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The decadal survey recommends a large (~6m diameter) 
Infrared/Optical/Ultraviolet space telescope with high-contrast 
imaging and spectroscopy as the first mission to enter the Great 
Observatories Mission and Technology Maturation Program. This 
is an ambitious mission with the goal of searching for 
biosignatures from habitable zone exoplanets and providing a 
powerful new facility for general astrophysics. 

Astro2020
Pathways to Discovery in Astronomy and 

Astrophysics for the 2020s

NASA has named this mission the Habitable Worlds 
Observatory (HWO)



LUVOIR B

HabEx



0.01 0.10 1.00 10.00 100.00
Semi-major axis (AU)

1

10

100

1000
Pl

an
et

 M
as

s 
(M

Ea
rth
)

Direct Imaged
Microlensing

Transit+RV
Transit only

RV only

Why Direct Imaging?



Why Direct Imaging?
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• Statistical Properties – probing the outer parts of solar 
systems

• Detailed Characterization – determining the composition 
and detailed state of planetary atmospheres.

• Formation mechanisms – measuring parameters that 
constrain formation theories.

• Ultimately – determining whether life-bearing planets 
are common.

• Imaging is visually compelling – Great public interest

Why Direct Imaging?

See colloquium by Giada Arney
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Why is direct imaging a challenge?
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Traub & Jucks

> 1010

Flux Ratio and Angle

At 10 pc distance, 
the angular 
separation 
between a planet 
in the habitable 
zone and its star 
is 100 marcsec



The Contrast Problem – Diffraction

9



The Contrast Problem – Diffraction
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What is the Solution?
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We do this via a 
coronagraph.

To image the planet, we must create high contrast in the final image plane, 
lowering the stellar halo to at or below the peak intensity of the planet.   

This must be done for angles corresponding to the furthest star at the inner 
edge of the habitable zone.  This is called the Inner Working Angle (IWA).

For Example, for a 6 m telescope imaging a planet at 500 nm and at 60 
marcsec, the planet appears at ~3.5 lambda/D relative to the star’s PSF 
(and 1.75 lambda/D at 1000 nm).

IWA

OWA



How to Make a Coronagraph 
Instrument

Science/Technology 
Objectives

Instrument 
Capability

Coronagraph 
Design

Wavefront Control 
& Optical System

Operations & 
Measurement

Image 
Processing

Design Reference 
Mission

Observatory 
Jitter and 
Drift

A Coronagraph is a System



WFIRST as a Pathfinder

Science/Technology 
Objectives

Instrument 
Capability

Coronagraph 
Design

Wavefront Control 
& Optical System

Operations & 
Measurement

Image 
Processing

Design Reference 
Mission

Observatory 
Jitter and 
Drift

Stable Space 
Telescope & 
Observatory

High Contrast 
Coronagraph 

Elements

First Use of 
Deformable 

Mirrors in Space

Autonomous 
Precision 
Wavefront 

Sensing & Control 

Ultra-low noise 
photon counting 
Visible Detectors 

Image Processing 
at Unprecedented 
Contrast Levels

1s Noise Eq. 
Flux Ratio [ppb]
Req. 0.70
CBE 0.60

L1 Telescope
Diameter [m]

Value 2.36

L2.5 Resolving 
Power

Value 50

L3 Planet Sig. 
Throughput

Req. 1.2%
CBE 1.4%

L4 QE
Value 75%

L4 Pixel/PSF
Value 9

L2.5 Zodi
Background
Value Solar

L2.5 Planet-Star 
Flux Ratio [ppb]
Req. 7.0
CBE 6.0

Focus Control 
using 

LOWFS+FCM

WFE Control 
using 

LOWFS+DMs

L2.5 SNR
Value 10

Random Noise Systematic Noise

Dominated by DM drifts

With Pixel-by-Pixel 
Subtraction

Due to thermal drift Due to thermal drift Due to RWAs/ACS

WFE jitter, beamwalk, 
pupil shear

L1 Requirement
L2 Science Requirement
L3 / L4 Engr Requirement

Control Loop
Observatory Interface

Coronagraph 
Calibration Errors

HOWFS Control 
using DMs

Coronagraph 
Fab/Align Errors

Design Contrast 
[ppb]

Req. 1.2
CBE 1

Raw Contrast w/o 
Control [ppb]

Req. N/A
CBE 1000

L4 Dark Current 
[e/pix/s]

Req. 2.5*10-4

CBE 2.2*10-4

L4 CIC Noise 
[e/pix/fr]

Req. 1.5*10-2

CBE 1.0*10-2

L4 Read Noise
[e/pix/fr]

Req. 1.5*10-6

CBE 1*10-6

ppb/count 
Conversion

Req. 0.0047
CBE 0.0031

Stellar Leakage 
Shot Noise [ppb]
Req. 0.14
CBE 0.10

Detector/Elec  
Noise [ppb]

Req. 0.41
CBE 0.32

Cont Stability 
w/Post Proc. [ppb]
Req. 0.49
CBE 0.43 Post Processing 

Gain
Value 2L3 Cont Stability 

w/2 hr Chop [ppb]
Req. 0.98
CBE 0.87

L3 Raw Contrast 
[ppb]

Req. 3
CBE 2.1

Telescope 
Surface Error

Req. 77 nm
CBE 77 nm

Pointing 
Control using 
LOWFS+FSM

Unsuppressed 
Drift/Jitter [ppb]
Req. 0.40
CBE 0.35

Obs Uncorrected 
Disturbances

Obs LOS Jitter 
[mas]

Req. 12 mas
CBE 5 mas

Suppressed Obs
LOS Jitter [mas]
Req. 0.50
CBE 0.45

Suppressed Obs
LOS Jitter [ppb]
Req. 0.30
CBE 0.25

Obs Focus Drift 
[nm]

Req. 10 nm
CBE 0.2 nm

Obs WFE Drift 
[nm]

Req. 2 nm
CBE 0.05 nm

Suppressed Obs
Focus Drift  [nm]
Req. 0.07
CBE 0.02

Suppressed Obs
WFE Drift  [nm]
Req. 0.07
CBE 0.02

Suppressed Obs
WFE Drift  [ppb]
Req. 0.20
CBE 0.02

Suppressed Obs
Focus Drift  [ppb]
Req. 0.20
CBE 0.02

Coherent 
Contrast [ppb]

Req. 2
CBE 1.5

CGI Internal Drift  
[ppb]

Req. 0.8
CBE 0.75

L2.5 Star
Brightness [mag]

Value 5

L2.5 Planet Int. 
Time [hrs]

Value 240

L2.5 Filter Bands
Center 
[nm] 770

Width 18%

Photometry 
Noise [ppb]

Req. 0.50
CBE 0.41

Zodi Photon
Shot Noise [ppb]
Req. 0.12
CBE 0.11

Planet Photon 
Shot Noise [ppb]
Req. 0.23
CBE 0.21
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• Contrast:  The ratio of the peak of the stellar point spread 
function to the halo at the planet location.

• Inner Working Angle:  The smallest angle on the sky at which 
the needed contrast is achieved and the planet is reduced by no 
more than 50% relative to other angles.

• Throughput:  The ratio of the light in the planet PSF to the 
nominal telescope PSF after high-contrast is achieved.

• Bandwidth: The wavelengths  at which high contrast is achieved.
• Sensitivity: The  degree to which contrast is degraded in the 

presence of aberrations.

Coronagraph performance also differs depending upon aperture 
(monolith vs. segmented, off-axis vs. on-axis)

Coronagraph Metrics
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Coronagraph Contrast



A Generic Coronagraph

Field Stop and 
Image Plane

All coronagraphs work by modifying amplitude or phase 
at the entrance aperture, amplitude or phase at the first 
focal plane, amplitude or phase at the Lyot plane, or 
some combination of them.

Mennesson et al.

All are based on using properties of the Fourier Transform.



The Classical Lyot Coronagraph

18Courtesy Matt Kenworthy,University of Leiden



The Classical Lyot Coronagraph

19Courtesy Matt Kenworthy,University of Leiden
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• Lyot & Bandlimited Lyot (Gemini, Keck, 
Hubble, Subaru, Palomar, VLT, JWST NICI, 
WFIRST)

• 4 Quadrant Phase Mask (JWST MIRI, VLT, 
LBT)

• Optical Vortex (Palomar, VLT, LBT), AIC, VNC 
and other nullers

• Apodized pupils(VLT)
• Shaped pupils (Subaru, Roman)
• Pupil remappers (PIAA) (Subaru)
• Apodized phase plate   (MMT, 

Magellan, VLT)

APLC, SPLC 
(GPI, 
VLT/SPHERE,
Palomar)

Coronagraph Families
Image Plane Pupil Plane

Lyot Plane Image Plane



Example Coronagraphs That Change 
Amplitude

Focal Plane Amplitude Mask:  Lyot & Bandlimited 
Lyot, AIC

Focal Plane Phase Mask:  4QPM, Vector Vortex



High-Contrast Imaging Laboratory, Princeton University

Four-Quadrant Phase Mask coronagraph (Rouan) 
(4QPM) π  

phase 
shift

π  
phase 
shift

no  
phase 
shift

no  
phase 
shift

Pupil plane Image plane w/ mask Pupil plane
Vector vortex coronagraph (Mawet)

2π x n  
phase 
RAMP

n is  
2, 4, 6…

on the incident field, where l is an even nonzero integer known
as the “charge” and ϕ is the azimuth angle in the focal plane.
Light from an on-axis point source (i.e., the star) that passes
through the circular entrance pupil of radius a is completely
diffracted outside of the downstream Lyot stop of radius b,
assuming b < a, and one-to-one magnification within the
coronagraph. In addition to ideal starlight suppression, the vor-
tex coronagraph provides high throughput for point-like sources
at small angular separations from the star [see Fig. 1(b)].

2.1 Ideal Coronagraph Throughput

We present two common throughput definitions in the literature
(1) the fraction of planet energy from a planet that reaches the
image plane and (2) the fraction of the planet energy that falls
within a circular region-of-interest with radius r̂λ∕D centered at
the planet position, where λ is the wavelength andD is the diam-
eter of the primary mirror. The maximum throughput (at large
angular separations) in each case is

EQ-TARGET;temp:intralink-;e001;63;397ηp;max ¼
!
ðb∕aÞ2; total energy
ðb∕aÞ2

"
1 − J0

#
πr̂ b

a

$
2 − J1

#
πr̂ b

a

$
2
%
; fraction with in r̂λ∕D radius

; (1)

where J0ð Þ and J1ð Þ are Bessel functions of the first kind.15 For
example, if b∕a ¼ 0.95 and r̂ ¼ 0.7, the theoretical maxima for
cases (1) and (2) are 90% and 58%, respectively. The latter value
may also be normalized to the same quantity without the corona-
graph masks. For example, in the case described above, 86% of
planet energy remains within 0.7 λ∕D of the planet’s position in
the image, a value referred to as the relative throughput. In the
remainder of this section, we assume a typical value of b∕a ¼
0.95 for architecture A. In practice, the value of b∕a will be
selected based on the desired tolerance to lateral pupil motion
and magnification. Definitions (1) and (2) are plotted for various
values of l in Fig. 1(b) for angular separations up to 20 λ∕D
using numerical beam propagation.

2.2 Passive Insensitivity to Low-Order Aberrations

Detecting Earth-like exoplanets in practice will require a corona-
graph whose performance is insensitive to wavefront errors
owing to mechanical motions in the telescope and differential
polarization aberrations, which both manifest as low-order
wavefront errors. We describe the phase at the entrance pupil
of the coronagraph as a linear combination of Zernike polyno-
mials Zm

n ðr∕a; θÞ defined over a circular pupil of radius a. An
isolated phase aberration is written

EQ-TARGET;temp:intralink-;e002;63;90Pðr; θÞ ¼ exp½icnmZm
n ðr∕a; θÞ%; r ≤ a; (2)

where i ¼
ffiffiffiffiffiffi
−1

p
and cn;m is the Zernike coefficient. Assuming

small wavefront errors (i.e., cnm ≪ 1 rad rms), the field in the
pupil may be approximated to first order via its Taylor series
expansion

EQ-TARGET;temp:intralink-;e003;326;307Pðr; θÞ ≈ 1þ icnmZm
n ðr∕a; θÞ; r ≤ a: (3)

For convenience, we choose to use the set real valued of
Zernike polynomials described by

EQ-TARGET;temp:intralink-;e004;326;254Zm
n ðr∕a; θÞ ¼ Rjmj

n ðr∕aÞqmðθÞ; r ≤ a; (4)

where Rm
n ðr∕aÞ are the radial polynomials described in

Appendix A and

EQ-TARGET;temp:intralink-;e005;326;198qmðθÞ ¼
!
cosðmθÞ m ≥ 0
sinðjmjθÞ m < 0

: (5)

The field transmitted through a vortex phase element of
charge l, owing to an on-axis point source, is given by the prod-
uct of expðilϕÞ and the optical Fourier transform (FT) of Eq. (3)

EQ-TARGET;temp:intralink-;e006;326;120Fnmlðρ;ϕÞ ≈ ½f00ðρ;ϕÞ þ icnmfnmðρ;ϕÞ%eilϕ; (6)

where

(b)(a)

Fig. 1 (a) Schematic of a vortex coronagraph with deformable mirrors DM1 and DM2, focal plane phase
mask with complex transmittance expði lϕÞ, and circular Lyot stop. Starlight suppression is achieved by
diffracting the stellar field outside of the Lyot stop. (b) Throughput performance of a vortex coronagraph
for Lyot stop whose radius is 95% that of the geometric pupil (b∕a ¼ 0.95). The horizontal lines indicate
the maximum throughput in each case.

Journal of Astronomical Telescopes, Instruments, and Systems 015004-2 Jan–Mar 2018 • Vol. 4(1)

Ruane et al.: Vortex coronagraphs for the Habitable Exoplanet Imaging Mission concept. . .

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Astronomical-Telescopes,-Instruments,-and-Systems on 21 Jun 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Example Coronagraphs That Reshape PSF

Pupil Plane Amplitude Mask:  Apodization, Shaped 
Pupils, PIAA

Pupil Plane Phase Mask: APP





A Shaped Pupil



Shaped Pupils

26

Shaped Pupils





Example Coronagraphs that do a bit of both

Apodized Pupil Lyot Coronagraph (APLC)

Shaped Pupil Lyot Coronagraph (SPLC)



Apodized Pupil Lyot Coronagraph
Soummer et al. 2005, 2009, 2011





Shaped Pupil Lyot Coronagraph for Roman
From Neil Zimmerman



Shaped Pupil Lyot Coronagraph for Roman
From Neil Zimmerman

ERP11-1.0
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Courtesy Neil Zimmerman

SCDA– STScI
Apodized/Shaped Pupil Lyot Coronagraph

Segmented and Obstructed Pupils
Apodized/Shaped Pupil Lyot Coronagraph

STScI



Coronagraph Metrics
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• Contrast:  The ratio of the peak of the stellar point spread 
function to the halo at the planet location.

• Inner Working Angle:  The smallest angle on the sky at which 
the needed contrast is achieved and the planet is reduced by no 
more than 50% relative to other angles.

• Throughput:  The ratio of the light in the planet PSF to the 
nominal telescope PSF after high-contrast is achieved.

• Bandwidth: The wavelengths  at which high contrast is achieved.
• Sensitivity: The  degree to which contrast is degraded in the 

presence of aberrations.

Coronagraph performance also differs depending upon aperture 
(monolith vs. segmented, off-axis vs. on-axis)

Coronagraph Metrics



Throughput Definitions

Total Throughput:  The ratio of the total planet light in the image 
plane to the total amount of light without a coronagraph. 

Core Throughput:  The ratio of the light in the central core of the 
planet PSF to the total amount of light without a coronagraph. 

Useful Throughput (Guyon et al. 2006):  The maximum fraction 
of planet light that can be separated from starlight.



Guyon, Pluzhnik, Kuchner, Collins & Ridgway  
2006, ApJS 167, 81

Throughput and Inner Working Angle



Ex.:  VVC and APLC Throughput

on the incident field, where l is an even nonzero integer known
as the “charge” and ϕ is the azimuth angle in the focal plane.
Light from an on-axis point source (i.e., the star) that passes
through the circular entrance pupil of radius a is completely
diffracted outside of the downstream Lyot stop of radius b,
assuming b < a, and one-to-one magnification within the
coronagraph. In addition to ideal starlight suppression, the vor-
tex coronagraph provides high throughput for point-like sources
at small angular separations from the star [see Fig. 1(b)].

2.1 Ideal Coronagraph Throughput

We present two common throughput definitions in the literature
(1) the fraction of planet energy from a planet that reaches the
image plane and (2) the fraction of the planet energy that falls
within a circular region-of-interest with radius r̂λ∕D centered at
the planet position, where λ is the wavelength andD is the diam-
eter of the primary mirror. The maximum throughput (at large
angular separations) in each case is

EQ-TARGET;temp:intralink-;e001;63;397ηp;max ¼
!
ðb∕aÞ2; total energy
ðb∕aÞ2

"
1 − J0

#
πr̂ b

a

$
2 − J1

#
πr̂ b

a

$
2
%
; fraction with in r̂λ∕D radius

; (1)

where J0ð Þ and J1ð Þ are Bessel functions of the first kind.15 For
example, if b∕a ¼ 0.95 and r̂ ¼ 0.7, the theoretical maxima for
cases (1) and (2) are 90% and 58%, respectively. The latter value
may also be normalized to the same quantity without the corona-
graph masks. For example, in the case described above, 86% of
planet energy remains within 0.7 λ∕D of the planet’s position in
the image, a value referred to as the relative throughput. In the
remainder of this section, we assume a typical value of b∕a ¼
0.95 for architecture A. In practice, the value of b∕a will be
selected based on the desired tolerance to lateral pupil motion
and magnification. Definitions (1) and (2) are plotted for various
values of l in Fig. 1(b) for angular separations up to 20 λ∕D
using numerical beam propagation.

2.2 Passive Insensitivity to Low-Order Aberrations

Detecting Earth-like exoplanets in practice will require a corona-
graph whose performance is insensitive to wavefront errors
owing to mechanical motions in the telescope and differential
polarization aberrations, which both manifest as low-order
wavefront errors. We describe the phase at the entrance pupil
of the coronagraph as a linear combination of Zernike polyno-
mials Zm

n ðr∕a; θÞ defined over a circular pupil of radius a. An
isolated phase aberration is written

EQ-TARGET;temp:intralink-;e002;63;90Pðr; θÞ ¼ exp½icnmZm
n ðr∕a; θÞ%; r ≤ a; (2)

where i ¼
ffiffiffiffiffiffi
−1

p
and cn;m is the Zernike coefficient. Assuming

small wavefront errors (i.e., cnm ≪ 1 rad rms), the field in the
pupil may be approximated to first order via its Taylor series
expansion

EQ-TARGET;temp:intralink-;e003;326;307Pðr; θÞ ≈ 1þ icnmZm
n ðr∕a; θÞ; r ≤ a: (3)

For convenience, we choose to use the set real valued of
Zernike polynomials described by

EQ-TARGET;temp:intralink-;e004;326;254Zm
n ðr∕a; θÞ ¼ Rjmj

n ðr∕aÞqmðθÞ; r ≤ a; (4)

where Rm
n ðr∕aÞ are the radial polynomials described in

Appendix A and

EQ-TARGET;temp:intralink-;e005;326;198qmðθÞ ¼
!
cosðmθÞ m ≥ 0
sinðjmjθÞ m < 0

: (5)

The field transmitted through a vortex phase element of
charge l, owing to an on-axis point source, is given by the prod-
uct of expðilϕÞ and the optical Fourier transform (FT) of Eq. (3)

EQ-TARGET;temp:intralink-;e006;326;120Fnmlðρ;ϕÞ ≈ ½f00ðρ;ϕÞ þ icnmfnmðρ;ϕÞ%eilϕ; (6)

where

(b)(a)

Fig. 1 (a) Schematic of a vortex coronagraph with deformable mirrors DM1 and DM2, focal plane phase
mask with complex transmittance expði lϕÞ, and circular Lyot stop. Starlight suppression is achieved by
diffracting the stellar field outside of the Lyot stop. (b) Throughput performance of a vortex coronagraph
for Lyot stop whose radius is 95% that of the geometric pupil (b∕a ¼ 0.95). The horizontal lines indicate
the maximum throughput in each case.

Journal of Astronomical Telescopes, Instruments, and Systems 015004-2 Jan–Mar 2018 • Vol. 4(1)

Ruane et al.: Vortex coronagraphs for the Habitable Exoplanet Imaging Mission concept. . .

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Astronomical-Telescopes,-Instruments,-and-Systems on 21 Jun 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

Ruane et al. Juanola-Parramon et al.
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But . . . 
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Correcting Phase Only Aberrations

DM settings based on focal plane 
measurements only to avoid non-

common path error

Coronagraph

Focusing Lens

Image Plane

Note:  small displacements result in large phase errors in UV and small errors in 
NIR, setting need for high stroke and high resolution DMs.



The Fourier transform of a sinewave is a delta function

A sinewave on a deformable mirror produces a pair of spots in the 
image plane => we can back out the phase error (DM shape needed) 
from the science camera image intensity pattern 

Example – Speckle Nulling

Deformable mirror PSF

Courtesy of Vanessa Bailey



Phase and Amplitude Errors
Phase Aberrations Amplitude Aberrations

Amplitude errors cannot be corrected with a single DM.



Example:

836nm 760nm-840nm

Example: One Sided Dark Hole correcting 
Amplitude and Phase



2 DMs for Full Dark Hole (two-sided)



2 DMs for Full Dark Hole (two-sided)
ØWith 2 DMs in series, both sides of image 

correctable in phase and amplitude [Shaklan and 
Green, 2006; Pueyo, Kay, et al. 2009]

ØChoose DM separation for adequate phase-to-
amplitude mixing (Talbot effect)
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Coronagraph Science 
Camera

Deformable 
Mirrors

Telescope

Ø To correct quasi-static speckles:
§ Estimate and control starlight directly in focal plane.
§ Use science camera as WFS to estimate all aberrations.

Ø Estimation + Control (= Correction) is iterative:
§ Model errors, estimation errors, nonlinearities

EstimatorController

Light

Focal Plane Wavefront Correction

Optical System 46

High-Order Wavefront Sensing and Control (HOWFS)



Closed Loop Laboratory Example

Classical Lyot Coronagraph

Seo, B-J. et al. 2019

10% band 
centered 
at 550 
nm.

Average 
Contrast is 
3.8e-10.

IWA (3 l/D) 
set by 
coronagraph 
design, OWA 
(8 l/D) set by 
number of 
actuators on 
DM.

Image is blocked by a focal plane stop outside the OWA.



With DMs, it is possible to use them to generate 
the coronagraph contrast, improving contrast, 
throughput, and IWA.

These are called Hybrid coronagraphs.



Hybrid Lyot (Roman Coronagraph)

Increases throughput, maps out obstructions, 
and broadens bandwidth from classical Lyot.





Segmented Pupil
DM Apodized Vortex Coronagraph

51

Tel. pupil DM1 DM2

Pupil ampl. Pupil phaseLyot stop

W
av
es

Courtesy Gary Rouane.



Coronagraph Metrics
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• Contrast:  The ratio of the peak of the stellar point spread 
function to the halo at the planet location.

• Inner Working Angle:  The smallest angle on the sky at which 
the needed contrast is achieved and the planet is reduced by no 
more than 50% relative to other angles.

• Throughput:  The ratio of the light in the planet PSF two the 
nominal telescope PSF after high-contrast is achieved.

• Bandwidth: The wavelengths  at which high contrast is achieved.
• Sensitivity: The  degree to which contrast is  degraded in the 

presence of aberrations.

Coronagraph performance also differs depending upon aperture 
(monolith vs. segmented, off-axis vs. on-axis)

Coronagraph Metrics



Performance – Bandwidth
The LUVOIR Report

Coronagraph must suppress starlight over bands from 10% 
to 20% for efficient spectroscopy at varying resolution.

Spectral resolution possible is determined by throughput and 
properties of detector (read noise, dark current, cosmic rays, 
stability) and type of spectrometer (IFS vs. Pointed).



Performance – Bandwidth
Coronagraphs differ in degradation with bandwidth.

Pupil based coronagraphs generally insensitive to bandwidth but lose iwa.

Focal plane coronagraphs generally have limited bandwidth due to spot size, 
though can be optimized via phase and amplitude variation. (e.g., HLC)

Focal plane phase varying coronagraphs are wavelength independent if 
broadband spot can be manufactured. (e.g., VVC)

Main limiter of bandwidth is wavefront control via DMs.    

Pueyo et al. 2007 show that in a multi-optic system, phase and amplitude 
errors can be written in a power series in 1/l.  A single DM corrects 1/l 
phase.  Two DMs correct for lambda independent amplitude and 1/l phase.  
The remaining terms set the bandwidth of the correction.



Ex.: VVC Lab Result

Raw normalized intensity 
images obtained in five 2% 
sub-bands with a VVC4 
operating on an unobscured 
circular aperture.  DM 
optimized for 10% band 
around 650 nm.

Spatial average of normalized intensity 
measured over the dark hole with the same 
VVC4 set-up, but optimizing the DM settings 
for spectral bandwidths ranging from 2% to 
20%. 

Ruane, G. et al. 2022



Some wavelength challenges
Recall from Giada Arney’s talk that there is a strong desire to get 
spectra in both the UV (<300 nm) and NIR (>1000 nm) to avoid 
false positives.

Both are challenging for Coronagraphy!

• Near IR requires a coronagraph with very small IWA in 
lambda/D to reach habitable zone

• UV has very low throughput due to low reflectivity and large 
number of optics

• Wavefront control in UV is challenging, requiring high 
resolution DMs

• Low noise, stable, high QE detectors required for both

This is an incomplete list.  Current work is directed at meeting 
these challenges.



Performance – Sensitivity
Coronagraphs differ in their sensitivity to optical aberrations and 
stellar diameter
Dynamic aberrations
 Fast low-order variations (e.g., tip/tilt, jitter)
  Low-order wavefront sensing and control (LOWFS)
 Slow, quasi-static aberrations (actuator drift, thermal creep)
  Sets picometer level stability requirements on observatory
Static aberrations
1. Low-order aberrations – global Zernikes

2. Segment-level aberrations – segment Zernikes
a) Uniform segments
b) Randomized segments

3. Mid-spatial frequency aberrations - PSD errors

4. Lateral beam shear

5. Stellar diameter Juanola-Parramon et al.



Ex.: Fast Variations
Ø LMC performed a Finite Element Model 

of the telescope and spacecraft 
structural dynamics. It takes into 
account:

Rigid body motion of the primary mirror 
segments and subsequent optics relative to 
each other

Dynamic interaction of flexible structures

Disturbances from the multi-stage pointing 
control system, primarily reaction wheels.

Juanola-Parramon et al.



Performance – Sensitivity

and Wq
pðrÞ is a special case of the Weber–Schafheitlin integral

(Appendix B)

EQ-TARGET;temp:intralink-;e011;63;730

Wq
pðrÞ ¼ Wp;q;0ðr; kaρ∕f; krρ∕fÞ

¼
Z

∞

0
Jpðkaρ∕fÞJqðkrρ∕fÞdρ: (11)

The solutions to Eq. (10) are shown in Fig. 2 and listed in
Appendix C. In cases where all of the light is located outside
of the geometric pupil, the source is extinguished by a Lyot
stop with radius b < a. The constant term in Eq. (3) is com-
pletely suppressed for all nonzero even values of l. However,
the first-order term is also blocked by the Lyot stop if
jlj > nþ jmj. A charge l vortex coronagraph is therefore
passively insensitive to the l2∕4 Zernike modes rejected by
the Lyot stop.

2.3 Wavefront Stability Requirements

The wavefront error tolerances of a given coronagraph design
depend on the aberration mode and/or spatial frequency content
of the error. The coronagraph and telescope must be jointly opti-
mized to passively suppress starlight and provide the stability
needed to maintain suppression throughout an observation.
We present telescope stability requirements for Earth-like exo-
planet imaging with vortex coronagraphs in terms of low-order
and mid-to-high spatial frequency aberrations.

2.3.1 Low-order requirements: Zernike aberrations

Figure 3 shows the leaked starlight through the coronagraph
(stellar irradiance, averaged over effective angular separations
3% 0.5 λ∕D, and normalized to the peak value without the
coronagraph masks) as a function of root mean square (RMS)
wavefront error. Modes with nþ jmj ≥ jlj follow a quadratic
power law and generate irradiance at the ∼10−11 level for
wavefront errors of ∼10−5 waves RMS. However, modes with
nþ jmj < jlj are blocked at least to first order at the Lyot stop, as
described in the previous section. In these cases, the equivalent
irradiance level (∼10−11) corresponds to ∼100× of the wave-
front error.

We place requirements on the stability of the wavefront by
setting a maximum allowable irradiance threshold on the leaked
starlight at 3% 0.5 λ∕D. This angular coordinate range corre-
sponds to the separations, where a charge eight vortex corona-
graph transmits ∼50% of the planet light. Here, the threshold is
chosen to be 2 × 10−11 per Zernike mode (dashed line in Fig. 3)
to prevent any single low-order aberration from dominating the
error budget. The corresponding wavefront error at λ ¼ 450 nm,
likely the shortest and most challenging wavelength, is shown in
Fig. 4 and listed in Table 1. Modes that are passively suppressed
by the coronagraph have wavefront requirements >100 pm rms,
whereas those that transmit tend to require <10 pm rms. The
minimum charge of the vortex coronagraph may be chosen
to preserve robustness to particularly problematic low-order
aberrations as well as to relax requirements and reduce the
cost of the overall mission. However, increasing the minimum
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Fig. 3 Sensitivity of vortex coronagraphs to low-order aberrations. The stellar irradiance is averaged over
effective angular separations 3% 0.5 λ∕D, normalized to the peak irradiance without the coronagraph
masks, as a function of RMS wavefront error in each Zernike aberration. As the vortex charge increases,
larger errors may be tolerated on the lowest order aberrations, which typically dominate the dynamic
wavefront error budget.
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VVC
Ex.:  Low-Order Zernike Aberrations

Ruane et al.

Higher charge 
less sensitive at 
cost of 
throughput and 
iwa. (See 
previous slide 
on throughput.)



Performance – Sensitivity
Stellar Diameter – sets limits on close stars

LUVOIR-A APLC - Sensitivity to stellar diameter

of angular extent, Θ, the expression becomes TΘ ¼ κlðπΘD∕λÞl,
where κl is a constant [see Fig. 6(b)]. The theoretical values for
τl and κl are given in Table 2. Higher charge vortex corona-
graphs are far less sensitive to small tip-tilt errors and sources
of finite size. For example, charge six vortex coronagraphs suf-
ficiently suppress light from stars with angular diameters up to
∼0.1 λ∕D or ∼2 mas for a 4-m telescope at λ ¼ 450 nm.

An often overlooked potential source of leaked starlight is
the presence of an unresolved disk of dust around the star.
Figure 6(c) shows the stellar irradiance that appears in the
image plane due to scattered light from the debris ring at astro-
physical contrast of 1% and angular separation of 3 λ∕D from
the star as a function of the size of the ring. For example,
imaging an Earth-like planet at 3 λ∕D around a star with a dust
ring of radius 0.2 λ∕D requires at least a charge six coronagraph.
We note that over the last 10 years, long baseline near infrared
interferometric observations21,22 has suggested that ∼10% to
20% of nearby main sequence stars have such rings of small
hot dust grains concentrating near the sublimation radius, and
contributing about 1% of the total solar flux in the near infrared.
Assuming that we are looking for a 300 K planet at 3 λ∕D
separation, 1500 K dust grains would be located 25× closer,
i.e., at 0.12 λ∕D. In addition to being more resilient to low-
order wavefront aberrations, higher charge vortex coronagraphs
are also less sensitive to astrophysical noise sources in the inner
part of the system, such as bright dust rings that may be fairly
common.

2.5 Effect of Adding an Opaque Spot to the Vortex
Mask

Manufacturing processes will limit the minimum size of the cen-
tral defect in a vortex phase mask. A small opaque occulting
spot may be introduced to block the central region, where
the phase shift deviates from the ideal vortex pattern [see
Fig. 7(a)]. The maximum allowable size of this mask depends
on the charge of the vortex. Figure 7(b) shows the stellar
irradiance at 3$ 0.5 λ∕D as a function of the mask diameter
for various vortex charges. For charges 6 and 8, the occulting
mask can be as large as ∼1 λF# and ∼1.7 λF#, respectively,
while maintaining sufficient suppression for imaging of
Earth-like planets. In each case, the opaque mask does not
significantly degrade the planet throughput.

In addition to masking manufacturing errors, there are other
potential benefits to introducing a central opaque spot. For in-
stance, the reflection from the spot may be used for integrated
low-order wavefront sensing, as recently demonstrated for the
WFIRST CGI,23 potentially in addition to a reflective Lyot
stop sensor.24,25 In the case of a charge 6 vortex coronagraph,
∼80% of the starlight would be available from the reflection
off of the opaque mask for fast tip-tilt and low-order wavefront
sensing. Combined with the natural insensitivity to low-order
aberrations of vortex coronagraphs, this capability will help
maintain deep starlight suppression throughout observations
and extend the time between calibrations of the wavefront
error and reference star images, thereby improving overall
observing efficiency.

3 Architecture B: 6.5-m Off-Axis,
Unobscured, Segmented Telescope

The second potential telescope architecture we study for the
HabEx mission concept is a 6.5-m off-axis segmented telescope.
This arrangement introduces a few additional complications
with respect to the monolithic version. First, a primary mirror
with a noncircular outer edge generates diffraction patterns
that are difficult to null. To remedy this, we insert a circular sub-
aperture in a pupil plane just before the focal plane mask, which
provides improved starlight suppression at the cost of throughput
(see Fig. 8). Partial segments may also be introduced to form
a circular outer edge. Second, the gaps between mirror segments

10-4 10-3 10-2 10-1 100

Angular separation ( /D )

Sensitivity to tip-tilt(a)

l = 2
l = 4
l = 6
l = 8

10-4 10-3 10-2 10-1 100

Angular size (

F
ra

ct
io

n 
of

 s
ta

rli
gh

t l
ea

ke
d

Sensitivity to stellar angular size(b)

l = 2
l = 4
l = 6
l = 8

0.1 0.2 0.3 0.4 0.5
Radius of dust ring (

10-12

10-10

10 -8

10 -6

10 -4

10 -2

100

N
or

m
al

iz
ed

 ir
ra

di
an

ce
 a

t 3

Sensitivity to unresolved dust ring

Face-on dust ring

disk = 0.01

(c)

l = 2
l = 4
l = 6
l = 8

/D ) /D )

/D

10 -12

10 -10

10 -8

10 -6

10 -4

10 -2

100

F
ra

ct
io

n 
of

 s
ta

rli
gh

t l
ea

ke
d

10 -12

10 -10

10 -8

10 -6

10 -4

10 -2

100

Fig. 6 Sensitivity of the vortex coronagraph to (a) tip-tilt, (b) stellar angular size, and (c) unresolved dust
rings. (a)–(b) The total energy leaked versus (a) the angular separation of a point source and (b) the
angular size of the star. The coefficients for each power law are given in Table 2. (c) Stellar irradiance,
averaged over source positions 3$ 0.5 λ∕D and normalized to the peak of the telescope PSF, owing to
an unresolved ring of dust at astrophysical contrast of ϵ ¼ 1%.

Table 2 Coefficients for analytical approximations of transmitted
energy from point sources at small angular separations, T α ¼
τl ðπαD∕λÞl , and extended sources TΘ ¼ κl ðπαD∕λÞl .

Charge τl κl

l ¼ 2 1/8 1/64

l ¼ 4 1/192 1/9216

l ¼ 6 1/9216 1/2359296

l ¼ 8 1/737280 1/943718400
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Implemented 
on the ground, 
not on board

The Roman Coronagraph System

Putting it all together



Operations & MeasurementsScience/Technology 
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Planets	or	speckles?
JPL	HCIT	lab	data

How is planet differentiated from 
residual speckles?

Subtract the remaining PSF to remove speckles  and reveal planet:
1. Reference Differential Imaging (RDI and KLIP)
2. Angular Differential Imaging (ADI)
3. Spectral Differential Imaging (SDI)
4. Coherent Differential Imaging (CDI)



Reference Differential Imaging

Image Credit: archive.stsci.edu/prepds/laplace/

RDI:	Remove	starlight	by	subtracting	a	template	PSF

Two	variations:
• PSF	Subtraction	(simplest	case):	Template	PSF	is	directly	measured	from	1	star
• Principle	Component	Analysis	(PCA):	Template	PSF	is	a	“Franken-image”	built	

from	similar	parts	of	many	PSFs	

Target	Star Template	PSF	(no	companion) Circumstellar Disk	Revealed

Lafrenière+ 2007
Soummer 2012

For	WFIRST	CGI:
• Current	simulations:	 	≈5x contrast	improvement	 from	RDI

(STScI)
Ygouf 2015,2016
Soummer 2015

Reference Differential Imaging



Angular Differential Imaging
ADI:	Take	advantage	of	planet	moving	w.r.t.	stellar	speckles	during	
telescope/sky	rotation.

3.	Derotate
images.

4.	Combine
images.

Image Credit: astrobites.org

1.	Take	images	
at	different	
orientations.

2.	Subtract	
median	from	
all	images.

planet

star

Angular Differential Imaging
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through a 
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and chopping to a 
reference star for a 
PSF library.



Putting it all Together
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Courtesy Maxime Rizzo
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Roman Simulation



Integration Time Calculator

SNR =
𝑟!"	𝑡

𝑟#𝑡 + 𝜎$%
noise rate 

planet rate 

𝑟!" = 𝐹#Δ𝜆	𝜉!"	𝐴	𝜏!"	𝜂
area

throughput

QE

time

flux

Flux 
ratio

Models for camera noise, shot noise, and speckle stability used to 
calculate “detection threshold” and integration times.

What is the minimum flux ratio planet we can see with a 
specified SNR in the allocated integration time?

Likely to be speckle stability limited, sets requirement of contrast 
stability at better than 10-11.

Speckle variation 

Integration time calculator used in mission planning tools to 
determine total mission yield.

Courtesy Bijan Nemati
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DRM DevelopmentM Development

70

With integration time calculations can build a “Design 
Reference Mission”, the order and length of 
observing to determine total science yield. 

Two general approaches:

- Semi-analytical optimization  (Stark)

- Monte-Carlo Mission Builder (ExoSim – Savransky)



ExoSIM

71

Courtesy Dmitry Savransky



Sample Output

72

0 5 10 15 20 25
0

0.05

0.1

0.15

0.2

0.25

Unique Planet Detections

N
o
r
m
a
li
z
e
d
F
r
e
q
u
e
n
c
y

 

 
0.4mas 30x
0.4mas 10x
0.8mas 30x
0.8mas 10x
1.6mas 30x
1.6mas 10x

Courtesy Dmitry Savransky

Planet Yield vs. Jitter for 2 Levels of Speckle Suppression
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All of these pieces then come together to 
produce estimates of capability and 
potential science yield.



What haven’t I addressed?
• Hardware (DMs, Low-noise Detectors, Coronagraph masks, Spectrometer type)

• Coronagraph Technology Roadmap
• Laboratory results and advances

• See Mennesson et al.
• Polarization and Polarization Aberrations

• See Krist et al.
• Recent advanced coronagraph designs (PAPLC, PIAACMC, PIAA vortex, Photonics)
• Advances in WFSC (LDFC, IEFC)

Some challenges ahead
• Achieving 10-10 contrast in the lab
• Achieving observatory stability requirements
• Low noise, radiation tolerant, and ultra-stable detectors with high QE
• Increasing throughput (to reach adequate number of systems)
• Throughput limited Spectroscopy
• Advanced coronagraphs reaching into NIR with small iwa



Thank You

LUVOIR Report
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UV Science Case:  Additional Notes
Ø Comment on the Impact of Low UV Throughput

§ A modest rough estimate based on state-of-the-art puts system throughput 
(from telescope primary to detector output) in the UV at ~ 3%

§ Nature presents us fewer bright stars in the UV compared to vis
§ How many viable UV targets are there?
§ Preliminary UV target list [E. Mamjek, K. Stapelfeldt, D. Savransky] indicate 

only a modest loss (26%) of viable targets compared to vis, mostly K stars 
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UV Science Case:  Additional Notes
Ø Comment on Polarization Aberration

§ Contrast degradation due to polarization aberrations is especially pronounced 
at short wavelengths.  However, the effect projects mainly into astigmatism.  
Thus, degradation occurs at small working angles.

§ Mitigation
• Most UV targets are at large working angles in terms of λ/D.  Coronagraphs can be 

designed to mitigate effects of polarization aberration
• 100 mas è 12 λ/D @ λ = 250 nm, D = 6 m
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Will & Fienup 2019
Courtesy Pin Chen


