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Scope of this presentation 

“... provide an assessment of the coronagraph technology

it would advance the technology development goals

NWNH. Specifically, the panel would likely be interested in hearing your 

houghts on if this AFTA coronagraph wo

or if it would also test any of the design/implementation issues

Scope of this presentation 

an eventual TPF-like mission?”

Scope of this presentation 

assessment of the coronagraph technology and how, or if, 

advance the technology development goals enumerated in 

Specifically, the panel would likely be interested in hearing your 

would strictly add scientific capability, 

also test any of the design/implementation issues needed for 

Scope of this presentation 



Outline 

NWNH recommendations for New Worlds Technology Development.

Current state of the critical AFTA coronagraph technologies and AFTA 
program plans to advance and mature them.

The AFTA coronagraph development is essential preparation for a next
decade exoplanet mission to characterize Earth

Outline 

NWNH recommendations for New Worlds Technology Development.

Current state of the critical AFTA coronagraph technologies and AFTA 
program plans to advance and mature them.

The AFTA coronagraph development is essential preparation for a next-
decade exoplanet mission to characterize Earth-like exoplanets.



NWNH p 20:

“... The ultimate goal is to image rocky planets that lie in the habitable zone 
distance from their central star where water can exist in liquid form 

ir atmospheres. To prepare for this endeav
lay the technical and scientific foundations f

mission.

 In the first part of the decade NASA should In the first part of the decade NASA should
to advance multiple possible technologies for a next

celerate measurements of exozodiacal light
complexity of such missions.

“... If, by mid-decade, a DSIAC review determ
is becoming available on key issues such a

distribution, a technology down-select should 
to enable a mission capable of studying nearby Earth

nsideration by the 2020 Decadal survey, wit
e committee estimates that an additional $1e committee estimates that an additional $1

specific development.”

NWNH p 217:

“... The committee’s proposed program is designed to allow a habitable
aging mission to be well formulated in time 

survey.”

“... The ultimate goal is to image rocky planets that lie in the habitable zone – at a 
distance from their central star where water can exist in liquid form – and to characteriz

avor, the committee recommends a program
s for a future space imaging and spectrosc

uld support competed technology developmuld support competed technology developm
to advance multiple possible technologies for a next-decade planet imager, and should

ght levels that will determine the size and 

rmines that sufficient information has becom
h as planet frequency and exozodiacal dust
ld be made and the level of support increas

to enable a mission capable of studying nearby Earth-like planets to be mature for 
with a view to a start early in the 2020 deca
 $100 million will be required for the mission $100 million will be required for the mission

“... The committee’s proposed program is designed to allow a habitable-exoplanet 
e for consideration by the 2020 decadal 



NWNH / EOS Panel Report p 253:

“... rapid advances in starlight-suppression techniques could enable a moderate
cility that could image and characterize gia

ones) and investigate the debris and dust disks that are stages in the planetones) and investigate the debris and dust disks that are stages in the planet
process.

Discovering even smaller planets and studying their atmospheres with transit 
hotometry and spectroscopy employ anothe

The panel urges increased technology development for these techniques and 
recommends that one of these missions, or a yet
competitively selected around mid-decade an
end of the decade.”end of the decade.”

suppression techniques could enable a moderate-size 
iant planets (and perhaps some smaller 

ones) and investigate the debris and dust disks that are stages in the planet-forming ones) and investigate the debris and dust disks that are stages in the planet-forming 

Discovering even smaller planets and studying their atmospheres with transit 
ther powerful, rapidly improving technique. 

The panel urges increased technology development for these techniques and 
recommends that one of these missions, or a yet-to-be-developed approach, be 

 and, if the budget permits, started before th



The short answer 

Current and planned future work on the AFT

specifically addresses all the Astro2010 recommendations for New Worlds 

Technology Development.

The AFTA coronagraph development program will rapidly advance the critical 

enabling technologies for a next-decade exo

spectroscopic characterization of Earth-like exoplanets.

The short answer 

FTA coronagraph development program 

specifically addresses all the Astro2010 recommendations for New Worlds 

The AFTA coronagraph development program will rapidly advance the critical 

exoplanet mission for the direct imaging and

like exoplanets.



Sketch of the essential elements of an actively corrected Lyot coronagraph

the sequential pair of deformable mirrors for wavefront control (the sequential pair of deformable mirrors for wavefront control (

primary and backup coronagraph types) and 

the coronagraph elements (similar diagram

CMC coronagraphs). 

Diagram unfolds the optical system with powered elements as lenses for clarity. 

Coronagraph elements are highlighted in ye

actively corrected Lyot coronagraph includ

sequential pair of deformable mirrors for wavefront control (common to AFTsequential pair of deformable mirrors for wavefront control (common to AFT

primary and backup coronagraph types) and 

rams describe the Shaped Pupil and PIAA-

Diagram unfolds the optical system with powered elements as lenses for clarity. 

 yellow, wavefront control elements in green



The AFTA coronagraph development hits the road running 
sponsored engineering designs and technology demonstrations:

• Coronagraph mission concept studies

• Technology developments (SAT/TDEMs for all coronagraphs, 2010

TA inherits recent coronagra

• Technology developments (SAT/TDEMs for all coronagraphs, 2010

• and strategic institutional (IRAD, R&TD) investments.

As a result, most of the critical technologies
to advance to flight readiness.

AFTA investments are accelerating technol
and system engineering from recent ASMC
studies.

ASMCS/ACCESS
(Lyot, Vortex, Shaped Pupil, PIAA)

ASMCS/PECO
(PIAA)

The AFTA coronagraph development hits the road running – benefiting from NASA 
sponsored engineering designs and technology demonstrations:

ies (ASMCS/ACCESS/PECO/EPIC, 2009)

Technology developments (SAT/TDEMs for all coronagraphs, 2010-2013)

graph technology advancem

Technology developments (SAT/TDEMs for all coronagraphs, 2010-2013)

and strategic institutional (IRAD, R&TD) investments.

ies have been identified and are already po

ology readiness, mindful of the lessons lea
CS mission concept and TDEM technology

ASMCS/PECO
(PIAA)

ASMCS/EPIC
(VisNuller)



Coronagraph for starlight suppression

• Theoretical designs and AFTA coronagraph technology selections

• Laboratory demonstrations and performance model validation

High order wavefront control for the creation of high contrast dark field images

The critical technologies 

High order wavefront control for the creation of high contrast dark field images

• Maturity and performance of the deformable mirror technology 

• Wavefront sensing and control algor

• High order wavefront sensing and control in the presence of pointing jitter

Low order wavefront sensing and correction of telescope jitter and thermal drift

• Requires high fidelity dynamic and thermal models for the telescope

• Definition and demonstration of hard

Post processing image techniques for greater sensitivity

Spectrograph 

• Optical design for high throughput, low pixel

• Large low read-noise image sensors for R=70 integral field spectroscopy

Theoretical designs and AFTA coronagraph technology selections

Laboratory demonstrations and performance model validation

High order wavefront control for the creation of high contrast dark field images

The critical technologies 

High order wavefront control for the creation of high contrast dark field images

Maturity and performance of the deformable mirror technology 

orithms based on DM probes and science 

High order wavefront sensing and control in the presence of pointing jitter

Low order wavefront sensing and correction of telescope jitter and thermal drift

Requires high fidelity dynamic and thermal models for the telescope

ardware and sensing and control systems

Post processing image techniques for greater sensitivity

Optical design for high throughput, low pixel-to-pixel cross talk, large field of v

noise image sensors for R=70 integral field spectroscopy



1. Fabrication of the AFTA-configured coronagraph masks.

2. Establish flight readiness of the high-order deformable mirrors (DMs).

AFTA coronagraph technology objectives 

3. Demonstrations of high contrast imagin
AFTA pupil.

4. Model analysis and prediction of the critical AFTA OTA wavefront 
characteristics.

5. Laboratory demonstrations of high and
control of a dynamic wavefront (simula
aberrations) at the breadboard level.

6. Demonstrations of post-processing methods for improved sensitivity using 6. Demonstrations of post-processing methods for improved sensitivity using 
dynamic wavefront laboratory data.

7. Development and laboratory character
(IFS) including low read-noise imaging
pixel-to-pixel crosstalk. 

configured coronagraph masks.

order deformable mirrors (DMs).

AFTA coronagraph technology objectives 

ging in the laboratory with a static simulated

Model analysis and prediction of the critical AFTA OTA wavefront 

nd low order wavefront error sensing and 
ulated AFTA pointing jitter and low order 

processing methods for improved sensitivity using processing methods for improved sensitivity using 

terization of the integral field spectrograph 
ng CCD detectors, overall throughput, and 



AFTA technology development planning AFTA technology development planning 







• Shown is the 

electrostrictive deformable mirror

• Manufactured by AOA Xinetics, the 

ou

initiated at the SBIR level in 1997.initiated at the SBIR level in 1997.

• Hig

active on the HCIT since 2004.

• DM

HC

da

all 

HCIT. 

• This DM is flight

Above, the 48x48 DM is mounted on the

ribbon cables fan out to the 2304-channel electronic driver system.

Above right, the DM is clamped into its s

• This DM is flight

completed a 

ax

is ~TRL 5.

Shown is the 48x48 actuator PMN

electrostrictive deformable mirror.

Manufactured by AOA Xinetics, the 

outcome of a technology development 

initiated at the SBIR level in 1997.initiated at the SBIR level in 1997.

High quality DMs of this type have been

active on the HCIT since 2004.

DMs of this type have been used for all 

HCIT coronagraph demonstrations to 

date, including TPF Milestones #1,2,3 a

all SAT/TDEM demonstrations on the 

HCIT. 

This DM is flight-configured, has 

 the Zygo bench for optical tests. Flex 

channel electronic driver system.

its shake table test fixture, with all flex 

This DM is flight-configured, has 

completed a protoflight qualification 3

axis vibe test to 10.8 grms, DM technolo

is ~TRL 5.



jective 2. Measured DM mir

Fused silica mirror facesheet is flat to 5 nm rms surface 
state.

rface profile has been measured to acc
interferometer with 0.1 x 0.1 mm sample density.

Actuated surface deflections are stable to 0.1 nanometers / 100 hours
vacuum laboratory environment.vacuum laboratory environment.

At left, the surface influence profile for a

laxes typically to 10% of the central disp

actuators (1 mm actuator pitch).

At right, linear superposition of individua

rface displacement: shown is the surfac

mirror surface influence func

5 nm rms surface figure in the unpowere

ccuracies of 25 picometers rms in a vac
interferometer with 0.1 x 0.1 mm sample density.

stable to 0.1 nanometers / 100 hours in the 

r a single actuator.  Surface displacemen

isplacement at the nearest neighboring 

ual influence functions predicts overall D

face figure result for the simple addition o



bjective 3.  AFTA laboratory

n extension of ASMCS and 

Wavefront sensing and control is carried

ttings (small surface patterns) and image

procedure is iterative and avoids all non-common

Coronagraph and wavefront control performance models have been 

the 2e-10 contrast level in HCIT demonstrations 

ronagraph with a linear focal plane mask

2011.  

We adapt our validated coronagraph performance models
coronagraph. 

ory performance validations 

nd SAT/TDEM demonstratio

ied out exclusively with deterministic DM

agery at the science focal plane. The 

common-path amplitude and phase erro

Coronagraph and wavefront control performance models have been validated t
in HCIT demonstrations – e.g., as shown for hybrid Lyo

ask as part of the SAT/TDEM program in

validated coronagraph performance models to the AFTA 







Fabrication of the AFTA-configured coronagraph masks 
testbed installation by mid 2014).

Establish flight readiness of the high-order deformable mirrors (DMs).  
in house, further environmental tests planned in 2015

AFTA coronagraph technology status 

Demonstrations of high contrast imaging i
AFTA pupil.  (A straightforward extension of the HCIT tests for SAT/TDEM 

programs, optical table reconfigurations to be ready by mid 2014)

Model analysis and prediction of the critica
(underway at GSFC in 2014)

Laboratory demonstrations of high and low
of a dynamic wavefront (simulated AFTA p
the breadboard level. (model simulationsthe breadboard level. 
for 2015-6).

Demonstrations of post-processing metho
wavefront laboratory data. (onging parallel efforts)

Development and laboratory characterizat
including low read-noise imaging CCD detectors, overall throughput, and pixel
crosstalk. (IFS development underway at GSFC in 2014

configured coronagraph masks (underway, to be ready f

order deformable mirrors (DMs).  (baseline D

in house, further environmental tests planned in 2015-6)

AFTA coronagraph technology status 

g in the laboratory with a static simulated 
(A straightforward extension of the HCIT tests for SAT/TDEM 

programs, optical table reconfigurations to be ready by mid 2014)

tical AFTA OTA wavefront characteristics. 

 low order wavefront error sensing and cont
A pointing jitter and low order aberrations) a

ons and dynamic testbed elements plann

thods for improved sensitivity using dynamic
(onging parallel efforts)

zation of the integral field spectrograph (IFS
noise imaging CCD detectors, overall throughput, and pixel-to-p

(IFS development underway at GSFC in 2014-6)



approaching the Earth-imaging 
• The AFTA coronagraph s

up all currently known R

planets at elongations be

λ/D (Traub, AFTA Coronag

Working Group 10/18/13).

ng objectives in the NWNH rep

Working Group 10/18/13).

• Raw contrast curve (red) f

bandwidth, includes AFTA

wavefront errors, 0.4 mas 

instrument-corrected point

jitter.

• Post processing curve (blu

represents the 5σ exoplan

detection threshold followidetection threshold followi

speckle background subtr

• AFTA performance is a h
fidelity test of NWNH 
coronagraph concepts f

exoplanet imaging and 
spectroscopy.



( Slide 5 – AFTA Coronagraph Results Subsequent to primary/backup selection AFTA Coronagraph Results Subsequent to primary/backup selection – W. Traub et al.



•

AFTA contra
vs.

a simulated pla
population

• Real stars from the 

of nearby non-binar

with a Kepler-consis

simulated planet 

population (Macinto

Savransky 2013)

• Raw contrast curve

for 10% bandwidth,

includes AFTA waveincludes AFTA wave

errors, 0.4 mas 

instrument-correcte

pointing jitter.



• Real stars with a sim

AFTA contra
vs.

a simulated pla
population

• Real stars with a sim

planet population 

(Macintosh & Savran

2013)

• Post processing cur

represents the 5σ ex

detection threshold 

following x10 speckl

background subtrac

• The AFTA coronagra

detect exoplanets w

below the masses a

sizes of the known R

planets.



imaging mission
Coronagraph concepts

exoplanet mission in th

decade will incorporate

•Smaller inner workin
angle and better cont
using a large unobscu

imaging mission

using a large unobscu

telescope, end-to-end 

stability, and mature po

process speckle subtra

methods.

•Tighter PSF and bet

with a larger telescope

extends sensitivity to f

planets.planets.

•E.g., a “4-meter TPF
coronagraph will detec

exoplanets well below

masses and sizes acc

to AFTA, to include Ea

exoplanets.



imaging mission

More DM actuatorsLarger telescope 

W
a
v
e
fr

o
n
t 
s
ta

b
ili

ty

The AFTA coronagra

establishes a footho

pioneering exoplane

science and technol

actualizing the NWN

imaging mission

actualizing the NWN

recommendations fo

New Worlds Techno

Development Progra

Performance of the 

coronagraph illumin

the pathways and 

priorities for New W

technology advance

More DM actuators

technology advance

for the next-decade 

exoplanet mission: 

telescope size, stab

pointing, wavefront 

control, post-proces

etc. 



The AFTA candidate architectures were dev

working towards future missions.  The AFTA

architectures for relevance to future large m

scores.

Summary 

scores.

The AFTA coronagraph development program is now organized to refine and 

demonstrate the fundamental technologies that are critical for a next

for the direct imaging and spectroscopy of Earth

In particular, the characteristics and time sc

control cannot be authoritatively tested in the laboratory 

provides critical information, unavailable in the laboratory, that is required for 

confidence that a future large space mission is viable.confidence that a future large space mission is viable.

Current and planned future work on the AFTA coronagraph development 

program specifically addresses all the A

Worlds Technology Development. 

eveloped over the past decade by groups 

TA selection process specifically scored th

 missions, and those selected got the top 

Summary 

The AFTA coronagraph development program is now organized to refine and 

demonstrate the fundamental technologies that are critical for a next-decade mission

for the direct imaging and spectroscopy of Earth-like exoplanets.

 scales for precision wavefront sensing and 

control cannot be authoritatively tested in the laboratory – the AFTA space platform 

provides critical information, unavailable in the laboratory, that is required for 

confidence that a future large space mission is viable.confidence that a future large space mission is viable.

Current and planned future work on the AFTA coronagraph development 

 Astro2010 recommendations for New 



End End 


