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1 NASA/ESA Partnership
2 NASA/CNES/ESA Partnership
3 CNES/ESA Partnership

Hubble1

CoRoT3
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First high-contrast 
coronagraph;
starshade may be 
studied

2020 Decadal Survey 
Mission Concept Studies

� FAR IR Surveyor 
� Habitable Exoplanet Imaging 

Mission
� UV/Optical/IR Surveyor 
� X-ray Surveyor
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External Occulters (Starshades)

Nulling Interferometry
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Enabling Starlight Suppression Technologies

Internal Occulters (Coronagraphs)
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ExEP Technology Development Process

• Technology gaps identified and described, 
gaps technically quantified

• Vetted by SMEs and ExoPAG
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• Prioritized for relative 
Impact, Urgency, and Trend

• Plans created to 
retire the top 
priorities in time

• Possible funding 
sources:

– TDEM
– ExEP
– SBIR
– Center IR&D
– Industry



5

ExEP Technology Gap Lists

Coronagraph Technology Gap List

http://exep.jpl.nasa.gov/technology/

Starshade Technology Gap ListStarshade Technology Gap List



Exoplanet Exploration Program
Today

A. Please listen for:
1. Completeness – Are there any gaps missing?

2. Correctness – Are the “Desired Needs” the right ones?

B. I’ll also provide status on the various technologies and possible 
paths forward

Assumptions:
• The technology needs are based on satisfying the following 

science goal
– Detection and spectral characterization of exo-earths
– Other science capabilities is assumed to come for free

• All the technology gaps selected are “enabling” technologies
– None are purely “enhancing”

• The technology gaps are in priority order…
– … but because they’re all enabling their order is less relevant
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Coronagraph 
architectures

Detection Sensitivity

Angular Resolution
Contrast
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Deformable mirrors

Image post-processing

Contrast Stability

Low-order wavefront 
control

Ultra-low noise detectors
(visible and infrared wavelengths)

Large monolith

Segmented 

Segment phasing and rigid body control

Telescope vibration control

Coronagraph Technology Needs
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Coronagraph Architecture

Before 
(unobscured pupil) 

AFTA
(obscured pupil) 

Shaped Pupil MaskRecent Activities

Black Si substrate with 
reflective patterned Al 
coating

Circular mask with profiled 
Ni layer coated with 
patterned PMGI dielectric

Hybrid Lyot 
Mask

Shaped Pupil 
Mask

Recent Activities

Both WFIRST coronagraph masks have 
achieved < 10-8 raw contrast at across a 3-9 λ/D 
symmetric dark hole with obscured pupil. 
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Coronagraph Architecture

Next Steps to Closing Technology Gap

1. First demonstration of < 10-8 coronagraph 
performance with an obscured pupil in a 
simulated dynamic environment. (WFIRST; Sept 
2016)

2. First demonstrations of the PIAA CMC (WFIRST; 
CY16) 

3. ExEP Starshade Coronagraph Design & Analysis 
(SCDA) effort (FY16)

4. Demonstrations of next generation 
coronagraphs at STScI, NASA-GSFC, and the ExEP 
HCIT (FY16-FY19)
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Black Si substrate with 
reflective patterned Al 
coating

Circular mask with profiled 
Ni layer coated with 
patterned PMGI dielectric

Hybrid Lyot 
Mask

Shaped Pupil 
Mask

Recent Activities

Both WFIRST coronagraph masks have 
achieved < 10-8 raw contrast at across a 3-9 λ/D 
symmetric dark hole with obscured pupil. 



Exoplanet Exploration Program
WFIRST Contrast and IWA Results to Date
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Hybrid Lyot 
Coronagraph

Shaped Pupil 
Coronagraph

Contrast: 9.0e-09
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Large Aperture Primary Mirrors - Monoliths

Possible Next Steps to Closing Technology Gap

• AMTD Phase 2 is currently building a 1.5 meter, 
200 mm thick sub-scale model of a 4m ULE 
mirror to demonstrate lateral scalability of the 
stacked core process.  (FY16-FY17)

• When complete, AMTD-2 plans to characterize its 
static thermal wavefront error deformation. 

• AMTD Phase 2 is currently polishing a 1.2m 
Zerodur mirror for the purpose of thermal 
wavefront error characterization. (CY16)

• HabEx will study range of monolith architectures 
(CY16-17)

Recent Activities

• Advanced Mirror Technology Development 
(AMTD) project (PI Stahl) produced a 43 cm 
diameter cut-out of a 4m, 40 cm thick 
mirror ULE using a new five-layer stack and 
fuse process (5.5 nm rms)

• Preliminary study conducted by MSFC of  
4m monolith on SLS (Block 1)
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Large Aperture Primary Mirrors - Segmented

JWST at 
MSFC’s 
XRCF

Recent Activities
• ATLAST wraps up after several years of 

design work.

• ExEP SCDA effort begun
¾ selection of 5 coronagraph architectures
¾ creation of a reference aperture team.
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Reference Apertures Under Consideration 
in the SCDA Effort
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Large Aperture Primary Mirrors - Segmented

Possible Next Steps to Closing Technology Gap

• SCDA effort will identify which coronagraph 
architectures meet exo-earth imaging requirements 
on a segmented telescope (CY16).

• LUVOIR concept study will define the architecture, 
materials, and operating wavelength range for a 
segmented telescope. (CY16-17)

• Possible 2nd year added for SCDA adding dynamic 
disturbances and rigid-body segment errors (FY17)

JWST 
at 

MSFC
XRCF

Recent Activities

• ATLAST wraps up after several years of 
design work.

• ExEP SCDA effort begun
¾ selection of 5 coronagraph architectures
¾ creation of a reference aperture team.
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Ultra-Low Noise Visible Detector

Possible Next Steps to Closing Technology Gap

1. Conclude post-radiation performance assessment of 
the 1kx1k EMCCD (WFIRST; CY16) 

� Incorporate effect of radiation damaged induced traps 
in the detector model to predict planet yield at end of 
life.

2. LUVOIR and HabEx concept studies will define 
needed requirements.
� EEMCCD plan needed to likely exceed WFIRST results

3. Follow progress of e2V 4kx4k demonstrations
� Radiation test if/when performance requirements are 

met

e2v CCD201-20 (EMCCD; 1k×1k format)

Recent Activities

• e2v EM CCD201-20 baselined for the 
WFIRST; characterized using a NüVü
EM N2 camera
� meets the WFIRST beginning of life 

performance requirements
� RN, dark current, CIC results all 

appear favorable

• Chip underwent radiation testing
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Ultra-Low Noise Infrared Detector

Rauscher et. al. 2015

Possible Next Steps to Closing Technology Gap

1. HabEx and LUVOIR mission concept studies will 
define the operating wavelength range (CY16); 
IR detectors may rise in urgency
� Plan needed to advance IR detector technology

2. Determine limiting noise sources in HgCdTe 
arrays from JWST and WFIRST arrays (CY16-17)

3. Review the results of HgCdTe APD usage on 
ground-based AO systems (CY16-17)

4. MKID array being delivered to SCExAO on 
Subaru telescope in CY17; PICTURE-C CY19

5. Possible TES advancement at GSFC (CY16-18)
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Segment Phasing Sensing and Control
Telescope Vibration Control

Next Steps to Closing Technology Gap

1. These are systems-level challenges and will require specific point designs enabling specific 
trades. Both HabEx and LUVOIR will commence architecture studies in CY16.
� WFIRST coronagraph LOWFS/C results will be important
� WFIRST telescope disturbance simulator will become available for future coronagraph testbed 

demonstrations at the HCIT; segmented mirror demonstrator expected in CY17 or CY18
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Deformable Mirrors

Recent Activities

1. Xinetics 48x48 DMs connectorized and driver 
electronics built for HCIT (WFIRST)

2. Demonstrated as part of the coronagraph 
design serving as a wavefront apodizer (HLC 
for WFIRST)

3. Two DM configuration used to pass 
broadband coronagraph demo for WFIRST 
(<10-8 contrast; 3 λ/D)

Possible Next Steps to Closing Technology Gap

• flight qualify the drive electronics (WFIRST; 
FY16-17)
� re-designing the electronic inter-

connectors to the actuators
� miniaturizing the drive electronics 
� life test the DM actuators
� complete environment testing

• MEMS DMS from BMC and Iris AO 
conducting dynamic testing (TDEMs; FY17)

• LUVOIR/HabEx studies to determine format 
size need (FY16-17)
� still need large format development
� large segmented DMs trade
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Low-Order Wavefront Sensing and Control

Next Steps to Closing Technology Gap

1. WFIRST LOWFS/C prototype integrated into 
coronagraph testbed in the JPL HCIT in summer 2016 
where it will be tested to sense jitter and other 
thermally-induced low-order Zernike modes. 
� Testbed will include both a WFIRST telescope 

pupil and environment disturbances simulator.

2. Apply WFIRST LOWFS/C sensing and control 
technique to LUVOIR and HabEx concepts (FY17).  

3. Design, build, and demonstrate performance on a 
segmented mirror testbed in the HCIT (FY17).

Recent Activities
1. WFIRST coronagraph baselined Zernike 

wavefront sensor.
2. A LOWFS/C testbed was designed and 

built in the HCIT
3. Testbed met WFIRST pointing 

requirements attenuating 14 mas jitter 
to ≤ 0.5 mas rms residual in vacuum
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Post-Data Processing

Possible Path to Closing Technology Gap

1. Develop simulated PSF library from the first set of 10% 
broadband HCIT data from WFIRST coronagraphs 
(CY16-18).
� Will include different types of simulations (e.g. 

telescope rolls) with full photon noise statistics 
and spurious detector and IFS effects

2. Demonstrate algorithm by retrieving simulated planet 
through PSF subtraction. (CY16-18)

Recent Activities

Working with STScI, the WFIRST team has 
simulated a full observing sequence 
(56h):
¾ consistently modeled the expected 

variations of residual speckles fields
¾ applied the KLIP post-processing 

algorithm to predict final contrast.
¾ ADI is very promising in its ability to 

reject background speckles.



Starshade Technology Needs

Precision Deployable Structures

Lateral Formation 
Flying Sensing

Diffraction and Scattered 
Light Control

Optical demonstration and 
optical model validation

Solar glint

Inner disk deployment

Lateral formation sensing

Petal unfurling

Petal shape
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Recent Starshade Technology News

1. NASA HQ has requested a Phase A review to consider projectizing 
the starshade technology development effort.
– Review set for Feb 19; ExEP will lead the review
– Outcome of a favorable review would be a 3-4 yr technology project 

whose objective would be advancing the technology status of the 
starshade to TRL 5.

– Multi-institutional participation

2. Starshade Readiness Working Group (SRWG) commencing in 
January/February 2016.
– Objective is to identify the optimal path to flight for a starshade 

mission.
– Multi-institutional working group and participation
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Optical Performance and Model Validation

Recent Activities
• NGAS completed their TDEM-13 optical 

demonstration in a dried lake bed in NV
¾ Reached 9x10-9 at a petal edge
¾ Modelling results reasonably 

matched

• Proof of concept demonstrated using a 
heliostat at the McMath Solar Observatory



Credit: Northrop Grumman
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Optical Performance and Model Validation

Possible Next Steps to Closing Technology Gap

• Princeton demonstration and modeling validation 
at flight-like Fresnel
¾ first light and completion in CY16

• NGAS and Colorado McMath Solar Observatory 
longer baseline demonstrations (CY16).
¾ Targeting Fomalhaut disk

• Additional long baseline demonstrations?

Recent Activities

• NGAS completed their TDEM-13 optical 
demonstration in a dried lake bed in NV
¾ Reached 9x10-9 at a petal edge
¾ Modelling results reasonably matched

• NGAS proof of concept using a heliostat at 
the McMath Solar Observatory

• Princeton TDEM 78m optical demonstration 
testbed near completion
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Solar Glint

Possible Next Steps to Closing Technology Gap

• NG will identify edge materials that meet env’t
requirements and complete their scattered light 
demonstrations in CY16.

• JPL will attempt to modify the chemical etching 
process of amorphous metal to meet the stiffness 
requirement(CY16)
¾ will also revisit several candidate metals 

(including stainless steel)

• Characterize the sensitivity of edge scatter 
performance to dust that can be attracted to 
statically charged optical edges (CY17)

• A TDEM-12 milestone led by Kasdin (Princeton) 
intends to verify solar glint performance fabricating 
a full-scale petal after testing to all relevant 
environments (CY17-18)

Recent Activities
• chemically etched thin strips of amorphous 

metal showed in-plane shape error 
exceeding the allocated tolerance 
� due to the redistribution of internal stresses 

upon the removal of material

• NG has identified three metal candidates in 
which it is advancing towards env’t testing 
and scatter modeling.
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Petal Unfurling

Possible Next Steps to Closing Technology Gap

• Roccor to design and fabricate a Petal Unfurling 
Testbed to demonstrate latching and petal 
interface. (CY16)
¾ Petal spines will be full-scale (7m)

• Roccor and JPL to upgrade the Petal Unfurling 
Testbed to demonstrate controlled unfurling of 
full-scale petals (CY17)

Recent Activities

• SBIR partner Roccor and JPL produce 
preliminary design for unfurling and petal 
restraint mechanisms.
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Lateral Formation Sensing

Possible Next Steps to Closing Technology Gap

• Kasdin TDEM to demonstrate a focal plane 
imaging sensor using same 78m testbed as with 
their optical performance demonstrations. (FY16-
17)

• Cash TDEM to demonstrate a pupil plane imaging 
sensor in the same Nevada dry lake bed as 
Northrop Grumman used.

Recent Activities

Two TDEMs for conducting scaled test 
demonstrations for lateral sensoring were 
awarded to Web Cash and Jeremy Kasdin.
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Inner Disk Deployment

Next Steps to Closing Technology Gap

• 5m optical shield testbed will allow larger 
prototype development (FY16)

• Integrate optical shield into 10m inner disk 
testbed (FY16-17)

• Verify inner disk deployment tolerances (FY17)

• Conduct env’t testing (FY18)

Recent Activities

• 10m inner disk testbed was completed in 
2014.

• 2m testbed completed for demonstrating 
origami shield designs.

• TDEM-13 awarded for optical shield design 
and integration into 10m inner disk testbed 
(Mark Thomson/JPL).

2m Optical 
Shield Testbed 
at JPL

10m Inner Disk 
Testbed at JPL
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Inner Disk Prototype Deployment Trial at JPL
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Optical Shield Prototype Deployment Trial at JPL
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Petal Shape

Next Steps to Closing Technology Gap

• Kasdin TDEM will complete the detailed petal 
design, produce a flight-like, full-scale prototype 
with optical edges and optical shield, and test it to 
relevant environments. (CY17-18)
� The petal shape will be verified multiple times 

with deployment testing from a stowed 
configuration in between.

Recent Activities

In 2015, a TDEM-12 activity led by PI Kasdin 
and JPL co-I’s developed a new preliminary 
petal design that incorporates flight-like :
• optical edges
• optical shield
• interfaces to launch restraint and 

deployment control mechanisms. 
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Backup Slides
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Exoplanet Exploration Program
Coronagraph Technology Gap Prioritization
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Exoplanet Exploration Program
Starshade Technology Gap Prioritization
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Exoplanet Exploration Program
Prioritization Criteria Definition
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Coronagraph 
architectures

Detection Sensitivity

Angular Resolution
Contrast
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Deformable mirrors

Image post-processing

Contrast Stability

Low-order wavefront 
control

Ultra-low noise detectors
(visible and infrared wavelengths)

Large monolith

Segmented 

Segment phasing and rigid body control

Telescope vibration control

Coronagraph Technology Needs
2

1 7

9

8

5

6

3
4



Starshade Technology Needs

Precision Deployable Structures

Lateral Formation 
Flying Sensing

Diffraction and Scattered 
Light Control

2

1
4

5
6

3

Optical demonstration and optical model validation

Solar glint

Inner disk deployment

Lateral formation sensing

Petal lunfurling
Petal shape


